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45 Years of Computational Atomic and Molecular Physics:What Have We
Learned

Barry L. Schneider*!

* Applied and Computational Mathematics Division, National Institute of Standards and Technology,
Gaithersburg, MD 20899

USA

Synopsis Atomic and molecular physics was an early beneficiary of the development of electronic computation. Luckily, most
of the interactions between electrons and nuclei are well understood and it may appear that all that remains is to “turn the crank”.
In retrospect, this was not quite so simple. These are complex many-body systems and in order to overcome the exponential
scaling of these computations with the number of particles, clever algorithms and efficient codes needed to be developed. In this
tutorial I describe a number of the important developments that have taken place over the past four decades and how they have
impacted our qualitative and quantitative understanding of scattering processes and the interaction of radiation with matter.

From the very earliest days in the development of
quantum mechanics, there was a great interest in ap-
plying the developing methods to atomic and molec-
ular (A&M) structure and to the scattering of elec-
trons from atoms and molecules. The quantum me-
chanical behavior of atoms and molecules was better
understood than its nuclear counterpart and the re-
sults of the calculations could be directly compared
to experiment. As time passed, the need for more ef-
ficient computational techniques in A&M physics be-
come increasingly more critical as the complexity of
the problems grew, especially for the accurate treat-
ment of electron and atomic collisions and the inter-
actions laser fields with atoms and molecules where

the continuous spectrum plays a critical role. A&M
physicists are active today in developing new algo-
rithms and large-scale computer codes to simulate
these phenomena and increase understanding of these
complex processes, enabling predictions that would
have been impossible without computation. The role
of high performance computing platforms have been
critical to progress in A&M physics. Here, I will
review the history of computational A&M physics
from the late 1920’s up to the present. The talk il-
lustrates how new/clever algorithms have impacted
the field and how these calculations have improved
out understanding of the atomic and molecular many-
body problem.

A Short History of Computational Atomic and Molecular Physics

e Late 1920’s - 1950’s

1. Development of valence bond and Hartree-Fock methods. Applications to atomic structure using

mechanical calculators.

2. First numerical calculations on low energy electron scattering from atoms.

3. Kohn and related variational methods are developed and applied to atoms and simple molecules.

e 1960’s - 1980’s

1. Electron scattering and photoionization processes computed using the close-coupling method. Dig-
ital computers play a critical role in advancing the state-of-the-art as resonances are discovered for

the first time from computation.

2. Stabilization, complex scaling, complex coordinate, R-matrix, J-matrix, Kohn, complex Kohn,
Schwinger and multichannel quantum defect methods are developed and applied.

3. Accurate calculations of vibrational excitation and dissociation in simple diatomic molecules.

e 1990’s - 2000

1. Extensions/refinements of close-coupling, R-matrix and Complex Kohn approaches. Many appli-
cations are made to atoms and polyatomic molecules.

2. First quantitative treatment of impact ionization of H.

e 2000 - Present

1. Interest grows in the interaction of short, intense laser radiation with matter. Earlier computational
developments in scattering theory are applied to these problems.

'E-mail: bis@nist.gov
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Shaping atoms and molecules with strong laser fields

Thomas Pfeifer

Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Synopsis Employing spectroscopy and imaging in attosecond XUV and femtosecond x-ray light allows to ob-
serve atoms and molecules changing their shape in strong laser fields.

Atoms are commonly regarded as fundamen-
tal, well-defined and rigid quantum systems,
even operated as clockworks in the most precise
time-pieces ever build for applications in tem-
poral and frequency metrology. However, as
atoms and small molecules interact with intense
electric fields, their charged constituents (elec-
trons, nuclei) and their natural quantum dynam-
ics are significantly bent out of shape. As a con-
sequence, the intrinsic properties of atoms and
molecules, their spectroscopic and spatial struc-
ture, can change dramatically.

High-frequency radiation such as extreme ul-
traviolet (XUV) and x-ray light is ideally suited
to examine atoms and molecules as they change
their natural structure and shape in strong laser
fields. For attosecond spectroscopy, high har-
monics generated by intense optical lasers are
of great use, whereas for the imaging of tiny
molecular sizes one can employ coherent
femtosecond-pulsed x-ray light delivered by
free-electron lasers (FELs).

In this tutorial, we will cover some recent
developments in strong-field intra-atomic and
intra-molecular physics on short time scales
which may, at some point in the future, trans-
form synthetic chemistry from the purely classi-
cal, population-based thermodynamic realm in-
to the quantum-mechanical domain of phase-
and amplitude controlled laser-driven reactions.

E-mail: thomas.pfeifer @mpi-hd.mpg.de
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Rydberg states of atoms and exotic molecules

Chris H. Greene™

* Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA

Synopsis This lecture will review some of the main theoretical ideas that have proven to be useful in describing the physics of
Rydberg atoms and Rydberg molecules. The basics of multichannel quantum defect theory will be discussed from a practical
point of view, and the description of molecular Rydberg states will also be summarized. This lecture will cover not only
some of the basic theoretical ideas, but it will also address some of the phenomenology and motivations for exploring Rydberg

systems.

Rydberg atoms and molecules have in recent
years experienced intense theoretical and experimen-
tal activity, owing to their high quasi-degeneracy
which results in a unique ease of manipulation by
comparatively weak electric and/or magnetic fields
and in dramatically stronger long-range interactions
and reactivity compared to ground state species. And
in fact tremendous headway has been made in their
theoretical description, especially during the past 5
decades. During that period, a key generalization was
developed beyond single channel Rydberg state prop-
erties, understood well since where a simple quantum
defect parameter that is nearly energy-independent
adequately describes each Rydberg series. This sin-
gle channel quantum defect theory (QDT) is effec-
tive in describing the low angular momentum states
of an alkali-metal atom consisting of a single electron
moving in the field of a closed-shell ion core.

A first goal of this tutorial lecture is to summa-
rize extensions that were pioneered by Seaton, Fano,
Jungen, and others to develop a quantitative descrip-
tion of atomic and molecular Rydberg states, the
theory known as multichannel quantum defect the-
ory(MQDT). [1, 2] This level of theory is already
vital for describing atoms in the second column of
the periodic table, owing to the rich multiplicity of
doubly-excited state perturbing levels in atoms such
as calcium, strontium, and barium, as well as all
atomic Rydberg electrons that move in the field of an
open shell positive ion. And some of the most impor-
tant applications of MQDT [2] have come in the con-
text of conventional molecular Rydberg states where
the nuclei remain at small internuclear distances, typ-
ically R < 10 bohr radii, but one or more electrons is
highly excited.

A second key element of the theoretical toolkit
that has enjoyed tremendous success in treating such

'E-mail: chgreene@purdue.edu

multichannel quantum states is the frame transfor-
mation theory, which has enabled the solution of
extremely challenging problems in Rydberg atom
or molecule physics [2] and beyond in other far-
reaching contexts [3]. In the context of molecular
physics, highly complex phenomena such as rovibra-
tional level perturbations, autoionization or preion-
ization, and predissociation in Rydberg molecules
such as H, and H3z have been handled in a unified
manner by this theoretical technique. [2]

A third point of focus in this tutorial will be to
discuss applications of these methods to predict and
control new classes of quantum states, such as the
ultra-long-range Rydberg molecules [4, 5] that have
been receiving extensive recent attention in experi-
ments as well as theoretical applications. The ba-
sic level of theory based on the Fermi pseudopoten-
tial and its extensions will be summarized as well
as some of the peculiar diatomic and polyatomic
molecules that can be formed at very large internu-
clear distances, such as trilobite and butterfly Ryd-
berg molecules with enormous electric dipole mo-
ments.
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Attosecond electron dynamics on surfaces and layered systems

Reinhard Kienberger*

*Fakultéit fiir Physik, E11, Technische Universitiat Miinchen, James Franck Stralie, 85748 Garching

Synopsis The generation of single isolated attosecond pulses in the extreme ultraviolet (XUV) together with ful-
ly synchronized few-cycle infrared (IR) laser pulses allowed to trace electronic processes on the attosecond time-
scales. The pump/probe technique was used to investigate electron dynamics on surfaces and layered systems with

unprecedented resolution.

The attosecond streaking method [1] is
the most established technique in attosecond
science. Photoelectrons generated by laser
based attosecond extreme ultraviolet pulses
(XUV), are exposed to a dressing electric field
from well synchronized laser pulses. The ener-
gy shift experienced by the photoelectrons by
the dressing field is dependent on the delay be-
tween the XUV pulse and the dressing field and
makes it possible to measure the respective de-
lay in photoemission between electrons of dif-
ferent type (core electrons vs. conduction band
electrons). The information gained in such ex-
periments on tungsten [2] triggered many theo-
retical activities leading to different explana-
tions on the physical reason of the delay. Atto-
second streaking experiments have been per-
formed on different solids [3], leading to differ-
ent delays — also depending on the excitation
photon energy.

A systematic investigation of photon-energy-

dependent (E_Ph = 95 eV...145 eV) delay
times measured in tungsten at different crystal
orientations giving insight into possible effects
responsible for the delay is presented and will
be discussed.
Further, we show measurements of time-
resolved transport of different types of electrons
through a defined number of adlayers on a bulk
material on an attosecond timescale (Fig 1) [4].
While the linear behavior in delay between the
different types of electrons can be explained by
transport effects the delay of conduction band
electrons is more complex and not fully under-
stood.

E-mail: reinhard.kienberger @tum.de
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Figure 1. Delay of W 4f electron with respect to Mg
electrons depending of the number of Mg adlayers
(from [4]).

Recent experiments on the investigation of electron
transport through sub-monolayer structures will be
presented, too. By extrapolation to zero coverage of
the surface and carefully take into account atomic
delays one is able to extract for the first time not
only relative delays in electron emission but the
absolute time an electron needs to travel through
matter.
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Excited states of Positronium in electric fields

David. B. Cassidy',

Department of Physics and Astronomy, University College London, United Kingdom

Synopsis The effects of electric and magnetic fields on positronium (Ps) atoms prepared in excited states have been studied. For
n = 2 states we have measured Stark and Zeeman mixing via their effects Ps decay rates. By exciting higher-lying (Rydberg)
states we eliminate annihilation and are able to control Ps translational motion using inhomogeneous electric fields, owing to
the large dipole moments of Rydberg atoms. Applications of these techniques will be discussed.

Exotic atoms play a unique role in atomic physics
as they may have exaggerated or suppressed proper-
ties compared to their non-exotic counterparts. These
are systems in which an electron or proton is replaced
with a different particle of the same charge, so as
to form an analogous bound-state. Thus, to produce
exotic forms of hydrogen one can replace the elec-
tron with a negative muon, and create muonic hy-
drogen, or one can replace the proton with a posi-
tive anti-muon, making muonium. Alternatively one
can replace a proton with a positron, making positro-
nium. Positronium is the easiest such system to pro-
duce, primarily because positrons can be easily ob-
tained from the decay of radio-isotopes, although the
short lifetime against annihilation (142 ns) does lead
to experimental complications. In recent years spec-
troscopy of muonic hydrogen has been used to ac-
curately measure the size of the proton, with unex-
pected results [1]. On the other end of the scale, Ps
has no proton, and as such could provide a "pure"
measurement of the Rydberg constant. Ps is in gen-
eral a good system to test bound state QED theory,
and there is some interest in using it to probe possi-
ble antimatter-gravity effects.

I will discuss recent experiments carried out at
UCL in which we prepare Ps atoms in excited states
in electric and magnetic fields. This allows us to
study mixed states for low n [2], and to produce long-
lived [3] Rydberg-stark states [4]. The translational
motion of the latter can be controlled using inhomo-
geneous electric fields [5], which opens the door for
deceleration and focusing of long-lived Ps, which in
turn can facilitate precision spectroscopy and gravity
measurements. I will describe recent progress in this
area, and give an overview of future plans. As an
example, Fig. 1 shows results from experiments de-
signed to produce metastable 2 3S; atoms by single
photon excitation. Here /-mixed states are prepared
in an electric field, which is rapidly switched off after
the laser pulse. This allows some atoms to evolve into
long-lived 2 3S; states, which we plan to use to per-

'E-mail: d.cassidy @ucl.ac.uk

form Ps interferometry experiments, and to study the
Ps n = 2 fine structure via microwave spectroscopy.
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Figure 1. Production of 2 >S; Ps atoms by single photon
excitation. The long lived atoms, indicated by a gamma
signal at late times, are observed only if the excitation
electric field is turned off after the laser excitation.
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Positronium collisions with atoms and molecules

I. I. Fabrikant”, G. F. Gribakin®, and R. S. Wilde*

* Department of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, NE 68588, USA
T School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 INN, UK

¥ Department of Natural Sciences, Oregon Institute of Technology, Klamath Falls, OR 97601, USA

Synopsis Experimental data on positronium (Ps) collisions with atoms and molecules exhibit a striking similarity between
electron and Ps scattering. By the use of various theoretical tools, including the impulse approximation and a pseudopotential

method, it is possible to explain these similarities in the energy region above the Ps ionization threshold.

Recently observed similarities between positron-
ium (Ps) scattering and electron scattering from sev-
eral atoms and molecules [1] in the intermediate en-
ergy range were explained [2, 3] by the dominance
of the electron exchange interaction with the target
atom or molecule. An explicit proof of this equiv-
alence was given within the framework of the im-
pulse approximation [2], valid above the Ps ioniza-
tion threshold. For lower collision energies a pseu-
dodopotential method [3] was developed. The most
significant processes contributing to the total Ps cross
section are elastic scattering and Ps break-up (ioniza-
tion) whereas excitation of Ps plays insignificant role.
For calculation of ionization cross sections we use
a binary-encounter model whose results agree very
well with results of the more sophisticated impulse
approximation.

The described methods were successfully applied
to the calculation of Ps scattering from heavy rare gas
atoms, and gave results in good agreement with those
of the beam experiments [1]. The same method was
applied to Ps collisions with molecular hydrogen [4].
In general we observe the similarity between elec-
tron and Ps scattering cross sections at energies above
the Ps ionization threshold when they are plotted as
functions of the projectile velocity. However, below
the threshold the two sets of cross sections are differ-
ent because of the different nature of the long-range
interaction between the projectile and the target, the
polarization interaction in the case of electron colli-
sions and the van der Waals interaction in the case of
Ps collisions. In Fig. 1 we present the Ps-H; cross
sections. The total cross sections are similar to e-H»
cross section above the threshold velocity (0.5 a.u.),
but differ significantly at lower velocities.

In the case of heavy rare-gas atoms the theoretical
cross sections do not exhibit the Ramsauer-Townsend
minimum [5]. This result is at odds with the recent
beam experiment [6] on low-energy Ps-Ar and Ps-Xe

1E-mail: ifabrikant@unl.edu

collisions which shows the cross sections decreasing
towards lower velocities.
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Figure 1. Ps-H; cross sections. Solid line: elastic cross
section. Dotted line: Ps ionization cross section. Black
dashed line: total cross section. Red dashed line: e-H»
cross section. Error bars: measurements [7] for low ve-
locities and [8] for v = 0.6 a.u. and above.
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Shape resonance of the positronium negative ion

Yasuyuki Nagashima* !, Koji Michishio*, Tsuneto Kanait, Susumu Kumat, Toshiyuki Azumat,
Ken Wadai, Izumi Mochizukif, Toshio Hyodo}, Akira Yagishita}

: Department of Physics, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku, Tokyo 162-8601, Japan
T Atomic, Molecular and Optical Physics Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
‘Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), 1-1, Oho, Tsukuba,
Ibaraki 305-0801, Japan

Synopsis We have observed the shape resonance of positronium negative ions for the first time.

Positronium (Ps) is a hydrogenic atom
composed of a positron and an electron. Anoth-
er electron can bind to Ps weakly to form a
positronium negative ion (Ps”) [1-3]. Although
Ps is similar to H", Ps™ consists of three particles
flying around their center of mass while H™ con-
sists of a massive proton and two light particles
moving in the central field of the proton. Thus
theoretical simplifications such as assumption
of a heavy nucleus for H or the Born-
Oppenheimer approximation for H» cannot be
applied. In order to explore the nature of Ps,
many theorists have challenged to investigate
this ion using their own techniques. For exam-
ple, autoionization states and resonant photode-
tachment of Ps” have been studied using the
complex-rotational method and the hyperspher-
ical close-coupling method, respectively [4-6].
Detailed resonant structures have also been cal-
culated and a series of Feshbach resonances and
a shape resonance near the Ps (n=2, 3 and 4)
were reported [7]. However, experimental in-
vestigations on this ion have been scarce. In
particular, its resonances have never been stud-
ied.

In the present work, the first observation of
the shape resonance of Ps™ formed using an effi-
cient formation technique developed recently
has been performed [8]. A pulsed slow positron
beam at the KEK-IMSS slow positron facility
[9] was used to synchronize the Ps” beam and a
pulsed ultraviolet laser beam of sufficient pho-

LE-mail: ynaga(@rs.kagu.tus.ac.jp

ton density for the photodetachment of the
short-lived Ps™ ions. The slow positrons im-
pinged onto a Na coated tungsten surface to
form Ps™ ions [3]. The formed ions were accel-
erated to a few keV and were irradiated with
UV laser. The obtained neutral Ps atoms were
detected by a micro-channel plate.

Peaks due to the shape resonance were clear-
ly seen in the measured spectra. The resonance
energy in the rest frame has been deduced to be
5.437(1) eV, which is consistent with theoreti-
cal calculations [5, 7, 10].
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Calculations of positron cooling and annihilation in noble gases

D. G. Green!, P. Mullan, M. Lee 2 and G. F. Gribakin?

School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, Northern Ireland, United Kingdom

Synopsis Positron cooling in noble gases is studied via Monte Carlo simulation and by solving the Fokker-Planck equation,
using high-quality scattering and annihilation cross sections calculated from many-body theory.

Observation of lifetime spectra for positrons an-
nihilating in a gas was one of the first sources of
information on positron interaction with atoms and
molecules [1]. In particular, measurements of the
normalised annihilation rate Z.(7) during positron
thermalization provided information on the energy
dependence of the scattering cross sections and Zg.

Understanding the dynamics of positron cooling,
including the fraction of positrons surviving to ther-
malization, is critical for accurate interpretation of
such experiments. Incomplete thermalization was
found to be responsible for the lack of consensus
among the Z.g data in Xe [2], while modelling of
Zesr(t) [3] revealed deficiencies in the theoretical data
for the heavier noble-gas atoms. Understanding of
positron kinetics is also crucial for the development
of efficient positron cooling in traps and accumula-
tors [4], and for a cryogenically cooled, ultra-high-
energy-resolution, trap-based positron beam [5].

Many-body theory calculations provide an accu-
rate description of the whole body of data on low-
energy positron scattering and annihilation rates on
noble-gas atoms [6]. In this work we use our elastic
scattering cross sections and Z.g, parameterized by
Padé approximants, to study positron cooling and an-
nihilation in noble gases via Monte Carlo simulation
and numerical solution of the Fokker-Planck equa-
tion. Both methods yield the positron probability
density in momentum space f(p,t), which allows us
to calculate Ze(1) = [Zet(p) f(p,t)dp/ | f(p,t)dp,
and y-spectra W (wing) parameters, and compare
these with experiment, where available.

For room temperature gases, we find that signif-
icant fractions of the initial positrons annihilate be-
fore thermalizing, e.g., ~ 80% in He (see Fig. 1), ris-
ing to > 99% in Xe due to the larger mass of the
atom, and that in Xe, the positron lifetime is signif-
icantly increased with admixtures of He. The use of
accurate atomic data leads to a better agreement with
measured Zeg(?), though we find discrepancies be-
tween measured shoulder widths of Zg(7), which we

'E-mail: d.green@qub.ac.uk

believe have suffered from incomplete knowledge of
these fractions.
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Figure 1. Momentum distribution f(p,t) for positrons
in helium at 293K, initially distributed uniformly in en-
ergy up to the Ps-formation threshold. The distribution
is normalized as [ f(p,t)dp = F(t), where F(t) is the
fraction of initial positrons surviving at time density ¢
(shown as the dashed line).
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Observation of the 1S - 28 transition in trapped antihydrogen

Stefan Eriksson* ' from the ALPHA-collaboration®

: Department of Physics, College of Science, Swansea University, Swansea SA2 8PP, UK
TCERN, CH-1211 Geneve 23, Switzerland

Synopsis The two-photon transition to the first excited state of antihydrogen has been observed in the ALPHA
experiment at CERN. This first observations of the optical spectrum of neutral antimatter is the most precise meas-
urement on an antiatom. Our result is consistent with CPT invariance to a relative precision of around 2x1071°,

Antihydrogen offers a unique way to test mat-
ter/antimatter symmetry. Antihydrogen can re-
producibly be synthesized and trapped in the la-
boratory for extended periods of time [1, 2] of-
fering an opportunity to study the properties of
antimatter with high precision. New techniques
to study antihydrogen have emerged; the
ALPHA-collaboration at CERN can now inter-
rogate the bound state energy structure with res-
onant microwaves [3], determine the gravita-
tional mass to inertial mass ratio [4] and measure
charge neutrality [5.6]. Here, the first observa-
tion of the two-photon transition to the first ex-
cited state in antihydrogen is presented [7].

Antihydrogen is synthesized by mixing anti-
proton plasmas originating from the Antiproton
Decelerator at CERN and positrons from a
Surko-type accumulator. Mixing 90,000 antipro-
tons and 1.6 million positrons results in about
25,000 antihydrogen atoms per attempt. Atoms
with kinetic energy less than the 0.5 K (in units
of the Boltzmann constant) can be trapped in the
superconducting magnetic minimum trap. In this
work, about 14 anti-atoms were trapped per trial.
Antihydrogen is detected by releasing the anti-
atoms from the trap and collecting the annihila-
tion byproducts on as silicon vertex detector. The
topology of the events is used to distinguish an-
tiproton annihilation from cosmic rays.

Whilst trapped, the anti-atoms are illuminated
with 243 nm light from a frequency stabilized la-
ser system. A cryogenic ultrahigh-vacuum en-
hancement cavity ensures sufficient power to
both drive the two-photon transition and subse-
quently ionize the atom. The ionized atoms leave
the trap. The atoms are exposed to light at the two
possible hydrogenic resonance frequencies in
trapped atoms (Figure 1) during 300 s each. Con-
trol experiments are performed with the laser de-
tuned by 200 kHz (at 243 nm) off resonance and
with no laser light present under otherwise iden-
tical conditions. In eleven runs of each type,
159+13 antihydrogen detector counts were ob-

—— Trapped
151 77 Not trapped _———/

E-E[15-25](GHz)

Figure 1 Energy levels of (anti)hydrogen in a mag-
netic field. The magnetic trap field minimum is about
IT. Possible two-photon transitions of trapped atoms
are indicated by black arrows.

served off resonance, 67+8.2 counts on reso-
nance, i.e. 58%=+6% of the trapped atoms are re-
moved by the resonant 1S-2S excitation. Counts
during the hold time are in good agreement.

Assuming no asymmetries in the antihydro-
gen spectrum, together with a simulated spec-
trum which takes into account the motion of the
atoms in the trap, the result can be interpreted as
a test of CPT symmetry at a precision of 200
parts per trillion.
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Convergent-close coupling calculations for heavy-particle collisions

I. B. Abdurakhmanov, A. S. Kadyrov, and I. Bray

Department of Physics, Astronomy and Medical Radiation Sciences, Curtin University,
GPO Box U1987, Perth, WA 6845, Australia

Synopsis We report on recent progress in applications of the convergent close-coupling approach to ion-atom collisions.
This includes a development of a wave-packet continuum-discretisation approach to the description of the target structure and
applications to antiproton and proton collisions with atomic targets.

Studies of collisions involving heavy projectiles
are the quest driven not only by basic science but
also by the relevance of such collisions to critically
important industries, such as radiobiology and fusion
energy. We have developed two distinct versions of
the one- and two-centre convergent close-coupling
(CCC) approaches to address this challenge. In one
the relative motion of the heavy particles is treated
fully quantum-mechanically (QM-CCC) [1, 2], the
other classically (SC-CCC) [3, 4]. Depending on the
properties of the collision system we tackle the prob-
lem using either one- or two-centre model. In the
one-centre treatment the total scattering wave func-
tion is expanded in terms of only target pseudostates.
This model is ideal for collisions where the likeli-
hood of the projectile to form bound states with the
constituents of the target system is negligibly small,
e.g. for collisions with antiproton projectiles at suf-
ficiently large energies. Two-centre treatment is ap-
plied to collisions where the projectile can capture
the target electron. In this case two separate expan-
sions utilising projectile and target states are used to
form the scattering wave function. The two-centre
CCC approach allows addressing the target electron
loss in a way where we can exactly tell which part is
due to ionisation and which is due to electron capture.
In addition, it gives us an opportunity to test internal
consistency of the CCC approach.

Successful implementation of the CCC approach
relies on the accurate description of the target struc-
ture. Previously the CCC approach relied on the tar-
get continuum discretisation using the basis of or-
thogonal Laguerre pseudostates. The convergence
and accuracy of cross sections were achieved by
increasing the basis size. The increasing the ba-
sis size insured a denser discretization of continuum
and a better representation of bound states. In this
approach the pseudostates are produced with ener-
gies distributed only in a certain way which can-
not be changed arbitrarily. Also, distributions of

'E-mail: Ilkhom.Abdurakhmanov@curtin.edu.au

pseudostates for different angular momenta are not
aligned, which makes calculations of differential ion-
isation cross sections more complicated. Recently
we have developed an alternative approach, where
the continuous spectrum of the target is discretised
using the wave packets (WP) constructed from the
Coulomb wave functions. Unlike the Coulomb func-
tions the generated wave packets are normalisable
and applicable for scattering calculations. Due to the
flexibility in choosing state energies, the target de-
scription based on the wave packets is ideal for dif-
ferential ionisation studies. These wave packets have
been incorporated into both one- and two-centre CCC
approaches.

For antiproton-impact ionisation of hydrogen a
comprehensive set of benchmark results from inte-
grated to fully differential cross sections has been
obtained [3]. Contrary to the results obtained using
Laguerre pseudostates, the low-energy singly differ-
ential cross section has a maximum away from the
zero emission energy. Calculations showed that only
a fine discretisation of the low-energy continuum can
reveal this feature.

Implementation of the wave packets to proton-
hydrogen collisions produced accurate cross sections
for all undergoing processes including ionisation and
excitation of the target and electron capture to the
projectile’s bound and continuum states. In addition,
this allowed to investigate various differential ionisa-
tion cross sections where the accurate calculations of
the breakup amplitudes corresponding to direct ion-
isation and electron capture to the continuum is im-
portant.
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Collisional properties of ultracold ions with neutral atoms

R. Saito*!, S. Haze*, M. Sasakawa*, R. Nakai*, M. Raoult’, H. Da Silva Jr',

O. Dulieu®, and T. Mukaiyama*>

* Institute for Laser Science, University of Electro-Communications, Tokyo, 182-8585, Japan
T Laboratoire Aimé Cotton, CNRS, Université Paris-Sud, ENS Cachan, Université Paris-Saclay, 91405 Orsay Cedex,
France

Chemical properties of particles at low
temperatures are expected to be quite different
from those at high temperatures. At high tem-
peratures, chemical reactions proceed by get-
ting over the energy barrier (activation energy)
separating the reactant state and the product
state due to thermal fluctuations. However, at
low temperatures, where the wave nature of a
particle plays an important role in the chemical
reaction, tunneling of the energy barrier affects
both the reaction and the reaction rate. In such
situations, the reaction rate may differ signifi-
cantly from that predicted by classical mechan-
ics. In addition, at extremely low temperatures,
the quantum statistics of the particles may in-
fluence the chemical reaction, and either boson-
ic enhancement or suppression due to Fermi
statistics may affect the chemical reaction rate.

To study quantum statistical feature in the
chemical reactions, we investigate the colli-
sional properties of ultracold atoms and ions.
In our experiment, we create a mixture of fer-
mionic SLi atoms and 4°Ca’ ions in in the tem-
perature range of mK [1]. In the °Li-*°Ca*
combination, the threshold energy scale to enter
the quantum scattering regime is on the order
of kgx10uK, which is much higher than the
values for the other atom-ion combinations that
have been demonstrated so far. In the experi-
ment, we have been able to observe the inelas-
tic collisions and identified the collisions as
charge-exchange collisions [2]. By observing
the charge-exchange collisions at a single atom
level by resolving single ions in the fluores-
cence images, we are able to quantitatively
measure the charge-exchange collision rate as a
function of collision energies. We measure the
charge-exchange collision rate for ions in dif-
ferent energy levels and found that the ion in

T I SRIEDPRONY EE
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the electronically ground state is robust against
the ion loss due to the inelastic collisions while
ions in metastable D3 and Ds), states undergo
charge exchange collisions much more effi-
ciently. Within the energy range of our meas-
urement, the charge-exchange cross section de-
pends on E-'2 with E being the collision energy,
which can be understood by the Langevin colli-
sion model. With the help of the theory calcula-
tion, we have identified the route of the charge-
exchange process in the potential energy curves

[3].
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Figure 1. Charge-exchange collision cross sections

as a function of the collision energy for the Ca+ ions
in the mixture of the S/, P12 and D3, states,
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Pair creation in low-energy heavy ion-atom collisions

Y. S. Kozhedub*, A. I. Bondarev'*, I. A. Maltsev*, L. I. Tupitsyn*, V. M. Shabaev*, Th. Stohlker*s1

* Department of Physics, St. Petersburg State University, 199034 St. Petersburg, Russia
T Center for Advanced Studies, Peter the Great St. Petersburg Polytechnic University, 195251 St. Petersburg, Russia
¥ Helmholtz-Institut Jena, D-07743 Jena, Germany
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Synopsis The probabilities and cross sections of electron-positron pair creation in low-energy heavy ion-atom collisions are
evaluated. The calculations are performed beyond the one-center monopole approximation.

Heavy-ion collisions play a very important role in
studying relativistic quantum dynamics of electrons
in the presence of strong electromagnetic fields [1-3].
Moreover, if the total charge of the colliding nuclei is
larger than the critical one, Z. = Z; + Z, > 173, such
collisions can provide a unique tool for tests of quan-
tum electromagnetics at the supercritical fields [1].
At the future FAIR [2] and HAIF (see, e.g., Ref. [3])
facilities wide experimental investigations aimed at
comprehensive study of various processes in low-
energy heavy ion-atom collisions including ones with
combined nuclear charges greater than the critical
one are planned and theoretical investigations are ur-
gently required.

Electron-positron pair creation processes due to
spontaneous decay of the unstable vacuum state in
the presence of supercritical fields is one of the
most fundamental and attractive for investigation
phenomenon. To date, nonperturbative calculations
of the pair creation are mainly confined within the
monopole approximation [4, 5], in which only the
spherically symmetric part of the two-center poten-
tial is taken into account, and for bare nuclei collision
systems. The present work is devoted to nonpertur-
bative calculations beyond the one-center approxima-
tion and considers heavy ion-atom collisions, which
are much more preferable for experimental study.

The method of calculations is based on an in-
dependent particle model, where the many-particle
Hamiltonian is approximated by a sum of single-
particle Hamiltonians, thus reducing the electronic
many-particle problem to a set of single-particle
equations for all electrons in the collision system, in-
cluding negative-energy continuum ones. After solv-
ing this set of effective single-particle equations, the
many-particle probabilities (including pair-creation
probabilities) can be calculated [6, 7]. Solving the
effective single-particle equations is based on the

'E-mail: y.kozhedub@spbu.ru

coupled-channel approach with atomic-like Dirac-
Fock and Dirac-Fock-Sturm orbitals, localized at the
ions (atoms) [8]. This approach was successfully
applied to calculations of relativistic quantum dy-
namics of electrons in low-energy heavy-ions colli-
sions [8, 9].

In this work systematic calculations of the pair-
creation probabilities and cross sections are per-
formed for low-energy ion-atom collisions with dif-
ferent nuclear charge numbers. The role of the non-
monopole effects is investigated. Special attention is
paid to investigations of processes at the supercriti-
cal field, which occurs when the total charge of the
colliding nuclei exceeds the critical value Z.. The
obtained results are compared with the previous cal-
culations and the possibility of observation of the pair
creation in low-energy collisions is discussed.

This work was supported by SPSU-DFG (Grant
No. 11.65.41.2017) and RFBR-NSFC (Grant No. 17-
52-53136).
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Electron impact ionization of He(1s2s 3S) and He (1s2s2p “P)

Matthieu Génévriez*, Jozo J. Jureta®, Pierre Defrance*, Xavier Urbain*

*Institute of Condensed Matter and Nanosciences, Université Catholique de Louvain, Louvain-la-Neuve, Belgium

Synopsis We present experimental cross section for electron impact single and double ionization of He(1s2s 3S) and for
ionization of He™ (1s2s2p *P). The experiment has required the development of a novel source producing a fast, intense beam
of He(1s2s 3S) with high purity, based upon the photodetachment of He ™. The results for single ionization of He(1s2s 3S) solve
a long-lasting discrepancy between theory and experiment, while the results for double ionization are the first determination of

the cross section for these processes.

Helium is considered a benchmark for the study
of electron correlation and, as such, has been the sub-
ject of much investigation on both theoretical and ex-
perimental grounds. In the case of single and double
electron-impact ionization, good agreement has been
reached for the ground states of He and He*. How-
ever, data for the first excited state He(1s2s 3S) and
for the helium negative ion He™ suffer either from
major discrepancies between theory and experiment,
or simply do not exist in the literature.

We have measured the absolute cross section
for electron impact single and double ionization of
He(1s2s 3S), and double ionization of He ™ (1s2s2p
“4P). To do so, we have designed a novel source of
metastable helium atoms, based upon the production
of a fast, intense beam of He™ and its subsequent
photodetachment. It overcomes the fundamental lim-
itation of other production techniques, plagued with
the presence of non-negligible fractions of other ex-
cited states (!3S, 13P), as it produces a beam of pure
He(1s2s 3S) with contamination limited to He(1s?)
and as low as 5%. The flux of metastable atoms also
keeps up with the highest fluxes achieved with other
techniques. The cross section measurements are per-
formed using the animated crossed beam technique
of Defrance et al. [1].

The results for single ionization of He(1s2s 39),
presented in Fig. 1, are in excellent agreement with
the calculations of Fursa and Bray [2]. They also
lie significantly lower than the only other experi-
ment available for this energy range [3], thus solv-
ing a long-lasting discrepancy. Calculations using
the frozen-core approximation (see, e.g., [4]) deviate
from the present results at higher energies, highlight-
ing the importance of doubly excited states.

The results for double ionization of He(1s2s 3S)
and He™ represent the first determination of these
cross sections. Surprisingly, the cross section for
double ionization of He(1s2s 3S) has roughly the
same magnitude as that of He(1s? 'S), although the
former lies 19.8 eV above the latter. The cross sec-

'E-mail: matthieu.genevriez@uclouvain.be

tion for double ionization of He™ is very high when
compared to typical values, as may be expected from
such a weakly bound system (77 meV), and does not
match the universal formula of Rost and Pattard [5],
thus hinting towards the importance of indirect dou-
ble ionization mechanisms. Surely, there is room,
and need, for theoretical input in order to understand
the mechanisms underlying these intricate processes.
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=
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Figure 1. Cross section for electron impact single and
double ionization of He(1s2s 3S), and double ioniza-
tion of He™. The cross section for double ionization
of He(1s2s 3S) is multiplied by 10 for clarity.
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Laboratory measurements compellingly supports a charge-exchange
mechanism for the '"Dark matter' ~ 3.5 keV X-ray line

Chintan Shah*, Stepan Dobrodey*, Sven Bernitt*, René Steinbriigge*,
Liyi Gu?, Jelle Kaastra*?, and José R. Crespo Lépez-Urrutia*

*Max—Planck—Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
TFriedrich-Schiller-Universitit Jena, Fiirstengraben 1, 07743 Jena, Germany
#SRON Netherlands Institute for Space Research, Utrecht, The Netherlands
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Synopsis The reported observations of an unidentified X-ray line feature at ~ 3.5 keV from galaxy clusters have driven a lively
discussion about its possible dark matter origin. Motivated by this, we have investigated the X-ray spectra of highly ionized bare
sulfur ions following charge exchange with residual gas in the electron beam ion trap, as a source or a contributor to this X-ray
line. The X-ray feature at about 3.5 keV shows up in the experiment, which could explain the the astrophysical observations

and confirm the predictions of Gu et al.

A mysterious X-ray signal at 3.5 keV from
nearby galaxies and galaxy clusters [1] recently
sparked an incredible interest in the scientific com-
munity and given rise to a tide of publications at-
tempting to explain the possible cause for this line.
The origin of this line has been hypothesized as the
result of decaying sterile neutrinos—potential dark
matter particle candidate, presumably on the fact that
this X-ray line is not available in the standard spec-
tral databases and models for thermal plasmas. Cau-
tiously, Gu et al. [2] have pointed out to an alternative
explanation for this phenomenon: charge exchange
between bare ions of sulfur and atomic hydrogen.
Their model shows that X-rays should emitted at 3.5
keV by a set of S15+ transitions from n > 9 to the
ground states, where # is the principle quantum num-
ber.

With this motivation, we tested the hypothesis
of Gu in the laboratory by measuring K-shell X-
ray spectra of highly ionized bare sulfur ions fol-
lowing charge exchange with gaseous molecules in
an electron beam ion trap. We produced bare slo+
and H-like S!5% jons and let them capture elec-
trons in collision with those molecules with the elec-
tron beam turned off while recording X-ray spec-
tra. The 3.5 keV transition clearly shows up in
the charge-exchange induced spectrum under broad
range of conditions. The inferred X-ray energy, 3.47
+ 0.06 keV, is in full accord agreement with both
the astrophysical observations and theoretical calcu-
lations, and confirms the novel scenario proposed
by Gu [2, 3]. Taking the experimental uncertain-
ties and inaccuracies of the astrophysical measure-
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ments into account, we conclude that the charge ex-
change between bare sulfur and hydrogen atoms can
outstandingly explain the mysterious signal at around
3.5keV [3].
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Figure 1. Charge-exchange-induced X-ray spectrum in
comparison with recently reported astrophysical obser-
vations. The experimental data and observations are
compared with the charge exchange model of Gu.
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Stimulating electron competition with XU V-initiated high harmonic generation

Andrew C. Brown!, Kathryn R. Hamilton, Hugo W. van der Hart?,

Centre for Theoretical Atomic, Molecular and Optical Physics, Queen’s University Belfast, Belfast BT7 INN

Synopsis We demonstrate a new technique wherein a combination of XUV and Mid-IR laser pulses stimulates multielectron
dynamics encoded in the high-harmonic spectrum. We address this ‘XUV-initiated High Harmonic Generation’ for both Ne
and Ar. The contribution of inner and outer electrons to the spectrum is investigated with an emphasis on electron correlation
arising from the interaction between the 3s~! and 3p~! hole states in Ar.

High harmonic generation (HHG) is the corner-
stone of much of modern attoscience, not only as the
driver for both high energy and ultrashort laser pulses
[1], but also as an investigative tool in its own right.
The so-called ‘high harmonic spectroscopy’ has been
used to elucidate atomic and molecular structure and
ultrafast electron dynamics in a variety of systems
[2—4]. The well-known ‘three-step’ model provides a
useful framework to understand the HHG process: an
electron is tunnel-ionized and then driven by a strong
laser pulse, before recombining with its parent ion,
releasing its energy as a high-harmonic photon [5].
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Figure 1. XIHHG in noble gas atoms initiated by ex-

citation of the inner-valence electron and subsequent
tunnel-ionization.

Despite the ubiquity of HHG in attoscience, the
process is actually severely limited by the initial,
tunnel-ionization step. Tunnel ionization offers lit-
tle or no temporal control of the ionization event, an
extremely low conversion efficiency, and is limited
to the ionization of only the outer-valence electron.
XUV-initiated HHG (XIHHG) could mitagate these
factors: several theoretical studies have explored the
efficiency question [6,7] and one study probed core-
hole dynamics in small molecules with XIHHG [8].

Among theoretical models able to address the dy-
namics of atoms in strong-laser fields, only a handful
also have the capability to describe multiple electrons
and the interactions between them. The R-matrix
with time-dependence (RMT) method has been es-
tablished as a leading approach in this area, affording

'E-mail: andrew.brown@qub.ac.uk
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a comprehensive description of atomic structure and
electron correlation in multielectron atomic systems
exposed to intense, long-wavelength light [9, 10].

In the two studies presented here, we employ a
variation on the XIHHG principle. The first stage of
the process is not direct photo-ionization of the inner-
valence electron, but excitation to a high-lying Ry-
dberg state attached to the inner-valence hole. The
inner-valence electron is then tunnel ionized by the
IR field and driven in a three-step-like trajectory to
elicit HHG. We first demonstrate the mechanism in
Ne, resolving the contribution of the inner- and outer-
valence electrons to the harmonic spectrum [11].

We will then show our most recent results for
Ar where we observe a resonant boost in the cutoff
harmonics. The feature appears in the spectra only
for calculations where both the ionization of the 3s
electron and the doubly excited 3s*3p* ndnf Ryd-
berg states are included. We propose a mechanism
which relies on the strong mixing of the 3s3p® nf and
3s23p* ndnl Rydberg states and is thus mediated by
correlation between the 3s~! and 3p~! hole states.
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Molecular Imaging with Intense Laser Pulses and Coincidence Spectroscopy
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Synopsis Several approaches to image molecular structure by recording the 3-dimensional momentum of pho-
toelectrons in coincidence with the parent ion are discussed and corresponding experiments are presented.

During the last two decades, the imaging
of orbitals from molecules has drawn significant
interest. Advances in scanning tunneling mi-
croscopy (STM) have enabled the direct imag-
ing of the electron density of complex mole-
cules adsorbed on a surface [1]. On the other
hand, the promise to time-resolve transient mo-
lecular orbitals, e.g., in chemical reactions, has
stimulated vigorous efforts to reconstruct the
orbital amplitude and phase from the high har-
monic radiation emitted from molecules, irradi-
ated by intense, infrared laser pulses [2]. How-
ever, the conceptual simplicity of STM can be
combined with the time-resolution of femtosec-
ond laser pulses, when the photoelectrons are
imaged. For example, the angular dependence
of the ionization current in the molecular frame
has been shown to map out the electron density
of the outer orbitals (e.g., [3-6]). Subsequently,
using the same technique, time-dependent
charge oscillations in Ne' were imaged in a
pump-probe experiment [7].

Whereas the above yields a 1-dimensional
observable of the charge density, it was demon-
strated, that a 2-dimensional projection of the
molecular orbital for a fixed molecular align-
ment can be obtained by imaging the momen-
tum distribution of the photo-electron [8]. This
opens the route to a tomographic reconstruction
of the 3-dimensional shape of a molecular or-
bital.

! E-mail: andre.staudte@nrc.ca

More recently, the advance of mid-infrared
laser pulses has allowed the application of es-
tablished electron scattering concepts such as
electron diffraction and holography. Laser in-
duced electron diffraction has been successfully
applied to resolve molecular bond lengths [8-
11]. Strong field photoelectron holography, on
the other hand, has been shown to reveal transi-
ent electronic structure [12,13].

In my talk I will review the progress made in
molecular imaging at the Joint Attosecond Sci-
ence Laboratory using Cold Target Recoil Ion
Momentum Spectroscopy (COLTRIMS) [14].
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Looking inside chiral molecules on femtosecond time-scale

Olga Smirnova*t', S. Beaulieu $;§, A. Comby%, D. Descampsi, B. Fabret, G. A. Garciaq, R. Ge-
neaux&, A. G. Harvey*, F. Legare §, Z. Masin*, L. Nahon€], A. F. Ordonez*, S. Petit{, B. Pons}, Y.
Mairessel, V. Blanchet 1,

*Max-Born-Institute, Max-Born-Str. 2A, 12489 Berlin, Germany
T Technische Universitaet Berlin, Hardenbergstr. 36 A, 10623, Berlin, Germany,
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We describe a new technique of chiral recognition, based on the excitation of coherent helical motion of bound
electrons in valence shells of a chiral molecule. Unlike the helix of light, traditionally used for chiral recognition
in neutral molecules, the helical motion of the electrons has the right size to explore molecular chirality, leading
to strong ultrafast chiral response. A purely quantum consequence of using such helical motion is the possibility
to make a chiral object interact with itself, albeit in a different quantum state, allowing for a new and fundamen-

tally quantum effect -- chiral self-recognition..

The most established technique of prob-
ing chiral interactions, the photoabsorption cir-
cular dichroism, relies on interacting with circu-
larly polarized light. Distinguishing right-
handed from left-handed molecules relies on the
molecule sensing the chiral nature of the circu-
lar light. The helix of the light-wave is given by
its wavelength. Hence, for optical fields, it ex-
ceeds the size of the molecule by several orders
of magnitude. As a consequence, the related
chiral effect — the photoabsorption circular di-
chroism — is very small. Formally, to feel the
pitch of the lightwave, one needs to look be-
yond the dipole approximation, relying on the
magnetic component of the laser field. Small
value of the chiral signal makes ultrafast meas-
urements of chiral dynamics very challenging.

In this work [1], we show that chiral re-
sponse increases by several orders of magnitude
as soon as the circularly polarized laser pulse
incident on the molecule becomes sufficiently
short. Sufficiently large coherent spectral
bandwidth of such pulse coherently excites mul-
tiple electronic or vibronic states. We show that

'E-mail: Olga.Smirnova@mbi-berlin.de

the excited wavepacket dynamics leads to the
helical motion of the bound electrons. The helix
formed by this motion not only has the right
size to explore molecular chirality, but it is also
inherently ultrafast, leading to strong ultrafast
chiral response. What’s more, this excitation
forms macroscopic chiral density and macro-
scopic chiral dipole in randomly oriented medi-
um of chiral molecules.

We also show that, surprisingly, the dynam-
ical chirality excited by the ultrafast pump pulse
can be probed without the help of further chiral
interactions, using linearly polarized laser pulse.

We develop detailed theory of the effect and
show how coherent population of several bound
states leads to chiral self-recognition: the possi-
bility to make a chiral object interact with itself,
albeit in a different quantum state.
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Observing the ultrafast buildup of a Fano resonance
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Stefan Nagele', Christian Ott’, Chii-Dong Lin®, Joachim Burgdérfer’ and Thomas Pfeifer” *

’ Max Planck Institute for Nuclear Physics, 69118 Heidelberg, Germany, EU
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Synopsis We report the experimental observation of the buildup of the 2s2p Fano resonance in helium, which has been un-
der theoretical investigation for more than a decade. The emergence of the absorption line is temporally resolved by inter-
rupting the natural decay of the excited state via saturated strong-field ionization at variable time delay.

Asymmetric Fano line shapes occur in a va-
riety of research fields ranging from nuclear and
atomic physics to condensed matter physics and
photonics. Among the most well-known exam-
ples are the resonances in the extreme ultravio-
let (XUV) absorption spectrum of doubly excit-
ed helium. From the early works on attosecond
dynamics until today, theorists have been inves-
tigating how these spectral lines emerge and
evolve after the transition is triggered and the
subsequent process of autoionization takes
place.

Here, we report for the first time the experi-
mental observation of the ultrafast formation of
a Fano resonance, namely the helium 2s2p spec-
tral line via high-resolution XUV absorption
spectroscopy [1]. In order to monitor the
buildup of the absorption line, we apply an in-
tense few-cycle near-infrared (NIR) laser pulse,
which rapidly depletes the excited state via
strong-field ionization. This in turn terminates
the optical response of the atom, and therefore
limits the atom’s contribution to the measured
absorption spectrum to a temporal gate between
XUV excitation and NIR depletion. By estab-
lishing rise/fall times of the gate much shorter
than the lifetime of the state, and by controlling
the time delay between the XUV and NIR puls-
es with sub-femtosecond precision, we are able
to sample the transient buildup of the 2s2p line.

A complementary study by an independent
team of researchers allowed to observe the for-
mation of the Fano resonance in the photoelec-
tron spectrum of the very same transition, which
has been reported simultaneously [2].

Figure 1 depicts the formation of the 2s2p
spectral line. For small time delays, the meas-
ured spectrum is very broad since the XUV-
optical response of doubly excited helium con-
tributes only very briefly to the formation of the
line. Extending the duration of the gate by increas-
ing the NIR delay the excited atom is allowed to
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Figure 1. Experimental buildup of the 2s2p absorp-
tion line in terms of the time-resolved absorption
spectrum (colored surface). The reference (gray line)
was recorded with minimum NIR laser influence.

contribute to the absorption spectrum for longer and
longer times, causing the resonance line to become
more and more pronounced. At the maximum ex-
perimentally accessible delay of 32 fs, the observed
line shape already closely resembles the natural
Fano resonance line. Our measurements are com-
pared with and confirmed by ab-initio calculations
and an analytic theory of Fano resonances [1].

The presented method of establishing a temporal
gate by excitation and laser-driven saturated ioniza-
tion is also a promising technique for future studies
of ultrafast phenomena, e.g. the creation of quasi
particles in solids and the emergence of electron—
electron or electron—internuclear correlations in
molecules.
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Attosecond Time Delay in Photoemission and Electron Scattering
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Synopsis We study the time delay in the primary photoemission channel near the opening of an additional channel and com-
pare it with the Wigner time delay in elastic scattering of the photoelectron near the corresponding inelastic threshold. The
photoemission time delay near threshold is significantly enhanced, to a measurable 40 as, in comparison to the corresponding
elastic scattering delay. This opens the possibility of studying threshold behaviour utilizing attosecond chronoscopy.

Attosecond time delay in atomic photoemission
can provide an alternative route for observing thresh-
old effects. The opening of a new channel corre-
sponds to a branching point of the scattering ampli-
tude in the complex energy plane because the number
of physically available quantum states of the system
changes. Hence, the behaviours present around such
a branching point brings significantly richer informa-
tion in comparison to any other regular energy point.

The time delay in photoemission is interpreted in
terms of the Wigner time delay introduced for parti-
cle scattering in external potential [1]. It is a delay,
or advance, of a particle travelling through a poten-
tial landscape in comparison with the same particle
travelling in a free space. The Wigner time delay is
calculated as an energy derivative of the scattering
phase in a given partial wave. A similar definition is
adopted in photoemission, where the time delay is re-
lated to the photoelectron group delay, and evaluated
as an energy derivative of the phase of the complex
ionization amplitude [2].

Here we report on the recently published work
[3] where we investigated the time delay in the pri-
mary photoemission channel near the opening of an
additional channel and compared it with the Wigner
time delay in the elastic scattering of the photoelec-
tron near the corresponding inelastic threshold. We
do so by considering photodetachment from the H™
negative ion and comparing it with electron scatter-
ing on the hydrogen atom near the first excitation
threshold. Additionally, we consider the equivalent
processes on the He atom for the purpose of contrast
and comparison.

Our numerical results are obtained within the
convergent close-coupling (CCC) formalism [4]. In
the case of He, all three calculated time delays
closely approximate one another. This means that the
independent electron Hartree-Fock basis represents
both the scattering and ionization processes very ac-
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curately and correlations are negligible. In the case
of H™, above the n = 2 (10.2 eV) excitation thresh-
old, both the photodetachment and elastic scattering
amplitudes experience rapid growth of their phases.
However, this growth is an order of magnitude larger
in photodetachment in comparison with photoelec-
tron scattering. This results in an order of magnitude
enhancement of the photoemission time delay near
threshold, reaching a readily measurable ~ 40 as. We
attribute this large deviation between the time delay
in photoemission and electron scattering to the differ-
ent lowest orders of interelectron interaction mixing
the ground state and excitation channels.
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Figure 1. Left: The calculated time delay for the pho-
todetachment of H™ labelled D-matrix (red), elastic
scattering of an electron on H in the dipole singlet chan-
nel labelled S-matrix (blue), and this elastic scattering
delay as calculated by a frozen core Hartree-Fock ap-
proach (cyan) [5]. Right: Equivalent, but for a He
atomic target.
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Many-body physics with ultracold atoms
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Synopsis In this talk T will review recent experimental and theoretical progress on studying the many-body phys-
ics of polarons in ultracold atomic systems. In particular, I will discuss how ultracold atomic systems allow not
only for the study of the real-time dynamics of polaron formation, but also provide a means to realize novel re-
gimes of polaron physics beyond paradigm models studied in traditional condensed matter physics.

Understanding the role of interactions be-
tween an impurity and its environment is a fun-
damental problem in quantum many-body phys-
ics. A central concept for the description of
such systems is the formation of quasiparticle
excitations called polarons. These describe im-
purities as being dressed by many-body excita-
tions in the medium which changes not only the
properties of the impurity, but which can also
have a profound influence on the impurity’s en-
vironment.

Depending on the character of the environ-
ment and the form of interactions, different
types of polarons are created. For instance, the
immersion of an impurity into a Fermi gas leads
to the formation of Fermi polarons. Such polar-
ons are at the center of the first part of the talk,
where 1 discuss the dynamical response of
heavy quantum impurities immersed in a Fermi
gas at zero and finite temperature [1]. I review
recent experimental approaches taken to study
and observe Fermi polarons [2] and highlight
their universal connection. By investigating
both the frequency and time domain, interaction
regimes are identified which are characterized
by distinct many-body dynamics. From our the-
oretical study a picture emerges in which the
impurity dynamics is universal on essentially all
time scales, and where the short-time few-body
response is tied to the long-time dynamics of
the Anderson orthogonality catastrophe by Tan
relations. Using an analytical description we
calculate the impurity-induced thermal decoher-
ence rate of the fermionic system and prove that
the fastest long-time decoherence rate is univer-

sally given by Y = T KpT/4 for a large class of
models describing Fermi polarons. Our results
are in excellent agreement with recent experi-
ments [3] and show new paths to experimental-
ly study impurity physics with ultracold atomic
systems.

In the second part of the talk I will review
recent progress on the theoretical description of

impurities interacting with bosonic quantum
gases. Here 1 will emphasize the relation be-
tween various polarons models such as strong
coupling Bose polarons, as created by the cou-
pling of impurities to Bose-Einstein conden-
sates by Feshbach resonances [4,5,6], Rydberg
polarons created by Rydberg excitations in a
Bose gas [7], and angulons, which describe
quantum rotors coupled to a many-body envi-
ronment [8,9]. Each of these examples high-
lights novel mechanisms of polaron formation
that go beyond paradigms of traditional con-
densed matter physics and allow for studying
novel regimes of many-body polaron physics
with ultracold atoms.
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Quantum Control of Ultracold Dipolar Molecules
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Synopsis Dipolar molecules are expected to open new avenues for many-body quantum physics, quantum chemistry, and
quantum information. Therefore, quantum gases of dipolar molecules are attracting increased interest - both in theory and
experiment. At MIT, we have pioneered the creation of ultracold, strongly dipolar NaK molecules. This talk will summarize
our recent results and give an outlook on the next steps on the experimental agenda.

Ultracold molecules open up new routes for pre-
cision measurements, quantum information process-
ing and many-body quantum physics. In particu-
lar, dipolar molecules with long-range interactions
promise the creation of novel states of matter, such as
topological superfluids and quantum crystals. Dipo-
lar molecules can be efficiently assembled from ul-
tracold atoms. Using this approach we created the
first near-degenerate gases of strongly dipolar NaK
molecules [1, 2]. At temperatures as low as few hun-
dred nanokelvin, we prepare spin-polarized ensem-
bles, in which each molecule occupies the rovibra-
tional and hyperfine ground state.

I will discuss our advances on coherent quan-
tum control in ultracold NaK. Starting from the ab-
solute ground state, we demonstrate coherent mi-
crowave coupling into higher rotational and hyper-
fine states [3]. This type of coherent coupling en-
ables direct control over long-range dipolar interac-
tions between the molecules. Furthermore, we use
two-photon microwave coupling to create superposi-
tion states between the two lowest hyperfine states of

IE mail: sebastian.will@columbia.edu

NaK. This molecular qubit displays coherence times
on the scale of one second, enabling Ramsey spec-
troscopy with Hertz-level resolution [4] - suggesting
new possibilities for precision metrology and quan-
tum information.
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Quantum state-to-state scattering in ion-neutral collisions

Jennifer Meyer*, Daniel Hauser*, Tim Michaelsen*, Bjorn Bastian®, Steffen Spieler*, Olga
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Gianturco*, Roland Wester*

* Institute for Ton Physics and Applied Physics, Universitit Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria

Synopsis Quantum state specific inelastic as well as reactive ion-neutral scattering experiments will be presented. Non-resonant
photodetachement is employed to investigate the state-to-state inelastic collisions of OH™ ions with helium at low temperatures
in a cryogenic radiofrequency trap. Absolute rate coefficients are measured for the / = 1 — 0 and compared with quantum
scattering calculations. Crossed beam reactive scattering experiments of molecular hydrogen, prepared in a molecular beam,
with Ar™ show a vibrational state specific reactivity depending on the spin-orbit state of Ar". Differential scattering cross
sections of the charge transfer reaction will be presented. H; in v = 2 product ions are formed predominantly through a near

resonant process.

Quantum state control of ion molecule scattering
experiments aims at the understanding of the intrin-
sic dynamics of a collision. The goal is full state to
state control of the target collision in experiments,
including the involved vibrational, rotational and hy-
perfine structure levels, and to provide benchmark
experimental data for high level ab initio scattering
theory.

The preparation of a quantum state selected sam-
ple requires the understanding of the elementary pro-
cess involved, e.g. rotationally inelastic collisions
at low temperatures. In this talk, I will present our
investigations of cold OH™ ions colliding with he-
lium [1] using a cryogenic radiofrequency multipole
trap [2, 3]. Rotational state analysis by non-resonant
photodetachment spectroscopy [4] was employed to
measure the inelastic scattering rate coefficient for
the J = 1 to J = O rotational quenching in OH™ 4 He
collisions [1]. The measurements are compared with
ab initio quantum scattering calculations. Further-
more, energy transfer from the hydrogen J = 1 rota-
tion to OH™ was observed.

The reactions of argon cations Ar"™ with molecu-
lar hydrogen have been investigated by crossed beam
velocity map imaging [5]. The two spin orbit states
of the Ar" exhibit a distinct influence on the reactiv-
ity towards molecular hydrogen H, and its isotopo-
logue deutrium D, [6]. The formed H; product ions
are predominantly scattered in forward direction and
show a strong preference for a specific vibrational
states of the Hj, i.e. (v = 2). This agrees with for-
mer experiments and theoretical results [7, 8]. A near
energetic degeneracy of the spin orbit excited argon
Py, state to the formation of H; (v = 2) leads to an
enhancement of this state-to-state channel compared
to the population of H (v =0,1,3) levels which are
energetically accessible. From the product internal
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energy distributions the rotational excitation of H;r is
inferred.

R
-\&”\..

A

g=1)

Figure 1. Schematic view of inelastic collisions be-
tween OH™ and helium [1]

Future work will address the reaction of the Fe™
ion with molecular hydrogen investigating the cat-
alytic properties and the influence of the electronic
state of Fe™ on the dynamics of elementary reactions.
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Lifetimes of ultralong-range Strontium Rydberg molecules
in a dense BEC
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Synopsis The lifetimes and decay channels of ultralong-range strontium Rydberg molecules that contain tens to
hundreds of ground-state atoms within the electron orbit are examined by monitoring the time evolution of the

Rydberg population using field ionization.

Ultralong-range Rydberg molecules excited
in a BEC can be used to explore collective phe-
nomena in quantum degenerate gases such as
the creation of polarons[1]. Their use as a
probe, however, requires that their lifetimes be
sufficient to allow interactions to produce
measurable effects. Here we examine the life-
times of strontium Rydberg molecules in a BEC
and the reactions responsible for their destruc-
tion.

¥4Sr atoms cooled in a magneto-optical trap
are loaded into an optical dipole trap where they
are subject to evaporative cooling to create a
BEC with a peak density of ~4x10'* cm™.
Two-photon excitation is used to create Ry-
dberg molecules with values of principal quan-
tum number z in the range 49<n<72. A typical
excitation spectrum is included in Fig. 1, ex-
pressed as a function of detuning from the
atomic line. The sharp peak at zero detuning
results from excitation of thermal non-
condensed atoms present in the trap, the broad
feature extending to the red results from molec-
ular excitation, the larger the detuning the larger
the number of atoms present in the molecule.
The evolution of the Rydberg population is
monitored by field ionization. Analysis of the
data indicates that the destruction of Rydberg
molecules results from the same processes as
identified in earlier studies with rubidium][2],
namely associative ionization, leading to for-
mation of Sr,” molecules, and L-changing reac-
tions.

Figure 1 shows the time evolution of the to-
tal Rydberg population. The initial rapid de-
crease in the Rydberg population results from
associative ionization. The slower rate of loss

E-mail: fbd@rice.edu
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Figure 1. Time evolution of the Rydberg population
following excitation of #=60 Rydberg molecules at a
detuning of -21.6 MHz in a BEC. The inset shows
the n=60 excitation spectrum.

seen at later times results from the decay of L-
changed Rydberg atoms. The measured molec-
ular lifetimes, ~3-10 us, limit the timescales
over which studies involving Rydberg mole-
cules in cold, dense gases can be undertaken,
and reduce the coherence time in such meas-
urements.

Research supported by the AFOSR, the NSF,
the Robert A. Welch Foundation, and the FWF
(Austria)
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Reactions of O with D, at low temperatures 10 — 300 K

Radek Plasil*', Thuy Dung Tran*, Stépén Roucka*, Pavol Jusko*, Dmytro Mulin*, Illia Zymak®*,
Petr Dohnal*, and Juraj Glosik*

) Department of Surface and Plasma Science, Faculty of Mathematics and Physics, Charles University in Prague,
180 00 Prague, Czech Republic

Synopsis The reaction of O™ anions with molecular deuterium D, has been studied experimentally using a cryo-
genic 22-pole radiofrequency ion trap. There were observed two reaction channels. In the associative detachment
D,0 is formed and for atom transfer formation OD™ + D was observed. The rate coefficients of the reactions
have been determined at temperatures ranging from 10 K to 300 K.

The reaction of O with D, has two exother-
mic channels corresponding to associative de-
tachment and deuterium atom transfer

O +D, —D,0O+e, AH=-3.65¢V,
O +D,— OD +D, AH=-0.28 eV.

Energetically possible are also reactions
leading to the formation of metastable D,O™ an-
ion in three body or radiative association. How-
ever these processes have not been detected ex-
perimentally. Studies of gas-phase processes
involving water and especially those leading to
isotopic fractionation [1] is essential for under-
standing of the water formation in the Universe.

The reactions were studied using a 22-pole
radiofrequency ion trap. It was mounted on
a cryo-cooler in an ultra-high vacuum system.
The measuring procedure was based on iterative
filling of the trap with a well-defined number of
primary ions O where they react with molecu-
lar deuterium. The content of the trap were ana-
lyzed after chosen times using a quadrupole
mass spectrometer and a micro-channel plate
detector. Further detail may be found in [2] and
references therein.

We studied previously analogous reactions
involving O™ and H,. At first we measured elec-
tron energy spectrum originating from associa-
tive detachment [3] at 300 K. Later on we stud-
ied both reactions using the 22-pole ion trap [4].

Very interesting dependence on temperature
is shown on Figure 1. Up to now the associative
detachment has been measured mostly at tem-
peratures higher than 300 K and the observed
reaction rate coefficient was about % of the
Langevin rate. It is explained by the fact that
trajectories on only one of three electronic sur-
faces of the collision system can lead directly to
autodetachment.

' E-mail: Radek.Plasil@mff.cuni.cz

At lower temperatures we observed unex-
pectedly high value of the associative detach-
ment rate coefficient. Theoretical model in our
paper [4] for the reaction O + H; explained this
behavior by rearrangement of the collisional
system in a shallow local minimum. The in-
crease of the reaction rate coefficient at low
temperatures is in qualitative agreement with
the theoretical predictions. The presented data
will be compared with classical trajectory simula-
tion model. An isotopic effect will be evaluated.
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Figure 1. Measured temperature dependencies of the
reaction rate coefficients for both channels of O™ +

D, reaction. The open circle indicates results of our
previous experiment [4].

We thank the TU Chemnitz, the DFG and prof.
D. Gerlich for lending us the apparatus. Supported
by GACR 15-15077S and GACR 17-18067S.
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Heavy particle collisions: from single atomic targets to complex mo-

lecular clusters

Henrik Cederquist* '

’ Department of Physics, Stockholm University, AlbaNova University center, S 106 91, Stockholm, Sweden.

Synopsis Charge-, energy- and mass-transfer reactions in collisions between ions, atoms, or other heavy systems and differ-
ent types of targets (atoms, molecules, clusters etcetera) will be discussed. When applicable, the mechanisms behind the reac-
tions will be compared to the corresponding ones due to photon- and lepton interactions.

The different types of reactions that may oc-
cur when ions, atoms, or other types of heavy
particles collide with different types of targets
such as single isolated atoms or molecules, bio-
molecular ions, clusters of atoms or molecules,
or molecules in solutions will be discussed. The
mechanisms behind the phenomena that then
occur will also be discussed and, when useful,
compared to those caused by interactions with
photons or electrons. Key experimental and
theoretical results contributing to the under-
standing of various charge-transfer and excita-
tion processes, molecular- and cluster fragmen-
tation processes, and of molecular growth pro-
cesses will be reviewed and highlighted. We
will mainly discuss results for collision energies
from the few eV to the hundreds of keV range,
but results for the important sub-eV and MeV
regimes may also be touched upon.

It is indeed important to understand the mecha-
nisms behind charge- and energy transfer reac-
tions and of heavy particle rearrangement pro-
cesses (chemical reactions) as such processes
are important in many different types of envi-
ronments ranging from the cold interstellar me-
dium, to stellar atmospheres, processes in plane-
tary atmospheres including that of Earth, bio
molecular radiation damage processes etcetera.
In the latter case it is also particularly interest-
ing to study how a solvent environment influ-
ences the type of processes that occur.

For the studies and fields mentioned above it
would in most cases be extremely useful if one
could prepare the systems in single quantum
states before they are brought to interact. For
complex systems containing many atoms this is
extremely difficult but can be achieved for
atomic and small molecular systems using traps
or storage rings. In several different laborato-
ries, new instruments are now being prepared
for experiments on simple and complex atomic

or molecular systems in single quantum states,
or in narrow ranges of quantum states, for re-
fined studies of their interactions with ions, neu-
trals, electron, and photons. These new intri-
guing possibilities will be briefly touched upon
in the talk.

! E-mail: cederq@fysik.su.se
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Mechanisms of strong-field control in the fragmentation of small molecules

K. Doblhoff-Dier*, M. Kitzler', S. Grife*

* Leiden Institute of Chemistry, Leiden University, NL-2333 CC Leiden, Netherlands
 Photonics Institute, Vienna University of Technology, A-1040 Vienna, Austria
Institute for Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller University, D-07743 Jena, Germany

Synopsis Ultra-strong, few femtosecond laser fields trigger a multitude of dynamical effects in molecules. We address the
question of whether and how the electronic and nuclear response to such fields can be used to guide and control molecular
reactions. Via a combination of quantum and semi-classical calculations we shed light on the processes underlying strong-field
fragmentation of C,H; and explain the reaction control via carrier-envelope phase and alignment observed in experiments.

Steering molecular reactions is a long standing
goal in chemistry and physics. With the advent of
strong (~ 10'*W/cm?) and ultra-short (< 5fs) infrared
pulses, the question arose whether these strong fs-
pulses can be used to steer molecular motion. — An
interesting question since the timescales accessible
to such pulses is too short to directly steer the nu-
clear dynamics. The first experimental realization of
strong-field reaction control in polyatomic molecules
was the proof of reaction control in acetylene, C,Ha,
to the product channels C,H"+H*, CH"+CH™ and
CH;r +C* as well as the ionic products Cij and
C2H§+ in dependence of the carrier-envelope phase
(CEP) and the alignment of laser polarization axis
with respect to the molecular axis[1, 2].

Our theoretical investigations show that two fun-
damentally different processes are responsible for the
reaction control in these cases: The reaction con-
trol via the CEP is governed by the intimate inter-
play of the electrons’ recollisional energy in depen-
dence of the carrier-envolope phase and the accessi-
bility of dissociative states[1]. This could be shown
by quantum chemical analysis of the relevant poten-
tial energy surfaces, followed by wavepacket simula-
tions and semi-classical simulations of the recollid-
ing electron’s motion.
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Figure 1. Reaction control via the CEP: a.) recollision
model, b.) comparison with experiment [1]

IE-mail: k.doblhoff-dier@umail.leidenuniv.nl

The control of the nuclear dynamics occurring on
the femtosecond timescale is thus promoted by the
sub-fs control of the electronic dynamics.

In the case of reaction control via the alignment
of the molecule relative to laser polarization axis,
sub-fs timescales are less important: In this case,
the mechanism relies on sequential double ionization
and the angle dependence of tunneling-ionization
from different (Dyson-)orbitals. With the aid of
time-dependent density functional theory and semi-
classical tunneling models, we could qualitatively
and quantitatively reproduce the alignment depen-
dence for most of the experimentally observed re-
action channels[1, 3]. For some reaction channels,
recollisional ionization becomes important. This was
shown by comparison of experimental and theoretical
calculations for linear and circularly polarized light.
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Figure 1. Reaction control via the alignment: ioniza-
tion to different states corresponds to different Dyson
orbitals showing distinct alignment dependent ioniza-
tion probabilities[2, 3].
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Multielectron dynamics of atoms and molecules in strong laser fields

Takeshi Sato*!

* Photon Science Center, School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan

t Department of Nuclear Engineering and Management, School of Engineering, The University of Tokyo,
Tokyo 113-8656, Japan

Synopsis We have developed ab initio time-dependent many-electron theories with complete-active-space (TD-
CASSCF) and occupation-restricted multiple-active-space (TD-ORMAS) models, which enables accurate descrip-
tion of multielectron dynamics of atoms and molecules in strong laser fields.

An important goal of high-field and ultrafast
physics is the direct measurement and control of
electron dynamics in atoms and molecules. To
theoretically investigate multielectron dynam-
ics in intense laser fields, the multiconfigura-
tion time-dependent Hartree-Fock (MCTDHF)
method has been developed [1, 2|, in which
the wavefunction is given by the superpositon
of Slater determinants constructed with timely
varying orbitals. Though powerful, the MCT-
DHF method suffers from the exponential in-
crease of the computational cost against the
number of electrons.

To circumvent this difficulty, we have pro-
posed the TD-CASSCF method [3], which clas-
sifies the occupied orbitals into frozen core (dou-
bly occupied and fixed in time), dynamical core
(doubly occupied but time dependent) and ac-
tive (fully correlated and time dependent) or-
bitals.  See Fig. 1. We have also devel-
oped the TD-ORMAS method [4], which fur-
ther subdivides the active orbitals into an ar-
bitrary number of subgroups, and poses the
occupation restriction in each subgroup.
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Figure 1. Illustration of the TD-CASSCF concept
for a ten-electron system with nine occupied or-
bitals. The up and down arrows represent electrons
decomposed into FC electrons (blue), DC electrons
(black), and active electrons (red). The horizon-
tal lines represent occupied orbitals, classified into
doubly occupied FC and DC orbitals and active or-
bitals (bracketed).

'E-mail: sato@atto.t.u-tokyo.ac.jp

These methods, implemented for atoms [5]
and molecules [6] employing state-of-the-art nu-
merical techniques, enable a compact yet ac-
curate description of multielectron dynamics in
intense laser fields. In this progress report,
we briefly describe the theoretical background
and three-dimensional implementation of TD-
CASSCF and TD-ORMAS methods, and discuss
their applications (see Fig. 2, e.g.) to intense-
field driven multielectron dynamics of atoms and
molecules.

10* p———r 1
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Figure 2. High harmonic generation spectrum of
Ne exposed to a near-infrared laser pulse with a
wavelength of 800 nm and an intensity of 1x10'°
W /cm?, computed with TDDFT, TDHF, and TD-
CASSCF methods with various active spaces.
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Strong-field ionization of hydrogen

Igor V. Litvinyuk* '

" Australian Attosecond Science Facility & Centre for Quantum Dynamics, Griffith University, Nathan, Queensland
4111, Australia

Synopsis We present a series of experiments on strong-field ionization of atomic and molecular hydrogen. We
compare atomic hydrogen results with “exact” numerical simulations to obtain precise calibration of laser inten-
sity and absolute CEP and to interpret “attoclock” experiments. For molecular hydrogen we demonstrate failure
of the frozen-nuclei approximation by measuring much higher ionization rates for the light isotope.

In strong-field physics, a quantitative compa-
rison of theoretical predictions with results of
experimental measurements — necessary to vali-
date any theory — often remains problematic due
to difficulties with obtaining precise and accu-
rate results, both experimental and theoretical.
One approach is to compare careful experiments
with numerical ab initio modeling performed on
atomic hydrogen, the only target where such
modeling is quantitatively exact. Here we pre-
sent a set of experiments performed on atomic
hydrogen interacting with intense few-cycle la-
ser pulses. We measure both ionization yields
and photoelectron spectra as a function of inten-
sity and carrier-envelope phase (CEP). By com-
paring our results for H with accurate TDSE
calculations and also with experiments and ap-
proximate calculations for noble gas atoms we
achieve (i) a transferable intensity calibration
standard with 1-2% accuracy [1]; and (ii) an
absolute measurement of CEP for few-cycle

pulses.
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Figure 1. CEP maps for different atomic species
at 2.5x14 W/cm®. (Top panel, left to right) CEP re-
solved experimental results for H, Ar, Kr and Xe.
(Bottom panel, left to right) Theoretical simulations,
in case of H, exact TDSE simulations are used
whereas for Ar, Kr and Xe theoretical simulations
are based on SAE approximation.

We also performed the attosecond angular
streaking (« attoclock ») experiments on atomic
hydrogen. In those experiments we measured
3D momentum spectra of electrons ionised from
H by few-cycle elliptically polarized pulses in a
range of intensities from 1.6x10'* to 4x10"

! E-mail: ilitvinyuk@griffith.edu.au

W/cm?®. Comparing our experimental results
with precise ab initio theoretical modeling (nu-
merical TDSE solutions) we observe excellent
agreement between the theory and experiment.
Based on that comparison, we conclude that our
results are consistent with instantenous (zero
delay time) electron tunneling through the po-
tential barrier.

For molecular targets accurate ab initio cal-
culations are not yet feasible — modeling always
involves one or several approximations. In this
case, to validate theoretical approximations one
may compare measurements performed on dif-
ferent isotopes, i.e. light and heavy hydrogen,
under exactly the same conditions. Here we pre-
sent one example of experimental measurement
of isotope effects observed in light and heavy
hydrogen molecules. We measured single ioni-
zation yields for H, and D, for a number of dif-
ferent intensities. It has been recently predicted
theoretically by Tolstikhin, Worner and Moris-
hita [2] that tunneling ionization rate for neutral
hydrogen molecules should exhibit a significant
isotope effect, which becomes more pronounced
at lower intensities. We performed the mea-
surements using circularly polarized pulses and
coincident REMI detection of protons, deute-
rons and electrons [3]. We found excellent
agreement with predictions of Tolstikhin et al.
with hydrogen more likely to be ionized (up to
1.7 times more likely at the lowest intensity)
than deuterium. This observation constitutes a
failure of the frozen-nuclei approximation,
which predicts the same ionization yield for
both isotopes.
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Photon energy deposition in strong-field ionization of molecules

Wenbin Zhang, Peifen Lu, Xiaochun Gong, Qiying Song, Qinying Ji, Kang Lin, Junyang Ma, Hui Li, Heping
Zeng, and Jian Wu'

State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China

Synopsis We experimentally demonstrate the electron-nuclear sharing of the absorbed energy of multiple photons in strong-

field ionization of molecules.

Atoms and molecules may coherently ab-
sorb multiple photons beyond the minimal
number required for ionization driven by a
strong laser fields, leading to discrete peaks in
the photoelectron spectrum spaced by the pho-
ton energy, i.e. above threshold ionization (ATI)
as firstly observed by P. Agostini et al in 1979
[1]. The primary phase of the light-molecule
interaction is the photon energy absorption and
deposition. As compared to atoms where the
electron keeps most of the absorbed photon en-
ergy, the additional vibrational and rotational
nuclear motions of molecules also serve as en-
ergy reservoir. The photon energy deposits into
the nuclei governs the succeeding dynamics
and thus the fate of the molecules.

Until recently the electron-nuclear sharing
of the absorbed photon energy in strong-field
multiphoton single ionization of molecules was
revealed for the simplest one or two-electron
systems of Hx" [2,3] and Hz [4]. On the other
hand, the recent experiments show negligible
photon energy sharing between the emitted
electrons and nuclei in multiphoton above
threshold double ionization of a polyatomic
hydrocarbon molecule [5]. Does the electron-
nuclear sharing of the absorbed photon energy
in multiphoton ionization of molecules merely
exist in the simplest one- or two-electron sys-
tems? Which rules govern the electron-nuclear
sharing of the photon energy?

Here, we demonstrate the first experimental
observation of the electron-nuclear sharing of
the absorbed photon energy in strong-field
above-threshold dissociative single ionization
of multielectron molecules. Vibrational and
orbital resolved electron-nuclear sharing of the
absorbed photon energy is identified for the

1 E-mail: jwu@phy.ecnu.edu.cn

carbon monoxide molecule. The photon energy
sharing between the electron and nuclei is gov-
erned by the population of numerous vibration-
al states of the molecular cation in the ioniza-
tion process, which are altered by the orbitals
from which the electron is removed and the po-
tential energy surfaces of the cation state on
which the nuclei dissociate.

We further report the experimental obser-
vation of photon energy sharing among two
electrons and two ions ejected from a doubly
ionized molecule [7]. Although two electrons
are successively released one after the other,
bridged by the nuclear motion via their interac-
tion, photon energy sharing among four parti-
cles is observed as multiple energy conservation
lines in their joint energy spectrum. For sequen-
tial double ionization of Hy, the electron-nuclear
joint energy spectrum allows us to identify three
pathways towards the charge-resonance en-
hanced ionization of the stretching H>" in strong
laser fields. By counting the photon number ab-
sorbed by the molecule, we trace the accessibil-
ity, enhancement and suppression of various
pathways. The correlated electron-nuclear mo-
tion provides profound insights of the compli-
cated strong-field dynamics of molecules.

References

[1] P. Agostini et al. 1979 Phys. Rev. Lett. 42, 1127
[2] C. Madsen et al. 2012 Phys. Rev. Lett. 109,
163003

[3] K. Liu ef al. 2014 Phys. Rev. A 89, 053423

[4]J. Wu et al. 2013 Phys. Rev. Lett. 111, 023002
(2013).

[5] X. Gong et al. 2015 Phys. Rev. Lett. 114, 163001
[6] W. Zhang ef al. 2016 Phys. Rev. Lett. 117,
103002

[7] P. Lu et al., submitted for publication (2016).

SPEAKER ABSTRACTS



XXX INTERNATIONAL CONFERENCE ON PHOTONIC, ELECTRONIC AND ATOMIC COLLISIONS

Internally cold ions in the Cryogenic Storage Ring

Oldrich Novotny* for the CSR team

* Max Planck Institute for Nuclear Physics, Heidelberg, Germany

Synopsis We present first results from experiments on internally cold ions using the recently commissioned Cryogenic Storage

Ring.

In last decades heavy ion storage rings have
proven to be unique tools for investigating proper-
ties and reaction dynamics of atomic and molecular
ions, in particular low-energy electron-ion collisions
in merged beams [1]. The two most prominent ad-
vantages are 1) the long storage of the ions allowing
relaxation of the the internal ion states to the equilib-
rium with the black body radiation of the wall and 2)
the ion beam phase-space cooling using an electron
beam which prepares the ion beam target for experi-
ments at high collision-energy resolution.

The black body radiation in the existing storage
rings operated at room temperatures (300 K) became
a limiting factor for these experiments. Even for
small molecules, many rotational levels contributed
to the reactions which compromised the comparison
with theoretical calculations. Moreover, many low-
temperature ion reactions are relevant for astrochem-
ical models of the cold interstellar medium where the
internal ion excitation drops down to ~ 10 K. This
leaves ambiguities for data from 300 K storage rings,
where many rotational states remain populated.

To resolve these limitations we have built the
electrostatic Cryogenic Storage Ring (CSR) at the
Max Planck Institute for Nuclear Physics, Heidel-
berg, Germany [2]. The ring is designed to store
ion beams at energies up to 300 keV per unit charge,
independently of ion mass. Cryogenic cooling of
the whole beamline chamber leads to a low radiation
field. Additionally, at 6K wall temperature reached,
the cryo-pumping on the walls results in low resid-
ual gas densities (< 140 cm~3) and ion beam storage
times of several hours.

The four straight sections of CSR house exper-
imental setups (Figure 1). In the electron cooler
the ion beam is merged with a cold photocathode-
produced electron beam. With the electron energy
spread of ~ 1 meV electron cooling of ions up to
160 u per unit charge is foreseen. The electron beam
acts also as a target for experiments such as dissocia-
tive recombination of molecular ions and dielectronic
recombination of highly charged atomic ions. From
the corresponding counting and 3D-imaging detec-

'E-mail: oldrich.novotny @mpi-hd.mpg.de

tors operated in the cryogenic environment we de-
rive not only cross section but also the fragmenta-
tion dynamics and internal excitations of reactants
and products. Another ion collision target is a laser
beam oriented at crossed or grazing-angle geometry,
accessing processes like photodissociation, photode-
tachment, etc. In a separate section, a beam of neutral
atoms is merged with the stored molecular beam to
probe ion-neutral collisions at low relative collision
energies. A large variety of ion beams to be stored
can be produced from specialized ion sources.

2 K cryocooler

Crossed beam interaction
(gas jet, lasers)

platform

Figure 1. Overview of the CSR showing the cryostat
structure and the main experimental sections.

In the talk results from the first CSR experimental
campaigns will be presented. We demonstrate func-
tionality of the storage ring and some of the experi-
mental tools, and present first physics results on in-
vestigating molecular and cluster ions. Special em-
phasis will be given to the internal ion cooling for
positive and negative molecular ions [3]. Future up-
grades will be discussed as well.
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Photofragmentation of ions and fragment storage in a compact storage ring

Henrik B. Pedersen*, Annette Svendsen* Hjalte V. Kiefer* Ricky Teiwes* Lars H. Andersen,

* Department of Physics and Astronomy, Aarhus Universiy, 8000 Aarhus C, Denmark

Synopsis We report on the development of a novel electrostatic storage ring for studies of photofragmentation processes of
molecular ions. We demonstrate how the ring can simultaneously be exploited as an electrostatic analyzer and as a time-of-flight

spectrometer to analyze dynamics of photon-induced processes.

During the last decades, the application of elec-
trostatic storage devices, i.e. systems that enable
the trapping of fast moving ion beams by means of
electrostatic fields only, have proven extremely valu-
able for studies of atomic and molecular ions. In an
electrostatic ion trap, the conditions for ion storage
is only determined by the energy-to-charge ratio of
the ions. Intense development of electrostatic stor-
age devices has occurred, for instance with respect to
cryogenic devices and with respect to characterizing
spontaneous or induced reactions of the stored ions.

At Aarhus University, we have recently con-
structed a compact electrostatic storage ring
SAPHIRA (Storage ring in Aarhus for PHoton-
Ion Reacation Analysis) [1] dedicated to the study
of photon-induced processes in molecular ions. A
schematic layout of the SAPHIRA ring is displayed
in Fig. 1.

In SAPHIRA, ions are confined by four identi-
cal electrostatic corner modules that both provide ion
beam focusing and deflection by 90 degrees. The
modules are placed in a square geometry with a side
length of 1.00 m to form a closed structure. To inject
or extract ions, the potentials on the deflection elec-
trodes in the corners can be rapidly switched between
two high voltage levels.

As also illustrated in Fig. 1, the stored ions can
be laser-irradiated both in crossed and merged beams
interaction geometries. In both cases the ion-photon
interaction takes place inside an electrode system that
allows the interaction region to be biased to a well-
defined potential.

The potential on the electrodes surrounding the
interaction region is switchable between ground and
a high voltage level allowing for instance for acceler-
ation of ions present inside the region during switch-
ing, and hence effectively altering the trapping con-

'E-mail: hbjp@phys.au.dk
2E-mail: Iha@phys.au.dk

ditions for these ions [2].

With this technique, it is in fact possible to
trap fragment ions while rejecting parent ions from
SAPHIRA, i.e. in effect using the ring as an electro-
static mass analyzer. Moreover, the long flight path in
the ring also allows to analyze properties of the frag-
ment ions (kinetic energy release and angular distri-
bution), essentially using the ring as a time-of-flight
spectrometer.

oer1 @ _ Switchable
p interaction region

Viee
2
*— GND
_«"Laser beam
(crossed beams)

Injection
beam line

Laser beam
(merged beams)

Confining
aperture

Figure 1. Schematic layout of the electrostatic storage
ring SAPHIRA, showing the four compact corners used
to confine a fast moving ion beam, and the switchable
interaction region that enables the analysis of photofrag-
ment ions produced in crossed or merged beams exper-
imental configurations. Fragment detectors are located
outside of the ring.
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Studies at the border between atomic and nuclear physics
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Synopsis High atomic charge states can significantly influence nuclear decay rates. Recent experiments with
stored exotic nuclei that have been performed at the ESR storage ring are discussed. A particular emphasis is
given to two-body beta decays, namely bound-state beta decay and orbital electron capture.

The question on whether nuclear lifetimes
are fundamental constants or can be modified
by external manipulations was asked at the be-
ginning of nuclear physics [1]. At present, the
largest variations of nuclear decay rates were
observed in highly charged ions (HCI) [2,3].

An obvious example is the electron capture
(EC) decay probability, which depends strongly
on the number of bound electrons [4,5]. One of
straightforward motivations for studying p-
decay of HClIs is that stellar nucleosynthesis
proceeds at high temperatures, where the in-
volved atoms are highly ionized. Furthermore,
HCIs offer the possibility to perform basic in-
vestigations of B-decay under clean conditions:
The decaying nuclei having, e.g., only a single
bound electron, represent themselves well-
defined quantum-mechanical systems, in which
all interactions with other electrons are exclud-
ed, and thus corrections due to shake-off ef-
fects, electron screening etc. can be studied.

Largest modifications of nuclear half-lives
with respect to neutral atoms were observed in
B-decay of fully ionized nuclei. Presently, the
ion-storage ring ESR at GSI in Darmstadt is the
only tool in the world where radioactive decays
of HCIs are routinely studied [6]. Here, the ra-
dionuclides produced at high kinetic energies as
HClIs and purified from unwanted contaminants
are stored in the cooler-storage ring ESR. Due
to the ultra-high vacuum of about 107" mbar,
the high atomic charge states of the ions can be
preserved for extensive periods of time
(minutes, hours). The decay characteristics of
electron cooled stored HCIs can accurately be
measured by employing the highly sensitive
non-destructive time-resolved Schottky spec-
trometry technique [7,8].

"E-mail: Y.Litvinov@gsi.de

Recent experiments with stored exotic nuclei
that have been performed at the ESR will be
discussed in this contribution. A particular em-
phasis will be given to two-body beta decays,
namely bound-state beta decay and orbital elec-
tron capture.

At GSI, investigations of exotic radioactive
decay modes like Nuclear Excitation by Elec-
tron Capture [9] or Bound Electron-Positron
Pair Creation [10] are proposed for the ESR and
the newly installed low-energy CRYRING [9].

As an outlook, the perspectives of future ex-
periments with HCIs at existing storage ring
facilities (ESR/CRYRING at GSI, Darmstadt,
CSRe at IMP, Lanzhou, and R3 at RIKEN,
Wako) as well as at the planned facilities (FAIR
in Darmstadt and HIAF in Huizhou [11]) will
be outlined.
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Photorecombination studies at Shanghai EBIT
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and Y. Zou'
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Physics, Chinese Ministry of Education, China

Synopsis This work reported both experimental and theoretical study on photorecombination processes, includ-
ing resonance levels, resonance strengths, radiative decay and interference effect, for highly charged ions at

Shanghai EBIT.

Recombination processes between free
electrons and ions are classified as photorecom-
bination (PR) proceeding with photon emissions
via two main pathways.

Dielectronic recombination (DR) used to be
considered a resonant two-step process. In the
first step a free electron is captured by an ion; at
the same time a bound electron is promoted to
form a multiply excited intermediate state sit-
ting above the autoionization threshold. The
second step is stabilization, in which one or
more photons are emitted so as to reduce the ion
energy to below its ionization limit. DR is an
important process in hot plasma physics as well
as in atomic structure and collision theory. It
significantly affects the plasma temperature, the
charge state distribution, and the ion level popu-
lation. The radiative processes in DR cause un-
resolvable satellites, which may disturb line
shape, line intensity, and line width, while the
resolved satellite lines are often used for elec-
tron temperature diagnostics. Furthermore, DR
of highly charged ions contributes significantly
to radiation energy loss in fusion plasmas, and
thus leading to the severe problem on the
flameout of fusion.

There is another process called radiative re-
combination (RR), in which a free electron is
captured by an ion and the excess energy is re-
leased by emitting a photon directly. If DR and
RR have identical initial states, final states, and
photon emissions, it is then impossible to dis-
tinguish through which process the recombina-
tion took place, and interference would occur.
As a consequence, asymmetric resonant line
profile called Fano line profile appears. Much
work has been done to study PR processes, but
only a very few studies have observed DR-RR
interference [1-4] due to the fact that most stud-
ies were for the cases where RR was much
weaker than DR and the interference was negli-
gible.

E-mail: zouym@fudan.edu.cn

In this work, we reported the recent study on
PR processes for highly charged Ar, Xe and W
ions through both experiment and calculation
[3-7]. The measurement was performed on
Shanghai electron beam ion trap by employing
a fast electron beam-energy scanning technique.
During the experiment, Ar, Xe or W was con-
tinuously injected into the EBIT by a gas injec-
tion system, and the electron beam energy was
fast scanned through the resonant energy region,
while the x-ray photons were detected by a
HPGe detector. A fully relativistic configuration
interaction method implemented in the flexible
atomic code was employed to calculate DR pro-
cess and also RR cross section.

The interference effect between DR and RR
were studied in experiment. The dual Fano and
Lorentzian line profile properties in an autoi-
onizing state was demonstrated via selecting
the DR resonances which go through an inter-
mediate state with decay channels to both the
final states with no excited electrons and the
final states with more than two excited electrons.
The DR resonance strengths were also deter-
mined in our work. Our experimental results
show good agreements with the calculations
within the uncertainty of about 10%. The com-
parison between two experimental results (anal-
ysis with or without the consideration of inter-
ference effect) indicates that the interference
effect between DR and RR is revealed to be
necessary to determine the resonance strength
for highly charged heavy ions.
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Collisional-radiative modeling of hot plasmas

Yuri Ralchenko'
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Synopsis For plasmas far from local thermodynamic equilibrium, collisional-radiative (CR) models offer a robust and well-
tested approach to analyze their emission and to infer their properties. CR simulations are known to be instrumental for
spectroscopic diagnostics of astrophysical plasmas, magnetic fusion devices, laser-produced plasmas, and other environments.
I will present an overview of recent developments in CR modeling with an emphasis on hot plasmas of highly-charged ions.

For most terrestrial and astrophysical plasmas,
their emission remains the primary source of infor-
mation on their properties. An accurately measured
and carefully analyzed spectrum can reveal detailed
data on electron and atom (ion) densities, particle
temperatures, electric and/or magnetic fields, tur-
bulent motions, velocity fields, and other parame-
ters. While some of plasma characteristics can gen-
erally be inferred from qualitative considerations, it
is nowadays customary to build comprehensive spec-
troscopic diagnostics of various plasmas upon ex-
tensive collisional-radiative (CR) models [1]. Such
models now routinely include tens of thousands of
atomic states with millions of collisional and radia-
tive transitions thereby providing a very detailed the-
oretical grounds for comparisons with the measured
spectra.

In this talk we will present an overview of re-
cent developments in CR modeling of hot plasmas
with temperatures of hundreds and thousands of elec-
tronvolts. Since accurate atomic data is of highest
importance for CR simulations, the available tools
for data generation as well as the general require-
ments for data quality will be addressed. Among the
topics to be discussed are the spectroscopic model-
ing of non-Maxwellian plasmas of multiply-charged
heavy atoms in electron beam ion traps (see Fig. 1)
including studies of inner-shell dielectronic reso-
nances, kinetic analysis of motional Stark effect for
neutral beams in magnetic fusion research [2, 3],
Monte Carlo CR modeling of multi-electron charge
exchange [4], and diagnostics of about 50-times ion-
ized high-Z atoms in laser-produced plasmas. We
will also describe the ongoing efforts to develop the-

'E-mail: yuri.ralchenko@nist.gov

oretical techniques for benchmarking CR models and
codes [5].
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Figure 1. Comparison of the measured (top) and sim-
ulated (bottom) extreme-ultraviolet spectra from Y3!*—
Y3%* in an electron beam ion trap. Electron beam en-
ergy is 5.15 keV.
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The Tungsten Project: Electron-ion recombination rate coefficients for the
isonuclear sequence of tungsten

S. P. Preval*, N. R. Badnell%, M. G. O’Mullane*

* Department of Physics, University of Strathclyde, Glasgow, G4 ONG, United Kingdom

Synopsis Modelling the effect of tungsten impurities in hot magnetic fusion plasmas is essential for informing the future opera-
tion of the upcoming experimental fusion reactor, ITER, as well as other reactors that use tungsten components. Calculating the
necessary atomic data, as well as the models presents their own unique computational challenges. For this progress report, I will
discuss The Tungsten Project, which was a three-year endeavour to calculate partial final-state resolved dielectronic recombi-
nation rate coefficients for the isonuclear sequence of tungsten. I will then present preliminary results from collisional-radiative
models including this new data, and what has been learned from this project.

The upcoming experimental fusion reactor,
ITER, will produce its first plasma in 2025, with a
projected deuterium-tritium plasma ignition in 2035.
The reactor has been designed to output ten times
more energy than it consumes. It will also dwarf the
current largest tokamak reactor, JET, by a factor 10
in terms of plasma volume. Tungsten has been cho-
sen as the primary material with which to construct
the divertor in ITER due to its ability to withstand
high power loads. Being a plasma-facing component,
tungsten impurities will sputter into the main plasma,
leading to cooling and potentially quenching. De-
tailed models of the tokamak plasma are required to
understand the effects of tungsten impurities on the
core plasma, as well as to inform future reactor oper-
ation.

The high electron temperature (> 25keV) and
densities (10'8-10°'m~3) present in magnetically
confined fusion plasmas necessitates a collisional-
radiative (CR) approach to modelling. Such mod-
els underpin the Atomic Data and Analysis Structure
(ADAS). ADAS is a database and a set of interlinked
codes for modelling the radiating properties of plas-
mas and is organized as a consortium, of mainly mag-
netic fusion laboratories, and universities.

Dielectronic recombination (DR) is the dominant
mode of recombination in hot, dense plasmas such
as those found in tokamaks. CR models of tokamak
plasmas require partial final-state resolved DR rate
coefficients for the element considered. While isonu-
clear datasets do exist, they are highly uncertain. This
can be seen in Putterich et al [2], where the authors
had to modify average ion data from Post et al. [1]
in order to improve agreement with observed spectral
emissions in ASDEX plasmas. To improve the base-
line data for CR modelling, we recently completed
a series of level, term, and configuration-resolved
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calculations informally titled The Tungsten Project
[3, 4] using the distorted wave code AUTOSTRUC-
TURE [5].

Calculation of the atomic data required presented
its own unique challenges. For example, 4f-shell ions
(in particular, half-filled) have tens of thousands of
levels making the calculation intractable. Further-
more, the large number of levels leads to enhance-
ment of the DR rate coefficient at low energy due to
mixing, meaning that even treating the problem in
term resolution only is not sufficient. With regards
to CR modelling, the main challenge relates to the
logistics and handling of the atomic data by the mod-
elling programme. Each ionization state will have
hundreds of partial DR rate coefficients, necessitating
the use of bundling techniques to make the problem
tractable.

In this talk I will give a brief overview of the
ITER experiment and its aims. Next, I will dis-
cuss The Tungsten Project, with emphasis on calcu-
lational methods. Finally, I will present preliminary
CR model calculations for ITER-like plasmas. I will
conclude by considering the implications for future
tokamak operation, and plans for the future.
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Dielectronic Recombination in EBIT
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Nobuyuki Nakamura,’ José R. Crespo Lépez-Urrutia,’ Jiyan Zhang,” and Baohan Zhang
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Synopsis The resonance strength and x-ray asymmetry measurements of DR show the significant Breit interac-
tion contribution to electron-electron interaction, and the Compton polarimetry gives a higher sensitivity to this
intrinsically relativistic effect. Those works allow one to access the QED corrections of the generalized Breit in-

teraction.

The quantum electrodynamics (QED) effects
are of importance for fundamental science, in
particular, for atomic physics. QED effects have
been tested by the precise measurement of tran-
sition energy of few-electron heavy ions. How-
ever, the QED effects on the atomic collisions
have never been done in experiments. The low-
est order QED effect in the electron collision
can be described through so-called generalized
Breit interaction, it can be derived rigorously
within the framework of quantum electrody-
namics (QED) as the retardation in the ex-
change of a virtual photon between the elec-
trons. When the frequency of the virtual photon
approaches zero, the simplified version of the
Breit interaction can be obtained, which is also
can be derived in the classical electrodynamics
frame.

The importance of the Breit interaction has
been confirmed in the electron-ion collisions,
such as impact ionization, dielectronic recombi-
nation (DR), and impact excitation. Neverthe-
less, all of the experiments mentioned previous-
ly can be reproduced by the simplified Breit in-
teraction theory. Aiming to test the QED effect,
generalized Breit interaction effect, we have
already done the anisotropy and polarization
measurements of the DR x ray lines. The do-
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minance of the Breit interaction has been dem-
onstrated in the anisotropy measurements, and
polarization measurements show the significant
contribution of the Breit interaction. Most im-
portantly, Compton polarimetry, which gives a
higher sensitivity to the intrinsically relativistic
Breit interaction effect, has been used in the
electron ion beam trap (EBIT) experiments, and
this technique is a promising approach to allow
one to access the QED corrections of the gene-
ralized Breit interaction.

In this talk, we present the measurements of
2] 3, 4, 5]
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anisotropy " %!, resonance strength ! and
linear polarization ' " ® of DR x-ray lines in
EBIT.
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Dielectronic Recombination of Be-like “’Ar'** at the CSRm
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Synopsis Absolute recombination rate coefficients of Be-like Ar'** have been measured by employing the
electron-ion merged-beams method at the cooler storage ring CSRm. All the resonances associated with
dielectronic (2s>—2s2p) and trielectronic (2s>—2p?) AN = 0 recombination within the energy range of 0- 60 eV

were studied.

Based on the successful DR measurement
of Li-like *°Ar'**at the cooler storage ring
CSRm [1], total recombination rate coefficients
of Be-like °Ar'*" has also been experimentally
studied. Figure. 1 shows measured spectrum
covering the relative energy between electron
and ion from 0 to 60 eV in the center-of-mass
frame. The resonant capture, involving the core
excitation of an electron, is called dielectronic
recombination. If the resonant recombination
via a triply excited states, the core excitation
involves two electrons, it is termed trielectronic
recombination (TR), which was first observed
in the of Be-like C1'** by Schnell et al [2]. Both
DR and TR processes lead to series of peaks in
the measured recombination spectrum, which
have been identified by extending downward in
energy from their series limits with the
Rydberg formula.

For a better understanding of the measured
spectrum, a theoretical calculation using the
atomic-structure code AUTOSTRUCTURE [3]
is in progress by the group of N. R. Badnell.
We will present the details of the experimental
results and the comparison between
experimental data and the calculation results in
this conference.

This work is partly supported by the
National Natural Science Foundation of China
through No. 11320101003 and No. 91336102,
and Youth Innovation Promotion Association
CAS.
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Figure 1. Measured recombination spectrum of Be-
like “°Ar'*" versus the relative energy between
electron and the ion in the center-of-mass frame.
Resonance positions based on the Rydberg formula
are indicated by vertical short bar involving the
spectrum for both dielectronic (2s®> — 2s2p) and
trielectronic (2s>—2p?) AN = 0 recombination in
different colors.
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Extreme ultraviolet spectra of multiply charged tungsten ions
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Synopsis We present extreme ultraviolet spectra of multiply charged tungsten ions observed with an electron beam ion trap.
The observed spectra are compared with theoretical spectra obtained with a collisional radiative model.

Tungsten is the main plasma-facing material in
the future experimental fusion reactor ITER, and thus
is considered to be the main impurity ions in the
ITER plasma. In order to suppress the radiation
loss caused by the emission from the impurity tung-
sten ions, it is important to understand the influx and
the charge evolution of tungsten ions in the plasma
through spectroscopic diagnostics. There is thus a
strong demand for spectroscopic data of tungsten
ions. In particular, it has been recently pointed out
that the diagnostics and control of the edge plasma
are extremely important for the steady state operation
of high-temperature plasmas. Thus the atomic data
of relatively low charged tungsten ions are of grow-
ing significance to the ITER plasma diagnostics [1].
In this study, we present extreme ultraviolet (EUV)
spectra of multiply charged tungsten ions observed
with an electron beam ion trap, and comparisons with
collisional radiative (CR) model calculations.

Multiply charged tungsten ions were produced
with a compact electron beam ion trap (EBIT) [2].
Tungsten was introduced into the trap through a gas
injector as a vapor of W(CO)g. Emission in the EUV
range was observed with a grazing-incidence flat-
field spectrometer [3] consisting of a 1200 g/mm con-
cave grating (Hitachi 001-0660) and a Peltier-cooled
back-illuminated CCD (Roper PIXIS-XO: 400B).

Figure 1 shows a typical example of the observed
spectra. The electron energies shown in the figure
are simply determined from the potential difference
Vi between the cathode (electron gun) and the mid-
dle electrode of the ion trap as eVgis. Thus it should
be noted that the actual electron energy (interaction
energy between the beam electron and the trapped
ions) can be different from the eVg;s value due to sev-
eral reasons, such as the space charge of the electron
beam and the trapped ions. Based on the electron
energy dependence and the comparison with the pre-
vious observation with the Livermore EBIT [1], the
observed lines have been assigned to WO to W8+ as

'E-mail: n_nakamu@ils.uec.ac.jp

shown in the figure.

We have made CR model calculations [5] for an-
alyzing the observed spectra. Atomic data used in
the model were mainly calculated with the HULLAC
atomic code [4]. Comparisons between the experi-
mental and model spectra will be given at the confer-
ence.

This work was supported by JSPS KAKENHI
Grant Number JP16H04623.
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Figure 1. EUV spectra of tungsten ions observed with a
compact EBIT at electron energies of 90 to 130 eV.
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Low-energy ion processing of carbonaceous molecular clusters
leading to molecular growth phenomena
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Synopsis To better understand the physical and chemical evolution of the atmospheres of planets/moons and the
particle distribution in the interstellar medium it is essential to study energetic processing of carbon containing
complex molecular systems. In the present work, we will illustrate low-energy ion-induced reactivity in clusters
of small hydrocarbon, fullerene and PAH molecules. The mechanisms of molecular growth will be discussed.

In space, the sizes of carbonaceous particles
cover a very large range: from small hydrocar-
bons, via large molecules (e.g. polycyclic aro-
matic hydrocarbons - PAHs and fullerenes) and
nanometer-sized clusters up to micrometer-
sized grains. Energetic processing of such sys-
tems in different astrophysical environments
(e.g. interstellar medium, planetary atmos-
pheres) by energetic photons or via supernova
shocks, cosmic rays and solar wind ions strong-
ly influences the complex chemistry of the Uni-
verse. On the one hand, destruction (fragmenta-
tion) of large dust grains can lead to a reduction
in size forming smaller particles like
PAHs/fullerenes (top-down processes). On the
other hand, the interaction with carbonaceous
molecules and clusters can contribute to the
formation of larger PAH structures and nano-
particles (bottom-up processes).

In this talk, we will give an overview of results
on ion-induced fragmentation and ion-induced mo-
lecular growth processes of carbon containing clus-
ters colliding with slow ions. The experiments were
performed in the ARIBE facility (GANIL, Caen,
France) by means of time of flight spectrometry.
Parallel theoretical calculations (classical molecular
dynamic simulations and DFT calculations) were
performed in order to guide the interpretations of
the experimental results.

For example in the case of pyrene clusters a
large distribution of new molecular species has
been observed, much larger than the initial mass of
pyrene molecules [1]. The projectile ions are scat-
tered on the nuclei of the molecules and produce
reactive molecular species by knockout processes
on femtosecond timescales. These species react
with other molecules in the cluster and intra-cluster
growth processes drive the formation of a wide
range of new, larger, molecules [1, 2].

! E-mail: domaracka@ganil.fr

In the second part of the talk, we will present re-
cent results concerning molecular growth processes
in clusters of butadiene (small hydrocarbon mole-
cules). In this case, we have observed formation of
“magic structures” of new species, which are more
stable than similar sized products (see Figure 1).
This higher stability is explained by the formation
of cyclic structures, the energies of which are found
to be lower than those of the linear isomers in al-
most all cases.

Acknowledgment: Research was conducted in the
framework of the CNRS-International Associated Labor-
atory (LIA) DYNAMO and the XLIC COST action
CM1204.
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Figure 1. Mass spectrum of cationic products ob-
tained after interaction of 3 keV Ar" ions with neu-
tral 1,3-butadiene clusters. Arrows indicate positions
of singly charged butadiene clusters (C4Hg)", with
n=1-7 and colored boxes indicate new covalently
bound molecular species formed by ion collisions.
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The relative stability of highly charged fullerenes produced in energetic
collisions
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Synopsis A simple and unified model has been proposed to fully understand the stability of both positively and negatively
charged fullerenes produced in energetic collisions. Based on the concepts of cage connectivity and frontier 7 orbitals, the
model requires only the knowledge of fullerene topology, and permits a rapid prediction of stable structures among a huge

number of possibilities.

Multiply charged fullerenes have attracted in-
creasing attention in recent years [1], stimulated by
the birth of a new generation of high-energy collision
experiments using different kinds of energetic pro-
jectiles. Cationic CZ; and C4; with charges up to
9+ and 6+, respectively, have been produced in col-
lisions of fullerenes with fast, highly charged ions,
electrons, and intense laser pulses [1]. Upon colli-
sional excitation, highly charged fullerenes can un-
dergo further fragmentation by emitting one or sev-
eral carbon fragments, giving rise to a large variety of
charged species in mass spectra, which may cover the
whole range of cage sizes, starting from the small-
est CJ, up to the CZ; and Cf; parents. Sometimes,
larger-sized fullerene ions are also formed from co-
alescence reactions between the highly reactive car-
bon fragments [2, 3]. Meanwhile, negatively charged
fullerenes have also been generated in experiments
performed in storage rings and studied by photoelec-
tron spectroscopies. Interestingly, anionic fullerenes
commonly exist in the form of intercalated or endo-
hedral complex with metals, which have promising
applications in material science and biomedicine.

Despite their abundant existence in nature and
their ever-growing importance in chemistry and as-
trophysics, little progress had been made to under-
stand the relative stability of charged fullerenes, es-
pecially for the long-ignored fullerene cations. As
shown in earlier work, the experimentally observed
isomeric forms of charged fullerenes are often very
different from neutral species, for which simple in-
tuitive rules work properly. In the realm of charged
fullerenes, however, those well-established stability
rules are no longer valid for many structures pro-

'E-mail: yang.wang@uam.es

duced in experiments [1, 4, 5, 6]. Which are then
the underlying principles that govern the stability of
charged fullerenes? The answer to this question is
not only of fundamental importance, but also prac-
tically useful to predict experimentally producible
structures, which would be a needle in a haystack
task due to the enormous number (tens of thousands
or even millions) of possible isomers.

In this presentation, we report a simple and uni-
fied theoretical model that allows us to fully under-
stand the stability of both positively and negatively
charged fullerenes [5]. Based on the concepts of
cage connectivity and frontier 7 orbitals, the model
requires solely the knowledge of fullerene topology,
with need for neither geometry optimizations nor it-
erative electronic structure calculations. Hence, this
generalized method makes it possible to rapidly pre-
dict stable structures of fullerenes with different cage
sizes and in different charge states, without resort-
ing to elaborate quantum chemistry calculations. The
model has recently been extended to more complex
systems with a stunning success [7].
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Orientation effects in ion-molecule collisions
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Synopsis The effect of the anisotropy of the target is studied in Ion-molecule collisions at energies above 0.1 keV/u. Orientation-
dependent charge-exchange cross sections are obtained using the eikonal approximation to describe the projectile trajectory,
while the sudden approximation is employed to describe the nuclear degrees of freedom of the target.

The theoretical treatment of ion-molecule col-
lisions at energies above 0.1 keV/u have usually
been carried out using extensively tested ion-atom
collision methods [1] and codes, in which the tar-
get is assumed to have spherical symmetry. How-
ever, molecules are objects that can show a pro-
nounced anisotropy in the electron density (and elec-
tronic wavefunctions) that could influence the cross
sections. In this work, we calculate orientation-
dependent cross-sections using several methods that
take into account the anisotropy of the target and
discuss how isotropic methods (that greatly simplify
calculations) can be used to obtain cross sections in
agreement with the orientation-averaged ones.

As in ion-atom collisions, at the energy range
mentioned above, semiclassical methods are adept
to treat the collisional system combining a classical
trajectory for the projectile and a quantal description
of the electrons. Also, at sufficiently high energies,
the simple Franck-Condon approximation can be em-
ployed to freeze the internal nuclear degrees of free-
dom of the target. In that context, cross-sections are
functions of the projectile energy and the relative ori-
entation between projectile trajectory and molecular
axis.

In this work, we will discuss several methods
to calculate orientation-dependent cross sections. In
particular, we address the collisions of H* with BeH,
a system of interest in ITER, where beryllium is
planned to be one of the first-wall facing materials.

Following [2, 3], our first approach relies on
the calculation of high-quality configuration interac-
tion (CI) electronic wavefunctions. Three-center CI
wavefunctions exhibit conical intersections that re-
quire diabatization so the dynamical couplings be-
tween them do not diverge. Electronic energies and
dynamical couplings are calculated for a number of
geometries as a function of R, the Jacobi coordinate
connecting the projectile with the center of mass of
the target (BeH), while keeping fixed the r, target
nuclear vector, and 0, the angle between R and r
(see scheme in Fig. 1). Cross sections are obtained
using the R-dependent electronic energies and cou-
plings, for fixed 8 and r, using the usual ion-atom

'E-mail: ismanuel.rabadan @uam.es

methods, provided that one allows for simultaneous
radial and rotational couplings between electronic
states, in contrast to ion-atom collisions. The results
of this method are illustrated in figure 1. The rela-
tion between these 0-dependent cross sections with
orientation-averaged ones will be discussed in a sim-
ilar way as in [4] for H"+H, collisions.
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Figure 1. Charge-exchange cross section in proton-BeH
collisions as a function of 0 for three collisional ener-
gies.

In a second approach, we calculate one-electron
wavefunctions using asymptotically-frozen molecu-
lar orbitals, see [5], for example. The simplicity of
this formalism, that avoids the presence of conical
intersections, makes feasible the calculation of tran-
sition probabilities along projectile trajectories, but
requires the use of a independent particle model in-
terpretation to obtain the final cross sections.

This work is partially supported by the project
ENE2014-52432-R of Ministerio de Economia y
Competitividad (Spain).
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Radiative Double Electron Capture (RDEC) in F°* + He, Ne Collisions
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Synopsis Preliminary cross sections for RDEC, as well as total single and double electron capture, were measured for 40 MeV
F’* + He and Ne targets. Emitted x rays and charge-changed particles were measured using coincidence techniques.

Radiative electron capture (REC) is a one-step
process by which a target electron is captured to a
projectile with the emission of an x ray and can be
considered the time-inverse of photoionization. Dou-
ble photoionization and the effect of electron correla-
tion can be investigated through the process of radia-
tive double electron capture (RDEC), in which two
electrons are captured with the simultaneous emis-
sion of a single photon. Preliminary RDEC cross
sections, as well as those for total single and double
capture, for F°* + He and Ne were measured.

This work was performed using the tandem Van
de Graaff accelerator at Western Michigan Univer-
sity. A 40 MeV beam of fully-stripped fluorine ions
was collided with helium (40u) and neon (25u) tar-
gets inside a differentially pumped cell. A Si(Li) x-
ray detector was positioned at 90° to the beamline
on the gas cell. The ion beam was charge state ana-
lyzed using a dipole magnet and detected using sili-
con surface-barrier particle detectors. The x-ray and
particle detector data were collected using an event-
mode data acquisition system to assign the measured
x rays to the corresponding charge-changed particles.

Previous RDEC experiments using high Z, high
energy projectiles on gas targets [1][2] were per-
formed and did not find evidence for the process.
Theoretical predictions [3] suggest mid-Z projectiles
in low energy collisions will give larger RDEC cross
sections. Successful observations of RDEC were per-
formed at WMU using bare oxygen [4] and fluorine
[5] projectiles incident on thin carbon foil targets.

The events that can result in RDEC are the cap-
ture of two electrons to the projectile K shell (1s%)
or the capture of one electron to the K and L shells
(1s'2s"). X rays coincident with single (Q-1) and
double (Q-2) electron capture for Fo* + Ne (25 W) can
be seen in Fig. 1. In the Q-1 spectrum, beyond the
characteristic x rays for F, REC dominates. In the
Q-2 spectrum the counts at the high energy end of
the REC region can be due to RDEC from target KK
— projectile KL transitions, with the higher energy
counts being due to target KK — projectile KK tran-
sitions.

Preliminary analysis gives ORSgc~ 110 mb

'E-mail: david.s.lamantia@wmich.edu

(10~%7 ¢cm?), which is in reasonable agreement with
the theory of Mistonova and Andreev [6]. For He
a single event was seen in the RDEC region, corre-
sponding to GII{ISEC ~ 3 mb. At least an additional
two months of continuous beam time is needed to ob-
tain reliable statistics for each target.

*Supported in part by NSF Grant No. PHY-1401429.
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Figure 1. Spectra for x rays coincident with (a) single
and (b) double capture for 40 MeV F* + Ne collisions.
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Rotationally cold (>99 % J = 0) OH™ molecular ions
in a cryogenic storage ring
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Synopsis We store beams of 10 keV OH™ ions in an electrostatic storage ring at a temperature of 13 K and a residual-gas
density of the order of only 10* molecules per cm>. We monitor the rotational-level distribution of the stored ions as a function
of time after injection by a laser-photodetachment technique. We find that the ions come close to thermal equilibrium with the
surroundings after ten minutes of storage. Furthermore, by selectively depleting rotationally excited molecular ions, we form a
>99% pure J = 0 beam with a storage lifetime in excess of six minutes.

When an ensemble of molecular ions only inter-
acts with a black-body radiation field, characterized
by a temperature T, thermal equilibrium at this tem-
perature will be reached eventually. In such an ideal-
ized situation, the population of quantum levels will
be given by the relevant Boltzmann factors. In a real
environment the challenge is to approach this situ-
ation by minimizing any other possible sources of
excitation. For ions stored with keV kinetic ener-
gies in a storage ring, the particular challenges are
to maintain a very high vacuum to avoid excitations
in collisions and to eliminate all sources of external
radiation from warmer regions. We present an exper-
iment in the cryogenic electrostatic ion-storage ring,
DESIREE [1, 2], where we have stored OH™ ions
at 10 keV with 10 minute 1/e lifetime and probed
the distribution over rotational levels by investigat-
ing the effective cross section for photodetachment
in the threshold region as a function of storage time.
We find that after about ten minutes of storage the
rotational distribution is well characterized by a ther-
mal distribution with a temperature close to that of
the surroundings [3].

We have adopted the method from Ref. [4] where
OH™ was stored and cooled by buffer gas collisions
in a radio-frequency trap and the rotational tempera-
ture probed by means of laser photo-detachment. Re-
cently a similar technique based on laser photodisso-
ciation was applied to study the rotational distribu-
tion of CH™ ions stored in the cryogenic storage ring
CSR in Heidelberg [5].

In the present work, we did not only reach lower
degree of excitation than in other similar studies. We,
further, applied a second (cw) laser beam to actively
remove rotationally excited molecular ions. With the
depletion laser on we reached a situation where more
than 99 % of the stored ions were in the / = 0, OH™

'E-mail: schmidt@fysik.su.se

ground state. In fig. 1 we show measured J > 1 frac-
tional populations as function of time after injection
in the storage ring. For this data set, the depletion
laser was switched on at t = 110 s and switched off
at t = 380 s. In the time interval 250 s <t < 380 s
we clearly see that the fraction of rotationally excited
OH™ ions is less than 1%. The increase in J > 1 pop-
ulation when the depletion laser is switched off is due
to “heating up’ by the 13 K Planck radiation!
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Figure 1. Measurement of the J >1 fraction as functions
of time with a merged cw-depletion laser detaching ions
with J >1 applied for the first 400 seconds.
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Harnessing ultra-intense x-rays for dynamic imaging
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Synopsis X-ray free electron lasers have ushered in the era of nonlinear x-ray interactions with matter and the
dream of 3D dynamical imaging at atomic spatial and temporal resolution. I will review the evolution of our un-
derstanding of the complex interactions that underpin this dream and the prospects emerging with next genera-

tion x-ray lasers.

In April 2009 the world’s first hard x-ray
free electron laser (XFEL) was born [1]. This
seminal achievement of accelerator and optical
physics provides roughly a billion-fold increase
in peak intensity for engineered sources of ra-
diation at Angstrom wavelengths, and, produces
focused intensities of 10*° W/cm?. Early simu-
lations using ultrafast and ultra-intense x-ray
pulses suggested the feasibility of single mole-
cule imaging via the “diffract-before-destroy”
method [2] and largely inspired the construction
of XFELs. While this method has successfully
been employed for nanocrystalline biological
samples [3], the original goal of 3D imaging of
complex non-periodic objects at atomic resolu-
tion remains elusive [4].

Underpinning atomistic imaging applications
is an understanding of the fundamental interac-
tions of x-ray radiation with matter in the new
nonlinear regime provided by XFELs and re-
quired for “diffract-before-destroy”. Nonlinear
x-ray absorption, radiative and non-radiative
decay, Coulomb explosion, and stimulated
emission all occur on similar femtosecond
timescales. Our strategy to a comprehensive
understanding was first to establish far-off-
resonance photon absorption mechanisms in
simple atomic systems [5,6] and next to explore
resonant excitation phenomena such as Rabi
flopping [7]. These initial x-ray studies estab-
lished sequential single photon absorption as the
dominant mechanism (see Figure 1), with non-
sequential processes playing only a minor role,
in stark contrast to optical studies. They also
revealed the difficulties associated with at-
tempting inner-shell quantum control using the
standard self-amplified spontaneous emission
(SASE) pulses from XFELs.

'E-mail: young@anl.gov

In this lecture, I will review how our under-
standing of the response of atoms, molecules
and clusters to ultra-intense x-rays has evolved
into predictive modeling for more complex sys-
tems, see e.g. [8,9,10], and provide some per-
spective on opportunities arising from the next
generation of XFELs that promise yet higher
intensity, stability and multi-pulse control.
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Figure 1. Sequential single photon absorption
dominates interactions in an XFEL pulse [5].
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Synopsis. Experimental and theoretical results are presented for (e,2e) ionization cross sections from laser-
aligned atoms. Both natural and unnatural parity contributions are found to be required to emulate the data.

In this talk experimental and theoretical re-
sults are presented for (e,2e) ionization meas-
urements from laser-excited and aligned atoms.
The experimental data are produced in Man-
chester, whereas theoretical work is from the
groups of Don Madison in Missouri, and James
Colgan at Los Alamos Labs in the USA.

The motivation for these studies arises since
time-independent distorted wave (DWBA,
3DW) models predict zero flux for atoms
aligned orthogonal to the scattering plane (see
fig 1,2), in disagreement with the data. By con-
trast, time-dependent close coupling (TDCC)
models predict a non-zero cross-section under
these conditions, and find it is the wunnatural
parity contributions to the cross section that
produce this flux [1-4]. An unnatural parity
state has parity (—1)*"', compared to a natural
parity state that has parity (—1)".

Figure 1. Ionization from atoms aligned orthogonal
to the scattering plane using radiation linearly polar-
ized at € = 90°. DW theories predict the cross section
to be zero in this configuration, whereas the TDCC
model predicts a finite cross section.

It is important here for the laser-excited P-
state to be fully aligned (L=1, m;=0), with min-
imum contribution from orientation of the target

'E-mail: Andrew.Murray(@manchester.ac.uk

(L=1, mp = #1). For this reason alkali-earth at-
oms are chosen since they have no hyperfine
structure, and so can be aligned to better than
99% accuracy. Mg, Ca and Sr are to be used, so
the effects of mass can also be determined.
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Figure 2. Comparison of experiment and theory
for Mg, in the 3'S, ground state and 3'P, excited
state at different angles ¢r to the plane. The data are
normalized to the TDCC calculation for the 3]SO
state. The TDCC calculations are shown both with
and without unnatural parity contributions.

The atoms are aligned using continuous
wave radiation from a suite of lasers in Man-
chester. The cross-sections will be determined
both for the incident electron in the scattering
plane (as in fig. 1), and for out-of-plane geome-
tries. The laser radiation will be injected into the
interaction region through angles determined by
theory, so that the cross-section sensitivity to
different parity contributions can be explored.

The progress of this joint study will be pre-
sented, together with results from new experi-
ments and theory.
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Photoelectron circular dichroism in photoionization of gas phase chiral systems
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Synopsis. Photoelectron Circular Dichroism observed upon photoionization of randomly-oriented pure enantio-
mers is an intense orbital-specific chiroptical effect very sensitive to static and dynamic molecular structures.

Chiral molecules exist as two enantiomers,
which cannot be superimposed but are mirror
images of each other. They reveal their chiral
nature when interacting with another chiral ob-
ject such as Circularly Polarized Light (CPL)
leading to enantio-specific photon/matter inter-
actions such as the well-known circular dichro-
ism (CD) in absorption.

Since 15 years, a new type of CD has been
the subject of a large array of both theoretical
and experimental studies: Photoelectron Circu-
lar Dichroism (PECD) in the angular distribu-
tion of photoelectrons produced by CPL-
ionization of pure enantiomers in the gas phase
observed as a very intense (up to 35 %) for-
ward/backward asymmetry with respect to the
photon axis and which reveals the chirality of
the molecule (See Figure 1).

PECD happens to be an orbital-specific, pho-
ton energy dependent effect and is a very subtle
probe of the molecular potential being very sen-
sitive to static molecular structures such as con-
formers, chemical substitution, clusters, as well
as to vibrational motion, much more so than
other observables in photoionization such as the
cross section or the § asymmetry parameter (for
a recent review see [1]). Therefore PECD stud-
ies have both a fundamental interest as well and
analytical interest, especially since chiral spe-
cies are ubiquitous in the biosphere, food and
medical industry. This last aspect is probably
the driving force for the recent extension of
PECD studies by the laser community, in the
UV via REMPI schemes [2,3].

After a large introduction to chirality and the
PECD process itself, several recent results on
one-photon VUV PECD will be presented, in-
cluding:

* Sensitivity to chemical substitutions [4],
isomerism [5] and conformation [6]

* Case of a floppy biomolecule such as amino
acids alanine and proline with a conformer
analysis [7] and possible consequences for
the origin of life’s homochirality [8]

e Effect of clustering on mass-selected [9] and
size-selected chiral clusters

2]

Figure 1. Raw difference (left-CPL — right CPL) elec-
tron image obtained at 17 eV on S-TFMOX, for which
several orbital can be ionized. The forward/backward
asymmetry (here of up to 20 %) is clearly visible as well
as its orbital-specificity (adapted from Ref. [4])

Future trends for PECD studies will be given
regarding the case of more complex/structured
chiral systems as well as opportunities for time-
resolved PECD opened by the recent first per-
formance of PECD with fs HHG pulses [10]
and REMPI time-resolved PECD [11].
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Measurement of the Integrated Stokes Parameters for Zn 468 nm Florescence
Excited by Polarized-Electron Impact

N. B. Clayburn' and T. J. Gay’

Jorgensen Hall, University of Nebraska, Lincoln, NE 68588-0299, USA

Synopsis These measurements resolve a standing inconsistency between experiment and state-of-the-art theory for
Zn atom excitation by spin-polarized electrons. Our results are consistent with theory but not previous experiments.

We have measured the integrated Stokes pa-
rameters P;, P>, and P3 (shown schematically in
Fig. 1) of Zn (4°Py — 53S;) 468 nm florescence
resulting from transversely-spin-polarized elec-
tron impact excitation of the Zn (4s5s)5°S;
state. This work was motivated by similar stud-
ies reported several years ago by Pravica et
al.[1], in which they measured non-zero values
of the integrated Stokes parameter P, between
the threshold for the (4s5s)53S; excitation and
the first cascading (4s5p)5°P; threshold.

In our experiment, the electrons scattered in
the excitation process are not measured (hence
the designation of the Stokes parameters as “in-
tegrated”), and the fluorescence is observed in
the direction of the initial electron spin polariza-
tion. For this geometry (Fig. 1), Bartschat and
Blum [2] have shown that P> must be identical-
ly zero, based on the symmetry properties of the
9j symbol used in the algebra required to de-
scribe the dipole fluorescence, and the assump-
tion that the L and S angular momenta of the
total wavefunction (atom plus incident electron)
are factorizable throughout the scattering pro-
cess. This assumption is invalid if (a) the excit-
ed state producing the fluorescence is not well
LS-coupled or (b) the spin of the continuum
electron precesses during the collision under the
influence of a motional magnetic field, i.e., the
electron undergoes Mott scattering. Since both
possibilities are ruled out by state-of-the-art
theory [3,4], which predicts P, values of order
104, the results of reference [1], which are as
large as 107!, are remarkable.

We used a standard GaAs polarized electron
source to produce beams of electrons with a po-
larization of 0.25(1) and an energy width of ca.
400 meV. The atomic Zn target was produced
by a Zn oven and a heated effusive channel that
directed an atomic beam at right angles to both
the fluorescence observation direction and the
electron beam axis.

1 E-mail: nathan.clayburn@huskers.unl.edu

2 E-mail: tgayl@unl.edu

We observe optical excitation functions in
agreement with those of Kontrosh et al. [5]. In
the cascade-free range of excitation between 6.7
eV and 7.6 eV, we have measured P; at 7.0 eV
and 7.3 eV and find its values in this range to be
consistent with zero and inconsistent with those
measured in [1].

135° X
e 90°
P, 45°
P1; P2; 3
X 0°
~ z
&

Figure 1. Geometry of integrated Stokes parameter
measurements when transversely-polarized elec-
trons, incident along 2, excite atoms, and the subse-
quent fluorescence is observed in the y direction.

Work supported by the USA NSF Award
PHY-1505794.
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Detection of recurrent fluorescence photons emitted from C4~

Mai Yoshida* !, Takeshi Furukawa* 2, Jun Matsumoto’, Hajime Tanuma¥*, Toshiyuki Azuma*",
Haruo Shiromaru’, and Klavs Hansen$!

* Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
T Department of Chemistry, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan
t AMO Physics Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
$ Department of Physics, University of Gothenburg 41296 Gothenburg, Sweden
Tianjin International Center of Nanoparticles and Nanosystems, Tianjin University, China

Synopsis We detected recurrent fluorescence (RF) in the region of visible light emitted from small carbon cluster
anions C4 and Cs  stored in an electrostatic ion storage ring. The observed RF decay profile for C4 is con-
sistent to our simulation under the assignment that the RF is associated with the C?[1o-X>I1, transition. In addi-

tion, observation of the RF at two different wavelengths suggests that the RF band is rather broad.

Cooling dynamics of isolated molecules
plays an important role in molecular physics,
photochemistry and molecular evolution in uni-
verse. The major cooling process of isolated
molecules has been considered to be infrared
radiation associated with vibrational transition.
It is usually slow and of the order of ms or
longer in the time scale.

For the last few years, a much faster pathway
of radiative cooling associated with electronic
transition has been confirmed experimentally
for some isolated molecules, for example,
chain-form small carbon cluster anions C4 and
Cs [1,2] and polycyclic hydrocarbon (PAH)
cations [3]. It is the visible-photon emission
process via the electronic transitions after in-
verse internal conversion, converting the vibra-
tional energy to the electronic energy. This pro-
cess is referred to as recurrent fluorescence (RF)
or Poincaré fluorescence. At first, the RF pro-
cess has been studied not by detecting the emit-
ted photon, but by observing the statistical de-
layed detachment or dissociation process of the
molecular ions, which provides the information
on the evolution of the internal energy and the
cooling rate: the unusually fast cooling is a sig-
nature of the RF [1-3].

Recently we have succeeded in direct meas-
urements of the RF photons from the C¢ stored
in an ion storage ring [4]. We observed energy-
resolved photons by employing a photomulti-
plier tube combined with a bandpass filter-I
(CWL: 607 nm (hv =2.04 eV), FWHM: 35nm)
suitable for 2.04eV photons corresponding to
the C*I1, - X°I1, electronic transition of Cs .

In this report, we show new results of the RF
photons from C,s . Hot anions produced in the

1 E_mail: yoshida-mai3@tmu.ac.jp

2 E-mail: takeshi@tmu.ac.jp

ion source, from C, to C¢, were simultaneous-
ly stored in the ring. The time profile of the
photon intensities detected by the photomulti-
plier tube, i.e., the synchronized periodic struc-
ture to the ion revolution, contributed to exclude
uncorrelated background signals.

As is the case for the C¢ anions, we detected
the significant number of the 2.72 eV RF pho-
tons associated with the C?I1, - X?I1, electronic
transition of C4 anions by using a bandpass fil-
ter-1II (CWL: 460 nm (hv =2.69 eV), FWHM: 7
nm), and confirmed that the decay profile of the
fluorescence is consistent with the simulated
evolution of the level population based on the
detailed balance theory. However, to our sur-
prise, we found that the substantial amount of
the RF photons for the C4 anions are detected
with a bandpass filter—I.

The obtained experimental evidence is so far
limited, however, this observation suggests that
the RF band may be equipped with a non-
negligible tail component to the longer wave-
length side. This behavior is expected to be a
crucial clue to clarify vibrational structures both
on the high- and low-energy sides of the band
origin of the RF spectrum, and they may imply
transitions from the initial vibronic state to oth-
er states accompanying the vibrational excita-
tion or deexcitation for several modes [4]
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Highly correlated scattered atoms — demonstrating ghost imaging with matter
waves

R. I. Khakimov, B. M. Henson, D. K. Shin, S. S. Hodgman, R. G, K. G. H. Baldwin & A. G. Truscott'

Research School of Physics, Australian National University, Canberra ACT 2601, Australia

Synopsis Bose condensed ensembles of He* atoms are scattered off each other in the low energy s-wave scattering re-
gime. Densities are sufficiently low that the collisions are almost entirely 2-bodyand hence conservation of energy and mo-
mentum dictate that the scattered atoms lie on a spherical shell (or halo). More importantly, the scattered constituents are
highly correlated in both position and momentum —with correlated pairs of atoms lying on opposite sides of the collision
sphere. Here we use these correlated atoms to demonstrate ghost imaging with matter waves for the first time.

Ghost imaging is a counter-intuitive phe-
nomenon that enables the image of a mask to be
reconstructed using the spatio-temporal proper-
ties of a beam of particles with which it never
interacts. Typically, two beams of correlated
photons are used: one passes through the mask
to a bucket (single-pixel) detector while the spa-
tial profile of the other is measured by a high-
resolution (multi-pixel) detector. Here we report
the realization of ghost imaging using massive
particles.

As well as demonstrating complementarity
for this phenomenon using matter waves, realiz-
ing ghost imaging with atoms is a potential pre-
cursor to experiments that test fundamental
concepts in quantum mechanics with massive
particles, such as ghost interference, Einstein—
Podolsky—Rosen entanglement and Bell’s ine-
qualities.

The experiments start with a BEC of helium
atoms in the metastable (23S;) state. This state
enables single-atom detection with high effi-
ciency because of the large internal energy of
the atoms. To produce an s-wave halo, we col-
lide atoms in the BEC via a two-photon Raman
transition. This introduces a relative momentum
difference between atoms in the different dif-
fraction orders, which collide thus generating a
series of s-wave scattering halos via binary col-
lisions.

Ghost imaging is demonstrated by placing a
thin metal mask 10 mm above the detector,
which covers a portion of the detector’s surface
such that only a fraction of the s-wave halo
(containing at most one atom from each correla-
ted pair) passes through the mask. The rest of
the atoms are detected directly, without any in-
teraction with the object, as shown in Fig. 1a.

E-mail: andrew.truscott@anu.edu.au
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Figure 1. Schematic of the experiment and the re-
sulting ghost image.

The ghost image is then reconstructed iusing
coincidence-counting between atoms in the
multi-pixel port and the bucket port. Combining
the independent images from halos in the diffe-
rent diffraction orders results in the ghost image
shown at the bottom of Fig. 1c.
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Rydberg macrodimers: micrometer-sized molecules bound by long-range van
der Waals interactions

Johannes Deiglmayr, Heiner SaBmannshausen, Michael Peper, Frédéric Merkt

ETH Zurich, Laboratory of Physical Chemistry, Vladimir-Prelog-Weg 2, CH-8057 Zurich

Synopsis We report on the experimental characterization of Rydberg molecules bound by the long-range van der Waals in-
teractions between two atoms in Rydberg states, so called “macrodimers”. The first observation of clear spectral signatures
of macrodimers validates the accuracy of our recently developed theoretical model to describe strongly interacting Rydberg
atoms. The validity of the Born-Oppenheimer approximation for these exotic molecular states will be discussed.

The strong polarizability of atoms in highly ex-
cited states, so called Rydberg states, leads to strong
and long-ranging interactions between such atoms.
Interacting pairs of Rydberg atoms represent a very
exotic molecular system, characterized by high inter-
nal excitation, high density of electronic states, inter-
nuclear separations exceeding one micrometer, and
lifetimes beyond tens of microseconds.

We have recently developed a computational
model to describe the interaction between Rydberg
atoms using a multipole expansion of the inter-
action potential [1]. For strongly interacting Ry-
dberg atoms, terms beyond the dipole-dipole in-
teraction [2] and the convergence of the calcula-
tions with the size of the basis set and the trun-
cation of the multipole series are of particular im-
portance. The accurate modelling of the potential-
energy curves allowed us to predict the binding ener-
gies of vibrationally-bound states of two interacting
Rydberg atoms, so called "macrodimers", correlated
to np(n+1)s Rydberg-atom pairs. The existence of
such states was first predicted in 2002 by Boisseau
and coworkers [3].

Experimentally, these exotic molecular states are
formed by photoassociation of laser-cooled Cs atoms
using a sequential two-photon excitation scheme
with a spectral resolution of 1-2 MHz. Before pho-
toassociation, the atoms are transferred from a com-
pressed magneto-optical trap into a far-off-resonant
crossed optical dipole trap, where about 10° atoms
are trapped at a density of 1-10'2 cm™3 and a tem-
perature of 40 uK. Exposing the atoms to sequential
pulses of visible and ultra-violett laser light at pre-
cisely controlled frequencies leads to the formation
of doubly-excited Rydberg-atom macrodimers. We
report on the observation of macrodimers close to the
43p3/244sy /5 and 44ps ,45s , pair-state asymptotes
and a characterization of their lifetime [4]. T will dis-
cuss the validity of the Born-Oppenheimer approxi-
mation for these states and the importance of radia-
tive and non-adiabatic couplings.

'E-mail: jdeiglma@ethz.ch
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Figure 1. Potential-energy functions of two Cs Ry-
dberg atoms in the vicinity of the 44p;3,,45s;/, dis-
sociation asymptote. The colour shading indicates
the 44p3,45sy > character of the interacting Rydberg-
atom-pair states, with 1% denoted by full colour. Black,
red, and blue potentials functions correspond to molec-
ular states with symmetry Q =0, Q =1, and Q = 2.
Experimentally-observed macrodimer states are marked
by symbols.
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Quantum Scattering in a Collider for Ultracold Atoms

Niels Kjaergaardl, Matthew Chilcott, Craig Chisholm , Amita B. Deb, Milena Horvath, Bianca J.
Sawyer, and Ryan Thomas

Department of Physics, QSO—Centre for Quantum Science, and Dodd-Walls Centre for Photonic and Quantum

Technologies, University of Otago, Dunedin, New Zealand

Synopsis Paradigms from quantum scattering theory include shape and Feshbach resonances, and the collisions between indis-
tinguishable bosons and fermions. This Progress Report will give an overview these effects elucidated in a miniaturized collider
for ultracold atoms. In particular we will describe our recent work on multiple scattering dynamics through indistinguishable
fermions at a shape resonance and our study of above-threshold behaviour for magnetic Feshbach resonances.

Moving laser beams

Outgoing
Atomic
Cloud

Figure 1. Illustration of the optical collider scheme and
an annotated experimental absorption image showing
the p-wave collisional halo resulting from indistinguish-
able fermionic *°K atoms.

The scattering experiment arguably constitutes
one of the most important methods for study-
ing quantum mechanical systems. The advent of
techniques to trap and cool atomic gases to the
nanokelvin regime has opened the possibility of cap-
turing phenomena of quantum scattering in their
purest form. In a first generation of experiments, we
employed magnetic fields to confine and accelerate
pairs of ultracold clouds to collide at very low ener-
gies in the order of a few microelectronvolts [1]. As
an example, the interference of a few (two or three)
partial waves was directly imaged in the the vicinity
of an ¢ = 2 shape resonance for 8’Rb. Furthermore,
this was carried out for both distinguishable [3] and
indistinguishable [2] (bosonic) collisional partners,

'E-mail: nk@otago.ac.nz

providing a beautiful illustration of the crucial role
played by symmetrization in the latter case.

In a second generation of experiments, we have
implemented a laser based collider [4] by means of
steerable optical tweezers [5] which - unlike the mag-
netic collider - can handle atoms irrespective of their
internal quantum state. Figure 1 illustrates the prin-
ciple of the optical scheme along with data from a
collision experiment on indistinguishable fermionic
40K atoms. In the halo ensuing the collision between
the two clouds, a dark band orthogonal to the colli-
sion axis can be seen. This results from the fact that
indistinguishable fermions by anti-symmetry cannot
scatter into 90 degree angles. However, multiple scat-
tering can lead to a deviation to this rule and by using
a pristine fermionic p-wave system we have used the
characteristics of such deviations to classify the un-
derlying multi-scattering dynamics [6].

Using our versatile optical collider we have re-
cently studied magnetically tunable Feshbach reso-
nances and traced out their positions in a parameter
space spanned by both collision energy and magnetic
field. This provides a unique way of investigating
threshold scattering physics for inter-state as well as
inter-species collision partners.
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Attosecond electron dynamics in molecules and liquids

Hans Jakob Worner
Laboratory of Physical Chemistry, ETH Ziirich, Switzerland

Experimental and theoretical work on the measurement and interpretation of attosecond photoionization delays of
molecules will be presented. Such delays are shown to reveal the transient trapping of outgoing photoelectrons in shape
resonances. Extending attosecond science to the liquid phase, measurements of photoemission delays between liquid and
gaseous water will be shown. These delays are shown to reflect the effect of solvation on the electronic structure of water
molecules and elastic scattering delays of electrons with liquid water. Finally, the first realization of X-ray absorption
spectroscopy with a water-window high-harmonic source will be presented.

Photoionization and electron transport in the
condensed phase are phenomena that entirely
take place on the attosecond time scale. I will
present our recent experimental and theoretical
work investigating photoionization dynamics
of molecules [1, 2]. We have measured relative
photoionization delays between the two
outermost valence shells of two polyatomic
molecules, H>O and N,O. Whereas the
measured delays are all below 50 as in the case
of H,O, delays reach up to 160 as in the case of
N2O [1]. These large delays are shown to
originate from the transient trapping of the
photoelectron in shape resonances that have
calculated lifetimes on the order of 100 as [2].
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Fig. 1: (a) Photoelectron spectrum of N,O generated
by an attosecond pulse train transmitted through a Sn
filter (black line) and in the presence of the dressing
IR field (orange line). Difference spectra, obtained by
subtracting XUV only from XUV + IR photoelectron
spectra and vice versa, are shown in red and blue,
respectively. (b) Difference spectrum as a function
of the IR-XUV delay.

We have moreover extended attosecond
science from gases to liquids by coupling an
attosecond beamline with a liquid microjet [3].
This advance has enabled us to perform the
first attosecond time-resolved measurements
on liquids. We have studied the relative
photoemission delays between the highest-
occupied molecular orbitals of gas-phase and
liquid-phase water molecules. The measured
energy-dependent delays range from 30 to 70
as. Our analysis shows that these delays reflect
the effects of solvation on the water molecules
and the signatures of elastic scattering delays
during electron transport. Finally, I will report
on our very recent realization of the first time-
resolved X-ray absorption experiment with a
water-window high-harmonic source [4],
which brings attosecond transient absorption
experiments on solvated molecules within
reach.
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Mapping the dissociative ionization dynamics of molecular Nitrogen with
attosecond resolution

J. Gonzalez-Vazquez*, A. Trabattoni®, M. Klinker*, C. Liu**, G. Sansone®, R. Linguerri'’, M.
Hochlaf'", J. Klei®®, M. J. J. Vrakking®®, F. Martin*"*, M. Nisoli*l, F. Calegaril
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Milano, Italy

Synopsis Upon one photon ionization using attosecond lasers, N, shows an interference pattern when probing it with IR laser
pulses. This pattern contains information of the potential of the ionic molecule and can be used to characterize the electronic

dissociative electronic states.

N, is the most abundant molecule in the Earth’s
atmosphere and as such of integral importance to pro-
cesses induced by solar radiation, in particular its dis-
sociation induced by solar XUV light in the upper
atmosphere. We present the experimental and theo-
retical investigation of the ionization and dissociation
dynamics of N, induced by XUV radiation [1]. Iso-
lated attosecond pulses [2] (energy range: 16- 50 eV,
duration: 300 as) were used to ionize N, molecules,
trough a single photon transition. After a variable de-
lay, NIR/VIS CEP controlled pulses (peak intensity:
8 x 10'?> W/cm?) were used to probe the subsequent
dissociation dynamics. The angularly resolved mo-
mentum distribution of the produced N* fragments
was measured as a function of the pump-probe delay
using a velocity map imaging (VMI) spectrometer.
We observed a depletion of a quasi-bound state of
N;’ , 8 fs after zero time delay, together with a sub-
cycle modulation of the N yield. To understand the
origin of the dynamics a model was developed. The
ionization process was simulated assuming an instan-
taneous transition from the electronic ground state of
N> to a set of electronic levels of the N2+ ion, ob-
tained using ab initio multiconfigurational method-
ology. The relative initial populations of said set of
ionic PECs were approximated using Dyson orbitals
in first order perturbation theory [3, 4] and mod-

'E-mail: jesus.gonzalezv@uam.es

elling the leaving electron by a Coulomb wave. The
dissociating ion subjected to the IR pulse was mod-
elled by solving the TDSE using Split Operator and
Fast Fourier [5] techniques. Careful investigation of
the data produced by the aforementioned techniques
yielded the F?X,,3%%,,C?L, and 5%, states of N5 as
being capable of describing most features observed
experimentally; most importantly a two photon tran-
sition from Fng to 32Zg via 52X, was found to be
responsible for the sub-femtosecond dy- namics ob-
served experimentally.
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Time-resolved spectroscopy of ultrafast autoionization of He
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Synopsis Ultrafast electron dynamics of an autoionization process in He is studied by applying a phase retrieval
algorithm to photoelectron spectra obtained by attosecond pulse trains and femtosecond laser pulses. The recon-
structed temporal profile of the electron wave packet shows the decay profile of the autoionization state.

Ultrafast electron dynamics has been in-
vestigated using high harmonic attosecond
pulses and femtosecond laser pulses. Pump-
probe measurement enabled ultrafast processes
to be time-resolved [1]. The coherent property
of high harmonic radiations also allowed the
interferometric measurement, in which the in-
stantaneous ionization dynamics could be
probed by measuring the interference of elec-
tron wave packets ionized through different
paths [2]. In this work we measured autoionized
electrons from the 2s2p state of He by introduc-
ing a time-delayed femtosecond laser pulse after
excitation of He by an attosecond harmonic
pulse. The decay profile of the autoionization
process was reconstructed by applying the
phase retrieval algorithm on photoelectron
measured using the attosecond pulse train and
the femtosecond laser pulses.

The autoionization process of the 2s2p
doubly excited state in He was measured by ap-
plying pump-probe measurement with high
harmonic pulses and femtosecond laser pulses.
Autoionization is an example of fast multi-
electron interacting processes in atoms or mole-
cules. It is initiated by an incident X-ray pulse
when atoms or molecules are pumped to a dou-
bly excited state above an ionization threshold.
After a short while, one electron is spontaneous-
ly liberated from the doubly excited state,
whereas the other returns to the ground state.
The relaxation time of the 2s2p doubly excited
state is in the femtosecond scale. Since there are
two ionization paths in the autoionization pro-
cess, a large resonant peak is observed at the
energy of the doubly excited state in the photoe-
lectron spectrum showing an asymmetric shape
called the Fano profile. Here we triggered the
He autoionization process by introducing high
harmonic pulses produced in Ar. The 39th har-

F1E-mail: kyungtacc@gist.ac.kr

monic with the photon energy of 60 eV, corre-
sponding to the energy level of the 2s2p state of
He, was used for the excitation. The photoelec-
tron streaking was accomplished by a time-
delayed femtosecond laser pulse in order to im-
print the characteristics of the intermediate state
in the photoelectron signal of the two-photon
transition. This was, consequently, intended for
revealing the characteristics of the 2s2p doubly
excited state of He.

The 2s2p state of He was characterized in
time by applying the FROG CRAB method to
the measured photoelectron spectra. The FROG
CRAB reconstruction was successfully demon-
strated in experiment for the complete charac-
terization of attosecond harmonic pulses and
femtosecond laser pulses [3]. It could provide
the information on the spectral phase as well as
amplitude of the 2s2p state. The Fano asymmet-
ric parameter was, hence, determined to be -1.7
+ 0.2 by extracting the resonant spectrum of the
autoionization process from the phase-retrieved
photoelectron spectra of He. From the temporal
profile of the 2s2p state the decay time of the
autoionization process in He was measured to
be 18.0 £ 0.6 fs, close to the previously reported
value of 17 fs [4]. The temporal reconstruction
of ionized electron wave packets occurring
through two ionization paths revealed the light-
matter interaction of the autoionization process
in time, which would be valuable for probing
multi-electron relaxation dynamics in atoms and
molecules.
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Probing molecules with photoelectron rescattering and harmonics generation

Serguei Patchkovskii*, Timm Bredtmann*, Michael Schuurman’
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Synopsis We examine the influence of non-adiabatic vibronic dynamics on high-harmonics emission in molecules and the
effects of the strong-field continuum structure on photoelectron rescattering. We discuss the consequences of both effects for

practical applications of these experimental techniques.

The rapidly developing field of strong-field at-
tosecond science offers a promise of observing and
controlling electronic and nuclear motion directly,
on their natural time scales. Understanding the un-
derlying dynamics in molecules is difficult due to
ubiquitous near-degeneracies of electronic states in
molecules, particularly influential in the vicinities of
conical intersections (CIs).

Short-time CI dynamics can be probed us-
ing 1isotope-specific high-harmonic spectroscopy
(PACER)[1]. Description of PACER results in poly-
atomic species often assumes that the nuclear motion
occurs on a single electronic energy surface[2, 3].
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Figure 1. Nuclear autocorrelation functions for CH:‘r

(red) and CDZr (blue). Dashed: single-surface simula-

tion from Ref. [2]. Solid: full non-adiabatic simulation.

Dotted vertical lines indicate time delays for the cut-off

trajectories (=~ 1.7 fs at 800 nm; ~ 3.5 fs at 1.6 um).

We present our progress towards the full-
dimensional description of the PACER experi-
ments in polyatomic molecules, treating all degrees
of freedom quantum-mechanically. We combine
time-dependent vibronic Schreedinger equation in
the basis of multi-dimensional harmonic oscillator
functions[3] with the multi-state strong-field approx-
imation for the continuum electron driven by the
strong field.

Our preliminary results for the nuclear autocor-
relation function in the methane cation are shown in
Figure 1. Experimental results for this system are
currently available for ionization—recollision delays

'E-mail: Serguei.Patchkovskii @mbi-berlin.de

up to = 1.5 fs. For these delays, multi-surface nu-
clear autocorrelation functions (and therefore the iso-
tope effects) agree closely with single-surface sim-
ulations. At longer times, the multi-surface auto-
correlation functions undergo revivals, which are as-
sociated with the wavepacket completing one (at ~
2.3 fs) and two (at ~ 4.5 fs) orbits around the CI.

Figure 2. Dyson orbitals for ionization of the ground-
state butadiene forming the ground (left) and the first
excited (right) states of the butadiene cation.

The shape of the photoelectron wavepacket
formed by strong-field ionization is sensitive to the fi-
nal ion state it is correlated to. The common assump-
tion underlying photoelectron holography[4] and
self-imaging due to laser-induced electron diffraction
is that most of this structure is erased due to strong-
field dynamics in the continuum. Quantitative appli-
cations of these techniques requires an independent
investigation of this critical assumption.

We use first-principles TD-RIS[5] simulations of
butadiene to investigate the energy and ellipticity de-
pendence of the recollision cross-section. We show
that these cross-sections are sensitive to the final ion
state. The dependence survives orientational averag-
ing, and should be detectable in an unaligned target.
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Ultrafast imaging of isolated molecules with electron pulses
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Synopsis We have captured the dynamics of laser-excited molecules in the gas phase using ultrafast electron diffraction.
First experiments observed a vibrational wavepacket in iodine with a resolution of 0.1 A in space and 230 fs in time. This re-
sult, which was achieved with the MeV electron source at SLAC National Lab, opens the door to imaging structural dynam-
ics in more complex molecules. We will also discuss a new table-top keV electron source that uses pulse compression to

achieve femtosecond resolution with a high repetition rate.

Observing chemical reactions as they take
place is essential for understanding, and eventu-
ally controlling the outcome of reactions.
Measuring the dynamics in isolated molecules
is important for understanding the intrinsic re-
sponse of the molecules to excitation, and can
provide a benchmark for quantum chemical
simulations. Gas phase ultrafast electron dif-
fraction (UED) has the advantage that the dif-
fraction patterns are directly sensitive to the
spatial distribution of the atoms in the molecule.
In order to observe the dynamics of photo-
induced reactions the temporal resolution needs
to be on the femtosecond scale, while the spatial
resolution needs to be sufficient to resolve indi-
vidual atoms, on the sub-Angstrom scale. Pre-
viously, picosecond gas phase UED experi-
ments have successfully captured the structure
of long-lived intermediate states [1] but in order
to observe the coherent motion of atoms femto-
second resolution is needed. Femtosecond UED
has been achieved previously for condensed
matter systems [2].

Recent experiments have achieved 230 fs res-
olution in gas phase UED [3,4]. These demon-
stration experiments captured a rotational
wavepacket in nitrogen molecules [3] and a vi-
brational wavepacket in iodine molecules [4].
The iodine experiments were the first in which
UED has been used to spatially and temporally
resolve coherent nuclear motion, and open the
door to capturing the dynamics in more com-
plex molecules. These first results were
achieved using the relativistic MeV electron
source at SLAC National Laboratory. The use
of relativistic electrons has the advantage that

1 . . .
E-mail: martin.centurion@unl.edu

the Coulomb broadening of the pulses is re-
duced, thus shorter electron pulses can be deliv-
ered on target. Experiments to image photo-
dissociation and conformational changes in
molecules on a time scale of 100 fs are current-
ly ongoing.

We are also developing a table-top setup that
will reach a resolution of around 400 fs by ac-
celerating electrons to 90 keV in a static field
and then using an RF field to compress the
pulses. While the temporal resolution is higher
with MeV electrons, the keV source has the ad-
vantage that it can operate at 5-10 kHz repeti-
tion rate (compared to 120 Hz for the MeV set-
up). The higher beam current will provide more
signal at larger scattering angles, and thus better
spatial resolution.
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Figure 1. Bond length as a function of time in laser-
excited iodine molecules, measured with gas phase
UED.
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Molecular orbital and atomic motion imaging
using time-resolved electron scattering
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Synopsis We report recent progress in developing time-resolved (e, 2¢) electron momentum spectroscopy as
well as a multichannel apparatus to be used for time-resolved atomic momentum spectroscopy, both of which
spectroscopies employ femtosecond laser and picosecond electron pulses in a pump-probe scheme. We have
made an attempt to improve the signal intensities for these experiments. With further development, a joint use of
these techniques will eventually serve as a momentum-space reaction microscope which enables one to take a se-
ries of snapshots of molecular orbitals and atomic motions changing rapidly during a unimolecular reaction.

Electron momentum spectroscopy (EMS [1,
2]) is a kinematically-complete electron-impact
ionization experiment performed under the
high-energy Bethe ridge conditions, where the
collision kinematics can be described by elec-
tron Compton scattering that most nearly corre-
sponds to the collision of two free electrons
with the residual ion acting as a spectator. The
remarkable feature of this technique is its ability
to measure momentum distributions of each
electron bound in matter or to look at molecular
orbitals in momentum space.

Since the change of the electron motion in a
molecular orbital is the driving force behind any
chemical reactions, application of EMS to tran-
sient species is expected to provide new insights
into ultrafast molecular dynamics. For this pur-
pose, we have recently developed time-resolved
EMS (TR-EMS) by combining EMS with a
pump-probe experiment. Although the currently
available data statistics are poor and the time-
resolution is limited (£35 ps), the potential abil-
ity of TR-EMS has already been demonstrated
through molecular orbital imaging of the short-
lived (13.5 ps), second excited state of deuterat-
ed acetone [4], an EMS study on the electronic
structure of the relatively long-lived (86 ns),
first excited state of toluene [5], and an attempt
at a product vibrational analysis of a photo-
induced chemical reaction [6]. We are going
further towards one of the goals of TR-EMS,
that is, to film molecular orbital movies, which
might enable one to access the heart of chemical
reactions.

Under the above-mentioned circumstances,
we are, in parallel, going to develop a new ex-
perimental technique to afford a real-time
measurement of afomic (nuclear) motions in
chemical reactions. Measurements of the mo-
mentum distribution of atoms in a ground-state

1 E_mail: masakazu@tagen.tohoku.ac.jp

2 E-mail: masahiko@tagen.tohoku.ac.jp

molecule can be made by using electron-atom
Compton scattering experiment, which we call
atomic momentum spectroscopy (AMS). It is
quasi-elastic electron scattering at high momen-
tum transfer, in which the instantaneous motion
of the scattering atom causes a Doppler broad-
ening in the energy of the scattered electrons, as
has beautifully been developed and demonstrat-
ed by Vos and his colleagues [7]. In order to
advance this technique to a time-resolved re-
gime (TR-AMS), we have recently developed a
multi-channel AMS spectrometer [8], which has
improved the signal count rate by a factor of
840 compared to that of the existing spectrome-
ter [9].

In this contribution, some results of our re-
cent studies of TR-EMS and AMS will be pre-
sented, which may examine the current status
and future prospects of TR-EMS and TR-AMS.
With these spectroscopies it might be possible
to experimentally investigate how and how
much the change in atomic motions are brought
about by the change in electron motion during
chemical reactions.
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Tonization of atoms by massive neutrinos as a probe of neutrino
electromagnetic interactions

Konstantin A. Kouzakov*!

* Department of Nuclear Physics and Quantum Theory of Collisions, Faculty of Physics, Lomonosov Moscow State
University, Moscow 119991, Russia

Synopsis Theoretical aspects of neutrino-electron scattering experiments searching for electromagnetic interactions of massive
neutrinos are discussed. The focus is put on the role of ionization of atoms by neutrinos in the detector where the scattering
process takes place. The atomic-ionization effects for neutrino millicharges, charge radii, and magnetic moments are outlined.

In the Standard Model (SM) neutrinos are mass-
less left-handed fermions which very weakly interact
with matter via exchange of the W™ and Z° bosons.
The development of our knowledge about neutrino
masses and mixing provides a basis for exploring
neutrino properties and interactions beyond the Stan-
dard Model (BSM). In this respect, the study of elec-
tromagnetic interactions of massive neutrinos is of
particular interest [1]. It can help not only to shed
light on whether neutrinos are Dirac or Majorana par-
ticles, but also to constrain the existing BSM theories
and/or to hint at new physics.

The possible electromagnetic properties of mas-
sive neutrinos include the electric charge (mil-
licharge), the charge radius, the dipole magnetic and
electric moments, and the anapole moment. Their ef-
fects can be searched in astrophysical environments,
where neutrinos propagate in strong magnetic fields
and dense matter, and in laboratory measurements of
neutrinos from various sources. In the latter case, a
very sensitive and widely used method is provided
by the measurement of elastic (anti)neutrino-electron
scattering in reactor, accelerator, and solar neutrino
experiments. A general strategy of such experiments
consists in determining deviations of the differential
cross section do /dT, where T is the energy transfer,
from the SM prediction.

The current experiments on scattering of reactor
antineutrinos on electrons in the germanium detec-
tor can measure energy-transfer values as low as few
keV and are to further improve the sensitivity to low
energy deposition in the detector. At such energies
the free-electron approximation usually employed for
interpretation and analysis of the data on do /dT is
not generally valid anymore. It is necessary to take
into account that electrons are bound to the Ge atoms
and that the neutrino-electron scattering leads to their
ionization. A general theoretical analysis (see [2]
and references therein) shows that in the case of zero
neutrino millicharges the cross sections for neutrino
scattering on atomic electrons within SM and due to
neutrino magnetic moments (NMM) are well approx-
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imated by the stepping formula (o = SM, NMM)
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where do'F/dT is the free-electron cross section,
n; and 7; are occupations and ionization energies
of electron (sub)shells. Notable deviations from
the stepping behavior are found only close to the
1onization threshold, where the cross-section values
decrease relative to the free-electron approximation
(see Fig. 1). This decrease is attributed to the effects
of electron-electron correlations in atoms [2].
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Figure 1. The SM and NMM atomic factors for a he-
lium target as functions of the energy transfer 7 mea-
sured in units of the He ionization energy 77 = 24.6eV.

On the contrary, the atomic factor for neutrino
millicharges exhibits strong enhancement. The effect
is largest at the ionization threshold and it can be ex-
plained using the equivalent photon approximation.
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Dissociative electron attachment to CO molecule probed by
velocity slice imaging technique
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Synopsis We have studied dissociative electron attachment to CO molecule using the well-established velocity slice imaging
spectrometer. We have conclusively determined the symmetries of the TNI states involved in both the channels producing O~
ions. Also in contrast to a recent report we observed that there is no need to invoke coherent interference between different
states. Recent calculations and experimental study by other groups also strongly support our claims.

Low-energy electron-molecule collision leading
to dissociative electron attachment (DEA) is an im-
portant process from the fundamental as well as the
application point of view. DEA is a two-step resonant
process resulting into a final anionic and neutral frag-
ments from a parent neutral molecule via intermedi-
ate temporary negative ion (TNI) state. DEA study
of molecules are important starting from electrical
discharges, atmospheric chemistry, installer medium
chemistry to radiation induced damage of living cell
and biologically important molecules.

Carbon monoxide (CO) is a simple but important
heteronuclear diatomic molecule. But only few stud-
ies on DEA to CO exist in literature using modern
techniques like velocity map imaging or momentum
imaging. DEA to CO have two possible channels for
O~ production with energy threshold 9.62 and 10.88
eV and are shown by equation 1 and 2 respectively.

e +CO('LT) - CcoO* -0 (*P)+C(CP) (1)
e”+CO('th) = CcO™* =0 (*P)+C*('D) (2

From the angular distribution measurements over
a limited angular range Hall et al. [1] concluded a
TNI state with IT symmetry is responsible for both
the processes. In contrast, Tian et al. [2] reported
that for 10 eV incident electron energy X and II two
states are involved but, for 10.6 eV three TNI states,
IT, A and &, with coherent interference between them
are present. To address these issues we have stud-
ied DEA to CO [3] using a recently developed veloc-
ity slice imaging (VSI) spectrometer similar to that
was reported by Nandi et al. [4] with few modifica-
tions. VSI technique is a well-established method for
simultaneous measurement of the kinetic energy and
angular distribution of the fragment anions produced
due to DEA over the entire 27 angle.

From the systematic kinetic energy distribution
measurements we have identified both the processes.
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To determine the symmetry of the TNI states we have
measured angular distributions of the O~ ions pro-
duced due to both the processes separately. We ob-
served a ¥ state is primarily responsible for both the
processes. In addition a minor contrbution from a I1
state also exists for process 1 and the contribution in-
creases with increasing incident electron energy. In a
recent R-matrix calculation Dora et al. [5] also ob-
served only a X resonant state. From the angular dis-
tribution measurements we also have observed that
there is no need to invoke the coherent interference
between different states as suggested by Tian et al.
In a recent experimental study Gope et al. [6] also
observed similar results and strongly supported our
conclusions.
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Figure 1. (a) The VSI of O™ ions for 11 eV beam en-
ergy and (b) angular distribution of the ions created due
to process I for 11 eV beam energy along with fitted
curves.
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Imaging the Temporal Evolution of
Molecular Orbitals during Ultrafast Dissociation

M. Weller* !, H. Sann*, T. Havermeier*, C. Miiller*, H.-K. Kim*, F. Trinter*, M. Waitz*, J. Voigts-
berger*, F. Sturm*, T. Bauer*, R. Wallauer?, D. Schneider*, C. Goihl*, J. Tross*, K. Cole*, J. Wu*,
M. S. Schéffler*, H. Schmidt-Bocking*, T. Jahnke*, M. Simon* and R. Dérner* >

* Institut fiir Kernphysik, Universitat Frankfurt, Max-von-Laue-Str. 1, 60438 Frankfurt, Germany,
T Fachbereich Physik, Philipps-Universitdt Marburg, Renthof 5, 35032 Marburg, Germany,
1 Sorbonne Universités, UPMC Université Paris 06, CNRS, UMR 7614, Laboratoire de Cimie Physique-Matiére et
Rayonnement, F-75005 Paris, France.

Synopsis We investigate the temporal evolution of molecular frame angular distributions of Auger electrons
emitted during ultrafast dissociation of HCI following a resonant single-photon excitation. The electron emission
pattern changes its shape from that of a molecular ¢ orbital to that of an atomic p state as the system evolves
from a molecule into two separated atoms.
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Figure 1. (a) Electron angular emission distribution with respect to the molecular axis as a function of electron en-
ergy. (b-e) Subsets of data shown in (a) for different regions of electron energy. (b) Corresponds to decay of the still

intact molecule, (c,d) show emission patterns during bond breakage, (e) shows emission from the C1* fragment.

We investigate the breaking of chemical
bonds and thus the transition of a molecular or-
bital to an atomic orbital. To realize this, we
coincidently measure the fragment momenta of
the molecular decay of HCI through Ultrafast
Dissociation with a COLTRIMS system.
Ultrafast Dissociation proceeds as follows: Us-
ing narrow-bandwidth synchrotron radiation, an
inner shell electron is resonantly excited to an
antibonding molecular 6o*-orbital in the pump
step. The molecule now rapidly dissociates in
the timescale of a few femtoseconds along the
steeply repulsive potential energy surface.
Competing with the molecular dissociation,
Auger decay takes place. The Auger electron
can be emitted either within the molecular
Franck-Condon region, during bond breakage or
when the molecule is already fragmented into
two atoms. The Auger decay can thereby be
used as a probe of the state of the decaying sys-
tem. By coincidently measuring the ionic frag-
ment and the emitted electron, we gain infor-
mation about internuclear distance and hence

! E-mail: weller@atom.uni-frankfurt.de
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the timespan from excitation to the point when
each decay took place. The internuclear distance
is encoded in the kinetic energy of the frag-
ments as well as in the energy of the emitted
Auger electron. For different time steps we can
now investigate the Auger electron angular dis-
tribution in the molecular frame. These distribu-
tions are a fingerprint of the systems orbital
structure.

In reality, the situation is considerably more
complicated because many initial and final
states are involved. In the analysis, these states
as well as the two possible fragment channels
could be separated by restricting to the channels
of interest via coincident energy maps.

Figure 1 finally shows the transition of the mo-
lecular o-type orbital (b) via bond breakage (c,
d) to the atomic p-orbital (¢) mapped in the Au-
ger electron emission pattern.

Reference
[1] H. Sann et al. 2016 Phys. Rev. Lett. 117, 243002
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Dipolar quantum gases and liquids

Tilman Pfau* '

*s. Physikalisches Institut and Center for Integrated Quantum Science and Technology (IQST),
Universitdt Stuttgart, Germany

Synopsis We review the physics and recent developments of magnetic dipolar quantum gases like Chromium or
the Lanthanides and discuss the recent discovery of a dilute quantum liquid, which is forming stable self-bound

droplets.

Dipolar interactions are fundamentally dif-
ferent from the usual van der Waals forces in
real gases. Besides the anisotropy the dipolar
interaction is nonlocal and as such allows for
self organized structure formation. Candidates
for dipolar species are polar molecules, Ry-
dberg atoms and magnetic atoms. More than ten
years ago the first dipolar effects in a quantum
gas were observed in an ultracold Chromium
gas. By the use of a Feshbach resonance a pure-
ly dipolar quantum gas was observed three
years after [1]. By now dipolar interaction ef-
fects have been observed in lattices and also for
polar molecules. Recently it became possible to
study degenerate gases of lanthanide atoms
among which one finds the most magnetic at-
oms. The recent observation of their collisional
properties includes the emergence of quantum
chaos and very broad resonances [2,3]. Similar
to the Rosensweig instability in classical mag-
netic ferrofluids self-organized structure for-
mation was expected. In our experiments with
quantum gases of Dysprosium atoms we could
recently observe the formation of a droplet crys-
tal [4]. In contrast to theoretical mean field
based predictions the superfluid droplets did not
collapse. We find that this unexpected stability
is due to beyond meanfield quantum corrections
of the Lee-Huang-Yang type [5,6]. We observe
and study self-bound droplets [7] which can in-
terfere with each other. These droplets are 100
million times less dense than liquid helium
droplets and open new perspectives as a truly
isolated quantum system.

TE-mail: t.pfau@physik.uni-stuttgart.de
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Ultrafast dynamics of atomic clusters proved by XFEL

Kiyonobu Nagaya!

Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

Synopsis We report the recent achievements of time-resolved experiments of atomic clusters carried out at SACLA in Japan.
The first example is the time-resolved ion spectrometry of Xe clusters, which gives us the insight to the early
stages of the XFEL-triggered nanoplasma formation. In the second example, we reveal the ultrafast destruction
of atomic order in giant Xe clusters triggered by intense NIR laser pulses by using time-resolved x-ray scattering

measurements.

The self-amplified spontaneous emission
(SASE) based X-ray free electron laser (XFEL)
facilities deliver spatially coherent, ultrashort
and extremely intense X-ray pulses [1,2]. One
promising application of XFEL is the observa-
tion of the ultrafast motion in the objects. Here
we report the recent achievements of time-
resolved experiments of clusters at SPring-8
Angstrom Compact free electron LAser
(SACLA) in Japan [2] using an arrival timing
monitor [3] that improves the time-resolution of
the pump—probe experiment down to a few tens
of femtoseconds by measuring the temporal jit-
ters between the XFEL and NIR pulses on a
shot-to-shot basis. Experiments were performed
at the experimental hutch 2 and 4 of the beam-
line 3 at SACLA.

In the first example, we carried out the time-
resolved ion spectrometry of Xe clusters to ob-
serve the early stages of the XFEL-triggered
nanoplasma formation. We irradiated Xe clus-
ters beam (average size of 5000 atoms) by
XFEL pulses (5.5 keV, 10 fs FWHM) and by
NIR-probe laser (800 nm, 32 fs FWHM). We
measured the Xe!™ yield as a function of the
time delay between the XFEL and the NIR
pulses. We found a clear enhance of the Xe'"
yields due to ionizing the excited Xe atoms cre-
ated during the nanoplasma formation process,
that suggest the importance of the electron col-
lisions and interatomic relaxation processes for
the primary mechanisms for nanoplasma for-
mation triggered by intense hard X-rays pulses.

In the second example, we carried out the
time-resolved x-ray scattering measurements of
giant Xe clusters. We produced giant Xe clus-
ters (average size of 10° atoms) and irradiated
them with X-FEL pulses (11.2 keV, 10 fs
FWHM, ~60 pJ). Scattered x-ray photons were

! E-mail: nagaya@scphys.kyoto-u.ac.jp

recorded by the multi-port charge-coupled de-
vice (MPCCD) octal sensor [4] installed 100
mm downstream of the interaction point. Bragg
spot signals corresponding to the fcc-crystalline
structure of giant Xe clusters were observed on
MPCCD sensor. With keeping the giant cluster
condition, we irradiated intense NIR pulses
(800 nm, 30 fs FWHM, 12mJ) to heat-up the Xe
clusters. We observed a significant decrease in
the number of the Bragg spots in sub-ps time
scale after irradiation of NIR pulses, which sug-
gest the ultrafast destruction of atomic order in

xenon nano-crystals by intense NIR laser pulses.

Work done in collaboration with T.
Nishiyama, K. Kumagai, A. Niozu, C. Bostedt,
H. Fukuzawa, K. Motomura, M. Bucher, D.
lablonskyi, Y. Ito, T. Takanashi, K. Asa, Y.
Sato, D. You, Y. Li, T. Ono, Y. Sakakibara, T.
Umemoto, K. Kariyazono, E. Kukk, C. Miron,

L. Neagu, C. Callegari, M. D. Fraia, D. Galli, G.

Rossi, T. Pincelli, A. Colombo, K. Kooser, C.
Nicolas, T. Asavei, L. Neagu, M. Schoffler, G.
Kastirke, X-J Liu, S. Wada, S. Owada, K. Tono,
T. Katayama, T. Togashi, M. Yabashi, K. Ueda.
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the X-ray Free Electron Laser Priority Strategy
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Program of SACLA Experimental Instruments
of RIKEN.
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Attosecond coherent control at FELSs

K. C. Prince’

Elettra Sincrotrone Trieste, 34149 Trieste, Italy

Synopsis The fully coherent Free Electron Laser FERMI has demonstrated phase resolution of ~ 3 attoseconds, permitting
new experiments in multicolour optics at short wavelength. Results of coherent control experiments are shown for ground
state atoms, and prospects for further work discussed, including experiments not possible with optical lasers.

Pulsed optical lasers are characterized by
high intensity, ultrashort duration, variable po-
larization, transverse coherence and longitudi-
nal coherence. The majority of short wave-
length Free Electron Lasers (FELs) possess the
first four of these five characteristics, but lack
the fifth. Most FELs are based on Self Ampli-
fied Spontaneous Emission (SASE), which is an
intrinsically stochastic process, and produces
pulses which are spiky in both the temporal and
frequency domains.

Low longitudinal coherence limits SASE
FELs for some experiments which can be done
with HHG short-wavelength optical sources,
which produce ultrashort coherent light, albeit
with low energy/pulse. Using the methods of
coherent control (control of the phase and am-
plitude), quantities can be measured on the time
scale of the phase resolution, expressed in tem-
poral terms. For example, Schultze et al [1]
used an IR pulse of approximately 3 fs duration
to measure a temporal delay of 21 as, only pos-
sible due to high precision phase locking.

The seeded FEL FERMI is the first FEL to
produce fully coherent pulses. As well, we have
demonstrated experimentally the longitudinal
phase correlation between two colours (first and
second harmonics), and applied it to coherently
control a photoionization experiment [2]. Neon
was ionized at wavelengths of 63.0 and 31.5
nm, and the asymmetry of the 2p photoelectron
angular distribution (PAD) was manipulated by
adjusting the phase, in a Brumer-Shapiro type
experiment [3]. The outgoing 2p electrons, ion-
ized by one (second-harmonic) photon or two
(first-harmonic) photons interfere to give an
asymmetric PAD whose asymmetry depends on
the relative phase of the two photon fields.

The relative phase of the two wavelengths
was locked and tuned with temporal resolution
of ~3 as. The extremely precise manipulation of
the phase in the present experiment is based on
the use of phase shifters located between the
radiators of FERMI. This innovative approach
provides an extremely high degree of control.

'E-mail: Prince@gElettra.cu

The present results open the door to new co-
haerent control experiments on atoms and mol-
ecules in the XUV and soft X-ray region, with
ultrahigh time/phase resolution. The flexible
design of FERMI has permitted new operating
modes of the machine, such as double-pulse op-
eration; production of two coherent, incommen-
surate colours; and single-colour, phase locked
double pulses [4]. The latter open up the way to
perform Tannor-Rice or pump-dump type ex-
periments, and results will be shown. Other
very recent results will be shown of an appar-
ently unique application of Free Electron La-
sers: coherent control of the decay of an excited
state ion [5].

Acknowledgements. All of the authors of
Refs. 2 and 5 contributed to this work. This
work was supported by MEXT, JST, JSPS,
IMRAM and NSF.
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Dichroism and resonances in intense radiation fields

Tommaso Mazza*'

" European X-Ray Free Electron Laser Facility GmbH, Holzkoppel 4, 22869 Schenefeld, Germany

Synopsis Multi-photon excitation and ionization studies on dichroism and resonant excitations in atoms involving intense
XUV and optical radiation are presented. This report focuses on the possibility given by light-matter interaction in the non-
linear regime of unveiling otherwise hidden electronic properties and of steering the relaxation dynamics in the fs time range.

Dichroic and resonant phenomena in atoms
can be regarded as a manifestation of the sensi-
tivity of the interaction between light and matter
to the spin and the energy of the exciting radia-
tion, respectively. With the availability of ultra-
fast and intense XUV light sources it is possible
to observe and study these processes, involving
inner-shell excitations, under non-linear photo-
excitation conditions. This allows the unveiling
of specific features which are hidden when re-
stricting the investigations to the linear regime.

The non-linear conditions can be created by
high XUV photon density or by an external in-
tense optical field produced in short light puls-
es, that need to be synchronized to the XUV on
a fs level.

In this paper, a few studies are presented ex-
emplifying the above statement.

Specifically, using a 2-color multiphoton
ionization scheme involving circularly polarized
light I report on how dichroism can give infor-
mation about the contribution of different elec-
tronic partial waves to the ionization process
[1]; within the same scheme, I report on the in-
tensity and polarization dependence of the ioni-
zation cross section of an oriented resonantly
excited target in an intense optical field [2].

It is shown how non-linear XUV photoioni-
zation can unveil resonance substructures in
collective excitations [3].

Finally, the application of a XUV-optical
two-color scheme on closed shell systems [4]
and on atomic radicals [5] involving the optical
control of the relaxation dynamics of resonantly
excited core-hole states is reported. This
scheme gives the possibility of modifying the

! E-mail: tommaso.mazza@xfel.eu

ionization dynamics of resonantly excited atoms
by an external optical field on a femtosecond
timescale; in the case radicals, the open-shell
configuration offers the possibility of investi-
gating within the same system resonantly excit-
ed states with very different behavior. Experi-
mental challenges and potential applications
will be presented.
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The relative stability of highly charged fullerenes produced in energetic
collisions

Yang Wang*", Sergio Diaz-Tendero*'*, Manuel Alcami*'%, Fernando Martin*+3

* Departamento de Quimica, Mddulo 13, Universidad Auténoma de Madrid, 28049 Madrid, Spain
T Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad Auténoma de Madrid, 28049 Madrid,
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¥ Condensed Matter Physics Center IFIMAC), Universidad Auténoma de Madrid, 28049 Madrid, Spain
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Synopsis A simple and unified model has been proposed to fully understand the stability of both positively and negatively
charged fullerenes produced in energetic collisions. Based on the concepts of cage connectivity and frontier 7 orbitals, the
model requires only the knowledge of fullerene topology, and permits a rapid prediction of stable structures among a huge

number of possibilities.

Multiply charged fullerenes have attracted in-
creasing attention in recent years [1], stimulated by
the birth of a new generation of high-energy collision
experiments using different kinds of energetic pro-
jectiles. Cationic CZ; and C4; with charges up to
9+ and 6+, respectively, have been produced in col-
lisions of fullerenes with fast, highly charged ions,
electrons, and intense laser pulses [1]. Upon colli-
sional excitation, highly charged fullerenes can un-
dergo further fragmentation by emitting one or sev-
eral carbon fragments, giving rise to a large variety of
charged species in mass spectra, which may cover the
whole range of cage sizes, starting from the small-
est CJ, up to the CZ; and Cf; parents. Sometimes,
larger-sized fullerene ions are also formed from co-
alescence reactions between the highly reactive car-
bon fragments [2, 3]. Meanwhile, negatively charged
fullerenes have also been generated in experiments
performed in storage rings and studied by photoelec-
tron spectroscopies. Interestingly, anionic fullerenes
commonly exist in the form of intercalated or endo-
hedral complex with metals, which have promising
applications in material science and biomedicine.

Despite their abundant existence in nature and
their ever-growing importance in chemistry and as-
trophysics, little progress had been made to under-
stand the relative stability of charged fullerenes, es-
pecially for the long-ignored fullerene cations. As
shown in earlier work, the experimentally observed
isomeric forms of charged fullerenes are often very
different from neutral species, for which simple in-
tuitive rules work properly. In the realm of charged
fullerenes, however, those well-established stability
rules are no longer valid for many structures pro-

'E-mail: yang.wang@uam.es

duced in experiments [1, 4, 5, 6]. Which are then
the underlying principles that govern the stability of
charged fullerenes? The answer to this question is
not only of fundamental importance, but also prac-
tically useful to predict experimentally producible
structures, which would be a needle in a haystack
task due to the enormous number (tens of thousands
or even millions) of possible isomers.

In this presentation, we report a simple and uni-
fied theoretical model that allows us to fully under-
stand the stability of both positively and negatively
charged fullerenes [5]. Based on the concepts of
cage connectivity and frontier 7 orbitals, the model
requires solely the knowledge of fullerene topology,
with need for neither geometry optimizations nor it-
erative electronic structure calculations. Hence, this
generalized method makes it possible to rapidly pre-
dict stable structures of fullerenes with different cage
sizes and in different charge states, without resort-
ing to elaborate quantum chemistry calculations. The
model has recently been extended to more complex
systems with a stunning success [7].
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Control of H, and D, dissociative ionization in the non-linear regime using EUV
femtosecond pulses @ FERMI
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*Institut des Sciences Moléculaires d’Orsay, Université Paris-Saclay, 91400 Orsay, France, TEuropean XFEL, 22607
Hamburg, Germany, ! Elettra-Sincrotrone Trieste, 34149 Basovizza Trieste, Italy, ¥ Universidad Auténoma de Madrid,
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Synopsis Two-photon ionization via selected vibrational levels in neutral H, and D, intermediate states is
demonstrated to control the dissociative ionization rate with femtosecond FEL pulses.

H, and D, molecules were photoionized
in a non-linear 2-photon process via resonantly
excited intermediate states thanks to the unique
properties FERMI free electron laser (FEL)
providing bright, coherent and tunable EUV
femtosecond (fs) pulses. Selective excitation of
the vibrationally resolved H,*(B 'Z,”, v=8-17)
and H,*(C 1, v=2-4) states using 100 fs FEL
pulses in the 12-15 eV range made it possible to
investigate the influence of the nuclear degree
of freedom (DOF) on the outcome of photoioni-
zation: depending on the intermediate state’s
internuclear distance expansion, absorption of
the second photon leads to dissociative (DI)
and/or non-dissociative ionization (NDI).

Time-of-flight (TOF) mass spectrometry, to-
gether with electron and ion velocity map imag-
ing (VMI), were employed on the LDM beam-
line [1] to analyze the DI/NDI ratio, kinetic en-
ergy spectra and angular distributions of pho-
toelectrons and H' fragment ions. DI was ob-
served to be enhanced drastically by up to two
orders of magnitude compared to one-photon
ionization, as predicted by time-dependent
Schrédinger equation calculations for 1-10 fs
pulses and accounting for the DOF of electrons
and nuclei [2,3]. Excitation of isolated H,*(B
'2.",v) levels even leads to situations where DI
dominates NDI, which is very unusual for va-
lence shell ionization. For such cases, clear os-
cillations in the ion fragment energy spectra are
discerned, which reflect a projection of the in-
termediate state vibrational wave function onto
the ionic H, (2po,) dissociative state. The pho-
toelectron spectra feature the analogous struc-
tures for electrons correlated to DI. The latter
spectra moreover yield access to the vibrational
distribution of the H, (X °X,) ground state for
NDI. As the distribution is quite sensitive to the
vibronic intermediate state, it provides an addi-
tional probe of the induced nuclear dynamics.

! E-mail: fabian.holzmeier@u-psud.fr
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New calculations based on time-dependent sec-
ond order perturbation theory, well adapted to
the 100 fs EUV pulses as utilized in the experi-
ment, are in progress.

The remarkable anisotropies observed in the
angular distributions complement the character-
ization of the photoionization dynamics. Fur-
thermore, the electron angular distribution pro-
vides a sensitive means to characterize quantum
interferences resulting from the coherent super-
position of indistinguishable reaction paths. The
study was extended to D, also and, beyond, a
first experiment supports the feasibility for co-
herent control [4] of NDI involving two-EUV-
photon resonant and one-XUV-photon non-
resonant channels, relying on the variable con-
trolled phase available at FERMI between the
fundamental and second harmonic FEL pulses.

H, (B'S , v=9) E=12.5 eV ]AM

0 05 1 15 2 25 3 35
H* kinetic energy /eV

5,=135
5,=001

0 30 60 90 120 150 180
o,

Figure 1. Inverted VMI, kinetic energy spectrum

and angular distribution (highlighted band) for H"

ions from 2-photon ionization via H," (B 'Z,, v=9).
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Fast interactions of atoms and laser pulses with crystal surfaces

M.S. Gravielle* '
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Synopsis. For fast atom diffraction from crystal surfaces, the influence of coherence and decoherence effects
produced by the collimation of the incident beam as well as by thermal vibrations of the crystal lattice is ad-
dressed. Additionally, effects due to long-range dispersive forces and the induced potential are analyzed.

In the last time fast interactions of atoms and la-
ser pulses with crystal surfaces have emerged as
promissory tools to investigate in detail the inter-
face region of ordered materials.

Concerning heavy-particle interactions, grazing-
incidence fast atom diffraction (GIFAD or FAD)
has become a powerful surface analysis technique
that allows one to inspect crystal surfaces, provid-
ing precise information on their morphological and
electronic characteristics. The extreme sensitivity of
FAD relies on the preservation of quantum coher-
ence, which is affected by the initial conditions of
the incoming projectiles as well as by thermal vi-
brations of the crystal lattice. Both aspects are ad-
dressed in this report.

In relation to collimation effects, we found that
the collimating scheme of the incident beam influ-
ences strongly FAD patterns. By varying the size
and shape of the collimating apertures it is possible
to make different interference mechanisms alter-
nately visible, as experimentally observed (see Fig.
1) [1]. On the contrary, at room temperature thermal
effects play a minor role, introducing a slight wid-
ening of the interference peaks, which can be asso-
ciated with decoherent processes (see Fig. 2) [2].

The sensitivity of FAD is also illustrated by in-
vestigating the influence of long-range van der
Waals (vdW) forces in atom- LiF(001) interactions.
While for multielectronic projectiles effects due to
vdW contributions are negligible, for H projectiles
the inclusion of vdW interactions in the potential
model yields a great improvement of the description
FAD patterns for low normal energies and inci-
dence along the <100> channel [3]. It opens a win-
dow to scrutinize vdW approaches via FAD tech-
niques.

On the other hand, the fast interaction of ultra-
short laser pulses with metal surfaces allows us to
study the contribution of the induced potential to
the emergence of band-structure signatures in the
near-threshold region of photoelectron spectra.
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(a) Collimating slit: d=0.2 mm  (b) Collimating slit: d= 1.0 mm
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Figure 1. Projectile distribution, as a function of the
polar (0¢) and azimuthal (@) angles, for *He atoms
impinging on LiF(001) along the <110> channel,
with a normal energy E = 0.3 eV. Simulations for a
rectangular collimation slit with a width (a)
d=0.2mm and (b) d=1mm are displayed.
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Figure 2. Projectile distribution, as a function of the
deflection angle ®= arctg (¢¢ /0y), for Ne atoms im-
pinging on LiF(001) at a temperature T. The normal
energy is E;= 0.3 eV.
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Observation of the Efimov State of the Helium Trimer
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Synopsis We have observed the excited Efimov state of the helium trimer. The structure and the binding energy

of this state have been revealed.

In 1970 Vitali Efimov predicted remarkable
counterintuitive behaviour of a three-body sys-
tem made up of identical bosons. Namely, a
weakening of pair interaction in such a system
brings about in the limit appearance of infinite
number of bound states of a huge spatial extent
[1]. The helium trimer has been predicted to be
a molecular system having an excited state of
this Efimov character under natural conditions.

Here we report experimental observation of
the Efimov state of “Hes by means of Coulomb
explosion imaging of mass-selected clusters [2].
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Helium trimers were prepared under supersonic
expansion of the gaseous helium through a
5 um nozzle. The clusters were selected from
the molecular beam by means of matter wave
diffraction [3]. Each atom of a trimer was singly
ionized by a strong ultrashort laser field result-
ing in Coulomb explosion of the cluster. The
momenta, the ions acquired during Coulomb
explosion, were measured by COLTRIMS.
These momenta were utilized for reconstruction
of the initial spatial geometry of the neutral tri-
mer at the instant of ionization.

Figure 1. Structures of the helium trimer: A — excited state, experimental, B — ground state, theoretical. Three heli-
um atoms of each trimer are plotted in the principal axis frame abc. C: Distributions of the ratio of the shortest in-
terparticle distance to the longest interparticle distance for ground state structures (black), theoretical excited state
structures (blue) and experimental excited state structures (red).

Structures of the excited Efimov state of the
“Hes (Fig. 1A) are about eight times larger than
those of the ground state (Fig. 1B), which is in
accordance with theory. Whereas the ground
state corresponds to an almost randomly dis-
tributed cloud of particles [4], the excited
Efimov state is dominated by configurations in
which two atoms are close to each other and the
third one farther away (Fig. 1C).
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H, ortho-para conversion on amorphous solid water

Naoki Watanabe* ', Hirokazu Ueta* °, Tetsuya Hama*, Akira Kouchi*

" Institute of Low Temperature Science, Hokkaido University, Sapporo, Hokkaido 060-0819, Japan

Synopsis Nuclear spin conversion of hydrogen molecules was monitored on amorphous solid water at very low tempera-
tures with a combination of photostimulated desorption and resonance enhanced multiphoton ionization methods. The con-
version rate steeply changed from 2.4x10 to 1.7x107 s™! in the very narrow temperature window from 9.2 to 16 K. The ob-
served strong temperature dependence can be explained by the energy dissipation model via two phonon process.

Since the radiative transformation of mo-
lecular nuclear spins is forbidden in the gas
phase, the ortho-to-para abundance ratios
(OPRs) of hydrogen molecule (H,) observed
toward various astronomical objects have been
often considered as tracers of chemical history
of the molecule. The OPR of H, is particularly
crucial for chemical evolution and deuterium
fraction of molecules in very cold region in
space, so-called molecular clouds, because H,
in the ortho-ground state (J=1) is more energetic
(and thus reactive) than that in the para-ground
state (J=0) by approximately 14.6 meV corre-
sponding to 170 K, which is significantly higher
than typical temperatures of molecular clouds.

In contrast to the gas phase, it was not ob-
vious how the nuclear spins behave on cosmic
ice dust. It was often assumed without the ex-
perimental evidences that the OPR of H, formed
on the cosmic dust surface is statistical value of
3. Recently, our group has tackled this issue ex-
perimentally. Using experimental techniques of
molecular beam, photostimulated-desorption,
and resonance-enhanced multiphoton ionization,
we measured the OPRs of H, photodesorbed
from amorphous solid water (ASW) at around
10 K, which is an ice dust analogue. We ob-
tained the clear evidence that the OPR of H,
easily varies on ASW. Furthermore, it was first
demonstrated that the rate of spin conversion
from ortho to para drastically increases from
2.4x10™" to 1.7x107 s within the very narrow
temperature window of 9.2 tol6 K and reach a
plateau at temperatures above 12 K (See Figure
1) [2]. This temperature dependence cannot be
explained solely by state-mixing models ever
proposed. The data points for the conversion
rate were fitted very well by the power law of
T’ where T is the surface temperature. This in-
dicates that the conversion rate at lower temper-

! E-mail: watanabe@lowtem.hokudai.ac.jp

2 Present address, Deptertment of Physics,
Rikkyo University, Tokyo 171-8501, Japan

atures is dominated by the two-phonon energy
dissipation process (Raman process) for the ex-
cess energy (~14.6 meV) due to the conversion,
and at higher temperatures the rate may be lim-
ited by a spin-flip transition rate.

From the present and our previous results,
astrochemical history of interstellar H,-OPR is
depicted as follows. When H, molecule is pro-
duced by H-H recombination on cosmic ice dust,
the OPR of nascent H; is 3 [1]. If the H, is im-
mediately desorbed at the formation, the OPR
of H, released should be near 3. However, if H,
is trapped on the ice dust surface before desorp-
tion, the OPR at desorption strongly depends on
the surface temperature and duration of trapped.

2.0x10°

OP transformation limited?-#—

1.5x10° |

)
~— 3
e 1.0x107F
—~ B Two Phonon relaxation
Al (Raman) process
5.0x10™ |- = Yo T
%T 2x107"T TE
0_0 1 1 1 1

8 10 12 14 16
Ice temperature, T (K)

Figure 1. The rate of ortho-to-para nuclear spin con-
version on ASW.
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MeV ion beam extraction into air with a glass capillary filled with He

M. Asamura*', K. Ishii’’, and H. Ogawzfr
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Synopsis In order to obtain intense ion beam in air, we have developed the He capillary, which is normal glass capillary
filled with low pressure He gas. Energy spectra of ion beam via the He-capillary with and without He have been measured.
Enhancement of peak intensity and suppression of low energy components have been observed for the He- capillary.

Developments of in-air-analysis method
with MeV ion beam have been expected in var-
ious fields such as biology, nano-technology
and archaeology. In particular, a technique to
extract ion beam in air by a tapered glass capil-
lary has been developed by Nebiki et al and
they have performed in-air-PIXE (particle in-
duced X-ray emission) for the sea sludge [1].
This technique was so simple and effective to
obtain an in-air micro beam that this technique
becomes to be used in various laboratories. We
have also developed several in-air-analysis
techniques using glass and metal capillaries [2]
and reported transmission properties of ion
beam through several capillaries [3]. It is con-
cluded that an ion beam diameter in air via ca-
pillary is determined by the inner diameter of
the capillary and its energies and intensities are
spread by atmospheric gas inside and outside of
the capillary. In this work, we have newly de-
veloped the capillary named He-capillary,
which is normal grass capillary filled with low
pressure He gas. It is expected that an ion beam
spread in the capillary is suppressed since ener-
gy loss and struggling of ion beam in He at-
mosphere are smaller than that in air.

We have measured energy spectra of an
ion beam via He capillary as a function of He
pressure in the capillary by using the SSD (sili-
cone semiconductor detector). Figure 1 shows
energy spectra of 3 MeV proton beam via the
He-capillary filled with and without He gas in
the capillary. As is shown in Figure, peak inten-
sity is more enhanced at He-capillary with He
than without He although peak energy is shifted
lower. Furthermore, low energy components of
the energy spectra with He is much suppressed
than that without He condition.

1 . .
E-mail: nam_amanura@cc.nra-wu.ac.jp

2E-mail: ishii@cc.nara-wu.ac.jp

In the presentation, we will introduce the
He- capillary and discuss transmission proper-
ties of ion beam via the capillary in detail.
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Figure 1. Energy spectra of 3.0 MeV proton beam
via the He-capillary with and without He.
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Ultrafast dynamics in CO; studied by XUV-pump — NIR-probe experiments

S. J. Robatjazi, S. Pathak, W. L. Pearson, Kanaka Raju P., J. Powell, X. Li, B. Kaderiya,
I. Ben-Itzhak, D. Rolles', A. Rudenko?

James R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, KS 66506, USA

Synopsis We present the results of an XUV-pump — NIR-probe experiment studying ultrafast dynamics of pho-
to-ionized CO>. The multi-harmonics XUV pulse, which contains the 11t to 39™ harmonics of a 790 nm near-
infrared (NIR) laser, is used to excite molecular wave packets in CO2*, which are then probed by a near-infrared
pulse that induces dissociation. The yields and angle-resolved kinetic energy distributions of all charged frag-
ments are measured as a function of the XUV-NIR delay using a velocity map imaging setup.

We have developed a versatile experimental setup
for XUV-pump — NIR-probe experiments using a
10 kHz high-harmonic generation (HHG) source
and two different charged-particle momentum im-
aging spectrometers. The HHG source, based on a
commercial KMLabs eXtreme Ultraviolet Ultrafast
Source (XUUS), is capable of delivering XUV radi-
ation of less than 30 fs pulse duration in the photon
energy range of ~17 eV to 100 eV. It can be coupled
either to a conventional velocity map imaging
(VMI) setup with an atomic, molecular, or nanopar-
ticle target; or to a double—sided VMI spectrometer
equipped with two delay-line detectors for electron-
ion and ion-ion coincidence measurements.

We present an overview of the setup and results
of first pump-probe experiments, including studies
of the ultrafast dynamics of photo-ionized CO,
molecules. The pump-probe studies are performed
using a combination of broadband XUV pulses and
near-infrared (NIR) pulses, both of ~25 fs duration.
The XUV pulse containing the 11" to 39" harmon-
ics of a 790 nm NIR laser is used to excite molecu-
lar wave packets in CO,", which are then probed by
near-infrared-induced dissociation.

We use a velocity map imaging setup to measure
the yields and angle-resolved kinetic energy distri-
butions of all charged fragments as a function of the
XUV-NIR delay. The results, in particular, the de-
lay dependence of O" and CO" ion production for
paralle] and perpendicular NIR and XUV polariza-
tions, are compared to the data reported by Tim-
mers et al. [1] for a shorter harmonics train, and to
our earlier data obtained using narrow-band isolated
harmonics (11* or 13*) as a pump.

This project is supported in part by the National
Science Foundation (NSF-EPSCOR) Award No.
ITA-1430493 and in part by the Chemical Science,
Geosciences, and Bio-Science Division, Office of
Basic Energy Science, Office of Science, U.S. De-
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partment of Energy. K.R.P. and W.L.P. thank NSF-
EPSCOR for their support.
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Figure 1. (a) Schematic of the XUV-pump — NIR-
probe setup with the VMI spectrometer. (b) VMI
image of photoelectrons produced by the ionization
of argon atoms with a combination of XUV and NIR
fields. The low-energy electrons at the center of the
image are from above-threshold ionization (ATI),
while the circular structures are the photoelectrons
produced by the XUV, with the corresponding har-
monic order indicated in red.
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Theory of photoelectron angular distributions: From understanding
photoelectron circular dichroism to strong field coherent control

Christiane P. Koch*!
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Synopsis Circular dichroism in the photoelectron angular distribution of chiral molecules is an intriguing effect, relying on
electric dipole transitions only. A theoretical model to describe this effect in multi-photon ionization is developed. Moreover,
coherent control of strong field ionization is shown to allow for asymmetric photoelectron emission from noble gas atoms.

Photoelectron spectra and photoelectron angular
distributions obtained in photoionization reveal im-
portant information on electron dynamics in atoms
and molecules. A striking effect is photoelec-
tron circular dichroism which refers to the for-
ward/backward asymmetry in the photoelectron an-
gular distribution with respect to the propagation
axis of circularly polarized light. It has recently
been demonstrated in femtosecond multi-photon
photoionization experiments with randomly oriented
chiral molecules [1, 2]. I will show how to con-
struct a theoretical framework combining perturba-
tion theory for the light-matter interaction with ab
initio calculations for the two-photon absorption and
a single-center expansion of the photoelectron wave-
function. This model results in semi-quantitative
agreement with the experimental data, explaining the
latter in terms of the d-wave character of an interme-
diate state [3].

— experimental
- - fixed tensor
e—e tensor w/ error bars

270°

Figure 1. Photoelectron circular dichroism after 2+1
resonantly enhanced multiphoton ionization of cam-
phor, comparing the experimental values obtained in
Ref. [1] to calculations with a fixed two-photon absorp-
tion tensor and including error bars [3]

In the non-perturbative regime, tailoring the
pulsed electric field in its amplitude, phase or polar-
ization allows for the control of ultrafast dynamics. 1
will show that optimal control can be used to enhance
desired features in the photoelectron spectra and an-
gular distributions. The optimization target can ac-

'E-mail: christiane.koch@uni-kassel.de

count for specific desired properties in the photoelec-
tron angular distribution alone, in the photoelectron
spectrum, or in both. As an example, I show how to
achieve directed electron emission for the photoion-
ization of argon in the XUV regime [4]. In general,
our method allows for determining the driving field
that realizes a certain photoelectron spectrum. This
may find application in extracting pulse information
from measured spectra in experiments that have dif-
ficulty to characterize their pulses otherwise.
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Figure 2. Compared to a symmetric photoelectron an-
gular distribution obtained with a Gaussian pulse (a),
shaped XUV pulses may result in asymmetric photo-
electron emission (b), see Ref. [4] for details
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Precise attosecond pulse characterization
using coherent bound wave packets

Jan Marcus Dahlstrom *™! and Stefan Pabst 72

* Department of Physics, Stockholm University, AlbaNova University Center, SE-106 91 Stockholm, Sweden
T TTAMP, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA
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Synopsis This is a theoretical study of an attosecond pulse characterization method based on photoionization of coherent
bound wave packets. It is shown that the influence of dipole phases can be eliminated, thus opening up for future attosecond
experiments with increased precision in the XUV and soft x-ray range.

We investigate the PADA method (Pulse Anal-
ysis by Delayed Absorption) [1] for spectral phase
characterization of pulses in the extreme ultraviolet
(XUV) and soft x-ray regime. The basic idea of the
method is illustrated in Fig. 1. We demonstrate that
the dependence on dipole phases can be eliminated
by performing both time-dependent simulations and
calculations based on perturbation theory. The dipole
phase elimination occurs if (i) the pump step (at 7z)
and probe step (at Ty) are sequential, (ii) the interme-
diate wave packet, y(7), is bound, and (iii) the pho-
toelectron probability (or absorption of photons) is
measured as a function of energy and delay, P(€, 7).
This opens up for increased accuracy in pulse char-
acterization beyond present-day methods based on
laser-assisted photoionization, c.f. Ref. [2].

Photoionization of atomic Rydberg wave packets
in both alkali and noble gas atoms have been consid-
ered. For example, we find that excited K atoms (in a
coherent superposition of 4p and 5p Rydberg states)
exhibit a 3 as delay with angle-resolved detection.
This effect is attributed to Cooper minima in the par-
tial photoionization cross sections. Fano resonances
in photoionization from excited Ne atoms (in a co-
herent superposition of 2p~'3s and 2p~'4s states)
exhibit a delay of -25 as with angle-resolved detec-
tion. Finally, we show that neither Cooper- nor Fano
phase shifts affect the spectral-phase reconstruction
procedure of the PADA method.

The energy spacing between Rydberg states de-
creases with 1/n, offering high spectral energy
shearing resolution and the possibility to bridge en-
ergy regions with no spectral weights (as in the case
of pulse trains). Wave packets involving multiple
electronic states provide redundant information that
can be used to cross-check the consistency of the
phase reconstruction. One downside of using Ryd-
berg electrons, however, is that photoionization cross
sections are small. This is a major concern for direct

'E-mail: marcus.dahlstrom@fysik.su.se
2E-mail: stefan.pabst@cfa.harvard.edu

application of the PADA method to the x-ray regime,
where inner-shell photoionization is the dominant
ionization mechanism. The sudden creation of an
inner-core hole is followed by secondary processes
like fluorescence, Auger decay, and shake-up that
may create additional delay-dependent modulations
due to interaction with the Rydberg wave packet [3].
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Figure 1. The PADA method for spectral shearing of
XUV/x-ray pulses. (a) Initiation of bound wave packet.
(b) Field free propagation. (c) Photoionization from
bound excited states by the test pulse.
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Strong Near-Field Induced Molecular Processes on Nanoparticles

Matthias F. Kling""
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"Max Planck Institute of Quantum Optics, Garching, Germany

Synopsis We developed a nanotarget reaction microscope and investigated the strong near-field driven
Coulomb explosion of ethanol and water molecules on silica nanoparticles in intense few-cycle laser fields. A strong
spatial correlation between the electron and ion dynamics is found. The results open the door towards nanometer scale

spatio-selective chemical analysis of aerosols.

The chemical composition of atmospheric
aerosols is a crucial factor in their contribution to air
pollution and their impact on health. Strong laser
fields offer a route for single particle chemical
analysis, where molecular fragments are created in
the laser interaction and spectroscopically
identified. Strong-field induced processes in
molecules such as ionization and dissociation have
been subject to theoretical and experimental
investigations for many decades [1]. These
processes include, e.g., above threshold ionization,
high harmonic generation, and laser induced
electron diffraction. Since these effects strongly rely
on the exact spatial and temporal evolution of the
electric fields, they are also influenced and
controlled by the presence of enhanced near-fields
in the proximity of a nanostructure [2].

Recent theoretical and experimental work
focused mainly on either atomic processes in strong
near-fields or near-field driven photoemission from
nanostructures. Here, we investigated the near-field
control of one of the most fundamental molecular
strong-field processes, namely multiple ionization
leading to Coulomb explosion (CI).

We have developed a nanotarget reaction-
microscope based on recoil-ion-momentum
spectroscopy (nanoTRIMS) [3], which permits
recording both ions and electrons from the
interaction of light pulses with molecules on a
nanoparticle surface. Nanoparticles are injected into
the interaction region using an aerosol technique
and are illuminated by 5 fs laser pulses at 720 nm
with a peak intensity of ~3x10"° W/cm? In
particular, we have studied the Coulomb explosion
of ethanol and water molecules on SiO;
nanoparticles of various diameters, leading to the
ejection of high-energy H+ ions (see Fig. 1(a)). For
large nanoparticles (300 nm in Fig. 1), the data show
a clear propagation effect [4] as well as indications
of enhanced-field ionization of ethanol or water and
the acceleration of H' in the spatially varying near-
field.

E-mail: matthias. kling@lmu.de
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Figure 1 (a) Projected initial momenta of H ions from
ethanol or water on 300 nm SiO> nanospheres. The
propagation-induced near-field is clearly visible in the
asymmetric distribution of signal along the propagation
direction momenta. (b) Mie-Monte-Carlo simulations for
the same experimental parameters.

The results from the nanoTRIMS experiment are
modelled by a semi-classical Monte-Carlo
trajectory simulation [4] including Mie fields and
charged particle interactions, shown in Fig. 1(b).
The simulations show a strong spatial correlation
between the mean-field of emitted electrons and the
trajectories of the much heavier ions, which are
accelerated in the mean-field rather than in the pure
Mie near-field.

The results open the door towards strong near-
field induced chemical reactions on nanoparticles
and a route towards nanometer-scale spatio-
selective chemical analysis of molecular adsorbates
on aerosols.
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Time-Dependent Two-Particle Reduced Density Matrix Theory: Application to
High-Harmonic Generation

Fabian Lackner*, Iva Brezinova*, Takeshi Sato'*, Kenichi L. Ishikawa'*, Joachim Burgdérfer*

* Institute for Theoretical Physics, Vienna University of Technology, Wiedner Hauptstraf3e 8-10/136, 1040 Vienna,
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Synopsis We follow a new approach for calculating high-harmonic spectra for multi-electron atoms and molecules by propa-
gating the two-particle reduced density matrix. Calculated results are in very good agreement with state-of-the-art many-body

wavefunction-based benchmark calculations.

High-harmonic generation (HHG) is one of the
fundamental processes in strong field physics whose
applications range from attosecond metrology [1],
tunable table-top XUV/Soft X-ray sources [2] to
high precision spectroscopy [3] and orbital imaging
[4]. On the atomic level the theoretical descrip-
tion of HHG is challaging because of the multi-
electron nature of the underlying process. While
simple models such as the single-active-electron ap-
proximation (SAE) or time-dependent Hartree-Fock
(TDHF) are well suited to describe qualitative fea-
tures of HHG, advanced theories capable of correctly
treating electron correlation are needed for a quan-
titative description [5]. However, with increasing
system size conventional wavefunction-based meth-
ods such as the multi-configurational time-dependent
Hartree-Fock (MCTDHF) method soon become un-
feasible due to their exponential scaling with particle
number. One way to overcome this exponential bar-
rier is to abandon a wavefunction-based description
and propagate time-dependent reduced densities in-
stead. Considerable success along this line has been
achieved by time-dependent density functional the-
ory (TDDFT) [6]. However, accurate calculations
in TDDFT face the difficulty of unknown exchange-
correlation functionals that are difficult to improve
systematically. We propose to go beyond the limita-
tions of TDDFT by propagating the time-dependent
two-particle reduced density matrix (TD-2RDM). As
a hybrid between the electron density and the many-
body wavefunction the 2RDM fully includes two-
particle correlations. We have implemented the TD-
2RDM method to describe high-harmonic generation
of fully three-dimensional multi-electron atoms [7].
To obtain accurate results for the electronic response
we use an advanced closure scheme [8] that is suited
to conserve all constants of motion associated with
symmetries of the Hamiltonian. We benchmark the

1E-mail: fabian.lackner@tuwien.ac.at
2E-mail: iva.brezinova@tuwien.ac.at

performance of the TD-2RDM method by compar-
ing it to a state of the art MCTDHEF calculation [9] as
well as to TDDFT calculations (see Fig.1). We find
very good agreement between the TD-2RDM and
the MCTDHF method while TDDFT within the lo-
cal density approximation shows clear deviations in-
dicating that the correct treatment of two-particle cor-
relations is essential to obtain accurate HHG spectra.
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Figure 1. HHG spectrum of beryllium subject to a 3-
cycle laser pulse with intensity / = 4.0 x 10'4W/cm?.
MCTDHF(—), TD-2RDM(- -), TDDFT(: - -).
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Nonlinear resonant Auger spectra and transient x-ray absorption spectra
in CO using an x-ray pump-control scheme

Song Bin Zhang* ', Victor Kimberg', and Nina Rohringer*

" School of Physics and Information Technology, Shaanxi Normal University, 710119 Xi’an, China
" Department of Theoretical Chemistry and Biology, Royal Institute of Technology, S-106 91 Stockholm, Sweden

* Max Planck Institute for the Structure and Dynamics of Matter (MPSD), 22761 Hamburg, Germany

Synopsis In this work we propose nonlinear femtosecond x-ray pump-probe spectroscopy to study the
vibrational dynamics of a core-excited molecular state and discuss numerical results in CO. A femtosecond
pump resonantly excites the carbon core-excited 1s-17 state of the CO molecule. A second strong probe (control)
pulse is applied at variable delay and is resonantly coupled to a valence excited state of the molecule (Fig. 1).The
strong nonlinear coupling of the control pulse induces Rabi flopping between the two electronic states. During
this process, a vibrational wave packet in the core-excited state is created, which can be effectively manipulated
by changing the time delay between pump and control pulses. We present an analysis of the resonant Auger
electron spectrum (Fig. 2) and the transient absorption or emission spectrum (Fig. 3) on the pump transition and
discuss their information content for reconstruction of the vibrational wave packet [1].
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- R o ot =.
| co " . - = 0,=005 au.\ At=-21s
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290

Potential curves (eV)
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FIG. 1. Potential-energy curves for the four involved
electronic states and the schematics of the present pump-
probe scheme. The optical nonlinear interaction is caused
by the strong probe (control) pulse on the transition
between states R and F.
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% 0' . i i : ] Fig. 3. X-ray transient absorption or emission spectra of
£ o5 | i i At | CO for the pump field around 287.4 eV. Shown is a
> 0.0 _/_:AJ_LV\_/)_/:\\M_ comparison for weak and strong control pulses. The
£ o4 S T absorption or emission peaks for the case of At = -2 fs
£o i '
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Fig. 2. The resonant Auger spectra for different Az for a
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Electron impact ionization of molecules and clusters

Alexander Dorn', Enliang Wang, Xueguang Ren

Max Planck Institute for Nuclear Physics, 69117 Heidelberg, Germany

Synopsis Kinematically complete (e,2e) experiments with coincident detection of the residual ion are performed on
atomic and molecular targets (Ar, H,O, tetrahydrofuran C4HgO). Data for the isolated target species are compared to
those of small clusters in order to see the influence of the environment on the ionizing reactions. We observe the
modification of fragmentation pathways due to the proximity of neighbors. We also observe energy transfer
mechanisms like intermolecular coulombic decay (ICD) not only in van der Waals clusters but also in hydrated

biomolecule clusters.

It is well known that primary ionizing radiation
penetrating biological tissue produces large
numbers of low-energy secondary electrons which
effectively induce damages to the biological
material. In order to understand the underlying
reactions electron collisions with biomolecules are
regularly studied in the gas phase, e.g. in
kinematically complete (e,2e) experiments [1] or in
experiments using mass spectrometers [2].

Here we combine both techniques by using a
reaction microscope where the momentum vectors
of two outgoing electrons (energies £, and E,) are
detected in coincidence with the residual ion. This
enables, e.g., to correlate the ionized electron
orbital (according to the measured binding energy)
and the subsequent fragmentation pathway. A first
demonstration was done for tetrahydrofuran (THF,
C4H;0, see Figure 1) which is a surrogate for the
sugar in the DNA backbone at £, = 27 eV impact
energy [3]. Furthermore, we were interested in how
the ionization and fragmentation dynamics of a
monomer is modified if neighbors are present as in
the aqueous environment in biological tissue. Thus,
studies were extended to pure THF clusters and
hydrated clusters produced in a supersonic gas jet.

Interestingly, we see a destabilizing effect of the
environment as it is illustrated in Figure 1 where the
binding energy (BE) of the ionized electron is
shown for different residual ion species. For
ionization of the HOMO orbital (BE = 10 eV) in the
THF monomer the molecule stays intact leading to
the parent ion (full squares). For the ring breaking
reaction leading to C,H,O" an inner orbital is
ionized (HOMO-4,5) with BE around 13 eV (open
squares). The required energy for this ring breaking
reaction is strongly reduced for the dimers. For
ionization of the hydrated dimer (H,O)THF to 10.5
eV (open circles) and for the THF, dimer to 10 eV
(open diamonds). In both cases no stable parent

" E-mail: Alexander.Dorn@mpi-k.de

ions are observed. From that and the binding
energies we conclude that in the clusters HOMO
ionization leads to ring breaking and not to the
stable parent ion as in the monomer.

Furthermore, in hydrated THF clusters we
observe intermolecular coulombic decay (ICD)
reactions as it was observed before in pure water
dimers [4]. Here energy from the water molecule
ionized in the inner valence shell is transferred to
THF ionizing it and leading to coulomb explosion.
ICD is identified according to the projectile energy
loss, the kinetic energy release of the ions and the
low energy ICD electrons.

THF, C,HgO

&
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Figure 1. Binding energy spectra (BE = E, - E - Ej) for
ionization of THF monomers (three bottom curves)
hydrated THF (second curve from top) and THF dimers
(top curve) and fragmentation into the ion species given
in the diagram.
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Reactive collisions of electrons with molecular cations:
multichannel fragmentation dynamics via super-excited states
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Synopsis The major mechanisms governing the dynamics of electron-driven reactions of molecular cations will be illustrated.

Electron-impact  dissociative = recombination,
dissociative excitation (1) and ro-vibrational
(de)excitation (2) of molecular cations:

ABT(NT v +e” = A+B, A+BT+e, (1)

i Vi
ABT (N v ) +e” = ABT(Nf ,vi)+e™,  (2)

occur in various ionized media of astrophysical, en-
ergetical and industrial interest [1].

These collisions are representative for a number
of outstanding features: high reactivity, involvement
of super-excited molecular states undergoing pre-
dissociation and autoionization, and strong resonant
character. Consequently, they are subject to beyond-
Born-Oppenheimer theoretical approaches, and of-
ten require quasi-diabatic rather than adiabatic rep-
resentations of the molecular states as well as par-
ticularly sophisticated methods for modeling the col-
lisional dynamics, able to manage superposition of
many continua and infinite series of Rydberg states.

We therefore use Multichannel Quantum Defect
Theory (MQDT), capable to account the strong mix-
ing between ionization and dissociative channels,
open - direct mechanism - and closed - indirect mech-
anism, via capture into prominent Rydberg reso-
nances [2, 3, 4, 5]. These features will be illustrated
for Hy [6], Hy [7], BeH' [8], NJ [9], BFt, NO*,

'E-mail: ioan.schneider @univ-lehavre.fr

CO™, SH', CH' and ArH", and the comparison of
the theoretical data with the experimental ones - ob-
tained in storage rings and flowing afterglows - will
be given.

Perspectives on the advancement in the theoreti-
cal treatment - addressing polyatomic systems, pre-
dicting branching ratios, using time-dependent meth-
ods - and in the applications - ionic propulsion, in-
dustrial plasmas, novel laser devices, accurate astro-
physical kinetical modeling - will be outlined.
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Resonant anion states of radiosensitizers

F. Kossoski*, J. Kopyra*, H. Aboul-Carime®, M. A. P. Lima*, M. T. do N. Varella’
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Synopsis We present ongoing research concerning low-energy electron collisions with a series of potential radiosensitizers, in-
cluding the 5-halouracils family, chlorinated adenine, thiolated uracil and guanine. Scattering calculations allow us to character-
ize the anion spectra of these compounds and to indicate possible electron-induced dissociation mechanisms. The biologically
relevant fragmentation pathways should generally originate from mechanisms where long-lived 7* resonances are formed, and

diabatic couplings to dissociative o* states follow.

One major strategy towards more efficient radio-
therapic treatments lies in incorporating radiosensi-
tizing drugs into the genetic material, which would
sensitize the cell under the exposure to ionizing radi-
ation. Some of these are currently under clinical use,
while many others are under different stages of re-
search, as there is still much to be learned about their
mechanisms of action. It is now largely recognized
that low-energy electrons should play a major role in
starting off the damaging process [1]. These species
efficiently induce dissociative electron attachment
(DEA), such that the generated radicals further pro-
mote deleterious reactions to cellular DNA. However,
the nascent molecular mechanisms that give rise to
DEA and ultimately to their enhanced radiosensitiv-
ity remain under intense investigation.

Here we present recent theoretical results on the
interaction of low-energy electrons with a series of
modified nucleobases. In Fig. 1 the elastic integral
cross sections for 5-chlorouracil [2], 2-thiouracil [3],
2-chloroadenine [4] and 6-thioguanine are shown, as
computed by the Schwinger multichannel method.
Overall, the anion spectra of these compounds com-
prise delocalized 7* resonances and dissociative ¢*
states. Our results support that 7*/c* couplings
should account for most of the fragmentation path-
ways observed below the excitation threshold.

For the well-known 5-halouracils [2, 5], we have
shed some light into details of the underlying DEA
mechanisms that give rise to halide and neutral hy-
drogen elimination. Besides the more familiar case
of halogenated pyrimidines, purines also decomposes
under the action of low-energy electrons, as we have
demonstrated for 2-chloroadenine [4]. Moreover, we
have found that the very rich anion spectra of 2-
thiouracil [3] can promote complex rearrangement
reactions at surprisingly low energies. Calculations
for 6-thioguanine also suggests that 7 /o™ couplings
might account for DEA, indicating that thiolated

'E-mail: fabris @if.usp.br

purines could likewise act as a potential radiosensi-
tizers. As a whole, our results should be able to point
out desired molecular features that make for a good
radiosensitizer.
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Figure 1. A’ (green) and A” (violet) components for
the elastic integral cross section for electron scattering
from a series of potential radiosensitizers.

The authors acknowledge financial support from
Brazilian agencies FAPESP and CNPgq.

References

[1] B. Boudaiffa er al. 2000, Science 287 1658
[2] F. Kossoski et al. 2014, J. Chem. Phys. 140 024317

[3] J. Kopyra et al. 2014 Phys. Chem. Chem. Phys.
16 25054

[4] F. Kossoski et al. 2015 Phys. Chem. Chem. Phys.
17 28958

[5] F. Kossoski and M. T. do N. Varella 2015 Phys. Chem.
Chem. Phys. 17 17271

SPEAKER ABSTRACTS



XXX INTERNATIONAL CONFERENCE ON PHOTONIC, ELECTRONIC AND ATOMIC COLLISIONS

Energy Flow Between Pyrimidines and Water Triggered by Low Energy
Electrons

Jaroslav Koé¢isek*,, Juraj Fedor*, Andriy Pysanenko*, Mateusz Zawadzki*, Michal Farnik*, Jan
Postulka’, Petr Slavicek

* J. Heyrovsky Institute of Physical Chemistry v.v.i., The Czech Academy of Sciences, Dolejskova 3, 18223 Prague,
Czech Republic

T Department of Physical Chemistry, University of Chemistry and Technology, Technicka 5, Prague 6, Czech Republic

Synopsis Substituted pyrimidines form a base of several cancer chemotherapeutics. Their effective dissociation by low energy
electrons was identified to be a source of their radiosensitizing properties in combined chemo-radiation treatments. Here we
combine experiment and theory to explore the energetics of the low energy electron interaction with these molecules in a
solution. Novel approach enables estimation of the total energy flow between pyrimidines and water.

We present the results of experiments with
molecular beams of microhydrated pyrimidines
uracil, 5-Fluorouracil and 5-Bromouracil. Micro-
hydrated pyrimidines are prepared by recently de-
scribed gas humidification technique [1].  The
molecules interact with low energy 1.5 eV or 70 eV
electrons and reaction products are analyzed by the
means of negative or positive ion mass spectrome-
try, respectively. Control over the hydration process
enables the change of hydration level of the neutral
microhydrated pyrimidines in molecular beam. The
combination of two different ionization techniques
with theory then allows us to estimate absolute en-
ergy flow from pyrimidines to water after electron at-
tachment and electron ionization.

In a good agreement with the interpretation of
our previous work on uracil and thymine [1], wa-
ter reduces the dissociation of pyrimidines by caging
of the dissociation products. The energy transferred
to the cage is released by evaporation of individual
water molecules. Number of evaporated molecules
can be used to estimate the total energy transferred
to the solvent. In our experiment, number of evap-
orated water molecules is not measured directly but
estimated from the comparison of positive and nega-
tive ion mass spectra.

The amount of energy transferred to the sol-
vent after electron attachment copies the trend of ris-
ing electron affinity of the pyrimidines from uracil
to 5-bromouracil. On the other side, the energy
transferred to the solvent after electron ionization is
nearly constant. On the basis of our previous stud-
ies with pure water clusters [2] one can expect that
after the ionization, the energy transferred to sol-
vent should be high. However, the experiments show
that it is actually low and comparable to the energy
transferred to the solvent after electron attachment

'E-mail: jaroslav.kocisek @jh-inst.cas.cz
2E-mail: petr.slavicek @vscht.cz

to 5-bromouracil. This indicates that stable cluster
cations are formed only after ionization of pyrim-
idines within the cluster, while ionization of water
results in prompt fragmentation and possible pyrimi-
dine dissociation after proton transfer reaction.
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Figure 1. Sketch of the present approach. Experiment
provides information about distributions of microhy-
drated cations and anions formed after electron ioniza-
tion and electron attachment, respectively. Theory is
then used to estimate the amount of energy needed to
evaporate the water molecules as observed for electron
attachment (AE,) and electron ionization (AE;). Exper-
iments with different pyrimidines and at different level
of hydration were done to validate the approach.

ACKNOWLEDGMENT: This work was sup-
ported by Czech Science Foundation grant no. 16-
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NOO peroxy isomer discovered in the velocity-map imaged photoelectron
spectrum of NO,

Benjamin A Laws*,, Steven J Cavanagh*, Brenton R Lewis*, Stephen T Gibson™,

* Research School of Physics and Engineering, Australian National University, Canberra ACT 2601, Australia

Synopsis Photoelectron spectra of NO, measured with ANU’s state of the art velocity-map imaging spectrometer have revealed

unexpected, additional high energy electron structure that cannot arise from detachment of C, NO; . Our work shows that this
additional structure must instead be a signature of a new peroxy NOO isomer, a molecule which has not previously been

observed.

NO;,, a toxic gas formed in most combustion
processes, is a key component of photochemical
smog and an important molecule in the Earth’s at-
mosphere. Photoelectron spectroscopy allows for the
structural and photophysical properties of this impor-
tant molecule, and its parent negative ion, to be stud-
ied in detail. By employing the ANU’s state of the art
spectrometer, this information may be obtained with
high resolution.

Figure 1. Velocity-map image of NO, at 518.920nm,
showing unexpected high eKE structure.

Through the implementation of velocity-map
imaging, both the energetic and the angular informa-
tion from the observed photodestruction events are
acquired with 100% electron collection efficiency,
allowing for multiple detachment/dissociation chan-
nels to be observed simultaneously. This benefit is
highlighted in our measurements of NO, , where un-
expected additional high eKE photoelectrons are re-
vealed. The surprising high eKE structure persists
at detachment energies lower then the EA of ONO™
(2.273eV) [1], confirming that this previously unseen

'E-mail: ben.laws @anu.edu.au
2E-mail: stephen.gibson@anu.edu.au

electron structure can not arise from the standard C,,
isomer of NO; . Furthermore, the corresponding an-
gular distribution has a negative anisotropy parameter
B, opposite in sign to detachment from ONO™.
Through further experimentation, combined with
ab-initio calculations, it can be shown that this addi-
tional photoelectron structure is the result of another
isomer of NO, . The possible existence of a peroxy
NOO isomer was first suggested in 1961, however
despite numerous theoretical and experimental stud-
ies since then, there has been no previous conclusive
evidence that a stable NOO isomer exists [2, 3, 4].

C,, Symmetric ONO C, Peroxy NOO

This work provides the first direct measurement
of the NOO isomer, along with determination of mul-
tiple spectroscopic constants. This may have a signif-
icant impact on our understanding of this vital NO,
molecule, a result with many possible implications in
atmospheric science.
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New Physics with Advanced Positron Traps and Beams*

Clifford M. Surko'?

Physics Department, University of California, San Diego
La Jolla, CA, 92093-0319, USA

Synopsis: The development of novel positron traps and beams has enabled new investigations of antimatter such as the
creation and study of antihydrogen atoms, the positronium molecule (Ps,), and Feshbach-resonances in annihilation that
lead to positron-molecule bound states. This talk will discuss highlights of these and other successes and the critical
tools that enabled them. It will conclude with a brief discussion of prospects for further progress on topics of keen inter-
est including study of lepton many-body physics: Ps-atom BECs and classical (¢ - ¢") "pair plasmas."

Study of antimatter is of interest for a range
of scientific and technological applications, includ-
ing fundamental tests of gravity and tests of sym-
metries predicted by field theories (e.g., CPT), un-
derstanding astrophysical processes, the characteri-
zation of materials, and positron emission tomogra-
phy (PET) to study human metabolic processes.

Many applications benefit greatly from tai-
loring collections of the antiparticles to optimize
them for a specific end use. The need to keep the
antiparticles isolated from contact with matter has
motivated the development of methods to manipu-
late them in vacuum in the form of single-
component gases and plasmas [1].

This talk will describe the manner in which
three decades of positron trap and beam develop-
ment have enabled new investigations. Specific ad-
vances include specially designed electromagnetic
traps for long-term (e.g., weeks or more) antimatter
confinement, cryogenically cooled antiparticle gas-
es and plasmas, high-density plasmas, finely fo-
cused antiparticle beams, and methods to deliver
very large bursts of antiparticles.

Scientific and technological progress in sev-
eral areas will be reviewed. It includes the creation
and study of antihydrogen atoms (Fig. 1) for CPT

v (em)

3 4

“x (3m)1
Fig. 1. Antihydrogen atoms annihilating on the surround-

ing electrodes in a minimum-magnetic-field atom trap.
Courtesy of the ALPHA collaboration.

"E-mail: csurko@ucsd.edu

and gravity tests [2-5]; the formation of the positro-
nium molecule (i.e., Ps,, the first many-electron,
many-positron state, e e'e’e’) [6]; and understand-
ing Feshbach-resonances in positron annihilation
and the nature of the resulting positron-molecule
bound states [7].

A challenging goal for the future is study of
many-body physics in the electron-positron system
(Fig. 2) [8]. Prospects and progress on this topic
will be reviewed in both the classical and quantum
regimes — the creation of a positronium-atom Bose-
Einstein condensed gas (BEC) [9], and the creation
of a classical "pair" (i.e., ¢ - ¢") plasma [10].

A

e*—e” liquid
n
normal/supercond.
NMott = T=
3x10%¢ m3 7 x10*K
Ps BEC A
| et-e
. iK™ Ps plasma A
s
gas [0\ gas l >
> <
3 a
0 8x 103K T ﬂ
Fig. 2. Phase diagram of the electron-positron system [8]. l:_)

* Supported by the U. S. NSF, grant PHY 14-01794.

T Recent work at UCSD was done in collaboration with
J. R. Danielson, M. R. Natisin and N. C. Hurst.
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Ion and photon interactions with trapped biomolecular ions

Thomas Schlathoélter

Zernike Institute for Advanced Materials, University of Groningen, 9747AG Groningen, The Netherlands

Synopsis Energetic interactions involving complex biomolecular systems play a key role in fields such as radio-
therapy, astrobiology, mass spectrometry and comparison to high level theory. For a long time, such studies were
limited to biomolecular building blocks (amino acids and DNA bases), for which targets can be produced in a
straightforward way. The combination of electrospray ionization and radio frequency ion trapping is a novel ex-
perimental approach that allows to experimentally investigate systems of virtually unlimited complexity.

Investigating the response of complex bio-
logical molecules upon interaction with ener-
getic photons or keV ions is a very powerful
approach to address the molecules’ chemical
and electronic structure and dynamics. To in-
vestigate such processes in the gas phase, we
employ a combination of electrospray ioniza-
tion (ESI) and radiofrequency (RF) ion guiding
and trapping.

For instance, soft X-ray photoionization of the
protonated peptide leucine enkephalin (555
amu, 5 amino acid residues) leads almost ex-
clusively to extensive fragmentation dominated
by loss of small amino acid sidechains [1]. The
underlying process is likely due to fast disso-
ciation through repulsive states, before internal
vibrational redistribution (IVR) of the excita-
tion energy. In contrast, for large proteins such
as multiply protonated cytochrome ¢ (~12 kDa,
104 residues) mainly non-dissociative single
and double ionization is observed [2]. Due to
the much larger heat capacity, photoabsorption
only leads to small increase in internal tempera-
ture. Nevertheless, fast dissociation is never
fully suppressed, even in the largest proteins
under study. Very similar results are observed
in keV ion collisions with protonated pro-
teins/peptides [3]

The transition between both size and tempera-
ture regimes is gradual, with a co-existence of
backbone scission, sidechain loss and non-
dissociative 1onization for intermediate size
systems with a few kDa mass [4]. Rather than
varying protein size, a variable photoabsorp-
tion-induced increase of internal temperature
can be reached by variation of the number of
absorbed photons. To this end, we have used
the XUV/soft X-ray free electron laser FLASH
to investigate photofragmentation of ubiquitin
ions in intense 90 eV / 70 fs pulses as a func-

Error! Reference source not
found. E-mail: t.a.schlatholter@rug.nl

tion of intensity [5]. With increasing intensity,
sidechain fragment yields increase linearly
while backbone scission remains negligible.
Ionization clearly triggers a localized molecular
response that occurs before the excitation ener-
gy equilibrates. Consistent with this interpreta-
tion, the effect is barely affected by the initial
charge state of the ubiquitin. The fragmentation
patterns of sixfold deprotonated and tenfold
protonated ubiquitin turn out to be very similar.
Ubiquitin thus responds to EUV multiphoton
ionization as an ensemble of small peptides.

In the context of radiotherapy, interactions of
energetic photons with DNA are of fundamen-
tal relevance. In biological environments, DNA
is present in multiply deprotonated form. We
have recently investigated soft X-ray and VUV
photoabsorption in multiply deprotonated gas-
phase oligonucleotides that contain the human
telomere sequence TTAGGG. First results in-
dicate that although electron detachment is the
dominating process for these systems, single
strand breaks preferentially involve the GGG
region. The telomere sequence seems to act like
a hole trap, as recently predicted theoretically

[6].
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Excitation, fragmentation and radiative decay of molecules
studied with fast ion beams

L. Chen', J. Bernard, R. Brédy, S. Martin

Institut Lumiére Matiére, UMRS5306,
Université Claude Bernard Lyon 1- CNRS,
Université de Lyon,

69622 Villeurbanne cedex, France

Charged atomic and molecular ions A
accelerated to about 1xq keV to 30xq keV
provide a powerful tool for studying the
fragmentation and relaxation of isolated
molecules. In this report, we recall three types
of experiments developed in our group in the
past years: a multi-coincidence detection setup
to study the fragmentation dynamics of
multicharged Cgy in collisions with highly
charged ions; a collision chamber to study the
collision induced dissociation of molecules
under energy control, in collisions between
singly charged ions and molecular targets; a
small electrostatic storage ring (Mini-Ring) to
study the cooling of charged molecules
prepared in an electron cyclotron resonance
(ECR) ion source.

A highly charged atomic ion for example
Xe>" accelerated to 100 keV offers a strong
electric field of a point charge, which moves
very fast in the space (v=0.18 a.u.). Depending
on the impact parameter, such an ion can
capture several electrons from a neutral
isolated target, for example Cg, leading to the
formation of multicharged molecules C¢"". By
coincidence analyses of the scattered
projectile, the number of ejected electrons and
all charged fragments resulting from the
fragmentation of the target, we have studied
the dissociation dynamics of Cg" (r<=9) as a
function of the charge [1].

Using a singly charged projectile ion A"
colliding on a molecular target M, two-electron
capture process may lead to the formation of
scattered anion, A“+M->A+M*". By analyzing
the kinetic energy loss of the anion and
measuring in coincidence the target fragments,
we have studied the fragmentation dynamics of
doubly charged molecules as a function of the
excitation energy deposited in the target during

'E-mail: chen@univ-lyonl . fr

the collision [2]. With this method, called
CIDEC (Collision Induced Dissociation under
Energy Control), we have studied the
dissociation of doubly charged Cg, Cq9, 2-
Deoxy-D-Ribose, Adenine, Anthracene, HDO,
W(CO)¢ and Porphyrine.

The above experiments are dedicated to
study fast fragmentation processes (in the ps
time scale) resulting from excitation of the
molecular targets induced in collisions with
fast atomic ions. In another type of
experiments, the studied molecules were
ionized and excited directly in an ECR source
and accelerated to several keV. The fast
molecular ions were injected into an
electrostatic ring, the Mini-Ring. To study the
cooling of the molecules, the evolution of the
internal energy distribution of the stored
population was probed with laser-induced
dissociation. When a dissociation event occurs
in the ring, the fast neutral fragment could fly
along one of the six straight lines of the Mini-
Ring, escape from the ring and be detected
with good efficiency. Using this setup, we
have studied the slow radiative decay of
several molecules of the PAH family
(Naphthalene, Anthracene, Pyrene...) in a time
range up to several milliseconds [3].
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Machine-learning the best potential surfaces for polyatomic molecules and the
error bars for non-adiabatic atomic collisions

Daniel Vieira, Rodrigo Vargas and Roman Krems

1

Department of Chemistry, University of British Columbia, Vancouver, BC V6T 1Z1, Canada

We will present the application of kernel methods
of machine learning to two problems in atomic and
molecular physics.

Problem I

The accuracy of quantum calculations of collision
rates for atoms and molecules is limited by the in-
herent uncertainty of underlying potential energy
surfaces. It is often difficult to assess the errors
stemming from this uncertainty. This is particularly
true for non-adiabatic collision processes that are de-
termined by multiple interaction potentials. In the
present work, we introduce a machine-learning tech-
nique based on Gaussian process regression for com-
puting the error bars of collision rates corresponding
to simultaneous variations of multiple adiabatic inter-
action potentials within the uncertainty of quantum
chemistry calculations [1]. We show that the method
can be used to obtain the sensitivity of the collision
observables to individual electronic potentials [2].
This illustrates how machine learning can provide
information on the mechanisms of electronic transi-
tions.

Problem II:

Constructing accurate potential energy surfaces for
polyatomic molecules is a major challenge. For a
molecule with a large number of degrees of free-
dom, the difficulty arises both from the large num-

'E-mail: rkrems@chem.ubc.ca

ber of ab initio computations required and from the
uncertainty as to where in the configuration space
to place the ab initio points in order to obtain the
most accurate representation of the surface. We will
show that both of these problems can be addressed
with a machine-learning technique based on Gaus-
sian processes. We will first show that Gaussian pro-
cess regression yields a qualitatively good represen-
tation of the surface with a rather small number of
ab initio points (~200 for a 6D surface) [3]. We will
then illustrate the application of Bayesian optimiza-
tion with Gaussian processes as an efficient method
for sampling the configuration space of polyatomic
molecules. Bayesian optimization is based on an it-
erative procedure, where, at each iteration, the sur-
face is constructed by Gaussian process regression
and a small set of ab initio points is added in the part
of space determined by maximizing the so-called ac-
quistion function. The acquisition function quantifies
the improvement of the accuracy of the potential en-
ergy surface thus obtained.
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Tunneling ionization imaging of photoexcitation of NO by ultrafast laser pulses

Tomoyuki Endo* |, Akitaka Matsuda’, Mizuho Fushitani’, Tomokazu Yasuike*, Oleg I. Tolstikhin®,
Toru Morishital, Akiyoshi Hishikawa &2

* INRS-EMT, Varennes, Québec J3X 1S2, Canada
T Department of Chemistry, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan
# The Open University of Japan, Mihama, Chiba 261-8586, Japan
§ Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia
1 Institute for Advanced Science, The University of Electro-Communications, Chofu, Tokyo 182-8585, Japan

& Research Center for Materials Science, Nagoya University, Nagoya 464-8602, Japan

Synopsis Tunneling ionization imaging of photoexcitation of NO has been demonstrated by using ultrafast intense laser pulses
(8 fs, 800 nm, 1.1 x 10'* W/cm?). The distributions of N* fragments produced by dissociative ionization of NO starting from
the electronically ground (X2IT) and excited (AL ") states are in good agreement with theoretical tunneling ionization yields
based on WFAT, showing that the fragment anisotropy reflects changes in the outermost molecular orbital by photoexcitation.

Visualization of the highest occupied molecular
orbitals (HOMOs) of electronically ground states has
been achieved by using the fact that the tunneling ion-
ization rate strongly depends on the molecular align-
ment (orientation) with respect to the laser polariza-
tion direction [1, 2]. The extension to electronically
excited states is important for a real-time observation
of electron dynamics during chemical reactions. Re-
cently, we investigated the fragment distribution pro-
duced by dissociative ionization (DI) of NO, NO —
NO" + e~ — NT + O + e, in few-cycle intense
laser fields (8 fs, 1.1 x 10'* W/cm?) from the ground
state (X2I1, 27'350°) and the excited state (A2Xt,
27%3s0!) to demonstrate the applicability of tunnel-
ing ionization imaging to the excited states [3].

The output of a Ti:Sapphire laser system (800
nm, 1 kHz) was used to obtain pump DUV pulses
(226 nm) tuned to the NO A-X (0, 0) transition and
probe few-cycle NIR pulses (800 nm, 8 fs) to induce
DI. Those pulses with a pump-probe time delay of
150 ps were focused on the molecular beam of NO by
concave mirror (f = 75 mm) in an ultrahigh vacuum
chamber. The produced ions were accelerated to a
position sensitive detector by four electrodes in a ve-
locity map configuration. The three-dimensional mo-
mentum vector of respective ions was obtained from
the position (x, y) and the arrival time (¢) at the detec-
tor. To obtain the net signals from the excited state,
an optical chopper (0.5 kHz) was introduced to block
the pump pulse in every other shot.

The N produced by DI from the ground state
(X?IT) via the dissociative state (c’IT) of NO* show
the anisotropic distribution peaked at 45° with re-
spect to the probe laser polarization direction (Fig. 1
(a), (c)). On the other hand, the fragments produced
from the excited state (A>X*) form a weak peak at
0° (Fig. 1 (b), (d)), reflecting the change in the outer-

'E-mail: tomoyuki.endo@emt.inrs.ca
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most molecular orbital from 27 to 3sc. These results
show a good agreement with theoretical calculation
based on WFAT [4] under the adiabatic approxima-
tion, which naturally includes the effects of the per-
manent dipole of a heteronuclear diatomic molecule.
The present study demonstrates a readout of the elec-
tron distribution in the excited states and the change
in the distribution by photoexcitation from fragment
anisotropy produced by ultrafast intense laser pulses.

(b) A%Z*
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Figure 1. Momentum images of the N™ fragments pro-
duced by DI from (a) X2IT and (b) A%L* states. Polar
plots of the fragment angular distributions obtained for
(c) X211 and (d) A2X states. Solid lines are calculated
by WFAT under the adiabatic approximation. The probe
laser polarization direction is denoted with €.
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Basic mechanisms of photon/ion induced fragmentation
of molecules of biological interest

P. Bolognesi '

CNR-ISM, Area della Ricerca di Roma 1, Via Salaria Km. 29300, 00015, Monterotondo, Italy

Synopsis The use of synchrotron radiation and photoelectron-photoion (PEPICO) coincidence techniques in gas
phase experiments combined to ab-initio calculations provides detailed information on the photoionisation and
photofragmentation mechanisms in molecules of increasing complexity. This approach has been applied to the
study of radiation damage mechanisms in different classes of radiosensitisers and to develop a method to assess

the energy transfer in ion collision experiments.

The tunability of synchrotron radiation and
coincidence spectroscopic techniques enable a
state- and sometime site-selective investigation
of the energy deposition in relatively complex
molecular species. Then the combination of the
experimental results with ab-initio calculations
can provide a comprehensive and highly de-
tailed picture of the radiation induced photoion-
isation and photofragmentation.

This approach has been used to investigate
the fundamental mechanisms of VUV induced
fragmentation of two different classes of radio-
sensitising molecules, i.e. the halopyrimidines
[1] and the three isomers of nitroimidazole [2].
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N N
NO” /A Z’i\
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H H
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N~ NO;
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Figure 1. Mass spectra of 4(5)-nitroimidazole (red
line, a) and 2-nitroimidazole molecules (gray, full, area
and b) measured at 60 eV photon energy [2].

In the case of the halopyrimidines the role of
the halogen atom and its position have been
studied.

In the case of the three isomers of nitroimid-
azole the radiation-induced decomposition dis-
plays different features depending on the isomer
(Figure 1). Based on DFT calculations (Figure
2), models are proposed which fully explain
such differences and reveal the subtle and pecu-
liar fragmentation mechanisms that may play a

! E-mail: paola.bolognesi(@cnr.it

fundamental role in the specific radiosensitisa-
tion during radiotherapy.
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Figure 2. Potential energy profiles for 2-nitroimidazole.

In a third example it is shown how state-
selected photofragmentation spectra can be used
to estimate the distribution of the energy trans-
fer in ion induced fragmentation. In collabora-
tion with CIMAP CNRS and UAM [3], the
method has been tested on thymdine
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Ultrafast dissociation induced by hard X-Rays
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Synopsis Absorption of hard X-Ray photons leads to creation of deep electron vacancies, which have a very short lifetime on
the order of 1 fs or below. In the case of molecules, ultrafast dissociation may take place in the course of a relaxation decay
cascade, typically occurring on a timescale of few femtoseconds. This report describes a mechanism of multi-step ultrafast
dissociation, using the example of HCI following Cl 1s — o™ excitation. We demonstrate that by tuning the photon energy
multi-step ultrafast dissociation can be controlled.

Creation of deep core holes leads to extensive nu- HCI molecule H and CI atoms
clear dynamics on a few-femtosecond timescale de- |

1
1

2830 ! !
1

spite the very short (7 <1 fs) lifetime of such states. '
The decay of a deep core hole is very complex, and Cl 1s-16*
occurs via a series of subsequent relaxation steps. 28257 ' (t~11s)

Recently, we demonstrated a general multi-step ul-
trafast dissociation on example of HCI following
Cl 1s— 0™ excitation (~ 2.8 keV). Intermediate states 455 -
with one or multiple holes in the shallower core elec-

\ KLL Auger decay
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tron shells are generated in the course of the cascade 2 .
decays (Fig. 1) [1]. The longer lifetime and steep po- 5‘; 1
tential energy surfaces of these intermediates enable E i !
the ultrafast fragmentation. Consequently, atomic- 2 445 o
like Auger electrons are detected for the 3 possible 2 i i - o
LMM decay channels. Despite its very short lifetime, €0 250 i i ‘ i n;;;ﬁ Augerte >
a dissociative deep-core-hole state is impetus to cre- . g
ate the domino effect of the bond elongation in the 1 S'je;(vc’*)'z o
following Auger cascades leading to abundant disso- i ! E
ciation on a femtosecond timescale.. 2401 i i

: : | : e/_4uger

Furthermore, tuning hard X-ray excitation energy i i \ 3:3:;

along Cl 1s — o resonance in HCI allows manipu- He, i

L L T
Ilating molecular fragmentation [2]. Remarkably, the 1.0 1.5 20 25 30,
. . . H—CI Interatomic distance, A
nuclear dynamics, taking place during the first hun- . . .
. Figure 1. Schematic representing KLL Auger decay
dreds of attoseconds, affects drastically the spread ] i R
. cascade in HCI. Wave-function distributions after x-ray
of the nuclear wave packets in the subsequent relax- . L .
. . e photon absorption are shown in different colors with 1
ation steps. Energy dependent atomic contributions
relative to the molecular ones are observed and ex-
plained by a strong interplay between the topology
of the potential energy curves, involved in the Auger- References
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Polychromatic resonant ionization of many-electron atoms

E. V. Gryzlova'

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow 119991, Russia

Synopsis Coherent control of the photoelectron angular distribution in bichromatic ionization of neon is studied, thereby pro-
viding a method to determine the relative phase of amplitudes for different ionization channels. A fundamental problem of phase
variation between one-and two-photon ionization amplitudes in the cases of isolated and doublet intermediate resonance(s) is

investigated.

The study of quantum interference is a powerful
tool to demonstrate fundamental principles of quan-
tum mechanics as well as to disclose the structure and
dynamics of atoms, molecules, and clusters. When
angle-differential parameters, e.g., photoelectron an-
gular distributions (PADs), are determined, the rel-
ative phases of amplitudes in the various reaction
channels may be deduced.

The present research is devoted to interference
of two-pathway ionization in neon irradiated by the
bichromatic electromagnetic field

E(t) = Eo(t)[cos(wt) +ncosQowt +¢)]. (1)

We choose the fundamental frequency @ close to
the energy of the (2p®)'S — 2p°[?P]4s,— transition.
This choice, which was inspired by a recent measure-
ment at FERMI [1], allows for determining the rela-
tive phase of the two-photon resonant (by the fun-
damental) and one-photon direct (by the second har-
monic) ionization channels in the important case of
two overlapping fine-structure sublevels.

When both harmonics are linearly polarized, the
PAD is described by four angular anisotropy param-
eters P as

4
dW /dQ =Wy /(471) Y BePi(cosH). )
k=1

The odd-rank Legendre polynomials P;(cos6) lead
to an asymmetry with respect to the plane orthogo-
nal to the laser polarization vector. Measurements of
B1, B3, and the asymmetry as function of the phase ¢
provide a way to determine the relative phase and the
absolute ratio of the ionization amplitudes. It is ex-
pected that the phase of the two-photon amplitude
jumps by 7 in the vicinity of a resonance [2]. In our
case, the two fine-structure levels 2p’ [*P]4s,—; are
unresolved for a pulse duration of N ~ 100 optical
cycles, while they are resolved for N ~ 500.

Our particular interest is to investigate the phase
dependence in the case of partially unresolved fine-

'E-mail: gryzlova@gmail.com

structure sublevels. Figure 1 shows the asymmetry as
function of photon energy and pulse duration (in N).
For short pulses the asymmetry exhibits only one ex-
tremum near the 4s state, while for longer pulses sev-
eral much more distinct structures can be seen. The
above discrete states become noticeable at 20 eV.

1000

0.5

0.0
A(0°)

-0.5

000 2028

19.75 N
19.50 photon energys e

Figure 1. PAD asymmetry in the laser polarization di-
rection as function of photon frequency and length of
pulse for n = 0.02215, ¢ = 37/4, and peak intensity
1=10"> W/cm?

The investigation of the PAD as function of the
pulse duration, accompanied by a detailed amplitude
analysis, clarifies a fundamental problem of the be-
havior of the relative phase between the amplitudes
of one- and two-photon ionization in the region of a
double resonance.

The author would like to acknowledge
K. Bartschat, N. Douguet, A. N. Grum-Grzhimailo,
E. I. Staroselskaya, G. Sansone, K. Prince, and
K. Ueda for fruitful discussions.
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Novel high harmonic generation schemes
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High order harmonic generation (HHG)
sources based on the interaction of fs laser
pulses with gas or solid targets, acting as non-
linear media, have undergone enormous
progress in the last 25 years. This evolution
that resulted new science, novel technologies
and rather robust operation of attosecond
beam-lines, encounters still lots of challenges.
Ongoing developments target advanced
operational parameters such as high photon
fluxes, high photon energies, high repetition
rates, controllable polarization and advanced
diagnostics.

A substantial increase of the source
throughput can be achieved by properly scaling
the source geometry and emitting medium
density [1]. In this framework advanced
schemes for intense harmonic generation have
opened up the era of XUV non-linear optics,
achieving amongst others spatially resolved
two-XUV-photon ionization [2], XUV-pump-
XUV-probe studies of 1fs scale dynamics in
atomic [3] and molecular systems [4] using
broad band XUV continua [5] or harmonic
combs [6] in the spectral region ~10-25eV.
Two XUV-photon atomic double ionization
has been recently demonstrated at higher
photon energies (20-50 eV) in Neon [7] and He
at central photon energy ~90eV [8]. The
plasma vacuum interface, holds the promise of
substantially increasing the number of photons
carried away even in single attosecond bursts
[9]. Phase locking of laser surface plasma
harmonics leading to sub-fs localization and
the highest XUV pulse energies have been
already demonstrated in this area [10].

Recent developments have reached control
of the ellipticity of the HHG by circularly
polarized IR pulses in laser aligned molecules
[11]. Although photon fluxes are here

'E-mail: chara@iesl.forth.gr
’E-mail: Charalambidis. Dimitris@eli-alps.hu

substantially reduced, increased repetition
rates of upcoming laser systems, hold promise
for enough statistics when using circularly
polarized attosecond pulses for e.g. magnetic
circular dichroism or chirality studies.

Finally novel mid-IR lasers bring sound
advantages in HHG due to i) the "' scaling of
the group velocity dispersion and the
subsequent A% scaling of the attosecond pulse
duration and ii) the A* scaling of the
ponteromotive potential, shifting the cut-off
energy of the gas harmonic spectrum to the
water window region and beyond.

One of the key factors in the improvement
of the attosecond sources is the advancement
of the driving laser sources. Indeed, innovative
laser systems driving beyond the state of the
art attosecond sources are currently developed
for the European User Research Infrastructure
“Extreme Light Infrastructure- Attosecond
Light Pulsed Source (ELI-ALPS)”.

In this talk T will report on some of the
above achievements and highlight future
prospects of ELI-ALPS.
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Attosecond soft x-rays in the water window
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Synopsis Isolated X-ray pulses as short as 53 as with photon energy extending to more than 400 eV were pro-

duced by using a mid-infrared driving laser.

Millijjoule level, few-cycle, carrier-envelope
phase (CEP) stable Ti:Sapphire lasers have been
the workhorse for the first generation attosec-
ond light sources for the last sixteen years [1].
The spectral range of isolated attosecond pulses
with sufficient photon flux for time-resolved
pump-probe experiments has been limited to
extreme ultraviolet (10 to 150 eV). The shortest
pulses achieved are 67 as [2]. The center wave-
length of Ti:Sapphire lasers is 800 nm. It was
demonstrated in 2001 that the cutoff photon en-
ergy of the high harmonic spectrum can be ex-
tended by increasing the center wavelength of
the driving lasers [3].

In recent years, mJ level, two-cycle, carrier-
envelope phase stabilized lasers at 1.6 to 2.1
micron have been developed by compressing
pulses from Optical Parametric Amplifiers with
gas-filled hollow-core fibers or by implement-
ing Optical Parametric Chirped Pulse Amplifi-
cation (OPCPA) techniques [4]. Recently, when
long wavelength driving was combined with
polarization gating, isolated soft x-rays in the
water window (280-530 eV) were generated in
our laboratory. The number of x-ray photons in
the 120400 eV range is comparable to that
generated with Ti:Sapphire lasers in the 50 to
150 eV range [5]. The yield of harmonic gen-
eration depends strongly on the ellipticity of the
driving fields, which is the foundation of polari-
zation gating.

When the width of the gate was set to less
than one half of the laser cycle, a soft x-ray su-
percontinuum was generated. The intensity of
the gated x-ray spectrum is sensitive to the car-
rier-envelope phase of the driving laser, which
indicates that single isolated attosecond pulses
were generated. The ultrabroadband isolated x-
ray pulses with 53 as duration were character-
ized by attosecond streaking measurements.

1 E_mail: Zenghu.Chang@ucf.edu

It is expected that the photon energy of the
attosecond X-ray pulses can be further in-
creased to keV by driving high harmonic gener-
ation with two-cycle, CEP stable mid-infrared
lasers [6]. Such ultrabroadband light sources
can be used in time-resolved X-ray absorption
near edge structure measurements for studying
charge migration and other electron/nuclear dy-
namics in molecules.

This work has been supported Army Re-
search Office (W911NF-14-1-0383, W911NF-
15-1-0336); Air Force Office of Scientific Re-
search  (FA9550-15-1-0037, FA9550-16-1-
0013); the DARPA PULSE program by a grant
from AMRDEC (W31P4Q1310017). This ma-
terial is also based upon work supported by the
National Science Foundation under Grant
Number (NSF Grant Number 1506345).
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Imaging molecular bond breaking with one electron
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Synopsis We apply laser-induced electron diffraction to visualize bond scission in acetylene with 0.6 fs temporal

and 6 pm spatial resolution.

Chemical processes are typically understood
in terms of reactants and products. To under-
stand the underlying mechanism and to possibly
control them, tools are required which capture
molecular dynamics in real time and real space,
i.e. on the picometer spatial and femtosecond
temporal scale.

An imaging technique that can simultaneous-
ly achieve the required spatial and temporal
resolutions and image gas-phase molecules is
laser-induced electron diffraction (LIED) [1].
Moreover, disentangling information from con-
current processes requires many capabilities
that standard experimental apparatuses do not
possess.

Our group developed a methodology for
LIED with coincidence detection with which we
could extract multiple bond lengths in acetylene
molecules (C,H;) [2]. To apply the method to
complex molecules and to image a specific re-
action pathways, we utilize electron recollisions
from C,H, fragmentation pathways to resolve
different dynamics and to capture bond scission
for the first time [3].

Our experimental methodology for imaging
polyatomic molecules combines a few-cycle
160-kHz, 3.1-pum laser source with a reaction
microscope (ReMi) detection system. The mid-
IR radiation accelerates rescattering electrons to
core-penetrating velocities while keeping the
ionization fraction low. The reaction micro-
scope permits coincident detection of frag-
ments, and hence the identification of a specific
fragmentation channel.

E-mail: jens.biegert@icfo.eu

Selecting the deprotonation channel C,H,” —
H" + C,H we demonstrate imaging of bond
scission in real time and real space. The snap-
shots of the spatiotemporal structure were taken
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Figure 1. (a) 3D electron momentum distribution of
C,H;; (b) PiPiCo of the deprotonation reaction prod-
ucts of C,H;, (¢) molecular contrast factors (MCFs).

with an estimated 0.6-fs temporal resolution
and can distinguish the different kinetic behav-
iours of the molecule when field-ionized paral-
lel or perpendicular to the LIED field. Moreo-
ver, changing the orientation of the molecule,
we capture different dynamics and show that
the perpendicular case reveals the molecular
structure in the quasi—field-free scenario for the
dissociative dication.
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Attosecond Physics gets Nano
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Synopsis One of the main theoretical assumptions in the modelling of laser-matter phenomena is that the laser field is spatially
homogeneous in the region where the electron dynamics takes place. When the laser field presents spatial variations at a
nanometric scale, we open a new and unexplored scenario until now.

Recently two emerging areas of research, attosec-
ond and nanoscale physics, have started to come
together. Attosecond physics deals with phenom-
ena occurring when ultrashort laser pulses, with
duration on the femto- and sub-femtosecond time
scales, interact with atoms, molecules or solids. The
laser-induced electron dynamics occurs natively on a
timescale down to a few hundred or even tens of at-
toseconds (1 attosecond = 1 as = 10718 s), which is
comparable with the optical field. For comparison,
the revolution of an electron on a 1s orbital of a hy-
drogen atom is ~ 152 as. On the other hand, the sec-
ond branch involves the manipulation and engineer-
ing of mesoscopic systems, such as solids, metals
and dielectrics, with nanometric precision. Although
nano-engineering is a vast and well-established re-
search field on its own, the merger with intense laser
physics is relatively recent.

We present in this Progress Report a comprehen-
sive experimental and theoretical overview of physics
that takes place when short and intense laser pulses
interact with nanosystems, such as metallic and di-
electric nanostructures. In particular we elucidate
how the spatially inhomogeneous laser induced fields
at a nanometer scale modify the laser-driven electron
dynamics (see Fig. 1 for a sketch of conventional and
plasmonic-enhanced strong field processes).

Consequently, this field characteristic has im-
portant impact on pivotal processes such as above-
threshold ionization (ATI) and high-order harmonic
generation (HHG). The deep understanding of the
coupled dynamics between these spatially inhomoge-
neous fields and matter configures a promising way
to new avenues of research and applications. Thanks
to the maturity that attosecond physics has reached,

'E-mail: marcelo.ciappina@eli-beams.eu

together with the tremendous advance in material en-
gineering and manipulation techniques, the age of
atto-nano physics has begun, but it is in the initial
stage. We present thus some of the open questions,
challenges and prospects for experimental confirma-
tion of theoretical predictions, as well as experiments
aimed at characterizing the induced fields and the
unique electron dynamics initiated by them with high
temporal and spatial resolution [1].
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Figure 1. Sketch of conventional (a) and plasmonic-
enhanced (b) strong field processes.
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Evaluated electron scattering cross sections from furfural molecules for model-
ling particle transport in the energy range 0-10000 eV
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Synopsis An evaluated set of electron scattering cross section data from furfural molecules is presented for inci-
dent energies ranging from 0.1 to 10000 eV. This comprises previous theoretical and experimental data, new cal-
culations including interference effects and new total cross section measurements we performed for benchmark-
ing purposes. Present scattering data is used for modelling electron transport in furfural and the influence of the
input cross section values on the simulated track structure is discussed. Special attention was paid to evaluate
low energy differential scattering cross section by comparing the predictions of the model with the transmission
of 0-10 eV electrons through furfural under strong field confinement conditions.

There is an increasing interest in developing
new technologies related to using biofuels and
other biomaterials as alternative energy sources.
Recently, furfural has been postulate as a pre-
cursor biofuel and several electron scattering
studies have been carried out to determine rele-
vant interaction cross section data (see Ref. [1]
and references therein). We present in this study
an evaluated data compilation including new
differential and integral electron scattering cal-
culations we have carried out with our im-
proved IAM-SCAR method, accounting for in-
terference terms [2], in the energy range 0.1-
10000 eV. Recent electron scattering total cross
section measurements [3] have been used to
benchmark this calculation.

Energy loss spectra have also been measured
for incident energies within 50 and 5000 eV
with an energy resolved transmission beam ap-
paratus operating at a constant energy resolution
of 500 meV. Below 50eV we used the spectra
previously measured with a crossed beam appa-
ratus in the range 20-40 eV with a typical ener-
gy resolution of 80 meV and for scattering an-
gles between 10° and 90° [4] .

The Low Energy Particle Track Simulation
(LEPTS) code [5] has been used to simulate
single electron tracks of 10 keV electron in lig-
uid furfural. Electron scattering cross sections
for single molecules have been corrected to ac-
count for the overlap of surrounding molecules

E-mail: g.garcia@csic.es

in the liquid phase according to the procedure
described in Ref. [3]. Representative parame-
ters, as the electron stopping powers and ranges,
have been derived from the simulation and
compared with available information. Depend-
ence of these parameters on the input data, cross
section and energy loss distribution functions,
are analyzed and discussed in order to estimate
the uncertainty limits of the simulated values.

In order to check the reliability of calculated
DCS at low energies, where dipole interactions
are dominant, we have simulated the transmis-
sion of low energy electrons (0-20 eV) through
a low-pressure furfural gas under a strong axial
magnetic field (0.05 T) confinement and com-
pared with the observed transmission spectra. In
these conditions, scattering angles are converted
into energy loss in the forward direction being
thus quantified by a retarding field energy ana-
lyzer.

References

[1TR. F. da Costa et al. 2016 J. Chem. Phys. 144
124310

[2] F. Blanco and G. Garcia 2016 Chem. Phys. Lett.
64571

[3] A. Traore ef al.2016 Phys. Rev. A (to be submit-
ted)

[4] D. B. Jones et al. 2016 J. Chem. Phys 144
124309

[5]F. Blanco et al. 2013 Eur. Phys. J. 67 199

SPEAKER ABSTRACTS

TUESDAY PR



TUESDAY PR

XXX INTERNATIONAL CONFERENCE ON PHOTONIC, ELECTRONIC AND ATOMIC COLLISIONS

Inelastic electron scattering from biologically important molecules and radicals
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Synopsis We report on experimental measurements of cross sections for electron impact excitation and ioniza-
tion of molecules that are key subunits of biological systems.

Electron impact excitation and ionization
processes can initiate and drive chemical reac-
tions in plasma and plasma-like environments.
These processes influence the energy deposition
in radiation-based medical therapies and the
production of active species for technological
plasmas. Understanding fundamental electron-
interactions with key molecular species found
within biological system is important in build-
ing and developing models for these physical
systems, and adapting technologies to advance
medical and industrial plasma processes.

We have performed experimental investiga-
tions using electron energy loss spectroscopy to
measure differential cross sections for electron
impact excitation of molecular species. Here we
will discuss results from our experimental in-
vestigations into electron scattering from phenol
[1,2], furfural [3,4], and quinone [5]. These
molecules are key structural subunits of com-
plex biomass. The performance of theoretical
calculations aiming to describing electron scat-
tering behavior under our experimental condi-
tions will also be discussed.

We are particularly interested in understand-
ing how the geometric configuration and elec-
tronic structure of molecules contributes to elec-
tron scattering behaviour. The present meas-
urements are therefore compared to previous
measurements performed on structurally similar
systems. This enables a qualitative assessment
of how chemical structure contributes to scatter-
ing dynamics, and assesses the limitation in ap-

: E-mail: darryl.jones@flinders.edu.au

proximating biomolecular complexes as a col-
lection of molecular subunits.

Lastly, an experimental apparatus for per-
forming electron scattering experiments from
molecular radicals has also been developed at
Flinders [6]. This facility has been used for
measuring elastic scattering differential cross
sections from radical species, such as CF, [7],
CF; [8] and I [9]. We are currently expanding
the range of molecular radical targets that can
be investigated with this system through the de-
velopment of a new radical source and mass
spectrometer system. The existing electron scat-
tering spectrometer is also being replaced to
allow for experimental investigations of elec-
tron impact excitation of molecular radical spe-
cies. The progress and details of these develop-
ments will also be discussed.
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Low Energy Electron interaction with DNA and Protein”
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Synopsis The experimental results of damage caused by low energy electron interaction with pQE30 and ®X174
dsDNAs and first results with full protein Cytochrome c is presented.

Radiation used for treatment of tumours, viz,
X-ray, y-ray, proton and carbon ion beams, gen-
erate secondary particles such as ions, radicals,
excited neutrals and ballistic electrons with ener-
gies below 100 eV (e.g. ~40 000 secondary elec-
trons/MeV photon) [1]. It has been shown that
these secondary low energy electrons (LEEs) can
damage DNA and its constituents [2,3]. How-
ever, no experiments have been reported on the
damage caused to other biomolecules, like pro-
teins, in the cell. The results of the experiments
on damage induced by LEEs to DNA, Oligonu-
cleotides and proteins using a specially designed
dose controlled electron irradiator [4] is pre-
sented here.

Plasmid dsDNAs pQE30 and ®X174 have
been used as models for double stranded DNA -
LEE interaction experiments. Single Strand
Breaks (SSB) induced to ®X174 RF1 dsDNA by
electrons over the energy range 0.5 to 500 eV
show SSB yield at 0.5 eV is the lowest and it in-
creases as function of electron energy till 500 eV.
Detailed measurements conducted in the 0.5 To
25 eV range show resonance peaks, which shift
at higher irradiation doses. In addition, DNA sus-
pended in TE buffer at a pH of 7.5 show that LEE
interaction results only in the formation of re-
laxed form. When the DNA is suspended in
0.001 mM NaOH and irradiated similarly, linear
form and cross links are also formed, in addition
to relaxed form, which may be attributed to the
to the secondary electrons interacting with Na*
ions that are bound to the DNA causing a second
strand break in the opposite strand.

Measurements on single strand TT(ATA)sTT
Oligonucleotide (as a model) origami nanostruc-
tures, show that the energy dependence of strand
break (SB) cross section not only show reso-
nances but also demonstrate, for the first time
[5], the influence of the potential radiosensitizer
8-Bromoadenine (3%'A) for the configuration
TT(®'ATA)3TT by enhancing the SB cross sec-
tion up to 2.3+£0.7 at an electron energy as low as
0.5eV,2.840.6 at 3 ¢V, and 2.4+0.6 at 7 eV re-
spectively.
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LEE-Oligo nucleotide interaction studies
were done in collaboration with Ilko Bald’s
group, University of Potsdam, Germany.

We have studied electron and photon interac-
tions with proteins for the first time, using Cyto-
chrome ¢, an important heme protein, which is
involved not only in electron transport but also in
the apoptotic pathway that can be triggered dur-
ing radiation therapy. Irradiated Cytochrome c¢
was analysed by using the molecular biology
technique Enzyme-Linked Immunosorbent As-
say (ELISA). Second method of analysis was by
using Mass Spectrometry, which helps in identi-
fying the actual bond/s that are broken during ir-
radiation, while such an identification has not
been possible till now for DNA or Oligonucleo-
tides. Both photons and electrons break the pro-
tein except that the electrons cleave the pros-
thetic heme group while the photons cleave the
peptide backbone between the 18" and the 19
amino acid residues. Similar experiments on the
apo protein i.e. the protein without the heme
group show no damage. It is clear from the above
experiments that the heme group plays a vital
role in the interaction process with both electrons
and photons. As the sulfurs in the two cysteines
also have an affinity for electrons, the electron
can also interact them leading to structural
changes and subsequent dissociation.
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Low energy electron interaction with molecules of biological interest
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Synopsis Electron impact ionization and low energy electron attachment to 2-amino-2-(hydroxymethyl)-1,3-
propanediol (TRIS) and methyliminodiacetic acid (MIDA), an analogue of etylenediaminetetraacetic acid
(EDTA), were investigated experimentally complemented by thermochemical calculations. Both compounds are
components of biological buffers and often are used as DNA stabilizers in irradiation studies. Thus it is of im-
portance to understand their potential interactions with radiation and their eventual influence on experimental re-
sults. The most prominent dissociation channel for TRIS is associated with hydroperoxyl radical formation,
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whereas dissociation of MIDA results mainly in the formation of formic and acetic acid.

Understanding the interactions of various
types of radiation with the constituent cellular
molecules (DNA in particular) underlies the
formulation of DNA damage models. Such
models should be able to predict not only the
patterns of ionizations but also the spectra of
damage complexity that different types of radia-
tion can induce in DNA. Hence, knowledge of
the relationship between the amount of energy
deposited within a given region of the DNA he-
lix and the type and severity of the damage that
is produced is required [1]. Among others, low
energy electrons are the most abundant second-
ary species that are produced upon impact of
highly energetic photons, electrons or ions on
biological matter.

In most in vitro irradiation studies, extracted
plasmid DNA is used requiring stabilization,
e.g. by suspension in EDTA solution [2] or in
TRIS-EDTA buffer [3] that is later lyophilized
or used in aqueous phase, depending on the
specific type of undertaken irradiation study.
TRIS buffer has also been used as hydroxyl rad-
ical scavenger [4]. In order to adequately assess
experimental outcomes of studies employing
these compounds, controlling their eventual in-
fluence on the results is highly desirable [5].

We attempted to investigate interactions be-
tween electrons and the two most popular stabi-
lisers used in DNA irradiation studies: TRIS
and EDTA, by means of electron attachment in
the energy range of 0-20 eV. However due to
the thermal decomposition of EDTA upon heat-
ing, methyliminodiacetic acid (MIDA) was in-
vestigated instead of EDTA. The molecules are
depicted in Figure 1 with MIDA being half of

! E-mail: smialek@pg.gda.pl

EDTA, having the other half replaced by a hy-
drogen atom.

(1) (2) &)
Figure 1. (1) TRIS, (2) EDTA and (3) MIDA mole-

cules. Hydrogens are omitted for convenience.

The most prominent channels observed during
molecular fragmentation upon low energy electron
attachment resulted in formation of hydroperoxyl
radical and hydroxyl anion for TRIS and formic and
dehydrogenated acetic acids along with hydroxyl
anion for MIDA in line with theoretical considera-
tions of the reaction energetics.

On balance, these results support the request to
scrutinize the eventual, indirect influence of sub-
stances used to stabilize plasmid DNA on outcomes
of DNA irradiation studies.
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