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Abstract: In this thesis, photoelectron spectroscopy in combination with extreme-
ultraviolet (XUV) and infrared (IR) radiation is employed to investigate non-linear ef-
fects in rare gas atoms. Electrons are measured by means of a reaction microscope
which allows to determine the particles’ momentum vector in 4π solid angle.
The simultaneous interplay of XUV-photon absorption and an IR-dressing field in he-
lium atoms allows ionization via resonances which are not accessible by single pho-
ton excitation. Scanning the XUV-photon energy between 20.4 eV and 24.6 eV reveals
several ionization pathways for di�erent combinations of XUV-photon absorption and
IR-photon absorption or emission. Information about these states is encoded in the
corresponding photoelectron angular distributions (PADs). PADs are analyzed for dif-
ferent orientations of polarization between the two radiation fields which allows to
change the magnetic quantum number and to alter ionization pathways. Additionally,
PADs are analyzed for changing laser-intensities which reveals Ponderomotive-/Stark
shi�s and higher order multiphoton e�ects.
Furthermore, two-photon double ionization (TPDI) in argon is investigated with in-
tense FEL-XUV pulses. At a photon energy of 27.93 eV, we find sequential ionization
to dominate and analyze the PAD of the two emi�ed photoelectrons. Despite the
stepwise character of the process, we find both electrons being correlated via polar-
ization of the intermediate ionic state. Moreover, PADs are found to be modulated by
autoionizing states which have to be considered to properly describe the process.

Zusammenfassung: In dieser Arbeit wird Photoelektronenspektroskopie in Edel-
gasen in Kombination mit extrem ultraviole�er (XUV) und Infrarotstrahlung genutzt,
um nichtlineare E�ekte zu untersuchen. Elektronen werden mit Hilfe eines Reaktions-
mikroskopes gemessen, das es ermöglicht den Impulsvektor eines Teilchens in einem
Raumwinkel von 4π zu bestimmen.
Das gleichzeitige Zusammenspiel aus XUV-Photonenabsorption und einem IR-
dressing Feld in Heliumatomen ermöglicht die Ionisation über Resonanzen, die durch
Einphotonenanregung nicht zugänglich sind. Durch einen XUV-Photonenenergiescan
zwischen 20.4 eV und 24.6 eV werden verschiedene Ionisationspfade sichtbar,
die durch XUV-Photonenabsorption und IR-Photonenabsorption bzw. Emission
entstehen. Informationen über diese Zustände sind in den entsprechenden
Photoelektronen-Winkelverteilungen kodiert. Diese werden für verschiedene Orien-
tierungen der Polarisation zwischen den Strahlungsfeldern untersucht, wobei sich die
magnetische �antenzahl und Ionisationspfade ändern können. Zusätzlich werden
Winkelverteilungen bei verschiedenen Laserintensitäten analysiert, um ponderomo-
tive bzw. Stark-Verschiebungen und Multiphotonene�ekte höherer Ordnung zu un-
tersuchen.
Des Weiteren wird die Zwei-Photonen Doppelionisation in Argon mit intensiven FEL-
XUV-Pulsen untersucht. Bei einer Photonenenergie von 27.93 eV zeigen wir, dass se-
quentielle Ionisation dominiert und analysieren die Winkelverteilung des ersten und
zweiten Elektrons. Trotz des schri�weisen Charakters finden wir, dass beide Elektro-
nen über die Polarisierung des ionischen Zwischenzustandes korreliert sind. Außer-
dem wird gezeigt, dass die Winkelverteilungen durch autoionisierende Zustände mod-
uliert werden und zur korrekten Beschreibung berücksichtigt werden müssen.



Mehr Licht ...
Johann Wolfgang von Goethes letzte Worte
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Chapter 1

Introduction

Atomic physics is one of the fundamental areas of research in physics. Especially with
the advent of a quantum description, atomic physics gained momentum and was em-
ployed as the working horse for new discoveries in the quantum world. The beginning
of this era dates back over a hundred years, but is still present in state of the art re-
search. A prominent role is given to the fundamental interaction between ma�er and
light. Photons are the mediator of the electromagnetic force and e�iciently couple
to atomic systems as their constituents possess electric charges. The ubiquity of this
interaction in the universe, in our ecosystem and the human body, to just name a few,
has kept the research vital and growing. Over the recent decades the focus changed
from static investigations to experiments which temporally resolve inner-atomic or
molecular processes. The natural time scale for these small systems is typically lo-
cated within the femtosecond (10−15 s) regime. Inter-atomic decay mechanisms or
molecular dissociation can range from below 100 fs to several thousand femtoseconds
[1, 2, 3], whereas fast inner-atomic processes like Auger or autoionization can exhibit
life times of only several femtoseconds [4].

Real-time observations of these processes require radiation sources which provide
pulse durations in the same time domain. At present there is a variety of sources to
choose from, where each exhibits specific advantages and challenges. The develop-
ment of new sources and the progress in atomic physics was o�en closely tied to-
gether. Knowledge about the atomic structure and its behavior upon electromagnetic
radiation allowed to propose and to built a first laser. More recently developed sources
based on high-harmonic generation (HHG) employ an elaborated photoelectron recol-
lision mechanism to generate ultra-short (< fs) pulses of small wavelength (< 100 nm).
Apart from atomic solutions for short-pulsed lasers there is the free-electron laser.
Here electrons are accelerated to relativistic energies and emit electromagnetic radia-
tion in an alternating magnetic field. Short pulse durations of several tens of femtosec-
onds can be achieved in combination with high intensities and large photon energies,
which allows perform novel investigations.

An experimental realization of a time-resolved measurement is the pump-probe
technique [5]. A first “pump” pulse triggers dynamics in the target while a tempo-
rally delayed second “probe” pulse stops the evolution and creates a measurable sig-
nal. By repeating the measurement with varying delays between pump and probe



pulses the evolution of certain dynamics can be sampled. The necessity of compara-
bly short pulses is obvious in this scheme. If pulse durations exceed the life time of the
considered process there is no defined start- and endpoint, so time-dependent signals
vanish.

Another closely related field of investigation is non-linear processes triggered by
multiphoton interaction. Absorbing multiple photons within the same target allows
to examine ma�er under extreme conditions and test theory at new limits. This was
demonstrated for example by stripping o� many electrons of a xenon atom by a single
intense X-ray pulse [6]. When multiphoton absorption is applied in a smart way it can
be used to overcome certain limitations. Besides the previously mentioned delayed
two-photon absorption to resolve dynamic processes, two-photon absorption can also
be employed for Doppler-free spectroscopy [7, 8]. Another technique is resonance-
enhanced multiphoton ionization (REMPI) [9, 10, 11], where electronic and vibronic
states can be probed, which are not accessible by single photon absorption. The prob-
ability to absorb multiple photons within the same target increases with intensity of
the radiation. This relation sets another requirement on the laser parameters and
determines the most suitable radiation source. For all the processes and techniques
mentioned above the wavelength of the employed radiation is a crucial quantity.

It not only determines the amount of deposited energy, but also has an impact on
the prevailing ionization mechanism (Keldysh [12]) and on energy level shi�s and
spli�ings [13, 14]. Furthermore, as the wavelength is inversely proportional to the fre-
quency, it also plays a role in dynamic phenomena like beatings. An overview about
the electromagnetic spectrum is given in figure 1.1. Typical length and energy scales
of routinely encountered radiation are illustrated, as well as the two energy regimes
employed in this work. One regime is described as extreme ultraviolet (XUV) and lies
between 10 nm and 124 nm (124 eV–10 eV). The other regime in this work is in the
infrared (IR) that ranges from the red edge of the visible spectrum around 700 nm to
1000 µm (≈ 1.8 eV to 1meV).

The XUV regime covers the binding energy of valence electrons and the first lower-
lying subshells. It also covers ionization potentials of low charge states and typical
binding energies of molecules. Therefore the XUV regime can be considered as the
realm of chemical and biological reactions which is fundamental to life on Earth. How-
ever, as interesting this regime appears as challenging it is to access in experiments.
All elements exhibit large cross-sections in this energy range and therefore produce
considerable background signals. In order to increase the signal to noise ratio, strict
vacuum requirements and dense targets are essential. Another experimental challenge
is the XUV light generation itself.
Currently there are three light sources to choose from: radiation from synchrotrons,
HHG sources and free-electron lasers (FELs). While synchrotrons are a well-established
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figure 1.1: Electromagnetic spectrum. Comparison of length, time and energy scales.
Adapted from [15].

technique, FELs and HHG sources became available within the last 20 years. Syn-
chrotron radiation can range from several electronvolts to the hard X-ray regime and
exhibits a relatively small bandwidth. The radiation however is not coherent and large
pulse durations hinder the investigation of dynamics. Furthermore, due to low in-
tensities multiphoton processes can not be observed. In contrast, HHG-sources can
provide ultra-short pulses down to sub-femtoseconds [16] with good coherence prop-
erties [17]. Despite short pulse durations, HHG-sources deliver intensities orders of
magnitudes below FEL radiation, thus multiphoton processes are challenging to trig-
ger. The photon energy range starts at several electronvolts and can go well beyond
100 eV [18, 19]. However, choosing a particular photon energy can be challenging as
there is a comb of harmonics with a limited tuning capability. The third light source
providing XUV radiation is the FEL, which will be employed in this work. FELs can de-
liver pulses of several tens of femtoseconds which is su�icient to investigate a variety
of dynamics in atomic and molecular systems. The specialty of FEL radiation is the
large intensity that can be achieved (cf. p.1225f [20]). This allowed for the first time to
study multiphoton e�ects in the XUV and X-ray regime. Experimental challenges are
the limited coherence and pulse-to-pulse instability. For some types of FELs a large
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bandwidth and an uneven pulse structure has to be considered.

Within this work, three investigations have been published which contribute to the
described field of research. In a first study (section 4.3), photoelectron emission from
excited laser-dressed helium is analyzed. The simultaneous interplay of XUV and IR
radiation allows to populate states of specific angular momentum which are not ac-
cessible by single photon ionization. Complementary transient absorption measure-
ments referred to these states as “light-induced states” or “light-induced structures”
(LIS) [21]. The experiment employed FEL-XUV radiation with tunable photon energy
in combination with IR laser radiation of fixed photon energy 1.55 eV(800 nm). Var-
ious excited states can be accessed depending on the XUV energy, the IR intensity
and the relative temporal delay between the two pulses. In the trivial case of pre-
ceding XUV pulses, helium atoms are excited from the 1s2 1S ground state to 1snp 1P
excited states, if the photon energy matches the transition energy. Followingly, the
excited atom can get ionized upon photon absorption from the subsequent IR pulse.
Emi�ed photoelectrons carry information about the excited state they are originat-
ing from. Therefore, by measuring the energy and the angular distribution of pho-
toelectrons allows to finally assign the involved excited states. This principle is also
applied to reveal and track excited states for the more complex situation of tempo-
rally overlapping pulses. In this case the helium atom is dressed by the IR radiation
field during XUV photon absorption. This allows multiphoton excitations of the form:
He + γXUV ± NIR γIR ⇒ He∗, where NIR is the number of IR photons γIR and He∗ de-
notes the excited helium atom. The ± symbol accounts for the fact that IR photons
can be absorbed by the helium atom, but can also be emi�ed to the dressing field in
order to couple to an excited state. The various possibilities for transitions open up or
close while scanning the XUV photon energy in the experiment. In order to obtain a
measurable signal, the excited atom is ionized by absorbing additional IR photons and
emi�ed photoelectrons are detected. Their analysis allows again to deduce involved
excited states and their shi� with laser intensity as well as the underlying excitation
mechanisms.

The second successive investigation (section 4.4) exhibits the same experimental
conditions than the first one, but additionally brings in the aspect of polarization. The
XUV and IR radiation are both linearly polarized and can be rotated with respect to
each other. In contrast to parallel orientation, an orthogonal orientation of polariza-
tions allows to change the magnetic quantum number in a transition. In this way,
an even larger variety of states can be accessed during the XUV photon energy scan.
Relative polarization as an additional degree of freedom is also employed as a handle
to switch on and o� photoelectron emission. This is achieved as certain transitions
obey selection rules which depend on the relative orientation of polarizations. The
framework exhibits several aspects of the afore mentioned REMPI technique and can
be seen as a model for extended REMPI-type measurements. The specialty of em-
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ploying tunable XUV radiation in combination with an apparatus capable to measure
complete kinematics gives extensive flexibility and allows a detailed investigation.
Another aspect covered in this paper is the investigation of the transition region be-
tween the multiphoton ionization regime and the tunneling regime. When ionizing
excited atoms, the transition region can be observed at lower IR intensities than for
ground state ionization. Information about the process is gained by measuring the
photoelectron angular distribution (PAD) in dependence of the IR intensity.

The third presented experiment covers electron correlation and the e�ect of au-
toionizing states in two-photon double ionization (TPDI). For this investigation atomic
argon is irradiated with intense FEL-XUV radiation. The photon energy is chosen
above the ionization threshold of Ar+ where sequential ionization is found to domi-
nate. The photoelectrons of the first and the second ionization step are found to be
correlated via the polarized intermediate Ar+ state. This is reflected in the observa-
tion that photoelectrons from single ionization exhibit a di�erent angular distribution
than the first step electrons in TPDI. Furthermore, autoionizing states in theAr+ con-
tinuum are found to impact the PAD of the second step electron decisively.

All three studies completely rely on the capabilities of the reaction microscope
(REMI). It allows to measure the momentum of charged fragments in full 4π solid
angle, which translates to angular and energy resolution. Furthermore, the fragments
of a single reaction can be measured in coincidence, which can be essential to dis-
entangle di�erent reaction channels in the analysis. The general concept of a REMI
and the REMI endstation at the free-electron laser in Hamburg (FLASH2) is presented
in the publication in section 4.1. The paper also addresses experimental details like
beam spli�ing, focusing and delaying, as well as the target injection and the detection
scheme. Benchmarking measurements are also provided. A review about extensions
to the REMI-endstation including an HHG-source and an IR laser are presented in a
further publication in section 4.2. A selection of three exemplary experiments is also
given to demonstrate the capabilities of the setup.

The thesis is structured in the following way: Chapter 2 contains the physical back-
ground and concepts which are essential for the presented experiments. Photoexci-
tation and photoionization is introduced by a perturbative ansatz. Both mechanisms
are discussed for the extension to the multiphoton regime. Furthermore, intensity-
dependent e�ects like tunnel ionization or the ponderomotive shi� are introduced.
Chapter 3 deals with the basic concept of a free-electron laser, its working principle
and characteristic radiation. Chapter 4 contains five publications which are based on
the work of this Phd project. The first two publications cover rather technical topics
while the last three deal with investigations in helium and argon. A discussion and a
summary of the results is given in Chapter 5.
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Chapter 2

Physical Background

2.1 Absorption and emission of electromagnetic
waves

In the following, a semi-classical approach to describe electric dipole transitions is
presented. For the calculation we consider perturbation theory in first order, where the
electromagnetic wave is treated as a small perturbation to the atom. This derivation
is complied along the lines of [22] chapter 4.3 and 5.3.

In dipole approximation, the perturbation energy Û(r, t) is the product of the force
on an electron in an electric oscillatory field F = −e0E(r, t) and the distance r
between electron and nucleus:

Û(r, t) = r · e0E(r, t) = −D ·E(r, t), (2.1)

where D = −e0r is the e�ective electric dipole moment. The electric field of the
wave can be expressed as:

E(r, t) =
i

2
E0

(
e ei(kr−ωt) − e∗ e−i(kr−ωt)

)
, (2.2)

with the amplitude E0 and the unity vector of polarization e. As the wavelength λ
is typically much larger than the size of the atom ratom, i.e. kr � 1, we can expand
the exponential function and insert a 1 in first order:

Û(r, t) = e0E(r, t) · r =
i

2
E0e0 r ·

(
e e−iωt − e∗ eiωt

)
(2.3)

We want to derive the probability for the transition from state |a〉 to state |b〉.
For this we have to approximate non-stationary states within the time-dependent
Schrödinger equation. The time-dependent Hamilton operator Ĥ(t) is the sum of the
stationary Hamilton operator Ĥ0 and the interaction Û(r, t) between electrons and
the electromagnetic wave (cf. equation (2.3)):

Ĥ(t) = Ĥ0 + Û(r, t) (2.4)



In order to find an ansatz for this Hamilton operator we make use of the stationary
equation:

Ĥ0 ψj(r) = ~ωj ψj(r), (2.5)

with the solution in zeroth order and trivial time dependence:

Ψ
(0)
j (r, t) = ψj(r)e−iωjt (2.6)

This gives us the ansatz for solving equation (2.4):

Ψ(r, t) =
∞∑

j=0

cj(t)e
−iωjt ψj(r) (2.7)

This can be an exact solution, if the chosen set ψj(r) is complete and if the sum-
mation runs over an arbitrary number of states. The probability to find the final state
ψj(r) at time t is: pj(t) = |cj(t)|2, where the probability amplitude is denoted by cj(t).

For convenience we use the following notations: Ψ(r, t)→ |Ψ(t)〉 and ψj(r)→ |j〉.
With this ansatz the time-dependent Schrödinger equation including the Hamilton
operator of equation (2.4) can be wri�en as:

[
Ĥ0 + Û(r, t)

]
|Ψ(t)〉 = i~

∂

∂t
|Ψ(t)〉 (2.8)

By inserting the definitions, multiplication of the target state 〈b|, and a di�erentia-
tion, we obtain a system of linear di�erential equations:

d

dt
cb(t) = − i

~
∑

j

cj(t) 〈b| Û(r, t) |j〉 ei(ωb−ωj) (2.9)

In order to find a solution we make use of the perturbation being small: 〈Ĥ0〉 �
Û(r, t). For the initial state this leads to ca = 1 while the other states show an in-
significant change over time |cj(t)| � 1 for j 6= a and therefore are set to c0j (t) ≡ 0 in
first order. The complete solution in first order reads:

|Ψ(t)〉 ≈ |a〉 e−iωat +
∑

j 6=a

cj(t) |j〉 e−iωj(t) (2.10)

By inserting in the di�erential equation (2.9) we obtain:

d

dt
cb(t) =− i

~
Uba(t) e

iωbat (2.11)

cb(t) =

∫ t

0

Uba(t
′) eiωbat

′
dt′, (2.12)
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where Ûba(t) = 〈b| Û(r, t) |a〉 and ωba = ωb−ωa. In equation(2.12) the interaction is
assumed to start at t = 0. The quantity cb is the time-dependent transition amplitude
in first order. Here we can insert the perturbation of equation (2.3) and introduce the
transition operator T̂ = r · e = −D · e/e0 with T̂ab = 〈a| T̂ |b〉:

cb(t) =
E0e0
2~

∫ t

0

(
T̂baei(ωba−ω)t′ − T̂ ∗baei(ωba+ω)t

′
)
dt′ (2.13)

one-photon solution

cb(t) =
E0e0
2~

(
T̂baei(ωba−ω)t

i(ωba − ω)
− T̂

∗
bae

i(ωba+ω)t

i(ωba + ω)

)
(2.14)

This result serves already to draw general information on photon absorption and
emission. The two terms in the brackets of equation(2.14) lead only to significant num-
bers if ωba±ω ≈ 0. In this case the exponential functions have a stationary phase and
the denominators lead to large contributions. The frequency ω of the electromagnetic
wave is defined positive, so there are two possibilities le� for ωba:

ωba > 0 absorption (2.15)

ωba < 0 induced (stimulated) emission (2.16)

As the frequency ω can be wri�en in terms of energy E = ~ω, one can state that
the energy of the electromagnetic wave has to match the energy di�erence of the two
atomic levels for a transition to take place. In reality even laser light is not perfectly
monochromatic, but has a finite bandwidth. In this case only a fraction of the spec-
trum drives the transition. Photo-excitation, i.e. an electronic transition upon photon
absorption is an integral part for the experiments presented in Chapter 4.

Another information we can draw from the previous considerations is the laser in-
tensity dependence in one-photon absorption or emission. The excitation probability
is

Rab(t) = |cb(t)|2 ∝ E2
0 ∝ I. (2.17)

This shows that the probability for one-photon processes scales linearly with the
laser intensity. In the following, we extend the perturbative calculation to the next
order which corresponds to two-photon absorption. In this case the intensity depen-
dence of the excitation probability changes. The general relation for multiphoton ab-
sorption will also be discussed.

The two-photon solution can be obtained by inserting the first order solution of
equation (2.13) into the di�erential equation (2.9):
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two-photon solution

cb(t) = −i
(
E0e0
2~

)2 ∫
dt
∑

k

(
T̂bkT̂ka e

i(ωba−2ω)t

ωka − ω
+
T̂ ∗bkT̂k a e

iωbat

ωka − ω
+ Em

)
(2.18)

By comparing to the first order solution one can already see how the two-photon
solution is built up. The first term in the sum contains the exponent (ωba − 2ω) with
exactly twice the frequency of the perturbation to equate the energy di�erence be-
tween initial state |a〉 and final state |b〉. The denominators with ωka − ω represent
the energy di�erence of the initial state and an intermediate state |k〉. In general,
the summation has to be extended over an infinite number of intermediate states. In
practice, however one can stop a�er a few terms as the resonance denominator and
the matrix elements Tka lead to significant contributions for certain terms only.

In the process of two-photon absorption the intensity dependence of the excitation
probability changes compared to the one-photon case in equation (2.17):

Rab(t) = |cb(t)|2 ∝ E4
0 ∝ I2. (2.19)

Here, the excitation probability scales quadratically with the laser intensity com-
pared to the linearity in the one-photon process. As the cross-section of a two-photon
process is relatively small, large intensities are needed to enter a regime where these
events can be measured in an actual experiment.

Higher order solutions are found by following the same procedure as in the second
order case. In general, the solution of the previous order can be used to solve the
di�erential equation equation(2.9) and obtain the next higher order. In this way higher
order solutions are produced iteratively. One can state a general case for multiphoton
process where an atom ’At’ is excited from the initial state |a〉 to the final state |b〉 by
absorbing N photons:

At(a) + N~ω → At(b) (2.20)

For this general case the intensity dependence of the excitation probability reads

R(N)
ab = σ(N)

ba ΦN ∝ IN, (2.21)

where σ(N)
ba is the generalized cross-section and Φ = I/~ω the photon flux. This

equation demonstrates the scaling of higher order processes with intensity. Appar-
ently these processes come experimentally into reach with increasing intensity. High-
gain FELs can enter this region with their unique parameter combination (cf. Chap-
ter 3), as they exhibit an unchallenged brilliance at simultaneously large photon en-
ergies. This characteristics of an FEL and multiphoton processes in general, play a
central role in the publications presented in sections 4.3 to 4.5.
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2.1.1 Selection rules

A photon exhibits a spin sph = 1 . Relative to the propagation direction its spin has
only two orientations ms = ±1, which are referred to le� and right helicity. The case
of ms = 0 does not occur due to the transversal nature of the massless photon. In the
process of absorption or emission the total angular momentum Ĵ and its projection is
conserved for the combined system of atom and photon. Angular momentum of the
atom (lower state: Ĵa, upper state Ĵb) and spin of the photon Ŝph couple like ordinary
angular momenta in quantum mechanics.

Ĵa + Ŝph = Ĵb = Ĵ (2.22)

Here the equation can be read from the le� for absorption and from the right for
emission. The three possibilities of vector addition are illustrated in figure 2.1. The
eigenvalues of operators Ĵ are denoted with j, where jb can take the values ja + 1, ja

and ja − 1. However from ja = 0 there is just the transition to jb = 1 allowed.

figure 2.1: Addition of angular momenta of the initial state Ĵa, final state Ĵb

and the photon spin Ŝph. Taken from [22].

Furthermore the projectionm of the atomic angular momentum can only change by
certain values according to the photons polarization: ∆m = 1 le� circularly polarized,
∆m = −1 right circularly polarized and ∆m = 0 for linearly polarized1 photons.
The allowed changes of quantum numbers in a one-photon absorption process can be
summarized in:

E1 selection rules⇒
∆j = 0,±1 (where 0↔ 0 is forbidden)

∆l = ±1

∆m = 0,±1

(2.23)

(2.24)

(2.25)

1The case of ∆m = 0 refers to a di�erent coordinate system than the two other cases, due to the
transversality of photons
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In multiphoton absorption these selection rules change, as each photon carries an-
gular momentum with a specific polarization. In the case of two-photon absorption
both angular momenta can cancel each other leading to ∆l = 0 for the atom. They
also can add up leading to ∆l = ±2. The magnetic quantum number m can take
values up to |∆m| = 2. The resulting restrictions on the so called electric quadrupole
transitions can be summarized in:

E2 selection rules⇒ ∆l = 0,±2

∆m = 0,±1,±2

(2.26)

(2.27)

There are various combinations in a two-color absorption process where each pho-
ton can have an individual polarization. Di�erent scenarios with their allowed quan-
tum numbers are given in reference [23]. Absorption processes with even more pho-
tons follow the same logic as described in the two-photon case, where photon mo-
menta can cancel or add up.

2.2 Photoionization of atoms
The previous section covers electronic transitions in an atom between bound states.
In this section we we focus on the transition of an electron from a bound state into the
continuum, i.e. the emission of a photoelectron. For an electron to be emi�ed from
an atom, a specific minimal amount of energy has to be deposited within the atom.
This minimum energy corresponds to the binding energy of the electron and is o�en
referred to ionization energy or ionization potential Ip.

Along the lines of excitation, the process of ionization can be described as a tran-
sition from an initial bound state |a〉 = |nl〉 to a continuum state |b〉 = |ε`′〉 by the
absorption of a photon with energy ~ω. For simplicity, the electron spin is neglected in
the following description as it is usually conserved in the one electron system we are
considering. The initial state is described by the principal quantum number n and the
orbital momentum ` while the continuum state is characterized by the kinetic energy
ε = ~2k2e/(2me) of the electron and its orbital momentum `′. The photoionization of
an atom ’At’ can be wri�en as:

At(n`) + ~ω → At+ + e−(ε`′) (2.28)

with the energy relation: ε = ~ω − Ip (2.29)

The cross-section for photoionization can be formulated similar to the absorption
cross-section:

σεa(~ω) = 4π2α~ω|T̂εa|2 (2.30)
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Here, the transition matrix element T̂εa = 〈ε| T̂ |a〉 is defined between the discrete
initial state |a〉 and the continuum state |ε〉. This expression can be simplified by ap-
plying the Born approximation. It is valid for large but not relativistic photon energies:
Ip � ~ω � mec

2. This allows to approximate the continuum wavefunction as a plane
wave

〈r|ke〉 =

√
meke

(2π)3~2
eiker (2.31)

where the square root represents a normalization factor.
The geometry of the ionization process is illustrated in figure 2.2. The electromag-

netic wave propagates along the z-direction exhibiting the wave vector k. The polar-
ization vector e of the linearly polarized radiation is oriented along x-direction. The
electron is emi�ed along ke.

figure 2.2: Geometry of the ioniza-
tion process. Taken from [22].

As we assumed large photon energies we no
longer use the dipole approximation but the ex-
act definition of the transition operator: T̂ =
1

ωme
eikr e · p̂ = 1

ωme
eikr p̂e. With this expres-

sions the matrix element for photoionization of
state |a〉 can be wri�en as:

T̂εa = 〈ke| T̂ |a〉 = 〈ke|
1

ωme
eikr p̂e |a〉 (2.32)

= 〈p̂eke|
1

ωme
eikr |a〉 (2.33)

The last rearrangement is allowed because
p̂e ‖ e⊥k, so p̂e and eikr mutually commute.
Eigenvalues of p̂e are p cos(γ) = ~ke cos(γ). By
inserting equation (2.31) we obtain

T̂εa = 〈ke| T̂ |a〉 =

(
ke

2π

)3/2
cos(γ)

ω
√
me

∫
ei(k−ke)·rψa(r) d3r, (2.34)

which can be further simplified by introducing K = ke−k, so the integral can can
be identified as a Fourier transformation

ψa(K) = (2π)−2/3
∫
e−iKrψa(r) d3r. (2.35)

The di�erential cross-section for photoionization in Born approximation can be
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stated by inserting equation (2.34) in equation (2.30):

dσεa(~ω) = 4π2 α

ω

~k3e
me

cos2(γ)|ψa(ke − k)|2 dΩ (2.36)

If we restrict our consideration to initial states with s = 0 and hydrogen-like
atoms, we can use the following wavefunction for large K = |ke − k| a�er Bethe
and Salpeter [24]

ψ(ke − k) =
2
√

2Z5/2

πn3/2

a
3/2
0

a40 |ke − k|4 (2.37)

By taking this wavefunction in combination with assumptions like ~ω u ε =
~2k2e/(2me), v/c� 1 and neglecting terms of (k/ke)

2, we can come up with:

dσεa(~ω) = 64 a20 α
Z5

n3

cos2(γ)
(
1 + 4v

c
cos(θ)

)

(2ε/Eh)7/2
dΩ (2.38)

An integration of the solid angle yields the integral photoionization cross-section
in Born approximation for hydrogen-like atoms in ns states:

σεns(~ω) =
256π

3
α
Z5

n3

a30
(2~ω/Eh)7/2

(2.39)

This formula already describes the scaling of several fundamental quantities in pho-
toionization. Remarkable for the photoionization cross-section is the strong depen-
dence on the photon energy (~ω)−7/2. Photoionization sets in and is maximal at the
ionization threshold (in this case denoted with Eh = 13.6 eV) and decreases fast with
increasing photon energy. The photoionization cross-section shows also a strong de-
pendence on the atomic number Z5, so larger atoms can exhibit considerable val-
ues compared to lighter ones. Furthermore, the cross-section scales with n−3, which
leads to a decreased probability to ionize higher orbitals. Even though the findings
are within the Born approximation for hydrogenic atoms, the principal behavior per-
petuates also for atoms deviating from these assumptions.

2.2.1 Multiphoton ionization

Along the lines of multiphoton excitation in section 2.1, ionization can be triggered by
multiphoton absorption as well. While the energy of a single photon is smaller than
the ionization potential of the atom, the sum energy of multiple photons can exceed
the threshold energy and ionization can take place. In this process, the lightweight
photoelectron takes almost the entire excess energy. This energy is specific to ex-
perimental conditions and depends on the photon energy ~ω and the number N of
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figure 2.3: Multiphoton ionization: Atomic potential V(r) in blue with an electron in a
bound state. The ionization potential Ip is indicated with the dashed line. The extra
absorbed photons are imprinted in the photoelectron energy spectrum shown in the
inset.

involved photons. A schematic of multiphoton ionization is illustrated in figure 2.3. In
this illustration the absorption of three photons (red arrows) is su�icient to ionize the
atom. For large intensities however, there is an increasing probability for the atom to
absorb more photons than required to surpass the ionization potential Ip. This process
is called above-threshold ionization (ATI) [25, 26] and can be observed in the photo-
electron energy spectrum. The extra energy of the additional photons is given to the
photoelectron, so its kinetic energy spectrum εkin shows peaks with a spacing of just
the photon energy. These peaks, o�en dubbed as “ATI-peaks”, are depicted in the top
right corner of figure 2.3.

Similar to the single photon ionization in equation (2.28) we can state the reaction
and the energy balance for the multiphoton case:

At + N ~ω → At+ + e−(εkin) (2.40)

with the energy relation: εkin = N ~ω − Ip (2.41)

The transition probabilityRN
ε←a in multiphoton ionization scales with intensity ana-

log to multiphoton excitation in equation (2.21). The transition from an initial bound
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state |a〉 to a continuum state |ε〉 in Nth order perturbation scales:

R(N)
ε←a = σ(N) ΦN ∝ IN (2.42)

Where Φ is again the photon flux and σ(N) a generalized cross-section.

With the advent of high-gain FELs which deliver pulses of high intensity, it became
feasible to perform experiments where multiple XUV or X-ray photons are absorbed
within one atom. With this combination of large photon energies and high intensities
atoms can be brought to high ionization states AN+ [27]. There are two mechanisms
of reaching higher ionization states: Sequential ionization (SI) and non-sequential ion-
ization (NSI) (Exp. [28] and theory paper therein). Sometimes NSI is also referred to
as direct ionization.

En
er
gy

A2+

A+

A0

(a) SI (b) NSI

figure 2.4: (a) Sequential ionization
(b) Non-sequential ionization

In SI the atom traverses every lower ion-
ization state on the way to the final ion-
ization state (cf. figure 2.4 (a)). The step-
wise character of SI leads to specific sig-
natures which allows to distinguish it from
NSI. As the atom resides in an intermedi-
ate ionization state, the successive absorp-
tion of photons can be delayed. Further-
more, the excess energy above each ion-
ization threshold is given to the respec-
tive emi�ed electron. It exhibits a char-
acteristic value which depends on the ion-
ization potential and the photon energy.
On the contrary, in NSI higher ionization
states are reached directly. Multiple pho-
tons are absorbed within a tiny amount of
time which is governed by the Heisenberg

uncertainty principle. In a short enough time interval the energy spread of photons
can increase and an overlap with ionization thresholds can be established. For the
case depicted in figure 2.4 (b), a signature of NSI is the energy sharing between the
two emi�ed electrons [29].

Which mechanism is dominating cannot be stated in general as it depends on the
photon energy regime, but also on the specific combination of target atom and photon
energy. In the X-ray regime SI was shown to prevail [30], while in the XUV regime NSI
can also have a considerable contribution [28]. Moreover, there are additional e�ects
which demand a more complex description of reaching high charge states. For exam-
ple X-ray photons can exhibit large cross sections for inner-shell ionization, which is
typically followed by a cascade of Auger electrons [31]. Resonances can also play a
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decisive role in the process of reaching high ionization states, especially if the energy
of a single photon is smaller than the next ionization threshold [6]. In many cases,
NSI involves less photons than SI to reach the same ionization state [29]. This can
be a decisive factor as the ion yield Y scales with the intensity I as Y ∝ IN , where
N is the number of photons [32]. It can be shown that for low intensities NSI can
be the dominating mechanism while at high intensities SI ionization is expected to
dominate [33].

The di�erentiation between the two mechanisms will be crucial for the experiment
on the two photon double ionization in argon which is presented in section 4.5.

2.2.2 Photoelectron angular distribution
The di�erential photoionization cross-section in equation(2.38) already shows the an-
gular dependency of emi�ed electrons. For linearly polarized light the angular de-
pendence is mainly governed by cos2(γ) = sin2(θ) cos2(ϕ), with γ being the angle
between the electron emission direction and the polarization axis. The term 4 v

c
cos(θ)

in equation(2.38) is just relevant for large photon energies and can be omi�ed for non-
relativistic electrons. In strict dipole approximation for the here assumed E1 transition
we can formulate the di�erential cross-section of photoionization:

single photon ionization:
dσεa
dΩ

=
σεa
4π

[1 + β2 P2(cos γ) ] where − 1 ≤ β2 ≤ 2

(2.43)

Here, the second Legendre Polynomial P2(cos γ) = (3 cos2 γ − 1)/2 contains the
angular dependence and the coe�icient is the anisotropy parameter β2 . In the case of
an ns initial state, the anisotropy parameter is β2 = 2 and equation (2.38) yields the
same result as this representation. Electron emission is then found along the polariza-
tion axis and vanishes perpendicular to it. The angular distribution of this continuum
state corresponds to a p-orbital. In general for low energies in photoionization, the
continuum states are equivalent to excited states as described in section 2.1.

In the case of multiphoton ionization the complexity of the di�erential cross-section
increases. The angular momenta of photons can add up or cancel each other and
in general di�erent polarizations have to be considered. Furthermore, for resonant
intermediate states saturation e�ects have to be considered. A plain formulation [34,
35, 36] can be given for multiphoton ionization with linearly polarized light without
saturating intermediate states:

multiphoton ionization:
dσεa
dΩ

=
σεa
4π

[
1 +

∑

n∈N

β2nP2n(cos γ)

]
(2.44)
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2.2.3 Tunnel ionization

For very large laser intensities the mechanism of multiphoton ionization is superseded
by tunnel ionization. In this regime the electric field strength of the electromagnetic
wave gets comparable to the Coulomb potential of the atom. Bound electrons expe-
rience a distorted atomic potential V(r) as illustrated in figure 2.5. For a su�iciently
strong distortion the electron can escape the atomic potential by tunneling through
the remaining potential barrier.

V(r)

r

figure 2.5: Tunnel ionization: Atomic potential V(r) in blue is distorted by the electric
field of the electromagnetic wave. The bound electron can escape the atomic potential
by tunneling through the potential barrier.

A description to quantify the transition from the multiphoton regime to the tun-
neling regime was first introduced by Keldysh [12]. The essential parameters like the
frequency ω and the maximum field strength E0 of the electromagnetic field and the
ionization potential Ip of the atom are combined in the Keldysh parameter:

γ =

√
2 Ip ω

E0

(2.45)

The magnitude of γ determines the prevailing regime. For γ � 1 multiphoton ion-
ization is the dominating process, while for γ � 1 the tunneling regime is prevailing.
The classification by the Keldysh parameter is not a strict law, but rather gives a good
estimate and describes the scaling with parameters.

For even larger intensities the atomic potential can be distorted in such a way that
there is no potential barrier le� for the electron. It can escape the atomic potential
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without the need of tunneling through a potential barrier. This process is referred to
as over-the-barrier ionization.

2.2.4 Ponderomotive shi�
If an atom is ionized by an intense and long wavelength laser pulse, photoelectrons
are measured at a lower kinetic energy than expected by simply taking the energy
di�erence between ionization potential and photon energy [37]. This shi� in photo-
electron kinetic energy is referred to as the ponderomotive shi�. As the emi�ed elec-
tron finds itself in the strong alternating electric field of the electromagnetic wave,
it performs an oscillatory motion. The energy stored within this motion is called the
ponderomotive potential. The excess energy in photoionization is split between the
ponderomotive potential and the kinetic energy of the linear electron motion. Under
certain experimental conditions the ponderomotive potential is lost and the measured
photoelectron energy is lowered.

In order to determine if the ponderomotive potential is lost or recovered by the pho-
toelectron, its motion within the pulse has to be considered. As described in [38] we
di�erentiate between two cases, where the relevant parameters are the pulse duration
τ , the transversal beam diameter d and the linear average motion of the electron va:

If τ � d/va, the pulse duration is so large that the electron has le� the pulse
region before the pulse is over. The beam can be considered as stationary and the
electron will be accelerated by the electric field gradient when leaving the pulse. In
this case the ponderomotive potential is conservative and the energy of the oscillatory
motion is recovered by the photoelectron. Consequently, there is no ponderomotive
shi� measured at the detector which is located outside the light field [39].

If τ � d/va, the electron remains within the pulse region as long as it interacts with
the pulse. In this case the ponderomotive potential is time dependent and the energy
is not conserved. The energy which is stored in the oscillatory motion will be lost
when the pulse leaves the atom. Consequently, the measured photoelectron energy is
lowered in the order of the ponderomotive potential.

The ponderomotive potential leads not only to a shi� of photoelectron peaks but
also to a broadening of them. The broadening however is an accumulative e�ect of dif-
ferently pronounced energy shi�s between single photoionization events. The broad-
ening can originate from spatial and from temporal characteristics of the laser pulse.
If an electron is emi�ed in the high-intensity region of the laser focus the pondero-
motive shi� is larger than in a low-intensity region. If ionization takes place at the
rising edge of the laser pulse, the emi�ed electron experiences a lower intensity as for
ionization in the pulse maximum. Both scenarios together translate to a broadening
of photoelectron kinetic energy peaks.
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A quantitative description of the ponderomotive potential Up can be obtained by
classical considerations. For them to be applicable, we assume the photon wavelength
to be much larger than the region of space where the photoionization process takes
place [38]. The derivation ofUp is straightforward and can be found for example in [22]
chapter 8.5.1:

The equation of motion of a free electron in an oscillatory electrical field can be
stated as

me
dv

dt
= e0E0 cos(ωt), (2.46)

whereE0 is the amplitude of the electrical field with frequency ω. The velocity follows
as

v(t) =
e0E0

meω
sin(ωt) (2.47)

and the electrons kinetic energy is accordingly:

1

2
mev

2 =
e20E

2
0

2meω2
sin2(ωt). (2.48)

The mean energy which is stored within the oscillatory quiver motion of the electron
is called ponderomotive potential:

Up =
1

2
mev2 =

e20E
2
0

2meω2

=1/2︷ ︸︸ ︷
1

T

∫ t+T

t

sin2(ωt)dt (2.49)

⇒ Up =
e20E

2
0

4meω2
∝ Iλ2 (2.50)

The ponderomotive potential exhibits a quadratic dependence on the laser wave-
length λ and scales linearly with the laser intensity I . In order to obtain an esti-
mate of a typical Up magnitude we consider the widely-used Ti:Sa laser wavelength
of λ = 800 nm at an intensity of I = 1014W/cm2. This yields Up ≈ 6 eV, which is a
considerable energy and comparable for example to binding energies in an atom. The
ponderomotive shi� is closely related to the dynamical Stark e�ect which leads to an
energy shi� of bound states.

An illustrative example of the ponderomotive shi� in photoionization is shown in
figure 2.6. The ponderomotive shi� can be depicted by an increase of the continuum
threshold with intensity. Bound states are described in the context of the AC Stark
shi� and shi�ed as well, but the magnitude depends on the binding energy [40]. Lower
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figure 2.6: Impact of the ponderomotive potential Up in photoionization. Ionizing from
state|1〉 (blue photons) at di�erent laser intensities leads to distinctly di�ering mea-
sured kinetic energies Ekin of the photoelectron. Ionizing from a higher lying state |2〉,
which is more a�ected by the laser field, leads to a smaller measured kinetic energy
shi�.

lying states |1〉 are less a�ected than higher lying states |2〉. As described above, the
excess energy in photoionization is split between the kinetic energy of the photoelec-
tron and the ponderomotive potential. Up increases with intensity and consequently
the kinetic energy share Ekin decreases. This e�ect is most prominent if the atom is
ionized from a strongly bound state |1〉. This scenario is depicted in figure 2.6 for the
two photoionization cases (blue photons) at di�erent intensities. Ionizing at higher
intensities leads to a lower measured photoelectron kinetic energy.

If the atom is ionized from a higher lying state |2〉 the kinetic energy shi� with
intensity is lower compared to the previous case. Ionization from state |2〉 for low and
high intensity is illustrated by the red arrows in figure 2.6. Ekin di�ers by just a small
amount compared to ionization from state |1〉.
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Chapter 3

Free-electron Laser

This section provides background information on the free-electron laser which is em-
ployed for the investigations in sections 4.3 to 4.5. Detailed information on the the
remaining setup, i.e. the REMI endstation, including the REMI working principle, op-
tics, detectors and data acquisition is provided in the publication of section 4.1 and is
not repeated in this section.

The word laser is an acronym for “light amplification by stimulated emission of
radiation”. The process to generate laser radiation is partly described in the acronym.
In brief, a gain medium (gas, solid, ...) is electronically excited by an external energy
source and placed inside a cavity. Single atoms of the gain medium can de-excite in
a statistical process called spontaneous emission. The characteristic energy of the ex-
citation is released in form of a photon. Inside the cavity this photon can hit another
excited atom which de-excites and emits an identical photon. This process is called
stimulated emission. Both photons are still present in the cavity and can further trig-
ger stimulated emission in excited atoms. A cascade of stimulated emission processes
takes place generating an exponential amplification of light. Stimulated emission en-
sures all photons to exhibit a fixed phase relation which translates to coherence, a
specific laser radiation property.

Conventional lasers have in common to work with a gain medium. The name of the
laser indicates the category of material being used. For example there are gas lasers,
dye lasers, metal-vapor lasers, solid-state lasers and semiconductor lasers.

A completely di�erent mechanism to generate laser-like radiation is pursued in
free-electron lasers. In this case, free electrons are brought to relativistic energies
where they start to emit electromagnetic radiation upon periodic transverse accel-
eration. The radiation exhibits certain conventional laser characteristics like a small
bandwidth, coherence to a certain degree and low beam divergence. Beyond that,
FELs provide some unique features. For example, the photon energy is not restricted
to specific transitions in a gain medium, but can be chosen continuously within the
specifications of a given FEL. Moreover, FELs allow to enter parameter regions which
are not accessible to other light sources. Particularly interesting is the combination of
high intensities and large photon energies. It allows to trigger non-linear e�ects (e.g.
multiphoton absorption) in atoms and molecules in an unprecedented energy region.



figure 3.1: Performance overview of di�erent light sources. Taken from [42]

An overview of di�erent light sources with their characteristic ranges of brilliance 1 in
dependence of their photon energy is shown in figure 3.1.

The following passage gives an introduction to the working principle and radiation
characteristics of FELs.

The first to describe the principles of a free-electron laser was Madey in 1971 [43].
Later on in 1981, the first scheme for high-gain FELs in the so� X-ray regime was
proposed [44]. The first short wavelength FEL-facility to open for user operation was
the free-electron laser in Hamburg (FLASH) in 2005 [45]. Up to date there are many
other FELs working around the world2 or being under construction3.

Free-electron laser pulses are generated by a highly relativistic electron bunch which
emits synchrotron radiation when brought to a sinusoidal motion perpendicular to

1Brilliance is a quality measure of X-ray sources. It comprises the number of photons per second
related to the angular divergence of the beam, its cross-sectional area and its bandwidth [41]

2FERMI@Ele�ra in Italy [46], SACLA@SPring-8 in Japan [47], LCLS@SLAC in the USA [48], Euro-
pean XFEL@DESY in Germany [49], SwissFEL@PSI in Switzerland [50], PAL-XFEL@PAL in South
Korea [51]

3SXFEL@SINAP in China [52], LCLS-2@SLAC in the USA [53]
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figure 3.2: Main parts of a free-electron laser. Taken from [58].

their propagation direction. The electromagnetic radiation is emi�ed in a small cone
along the propagation direction of the electrons due to their relativistic velocity. The
radiation also exhibits a partial coherence due to an internal feedback loop between
electron bunch and its generated light field. Low divergence and coherence of the FEL
radiation led to the term “laser”, even though there is no stimulated emission involved.

The following section on FEL physics is compiled with information from refer-
ence [20]. The main parts of an FEL are depicted in figure 3.2. Starting from the le�,
electrons are generated in the “electron source” by illuminating a photocathode with a
short-pulsed ultraviolet laser. The charge of each electron bunch has to be maximized
and of low emi�ance, in order to achieve a large photon flux in the end. However,
Coulomb forces between electrons set a limit to the bunch charge and the emi�ance.
These space charge forces scale with 1/γ2, so its e�ect can be mitigated by accelerat-
ing the electrons to relativistic energies very fast [20, 54]. The “electron accelerator”
is usually realized in form of a linear accelerator, which can provide the demanding
beam parameters: “high peak current, small energy spread and small transverse emit-
tance” [55]. There are many di�erent types of accelerators, so we will exemplarily
present the FLASH accelerator. It features seven TESLA-type 4 superconducting ac-
celeration modules, reaching electron energies of up to 1.25GeV. Each module com-
prises several radio frequency (RF) (1.3GHz) cavities built up of solid niobium. The
RF-synchronization of cavities ensures the voltage to be applied in the right period, so
the electrons get accelerated from cavity to cavity. The cavities are helium-cooled to a
temperature of 2K at which niobium is superconducting. Normal-conducting cavities
heat up strongly and can handle a RF duty cycle of just 0.01%, while superconducting
cavities can provide larger numbers. This di�erence in accelerator technology is re-
flected in the repetition rate of FEL pulses. FLASH exhibits a maximal repetition rate
of 7500Hz [57] while LCLS for example operates normal-conducting cavities deliver-
ing FEL pulses at a repetition rate of 120Hz [48].

Following the acceleration, the highly relativistic electron bunches traverse the “un-

4The TESLA test facility developed superconducting accelerator technology originally for an electron-
positron collider [56].
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dulator magnet”. The undulator consists of a periodic arrangement of permanent mag-
nets forcing the electrons on a sinusoidal trajectory perpendicular to their propagation
direction. The oscillatory motion implies an acceleration of charges and consequently
synchrotron radiation is emi�ed. The fundamental wavelength λ0 of this radiation is
determined by several parameters of the electron bunch and the undulator:

λ0 =
λu
2γ2

(
1 +

K2

2

)
(3.1)

The period of undulator segments is denoted by λu, the Lorentz factor of the electrons
by γ and K is the dimensionless undulator parameter. It is defined as:

K =
eB0λu
2πmec

, (3.2)

where B0 is the peak magnetic field, e and me the electron charge and mass respec-
tively, and c the speed of light. The simple relation in equation (3.1) already shows the
main handles to change the photon wavelength: The electron energy represented by
γ and the undulator period λu. While the former parameter is determined by the ac-
celerator setup the la�er is determined by the undulator setup. In most FEL facilities
the photon wavelength is set by tuning the electron accelerator. FLASH2, however,
features variable gap undulators which allows to quickly change the photon wave-
length without changing the accelerator setup [57]. This facilitates photon energy
scans during user operation, as presented in sections 4.3 and 4.4.

The di�erence between high-gain and low-gain FELs is that the former reaches
intensity saturation within one single passage through the undulator. This is
advantageous for radiation in the XUV or X-ray regime, where large absorption
cross-sections make optical resonators impractical. On the contrary, low-gain FELs
are o�en operated in the infrared (IR) or terahertz (THz) regime where optics for an
optical resonator are available. In combination with an electron storage ring multiple
passages through the undulator have to be performed to reach saturation. In the fol-
lowing and in the rest of this work we will focus on high-gain FELs in the XUV regime.

The process leading to high gain and partial coherence is called microbunching.
The e�ect occurs within one electron bunch in the undulator, which finally generates
one photon pulse. Initially each electron in the bunch wiggles with its own phase as
illustrated in figure 3.3 on the le�. As spontaneous radiation in the undulator travels
along with the electron bunch, electrons are accelerated or decelerated depending
on their phase relative to the radiation field. In this way electrons form so called
microbunches along the propagation direction which are separated by the radiation
wavelength. As the electrons arrange more regularly, the collective emission gets
more intense and in turn the electrons experience a stronger force to arrange in
the radiation field. This positive feedback loop is called self-amplified spontaneous
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Incoherent emission:
electrons randomly 
phased

Coherent emission:
electrons bunched at
radiation wavelength

figure 3.3: Microbunching and SASE in an undulator. Electrons within the electron bunch
initially radiate at random phases. As the electrons interact with the light field they
arrange (form microbunches) according to the radiation amplitude. The more the
electrons arrange the more they radiate in phase enhancing the radiation field. The
stronger field in turn leads to a stricter microbunching. This positive feedback loop is
called SASE. Taken from [59].

emission (SASE) [60, 61]. Besides the coherent properties obtained through mi-
crobunching, also the intensity scaling with the number of electrons is a�ected. If
electrons are randomly distributed on the wavelength scale, they independently emit
photons and the net output intensity scales with the number of electrons Ne ∝ I .
However, if the electrons are arranged according to their radiation wavelength and
within a small fraction of it (cf. figure 3.3), the collectively emi�ed radiation scales
N2

e ∝ I [61]. This scaling law is one reason why FELs can deliver radiation intensities
which are many orders above synchrotrons. While FELs exhibit coherent emission,
synchrotrons deliver purely incoherent radiation (cf. p.238 [20]).

Another specialty of FEL radiation is the shot-to-shot fluctuation between pulses.
While other XUV radiation sources provide stable pulse characteristics from shot to
shot, SASE-based FEL pulses di�er in intensity, temporal structure and spectral dis-
tribution [63]. These fluctuations are owed to the stochastic character of the SASE
process. For experiments which require a certain temporal and spectral resolution, the
FEL pulse characteristics can be a limiting factor. Specific parameter combinations in
the generation process can mitigate the spread of the crucial quantity, however fluc-
tuations between pulses remain. Therefore it can be beneficial to analyze the pulses
on a shot-to-shot basis. Figure 3.4 depicts (a) the temporal structure and (b) the spec-
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figure 3.4: Pulse analysis of single shots at FLASH. (a) Temporal structure of two long
pulses obtained by THz streaking. (b) Three single shot spectra in color and an average
spectrum in black. Taken and adapted from [62].

trum of individual pulses [62].
In this example the temporal structure of an XUV pulse is retrieved by THz streak-
ing [64]. This technique exploits that photoelectrons of the ionizing XUV pulse carry
temporal information of the pulse itself. If long wavelength THz radiation is super-
imposed during the ionization process, the photoelectron kinetic energy is modified
according the THz vector potential at the moment of ionization. In this way, the tem-
poral structure of the electron wave packet is mapped onto the photoelectron kinetic
energy distribution. By measuring the kinetic energy parallel and perpendicular to the
THz polarization, the temporal information on the XUV pulse can be retrieved and a
pulse structure like the one depicted in figure 3.4 (a) can be obtained.

There are further techniques to investigate the temporal pulse structure on a single
shot basis and additional ones for determining the average pulse duration. A com-
prehensive review of characterization methods for ultrashort XUV pulses is given in
reference [65].

Spectral information about individual SASE pulses can be gained with an XUV spec-
trometer. See references [66, 67] for general information and [68, 69] for specific XUV
spectrometer at FLASH. These spectrometers are based on di�raction from a grating
with su�iciently small structures (≈µm). A pulse spectrum is obtained by a CCD cam-
era recording di�racted light along the dispersive axis of the spectrometer. Exemplary
spectra of individual pulses are depicted in figure 3.4 (b) in green, blue and red. An
average spectrum of many pulses is plo�ed in black. This illustrates how the e�ective
FEL bandwidth builds up in an experiment based on statistic.
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Chapter 4

Publications

While the first two papers focus on the technical side and the capabilities of the REMI
endstation, the three la�er ones focus on physics and deal with laser-dressing e�ects
in helium and electron correlations in argon.

4.1 Setup of the REMI endstation
The first half of this Phd project was dedicated to se�ing up a permanent REMI end-
station at FLASH2. Its working principles and special features are described in the
paper “Reaction microscope endstation at FLASH2” published in the Journal of syn-
chrotron radiation.

While an idea of the setup and many basic beamline parts were already available
from former beamtimes, the permanent setup opened up several possibilities to mount
parts in a di�erent way and to implement new sections. For example a main renewal
was the in-line mirror chamber, replacing the back-reflecting mirror geometry. The
new grazing-incidence mirrors exhibit a high reflectivity over a large XUV energy
range. In this way, the mirrors can be kept in place during a photon wavelength scan,
while the old setup was equipped with normal-incidence multilayer mirrors which had
to be exchanged at di�erent wavelengths. This characteristic is especially important
at FLASH2 where variable gap undulators are implemented, which allow to quickly
change the XUV photon wavelength (cf. Chapter 3).

Besides construction and commissioning of the endstation this paper explains the
measuring scheme of the REMI. It covers the target preparation, the working prin-
ciple of the detectors and the spectrometer and the data acquisition. Furthermore,
it gives detailed information on the setup, like dimensions, geometries and vacuum
conditions, which are not included in the experimental publications in sections 4.3
and 4.4.
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A reaction microscope dedicated to multi-particle coincidence spectroscopy

on gas-phase samples is installed at beamline FL26 of the free-electron laser

FLASH2 in Hamburg. The main goals of the instrument are to follow the

dynamics of atoms, molecules and small clusters on their natural time-scale and

to study non-linear light–matter interaction with such systems. To this end, the

reaction microscope is combined with an in-line extreme-ultraviolet (XUV)

split-delay and focusing optics, which allows time-resolved XUV-XUV pump–

probe spectroscopy to be performed.

1. Introduction

A complete picture of the formation, internal rearrangement

and the break-up of a molecule is only obtained if the

evolution of the reaction is observed in a time-resolved

manner (Zewail, 2000). As underlying processes like charge

migration and energy redistribution within the molecule

typically happen within a few to tens of femtoseconds, a

spectroscopic technique that is fast enough to record the

reaction is needed (Zewail, 1988). With the invention of short-

wavelength free-electron lasers (FELs) (Ackermann et al.,

2007), the research area of atomic, molecular and optical

(AMO) physics obtained a new experimental tool that

provides femtosecond light pulses of extreme-ultraviolet

(XUV) photons at unprecedented intensities (Feldhaus et al.,

2013; Yabashi et al., 2013; Callegari et al., 2016). The unique

properties of XUV FEL pulses allow XUV pump–probe

spectroscopy to be employed to study dynamical processes

like isomerization (Jiang et al., 2010a), nuclear wave-packet

oscillations in molecules (Jiang et al., 2010b; Magrakvelidze et

al., 2012), interatomic Coulombic decay (Schnorr et al., 2013),

electron rearrangement in dissociating molecules (Schnorr et

al., 2014), the expansion of clusters (Krikunova et al., 2012;

Sauppe et al., 2018), non-equilibrium transient states in func-

tional solids (Pontius et al., 2018) and attosecond inter-

ferometry (Usenko et al., 2017). Furthermore, short-

wavelength FELs open up a new regime in non-linear light–

matter interaction, e.g. multi-photon ionization can now be

studied at XUV photon energies (Sorokin et al., 2007b;

Moshammer et al., 2007; Richter et al., 2009; Hikosaka et al.,

2010; Gerken et al., 2014).

Besides an appropriate light source, a detection apparatus,

which extracts the essential information on the process under

investigation, is decisive.

Reaction microscopes (REMIs) are state-of-the-art coin-

cidence momentum imaging spectrometers to resolve and
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study fundamental reactions in atoms or molecules, triggered

upon collisions with ions, the impact of electrons or absorption

of photons (Ullrich et al., 2003).

Taking advantage of the synergy arising from the combi-

nation of a REMI and a high-repetition-rate XUV FEL

(Rudenko et al., 2010; Moshammer & Schnorr, 2014), a

dedicated user endstation is installed at beamline FL26 of the

free-electron laser FLASH2 (Plönjes et al., 2016; Faatz et al.,

2016). Fig. 1 shows the layout of the endstation. In this paper,

the main components are introduced and commissioning

results are discussed.

2. Reaction microscope

Reaction microscopes are multi-particle coincidence spectro-

meters for AMO physics, which allow measuring the initial

energies and emission angles of the charged products, i.e. ions

and electrons, of fundamental atomic and molecular reactions

in the gas phase (Moshammer et al., 1996; Dörner et al., 2000).

To this end, the charged reaction fragments, i.e. atomic or

molecular ions and electrons, are accelerated onto large-area

time- and position-sensitive detectors. By measuring the time-

of-flight (TOF) and the impact position of the particles on the

detectors, the initial three-dimensional momentum vectors can

be reconstructed. While the ions carry information about the

nuclear dynamics during a reaction, the ejected electrons are

sensitive to the electronic structure of the system under

investigation. In the ideal case, electrons and ions are

measured in coincidence and, by applying momentum

conservation, fragments emerging from a single atom or

molecule can be selected. This enables so-called kinematically

complete experiments to be performed (Kurka et al., 2009).

The REMI installed at FLASH2 is schematically shown in

Fig. 2. The FEL beam (purple) is focused into a supersonic gas

jet (cf. Section 2.1), which contains the target atoms, molecules

or clusters (green spheres). Created ions (red trajectory) and

electrons (blue trajectory) are separated by their different

charges and guided onto opposing detectors (cf. Section 2.3)

by the electric field of the spectrometer (cf. Section 2.2). The

magnetic field generated by a pair of Helmholtz coils forces

the electrons in cyclotron orbits on their way to their detector.

The combination of a homogeneous electric and magnetic

field ensures a solid-angle acceptance of 4� for all ions and

electrons of interest. In the following, the key components of

the REMI are introduced.

2.1. Target injection

The target preparation is based on supersonic expansion of

gas-phase samples. For this, gas is expanded through a nozzle

from a high-pressure reservoir into vacuum and a supersonic

jet is formed. In doing so, the undirected thermal energy of the

gas particles is transformed into directed kinetic energy, which

results in a decrease of internal temperature. The achieved

temperature depends on several parameters, in particular on

the specific gas, the nozzle diameter, the backing pressure and

the temperature of the gas before the expansion (Scoles,

1988).

Three different nozzle assemblies are available at the REMI

endstation. Firstly, a cooled nozzle allows to pre-cool the gas

before the expansion. Cooling down to cryogenic tempera-

tures is achieved by using a closed-cycle helium refrigerator

cold-head, and very low jet temperatures are reached (for

example �0.5 K for a helium jet). This results in very low

momentum uncertainty of the target atoms or molecules.

Hence, this nozzle assembly is suited for experiments that ask

for a high-momentum resolution for the recoil-ions (Kurka et

al., 2010). Secondly, a heatable nozzle can be installed to inject

liquid and solid samples with low vapor pressure (Schnorr et

al., 2014). It is based on sublimating the sample in a heatable

reservoir outside of the vacuum. The molecules are then

carried to the nozzle by a seeding gas or the vapor pressure.

An increasing temperature gradient from the reservoir to the

nozzle circumvents re-sublimation and, thus, clogging of the

system. The heatable nozzle can operate up to temperatures of

200�C. Thirdly, a nozzle assembly where the reservoir for
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Figure 1
Overview of the REMI endstation at FL26. The FEL beam enters from
the left. Shown are the REMI (cf. Section 2), the in-line XUV split-delay
and focusing optics (cf. Section 3), the REMI beamline section (cf.
Section 4) and an optical table for the IR laser (cf. Section 6). The figure
is taken from Schmid (2018).

Figure 2
Schematic drawing of the REMI. Shown are the main components, i.e.
spectrometer, ion detector, electron detector and a pair of Helmholtz
coils. The FEL beam (purple) is focused into a supersonic gas jet (green
spheres). Created ions (red trajectory) and electrons (blue trajectory) are
guided by a combination of an electric (E) and a magnetic field (B) onto
their respective detector. The coordinate system (x, y, z) used within this
section is also shown. The figure is adapted from Schmid (2018).



liquid samples is integrated into the

vacuum system is available. The design

is based on evaporating the liquid as

close as possible to the nozzle to

prevent clogging by condensation. The

system can be operated with and

without a seeding gas. Using this nozzle

assembly, the generation of water and

water–rare-gas dimers has been accom-

plished (Meister, 2016).

The experimental implementation of

the jet system is shown in Fig. 3. It

features six vacuum stages that are

differentially pumped. Hence, despite

backing pressures of up to 70 bar in

the nozzle, ultra-high-vacuum (UHV)

conditions are preserved in the REMI

interaction chamber (cf. Section 2.4). In

order to form a supersonic jet, the gas

expands from a high-pressure reservoir

(0) through the nozzle (typical diame-

ters 5�50 mm) into the vacuum of the first jet stage (1). A

sharp-edged conical skimmer made of pure copper (inner

diameter: 180 mm) is coaxially opposing the nozzle to peel off

gas particles from the so-called zone of silence (cf. inset Fig. 3),

i.e. a region where gas particles have supersonic speeds and

low internal temperatures. A subsequent second skimmer (2)

(inner diameter: 400 mm) geometrically selects only gas

particles with a small momentum spread in the direction

perpendicular to the jet-propagation direction (cf. inset

Fig. 3). The nozzle assemblies introduced above are mounted

on a triaxial xyz-manipulator, which allows adjustment of the

distance between the nozzle and the first skimmer in the x-

direction as well as the position in the perpendicular (y, z)-

plane. The coordinate system is shown in Fig. 3. The subse-

quent stages (3, 4, 5, 6) are separated by apertures of 2 mm

inner diameter. Three pairs of slits (two vertical, one hori-

zontal) in the stages 4, 5 and 6 allow tuning of the jet diver-

gence in the (y, z)-plane and thus the target extension along

the FEL beam direction. Finally, a spatially well confined

(diameter � 2 mm), dilute (�1010 particles cm�3) and cold

(typically <20 K) beam of atoms, molecules or clusters enters

the REMI spectrometer (cf. Section 2.2). The portion of the

jet which is not ionized is collected in the jet dump to avoid an

increase of gas pressure in the REMI interaction chamber.

The REMI interaction chamber, jet dump stage (i) and jet

dump stage (ii) are separated by tubes of 4 mm inner diameter

for differential pumping.

2.2. Spectrometer

The REMI spectrometer is schematically depicted in Fig. 2.

It consists of ring-electrodes to create a homogeneous electric

field at the interaction point and between the two detectors of

the REMI. The rings are separated by a distance of 10 mm and

are made of annealed stainless steel. They have an inner

diameter of 120 mm, an outer diameter of 200 mm and are

1 mm thick. The individual rings are electrically connected by

a cascade of 100 k� resistors and a fixed voltage can be

applied across the spectrometer. The inner boundaries of the

rings are sharply edged towards the center to generate well

defined equipotential planes. This ensures a homogeneous

electric field over the entire inner volume of the spectrometer.

Fine-meshed stainless steel grids (wire diameter: 30 mm; mesh

size: 224 mm; transmittance: �80%) at both ends of the

spectrometer ensure a defined termination of the electric field.

The spectrometer has a total length of 275 mm. In order to

optimize the acceptance for ions with high kinetic energies,

which emerge, for example, from Coulomb explosion of

molecules (Schnorr et al., 2014), the ion side of the spectro-

meter is kept short (94.5 mm). The electron side is about a

factor of two longer. An ion (red trajectory in Fig. 2) of mass m

and charge q that is created at the interaction point (center of

the REMI) with zero initial momentum reaches the detector

after the time-of-flight

TOF ¼ d
2m

qU

� �1=2

/
m

q

� �1=2

: ð1Þ

Here, U is the applied voltage and d is the distance between

the interaction point and the detector. The proportionality of

the TOF to the square root of the mass-to-charge ratio [cf.

equation (1)] allows different ion species to be distinguished.

The spectrometer does not have a field-free drift region or, in

other words, the constant electric field is active over the whole

length of the spectrometer, i.e. from the ion to the electron

detector. A drift region, for, for example, time focusing (Wiley

& McLaren, 1955), is not implemented since the starting point

of the ions’ and electrons’ TOF is well defined by the small

FEL focal spot diameter of <10 mm (cf. Section 5.1).

Furthermore, a drift region would geometrically reduce the

acceptance of the ion detector for ions with high kinetic

energies.

beamlines

856 Georg Schmid et al. � Reaction microscope endstation at FLASH2 J. Synchrotron Rad. (2019). 26, 854–867

Figure 3
Schematic lateral cut through the REMI along the axis defined by the jet propagation (coming from
the right side). From right to left: jet chamber (1, 2, 3), jet stages (4, 5, 6), REMI interaction chamber
and jet dump (i, ii). The sections are separated by gate valves (light-blue). Details on the sections are
given in the main text. Inset on the top right: detailed view of the first and second jet stage. The
figure is adapted from Schmid (2018).



Electrons with the same momenta as the recoiling ions

move with much higher velocities compared with the heavier

ions (mproton /me ’ 1836). With high probability they would

leave the spectrometer transversally and miss the electron

detector. To avoid this, a magnetic field is applied parallel to

the electric field. In the magnetic field electrons fly in cyclo-

tron orbits to their detector (blue trajectory in Fig. 2). The

magnetic field (of the order of B’ 10 Gauss) is generated by a

pair of Helmholtz coils (cf. Fig. 2). As the cyclotron frequency

is given by ! = qB/m, the trajectories of the heavier ions are

not measurably changed by the magnetic field.

As ions from Coulomb explosions can have high kinetic

energies, high electric fields of up to 100 V cm�1 must be

applied to the spectrometer to achieve full angular acceptance

for these ions. The actual acceptance depends on several

parameters, in particular charge state and mass of the ions, as

well as the velocity offset that the particles already have as

they are contained in a propagating gas jet (cf. Section 2.1)

before interacting with the FEL. Taking typical values for

these parameters, the spectrometer has at least a full angular

acceptance for ions with kinetic energies of up to 40 eV. In

order to measure electrons and ions in coincidence with

sufficient resolution, lower electric fields (�10 V cm�1) need

to be applied. In this operation mode, the spectrometer typi-

cally has a full angular acceptance for electrons with maximum

kinetic energies of about 40 eV.

2.3. Detectors

Large-area micro-channel plate (MCP) detectors are used

to measure the TOF and the impact position of ions and

electrons. Each detector is equipped with a stack of MCPs

(Wiza, 1979), which generates the signals and allows the TOF

information to be extracted. A delay-line anode (Lampton et

al., 1987) located behind the MCPs is used to obtain the

position information. Fig. 4 gives an overview of the detector

assembly and its working principle (Jagutzki et al., 2002b).

An impinging primary particle (ion or electron) initiates an

electron avalanche in a channel of the MCPs. This leads to a

drop in the voltage over the MCPs, which gives a signal [cf.

Fig. 4(b)]. The TOF is measured relative to the FEL trigger:

TOF = tMCP � ttrigger. The signal of tMCP is read out capaci-

tively. After the MCPs, the electron cloud is attracted by the

delay-line anode. The induced signal propagates to both ends

of the delay-line wire [cf. Fig. 4(c)]. One of the position

coordinates is given by x = v?=2ðt2 � t1Þ. Here, t1 = t1
*
� tMCP

and t2 = t2
*
� tMCP are the arrival times of the signal at the ends

of the wire relative to the MCP timing signal tMCP. The

effective propagation velocity of the signal along the wire is

denoted by v?.

The ion detector is equipped with a stack of two 120 mm-

diameter MCPs in a chevron arrangement [cf. Fig. 4(b)] and a

delay-line anode. Specifically, it is a so-called quadanode as it

consists of two perpendicularly oriented quadratic wire layers

[cf. Fig. 4(a)]. The electron detector features three MCPs of

80 mm diameter in a Z-arrangement and a delay-line anode,

which is made of three wire layers that are rotated by 60�

relative to each other. This so-called hexanode delay-line

anode improves the multi-particle hit detection efficiency by

introducing redundancy (Jagutzki et al., 2002a).

2.4. Vacuum conditions

All ions and electrons, which are created inside the volume

of the spectrometer (cf. Section 2.2), are accelerated towards

the detectors (cf. Section 2.3) and are registered as events. The

detectors, however, cannot discriminate between particles

from the target and those from residual gas. At XUV photon

energies above �15 eV, a single photon can ionize a residual

gas molecule (e.g. H2, H2O, N2, O2). The XUV photoabsorp-

tion cross sections of residual-gas molecules and those of

target atoms, molecules or clusters are of the same order of

magnitude (Yeh & Lindau, 1985; Gallagher et al., 1988). In

combination with FEL pulse energies of the order of some

tens of mJ, this causes a non-negligible number of background

events along the FEL beam inside the REMI spectrometer.

To minimize the number of background events, vacuum

conditions of �10�11 mbar need to be reached in the REMI

interaction chamber. The generation of such high vacua in a

large vessel like the REMI interaction chamber (CF DN250

tube, length �80 cm) is difficult to achieve by turbomolecular

pumps alone. Thus, the complete inner surface of the inter-

action chamber is coated with a thin film (�1.5 mm) of non-

evaporable getter (NEG) material. NEG is a special alloy,

e.g. Ti–Zr–V, which has a large surface area. Thereby, the

probability of molecules to stick to the chamber walls is

increased. At extreme vacua (�10�12 mbar), the thermal
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Figure 4
(a) CAD-like drawing showing the working principle of the time- and
position-sensitive detector. (b) Amplification by the MCPs and out-
coupling of the TOF signal. (c) Position detection scheme using a delay-
line anode. The figure is adapted from Fechner (2014). [Reprinted by
permission from Springer.]



outgassing of H2 from the steel walls of the chamber is the

major source of residual gas (Benvenuti et al., 1999). However,

turbomolecular pumps are not well suited to pump H2 with

typical H2 pumping speeds of only several hundreds l s�1

(Jousten, 2010). In contrast, the H2 pumping speed of the

NEG coating of the REMI interaction chamber is estimated to

be �3600 l s�1 (Benvenuti et al., 1999). However, after each

venting, the coating needs to be re-activated by heating the

chamber to temperatures of �200�C for at least 24 h

(Benvenuti et al., 1999).

2.5. Data acquisition

FLASH features a special pulse repetition rate pattern. At

10 Hz repetition rate, pulse trains (maximum train length

800 ms) with an intra-train pulse separation between 1 and

25 ms are provided (Faatz et al., 2016). This burst-mode pulse

pattern requires a data acquisition system, which is capable of

processing the incoming signals of a REMI.

Four Acqiris DC282 digitizer cards, each with four channels,

are used to record the voltage traces of each and every

detector signal over a time range up to 800 ms. The highest

sampling rate of the digitizer cards is 2 GHz (0.5 ns between

two samples) and the maximum voltage range for each

channel is �5 V. The voltage trace for each channel recorded

during the entire pulse train is stored internally on the digi-

tizer cards. Then, the 10 Hz FEL trigger initiates the readout

of the channels after the end of each pulse train. Zero

suppression, peak finding on the signals and sorting of the data

is done by computer algorithms in the online as well as the

offline analysis (Schnorr, 2014). The analysis code GENERiC

(General Analysis Code for Reaction Microscopes) is

embedded in the Go4 (GSI Object Oriented On-line Off-line

system) analysis environment (GSI, 2018) based on CERN’s

ROOT (CERN, 2018).

3. In-line XUV split-delay and focusing optics

The basic concept of the XUV optics is to split and focus the

FEL beam before it enters the REMI.

The underlying geometry and working principle is depicted

in Fig. 5. The FEL beam approaches from the left and first hits

the split-mirror under a grazing angle of � = 8�. The split-

mirror is a plane mirror, which is horizontally cut into two

coextensive pieces. The upper mirror is movable and can be

translated back and forth along the mirror normal axis. Thus, a

path difference can be introduced between the upper beam

(green) and the lower beam (blue). The incoming FEL pulse

is split into two and the path difference translates into a

temporal delay td between the pump (blue) and the probe

(green) pulse. After the splitting, the two beams are focused

by an ellipsoidal mirror into the supersonic jet of the REMI.

The grazing-incidence geometry and a carbon coating of the

split and the ellipsoidal mirror guarantee high reflectivity over

a broad photon energy range from 30 to 180 eV (cf. Fig. 7).

This allows making use of the wavelength tunability of the

FLASH2 variable-gap undulators (Faatz et al., 2016). The use

of a single ellipsoidal mirror instead of a KB focusing system,

implemented at other beamlines at FLASH (Erk et al., 2018),

reduces the number of optical components in the beam path

and thus increases the overall transmission of the beamline.

3.1. Split-mirror assembly

The split-mirror is the centerpiece of the XUV pump–probe

optics. It consists of two plane mirrors with clear apertures of

120 mm 	 10.5 mm each. In order to achieve femtosecond

pump–probe resolution and to keep spatial overlap of both

beams in the focus for all delay values, the upper mirror is

movable by a kinematics based on piezo positioners. The split-

mirror assembly is shown in Fig. 6.

The kinematics is custom-made by SmarAct GmbH. It

allows the position of the upper mirror to be manipulated in

three dimensions: linear motion along the mirror normal axis

(travel), rotation along the vertical (tilt) and horizontal (tip)

axis. The coordinate system is defined in Fig. 6. The rotational
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Figure 5
Design of the in-line XUV split-delay and focusing optics. Shown are the
FEL beam path, the split-mirror, the ellipsoidal mirror and the REMI
with gas jet. Also depicted is the generation of a pump (blue) and a probe
(green) pulse by translating the upper split-mirror along the mirror
normal axis. Pump and probe pulses are temporally delayed by td. The
figure is adapted from Schmid (2018).

Figure 6
Split-mirror assembly. The upper mirror is movable in the three
dimensions travel, tilt and tip by a piezo-driven kinematics. Positioners,
guideways and bearings are marked by red, green and blue arrows,
respectively. Details on the assembly are given in the main text. The figure
is adapted from Schmid (2018).



axes are set along the mirror surface. The maximum travel

range of h = �3 mm along the mirror normal translates into a

maximum delay range of td = �2.7 ps. Rotations up to a few

degrees are possible for the tilt axis. The maximum tip rotation

of�20 mrad is limited by the minimal allowed gap distance of

100 mm between the two mirrors. The gap is intended to be as

small as possible in order to minimize photon losses. The

distance between the mirrors can be manually adjusted by

three spring-mounted fine-thread screws.

The kinematics has three legs, each consisting of a linear

piezo positioner, a linear guideway and a bearing (cf. Fig. 6).

Due to the guideways and the bearings, linear motions of the

piezo positioners translate into a linear motion along the travel

direction and rotations around the tip or tilt axis. The posi-

tioners are SmarAct SLC-1730 nanometer-precision linear

piezo positioners, which are based on the stick–slip principle

(Hunstig, 2017). They are operated in closed-looped (encoder

feedback) and are controlled by the SmarAct MCS controller

module with the Advanced Sensor Calibration (ASC) option.

Based on the position resolution of the encoders (4 nm),

the upper limit of the temporal resolution is estimated to be

�td ’ 4 as. Tests employing the interference pattern of an

optical laser (wavelength 658 nm) confirm this limit. Tests on

the pointing stability, i.e. the ability to maintain spatial overlap

of both beams in the focus for all delays, are presented in

Section 5.2.

3.2. Ellipsoidal mirror

After the split-mirror, the beam is focused by an ellipsoidal

mirror (cf. Fig. 5). It is designed for a source distance of 85 m,

a focal length of 1 m and an incidence angle of � = 8�. The

machining of the mono-crystalline silicon substrate was

performed by Carl Zeiss SMT GmbH. The clear aperture

of the mirror is 180 mm 	 20 mm. The quality inspection of

the manufacturer specifies the slope errors to be 0.84 arcsec

(r.m.s.) tangential and 1.2 arcsec (r.m.s.) sagittal. The surface

roughness is measured to be 0.19–0.24 nm. For high trans-

mission over a broad XUV photon energy range, the mirror is

coated with a 30 nm thin layer of carbon by optiXfab GmbH.

The layer thickness has a relative error of�5% and the lateral

homogeneity is >97%. At � = 8�, the mirror has a reflectivity

of >50% up to photon energies of 180 eV (cf. Fig. 7).

The split-mirrors are also carbon-coated in the same way

and the mono-crystalline silicon substrates are of the same

quality as the ellipsoidal mirror.

3.3. Hexapod kinematics

To obtain best focusing conditions and high transmission,

the split and the ellipsoidal mirror need to be individually

positioned in all three rotational and translational directions

with microradian- and micrometre-precision. In order to

achieve these accuracies, hexapod kinematics as shown in

Fig. 8 are used.

The split-mirror assembly and the ellipsoidal mirror have

their individual kinematics, which are mounted on two sepa-

rate flanges of one vacuum chamber. A decoupled adjustment

of both mirrors is essential for beam alignment and also

indispensable to achieve optimal focusing conditions as well

as to compensate manufacturing tolerances of the mirror

chamber. The mounting on two separate supporting flanges

also enables an independent removal of both mirror assem-

blies.

The general design of the kinematics has been developed by

the group around T. Noll and Th. Zeschke from the Helmholtz

Zentrum Berlin (HZB)/BESSYII (Noll et al., 2009). The

design has been adapted by FMB Berlin GmbH, who also

manufactured the kinematics and the surrounding vacuum

chamber.

The hexapod has six legs, each consisting of two steel rope

joints, a connection strut, a leaf spring, a bellow and a

motorized actuator (cf. Fig. 8). By linearly pulling or pushing

of the actuators, the legs react dynamically and the attached

platform moves. The design uses stable steel rope joints

instead of conventional bearings to increase the overall stiff-

ness. The flexible copper–beryllium leaf springs prevent a

lateral displacement of the upper joint in stressed positions of

the joints. In contrast to usual hexapods, the driving motors

are not directly part of the moving assembly. This decreases

the total mass and potentially outgassing electrical parts stay
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Figure 7
Calculated reflectivity at a grazing angle of � = 8� of a carbon-coated
mirror (30 nm layer thickness, mono-crystalline silicon substrate). Data
taken from Henke et al. (1993).

Figure 8
CAD-like drawing of the two hexapod kinematics holding the split-
mirror assembly and the ellipsoidal mirror, respectively. Labels mark the
main parts. The figure is adapted from Schmid (2018).



outside the vacuum. Bellows separate

the actuators from the vacuum. After

baking of the vacuum chamber at 120�C

for about 24 h, a pressure of 10�10 mbar

was reached in the mirror chamber.

The hexapods are designed for rota-

tions of Rx, Ry, Rz = �0.5� and transla-

tions of Tx, Ty = �3 mm laterally and

Tz = �5 mm vertically. The vertical

travel of Tz = �5 mm for the split-

mirror assembly allows the complete

FEL beam (10 mm diameter) to be

put onto one of the split-mirrors. This

option is used for experiments, which

do not employ an XUV–XUV pump–

probe scheme, e.g. XUV–IR pump–

probe experiments (cf. Section 6). Tests

have shown that the resolution for all

translations is �Tx, y, z ’ 0.1 mm and

for all rotations �Rx, y, z ’ 1 mrad. The

movement of the hexapods is controlled

by a LabVIEW program.21

4. Beamline

4.1. Accelerator tunnel section and
experimental hall

An overview of the FEL beam transport and diagnostics at

FLASH2 has been given by Plönjes et al. (2016). In the tunnel

section, beam position monitors and a set of apertures

followed by Ce:YAG fluorescence screens are used to monitor

and to shape the FEL beam. The apertures are also utilized to

adjust the transmitted pulse energy. The absolute pulse energy

can be measured by a gas-monitor detector (GMD) (Tiedtke

et al., 2009) or a micro-channel plate (MCP) tool (Bittner et

al., 2007). A non-invasive online photoionization spectro-

meter (OPIS) measures the average photon energy (Braune et

al., 2016). The accelerator tunnel section ends with a gas-filled

attenuator, which allows the transmitted energy per pulse to

be continuously adjusted.

The photon-diagnostics section in the experimental hall is

equipped again with a second GMD, a further set of apertures

and Ce:YAG fluorescence screens. Transmission filters are

mounted to regulate the FEL intensity and to suppress

harmonics. The filters of different materials and thicknesses

(typically a few 100 nm) are mounted on two consecutive

motorized wheels. Depending on the photon energy and

intensity, different filters and combinations can be selected.

4.2. REMI beamline

In order to protect the vacuum conditions in the REMI

interaction chamber (�10�11 mbar) from the vacuum in the

FLASH beamline (typically >10�9 mbar) and to reduce stray

light, the beamline in front of the REMI is separated into

five differentially pumped sections and has a total length of

�6.3 m (cf. Fig. 9).

The sections are connected via small-diameter tubes

(colored orange in Fig. 9) which leads to low gas conductance

between the sections. The tubes are configured to reduce stray

light. At the entrance and exit, chamfered copper apertures

are clamped into the tubes. The chamfer is manufactured as

sharp as possible in order to minimize the area where photons

might scatter. The apertures have an inner diameter of 18 mm,

while the tubes (lengths between 185 and 287 mm) themselves

have an inner diameter of 26 mm [cf. Fig. 9(a)]. This config-

uration acts as a light baffle for photons that are scattered in

off-axis directions.

After the mirror chamber, a further light baffle (colored

blue in Fig. 9) is installed to prevent stray light in the direct

vicinity of the REMI detectors. This light baffle consists of

two apertures with respective inner diameters of 14 mm and

12 mm [cf. Fig. 9(b)]. They are made of roughened 625 mm thin

silicon wafers and serve the same purpose as the copper

apertures of the differential tubes, i.e. to remove undirected

scattered photons.

At two distinct positions along the beamline, circular

apertures on a moveable rail (aperture diameters from 4 to

10 mm in steps of 1 mm) are integrated (colored dark-green

in Fig. 9). The apertures are chamfered with the sharp edge

pointing towards the incoming beam again for reasons of stray

light reduction. Additionally, the apertures’ surfaces facing the

beam are coated with a fluorescent ZnS powder, which facil-
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Figure 9
Schematic lateral cut through the beamline in front of the REMI. The FEL beam enters from the
left. Shown are differential pumping tubes (orange), bellows (yellow), apertures (dark-green),
valves (light-blue), slits (light-brown), screens (light-green) and a light baffle (blue). The XUV split-
delay and focusing optics (cf. Section 3) is also illustrated. The IR incoupling (red) is discussed in
Section 6. The inset (a) shows the dimensions of the differential pumping tubes (colored orange in
the main figure). At the entrance and the exit, the tubes are configured with sharply chamfered
copper apertures (orange). The length l varies between 185 and 287 mm depending on the position
of the tube in the beamline. (b) Dimensions of the light baffle (colored blue in the main figure). At
the entrance and the exit, two apertures made of roughened 625 mm thin silicon wafers (blue) are
inserted. The figure is modified after Schmid (2018).

2 The core part of the program has been gratefully adopted from J. P. Müller
from the TU Berlin used for the KB optics at the CAMP endstation at
FLASH1.



itates the beam alignment. A third

aperture (diameter 10 mm) which is

part of the IR incoupling unit (colored

red in Fig. 9, discussed in Section 6) is

located directly in front of the REMI

interaction chamber.

In total, three fluorescence screens

(colored light-green in Fig. 9) can be

inserted to monitor the position and the

shape of the FEL beam. The first screen

(20 mm 	 20 mm) is located in front of

the mirror chamber. A second screen

(25 mm 	 25 mm) can be placed

between the split and the ellipsoidal

mirror to monitor the shape of the split beam and the illu-

mination uniformity on the split-mirrors. A third screen

(20 mm 	 20 mm) is located in front of the REMI. Each

screen consists of a stack of a Ce:YAG plate (200 mm thick)

and a roughened silicon plate (625 mm thick). The Ce:YAG

plate faces the FEL beam and fluoresces upon illumination

with XUV photons. The roughened silicon plate, which is

mounted behind the Ce:YAG plate, is used to visualize the

optical alignment laser (wavelength 658 nm).

A pair of horizontal slits (colored light-brown in Fig. 9) can

be used to block the upper or the lower part of the incoming

FEL beam. This option is useful for adjusting the downstream

XUV split-delay and focusing optics (cf. Section 3), e.g. to

check how the pulse energy in the pump and the probe pulse

is distributed.

4.3. REMI interaction chamber and photon dump

In order to spatially overlap the foci at the nominal inter-

action point with the gas jet (cf. Section 3), a fluorescence

screen can be moved into the center of the REMI spectro-

meter. This target screen is 10 mm 	 10 mm in size and coated

with a thin film of Ce:YAG powder. A CCD camera (Basler

acA1300-30gc with Sony ICX445 CCD sensor, 1.3 MP, pixel

size 3.75 mm 	 3.75 mm, sensor size 4.9 mm 	 3.6 mm) in

combination with an optical magnification system (Navitar

1-60135D, overall magnification 2.4) images the fluorescence

of the foci from outside. The vacuum of the REMI interaction

chamber is separated from the following photon dump by two

differentially pumped sections. The corresponding differential

tubes are colored orange in Fig. 10.

The beam profile and position after the REMI can be

monitored by a Ce:YAG fluorescence screen (20 mm 	

20 mm) (colored light-green in Fig. 10). The fluorescence

screen is followed by a 1 m-long CF DN40 tube. Two bellows

(colored yellow in Fig. 10) at each end allow to slightly tilt or

bank out the entire tube. This option is applied to minimize

photon back-scattering from the FEL dump. The photon

dump is terminated by a copper plate, which is electrically

connected (colored brown in Fig. 10). The voltage signals

induced by impinging FEL pulses serve as a reference for the

pulse arrival times and the pulse energies. From the first valve

(colored light-blue in Fig. 10) onwards, the entire photon

dump is mounted on a single supporting frame. This way, it

can be quickly removed for setting up a subsequent optional

experiment behind the REMI. The first valve is located

827 mm behind the center of the REMI. Taking the maximum

diameter of 10 mm of the incoming FEL beam before

focusing, the diverging FEL beam has a maximum diameter of

�8.3 mm at this position.

5. Commissioning results

5.1. Focal spot size

A wavefront sensor (WFS) (Keitel et al., 2016) has been

used to analyze the optical properties of the new XUV split-

delay and focusing optics (cf. Section 3). For the measure-

ments at h- ! = 56 eV a Compact Hartmann Sensor (Keitel et

al., 2016) was used. The intensity profile of the smallest

achieved focus is shown in Fig. 11.

A diameter of d ’ 3 mm (FWHM) was obtained. Assuming

a pulse energy of Epulse = 10 mJ and a typical pulse duration of

T = 50 fs, this corresponds to an intensity of I ’ 1015 W cm�2.
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Figure 11
Intensity profile obtained by wavefront reconstruction. Shown is the
smallest achieved focus. The arrows mark the FWHM in the x- and y-
direction.

Figure 10
Schematic lateral cut through the photon dump. The FEL beam enters from the left. Shown are
differential pumping tubes (orange), valves (light-blue), bellows (yellow), a retractable screen
(light-green) and a copper plate (brown). The figure is taken from Schmid (2018).



The charge states reached in multi-photon ionization of

xenon are a further benchmark of the achieved intensity and

thus the focus size. Fig. 12 shows the TOF spectrum of xenon

ions recorded at a photon energy of h- ! = 100 eV and a pulse

energy of Epulse ’ 20 mJ.

For this measurement, the entire FEL beam was placed

onto the lower split-mirror to avoid losses due to the gap

between the two mirrors. For each charge state several close-

lying TOF peaks appear reflecting the naturally abundant

isotopes of xenon. The charge states are marked by arrows and

Xe15+ is the highest charge state observed. Richter et al. (2009)

measured Xe14+ at I = 1.7 	 1015 W cm�2 and Sorokin et al.

(2007a) reported Xe15+ at I = 2 	 1015 W cm�2. Taking these

values, the intensity reached with the present setup is esti-

mated to be 1 	 1015 to 2 	 1015 W cm�2. This is in accor-

dance with the focal spot size measured with the WFS for the

given pulse energy of Epulse ’ 20 mJ and an estimated pulse

duration of T = 50 fs. In XUV pump–probe operation, the

FEL beam is put on both split mirrors. In this configuration,

the highest recorded charge state is Xe11+, which according

to Sorokin et al. (2007a) corresponds to an intensity of

I ’ 5 	 1014 W cm�2.

5.2. Pointing stability of the split-mirrors

It is crucial for any pump–probe experiment to maintain

spatial overlap of the two foci during delay scans. In order to

determine the pointing stability of the split-mirror assembly

(cf. Section 3.1), the target screen is moved to the nominal

focal position in the center of the REMI spectrometer

(cf. Section 4.3). The FEL intensity needs to be strongly

attenuated by the beamline filters (cf. Section 4.1) to not

destroy the screen. The fluorescence spots of the movable and

the fixed focus are then observed by the CCD camera with the

optical magnification system from outside (cf. Section 4.3).

The CCD camera is read out with the 10 Hz FEL trigger. The

two foci are spatially separated by about 150 mm, which allows

the centroid positions of the fluorescence spots [spot sizes

64 � 12 mm (FWHM)] of the movable and the fixed focus to

be determined. To this end, both spots are selected by regions

of interest. These regions are then projected, background is

subtracted and the centroids are calculated from the center-of-

mass of the projections. A sub-pixel resolution of below

1.6 mm is reached with this method. The delay is scanned and

for each delay step the centroid position of the spot of the

movable focus is determined relative to that of the fixed focus

in the horizontal (x) and vertical (y) direction. The relative

deviation �x of the centroid positions in the x-direction is

plotted as a function of the pump–probe delay in Fig. 13(a).

For this plot, the entire delay range has been scanned four

times. Between �x(�2000 fs) = +15 mm and �x(+2000 fs) =

�30 mm, an absolute deviation of 45 mm exists. Additionally,

anharmonic oscillations are superimposed on this almost

linear slope. The origin of this non-linear behavior is not

understood. It might be caused by an imperfect synchroniza-

tion of the movements of the three piezo positioners

(cf. Section 3.1). In order to compensate the slope and the

anharmonic oscillations, the position versus delay curve is

recorded in a separate calibration measurement and inter-

polated by splines, which is then used for correcting the

movements of the piezo kinematics. Four delay scans using the

correction are superimposed in Fig. 13(b). The small width of

the distribution [cf. inset of Fig. 13(b)] shows the high preci-

sion and reproducibility of the piezo kinematics. The 1�-

deviation over the entire delay range is ��x = (2.2 � 0.5) mm.

In the vertical direction �y, corrections are also necessary and

a comparable stability is achieved as well. Hence, for pump–

probe experiments, the two foci are spatially well overlapped

when the delay-dependent correction obtained by the method

introduced above is applied.

beamlines

862 Georg Schmid et al. � Reaction microscope endstation at FLASH2 J. Synchrotron Rad. (2019). 26, 854–867

Figure 12
TOF spectrum of xenon ions recorded at h- ! = 100 eV. For this
measurement, the entire FEL beam with Epulse ’ 20 mJ pulse energy is
put onto the lower mirror of the split-mirrors. Xe(1–15)+ ions are marked
by arrows. As TOF/ (m/q)1/2 [cf. equation (1)], Xe+ ions have the longest
TOFs of all Xe ions considered, which is longer than the time interval
�tFEL = 5000 ns between two consecutive FEL pulses. Therefore, Xe+

ions appear out of order at TOF(Xe+) � �tFEL = 3750 ns. The figure is
taken from Schmid (2018).

Figure 13
Relative deviation �x of the centroid positions of the fluorescence spots
of the movable and the fixed focus on the target screen as a function of
the pump–probe delay. (a) Without correction. (b) With correction. The
inset shows a zoom-in between �200 fs and +200 fs. For both plots, the
delay range is scanned four times.



5.3. Stray-light reduction

Stray light, i.e. scattered XUV photons that trigger events at

the ion or electron detector of the REMI (cf. Section 2.3), is

a major source of background events. With the in-line XUV

split-delay and focusing optics (cf. Section 3), a significant

reduction of stray light is achieved compared with a formerly

used back-reflecting split-mirror (Jiang et al., 2010a; Schnorr

et al., 2013). Using similar FEL pulse energies, the stray light

background is reduced by a factor of about 15. In the previous

setup, an FEL beam of 10 mm diameter first passed the REMI

interaction chamber before it was focused into the gas jet.

This back-reflecting geometry facilitated undirected scattered

photons. With the new split-delay and focusing optics,

however, a well collimated FEL beam passes the REMI

interaction chamber only once.

5.4. Electron-ion coincidences

As a next step, after commissioning of the FEL beamline,

the REMI itself was tested. To this end, two-photon double-

ionization (TPDI) of neon at a photon energy h- ! = 44 eV has

been studied using the in-line XUV optics (cf. Section 3). At

a photon energy of 44 eV, TPDI proceeds via the so-called

sequential channel: the absorption of one photon leads to the

formation of a real intermediate state of the singly charged

Ne+ ion, which then absorbs a second photon resulting in a

doubly charged Ne2+ ion,

First step : Neþ h- !ð44 eVÞ �! Neþ þ e1;

Second step : Neþ þ h- !ð44 eVÞ �! Ne2þ þ e2:
ð2Þ

Although the two ionization steps might be regarded as

completely independent at first glance, the two ejected elec-

trons (e1 and e2) are correlated, which is, for example,

reflected in the angular distributions of the first- and second-

step electrons (Kheifets, 2007; Fritzsche et al., 2008; Grum-

Grzhimailo et al., 2009). To unambiguously measure the

angular distribution of the first-step electron in TPDI, this

electron needs to be distinguished from an electron emerging

from another ionization event. This is possible, if the two

ejected electrons (e1 and e2) and the corresponding Ne2+ ion

are measured in coincidence [cf. equation (2)].

A so-called photoelectron–photoelectron–photoion coin-

cidence (PePePiCo) map may be used as feedback as to

whether the coincident detection of electrons and ions was

successful. In such a plot, the ion TOF is plotted against the

sum of the TOFs of the first and the second electron arriving at

the detector. The PePePiCo plot for TPDI of neon at a photon

energy of h- ! = 44 eV is shown in Fig. 14.

In a true coincident event, the sum momentum of all ejected

particles (electrons and ions) is constant. As the TOF of a

particle is in first approximation directly proportional to its

momentum, the diagonal line in Fig. 14 indicates the coin-

cident detection of a Ne2+ ion and the two ejected electrons.

According to the geometry of the REMI spectrometer

(cf. Fig. 2), an ion that starts with an initial momentum towards

the ion detector has a shorter TOF. Due to momentum

conservation, the corresponding electrons start with initial

momenta towards their detector and the sum TOF1 + TOF2

is short as well. In the opposite case, i.e. where the ion has an

initial momentum towards the electron detector, the ion TOF

is larger and thus also the sum TOF of the two electrons is

larger. The PePePiCo map of Fig. 14 shows that with the

background reduction (cf. Section 5.3) achieved by the design

of the beamline (cf. Section 4.2) and by focusing with the in-

line XUV optics (cf. Section 3), detailed studies on two- and

multi-photon ionization of atoms, molecules and small clusters

are possible at the REMI endstation. In contrast to previous

experiments, e.g. TPDI of Ne at 44 eV has already been

studied using a REMI at FLASH1 (Kurka et al., 2009), these

studies can now be carried out in a time-resolved manner

using the in-line XUV split-delay and focusing optics (cf.

Section 3).

5.5. Delay-dependent kinetic energy release spectra

The fragmentation of argon dimers (Ar2) at a photon

energy of h- ! = 24.8 eV is taken as a case study to test the

pump–probe capability of the split-delay and focusing optics.

The kinetic energy release (KER) of the dimer fragments is

measured as a function of the pump–probe delay. The KER is

approximately given by

KER ’
q1 q2

R
; ð3Þ

with q1 and q2 being the ion charges [atomic units are used

in equation (3)]. The dependence of the KER on the inter-

nuclear distance R allows conclusions to be drawn on the

nuclear dynamics during the fragmentation. In Fig. 15, the

KER of the Ar+ + Ar+ coincidence channel is plotted as a

function of the pump–probe delay td.
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Figure 14
Photoelectron–photoelectron–photoion coincidence (PePePiCo) map for
two-photon double ionization of neon at h- ! = 44 eV. The ion TOF is
plotted on the horizontal axis. The vertical axis shows the sum of the
TOFs of the first and second detected electron impinging on the detector.
In total, 1.6 	 107 FEL pulses were taken to produce the histogram. The
figure is taken from Schmid (2018).



Over the entire range, delay-independent contributions at

3.8 eV and 5.3 eV are present. They stem from the absorption

of two photons within one pulse, the pump or the probe. The

contribution at 3.8 eV is assigned to the direct fragmentation

at the equilibrium internuclear distance Req = 7.18 a.u. by

absorbing two photons. As depicted by the potential energy

curves (PECs) in Fig. 16, this happens sequentially via the

intermediate Ar+(3p�1)–Ar state within one FEL pulse. The

contribution at 5.3 eV is induced by an interatomic Coulombic

decay (ICD) of a one-site ionized and excited Ar+(3p�2nl)–Ar

state (Miteva et al., 2014) (cf. Fig. 16). The decay onto the

repulsive Ar+(3p�1)–Ar+(3p�1) state takes place at an inter-

nuclear distance R < Req, which according to equation (3)

results in a higher KER compared with the fragmentation

at Req.

Besides the delay-independent contributions, a pump–

probe signal is visible in Fig. 15. It starts at time zero at 3.8 eV

and asymptotically reaches KERs of �1.0 eV for large delays.

This signal is attributed to dissociative photoionization. The

pump pulse initiates the dissociation of the dimer into a

charged and a neutral fragment (cf. Fig. 16),

Pump: Ar�Ar �!
XUV

Arþð3p�1Þ�Ar: ð4Þ

Then, the delayed probe pulse interrupts the dissociation at td
by ionizing to a doubly charged state (cf. Fig. 16),

Probe : Arþð3p�1
Þ�Ar �!

XUV
Arþð3p�1

Þ�Arþð3p�1
Þ: ð5Þ

The overall KER is given by the kinetic energy accumulated

on the initial Ar+(3p�1)–Ar and the final Ar+(3p�1)–

Ar+(3p�1) PEC,

KER ¼ EinitðReqÞ � Einit

�
RðtdÞ

�
þ Efinal

�
RðtdÞ

�
� EfinalðR!1Þ: ð6Þ

For large delays |td|!1, Efinal[R(|td|!1)] = Efinal(R!1)

and no KER is accumulated on the final Ar+(3p�1)–Ar+(3p�1)

curve. Thus, the asymptotic KER of�1.0 eV of Ar+ + Ar+ ions

is a signature of the Ar+(3p�1)–Ar precursor state. The

asymptotic limit is reached at large delays |td| � 2 ps, which

corresponds to a slow dissociation of the dimer. The visibility

of the signal over at least �2 ps confirms the pump–probe

capability over a large delay range and implies that the setup

allows long-lasting dynamics to be traced.

The results presented in Sections 5.4 and 5.5 demonstrate

that the in-line XUV split-delay and focusing optics opens up

new opportunities for time-resolved electron–ion coincidence

spectroscopy at FLASH2.

6. Future upgrades

An IR pump–probe laser is the next upgrade to the FLASH2

facility (FLASH2, 2018). It is also connected to the REMI

endstation. The 800 nm laser system is OPCPA based and in

the final stage will deliver pulses of sub-20 fs duration in burst-

mode (10 Hz bursts with an intra-burst repetition rate of

50 kHz initially). The individual pulses are foreseen to have

energies of up to 0.5 mJ. The timing jitter between FEL and IR

pulses is initially <50 fs (RMS). With tight focusing, peak

IR intensities of >1015 W cm�2 should be attainable. First

experiments at the REMI endstation using the IR pump–

probe laser were performed in the end of 2018. The incoupling

mirror for the IR laser is installed in the last section of the

REMI beamline (colored light-red in Fig. 9). A two-inch
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Figure 15
KER of Ar+ + Ar+ ions as a function of the pump–probe delay. The data
are recorded at a photon energy of h- ! = 24.8 eV and combined FEL
intensities of IFEL = 1013–1014 W cm�2. The pulse energies in the pump
and probe are approximately equal. The figure is taken from Schmid
(2018).

Figure 16
PECs of the argon dimer between 10 and 45 eV. The potential energy E is
given with respect to the Ar – Ar ground state. For simplification, only a
single PEC is plotted to represent Ar+(3p�2nl) – Ar (dark-green) and
Ar+(3p�1) – Ar+(3p�1) (blue) states. All curves are taken from Stoychev
et al. (2008) and Miteva et al. (2014). [Reprinted with the permission of
AIP Publishing.] The purple vertical arrows indicate photons of h- ! =
24.8 eV. The dashed arrow visualizes the absorption of a second photon in
the pump pulse. The Franck–Condon (FC) region lies within the two
vertical dashed gray lines. The figure is taken from Schmid (2018).



silver-coated plane mirror is mounted on a precision rotational

feed-through, which is installed on a triaxial xyz-manipulator.

To overlap the FEL and the IR beam co-linearly, the IR beam

is deflected by 90�. The IR incoupling mirror has a hole of

4 mm diameter for the focused FEL beam to pass through.

The IR laser is focused outside of the vacuum by a lens with a

focal length of 40 cm. The differential pumping tube between

IR incoupling and REMI interaction chamber (4th tube in

Fig. 9) has an inner diameter of 22 mm. Thus, an IR beam of

�35 mm diameter at the position of the lens can pass through

the tube without clipping.

In the near future, in cooperation with DESY and the

Leibniz University of Hanover, a high harmonic generation

(HHG) source will also be integrated into the REMI beam-

line. This will further extend the portfolio of available radia-

tion sources and allow for two-color VUV–XUV pump–probe

spectroscopy.

Furthermore, the in-line geometry of the XUV focusing

optics leaves room to re-use the FEL beam in a downstream

experiment taking out the photon dump (cf. Section 4.3). For

example, a grating spectrometer operating on a shot-to-shot

level could be useful to correlate the REMI data to the spectra

of individual FEL pulses.

The next upgrade of the REMI apparatus itself will include

a modular jet system. It will be mounted on rails and thus

enables to easily switch between different sample injection

systems.

7. Summary

In this contribution, the reaction microscope (REMI)

endstation at beamline FL26 of the free-electron laser

FLASH2 has been presented. The instrument is dedicated to

time-resolved AMO-physics experiments on small quantum

systems like atoms, molecules and small clusters by exploiting

multi-particle coincidence spectroscopy. The sample injection,

the design of the spectrometer, the functionality of the time-

and position-sensitive detectors, the vacuum requirements and

the data acquisition of the REMI were introduced. The design

and the key parts of an in-line XUV split-delay and focusing

optics were presented. The optics is based on grazing-inci-

dence mirrors. With this the fast wavelength tunability of the

FLASH2 variable-gap undulators can be efficiently exploited

in XUV–XUV pump–probe experiments. A dedicated beam-

line section allows the FEL beam to be monitored and to be

aligned before it enters the mirror chamber and the REMI.

The beamline also serves as a differential pumping section

to maintain UHV conditions of �10�11 mbar in the REMI

interaction chamber. In the design of the beamline, special

emphasis has been put on stray-light suppression, which is

essential to perform multi-particle coincidence experiments at

an FEL. Commissioning results demonstrate in particular the

working capability of the in-line XUV split-delay and focusing

optics. The endstation will be connected to the FLASH2

pump–probe laser system, which will enable XUV–IR pump–

probe experiments in the near future. Further upgrades will

contain an HHG source and a modular jet system.
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Gensch, U., Gerth, Ch., Görler, M., Golubeva, N., Grabosch, H.,
Grecki, M., Grimm, O., Hacker, K., Hahn, U., Han, J. H.,
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Möller, T. (2012). J. Phys. B At. Mol. Opt. Phys. 45, 105101.

Kurka, M., Feist, J., Horner, D. A., Rudenko, A., Jiang, Y. H., Kühnel,
K. U., Foucar, L., Rescigno, T. N., McCurdy, C. W., Pazourek, R.,
Nagele, S., Schulz, M., Herrwerth, O., Lezius, M., Kling, M. F.,
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Weigelt, H., Wellhöfer, M., Wabnitz, H., Yurkov, M. V. & Feldhaus,
J. (2009). New J. Phys. 11, 023029.

Ullrich, J., Moshammer, R., Dorn, A., Dörner, R., Schmidt, L. &
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4.2 Review of the REMI endstation
This paper gives an overview of the FLASH REMI endstation including its extensions
since the first commissioning and a selection of experiments.

The first major extension is a short pulsed IR laser provided by DESY [70], which
can be used in combination with the FEL. This allows to perform XUV-IR pump-probe
measurements like the ones presented in sections 4.3 and 4.4. The second extension
is an XUV radiation source based on high-harmonic generation [71]. This project is a
collaboration between MPIK, DESY and the University of Hanover. The combination
of FEL-XUV radiation, IR laser radiation and HHG-based XUV radiation is unique and
opens up a variety of new AMO experiments.

In the second half of the paper three exemplary experiments are presented. They
illustrate which quantities can be measured with the REMI, what kind of targets can
be used and how di�erent light sources can be combined.
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Abstract: The reaction microscope (REMI) endstation for atomic and molecular science at the
free-electron laser FLASH2 at DESY in Hamburg is presented together with a brief overview of
results recently obtained. The REMI allows coincident detection of electrons and ions that emerge
from atomic or molecular fragmentation reactions in the focus of the extreme-ultraviolet (XUV)
free-electron laser (FEL) beam. A large variety of target species ranging from atoms and molecules
to small clusters can be injected with a supersonic gas-jet into the FEL focus. Their ionization and
fragmentation dynamics can be studied either under single pulse conditions, or for double pulses as
a function of their time delay by means of FEL-pump–FEL-probe schemes and also in combination
with a femtosecond infrared (IR) laser. In a recent upgrade, the endstation was further extended
by a light source based on high harmonic generation (HHG), which is now available for upcoming
FEL/HHG pump–probe experiments.

Keywords: atom; molecule; REMI; endstation; FLASH

1. Introduction

The invention of intense femtosecond infrared (IR) lasers [1] led to a new era in atomic and
molecular physics, namely the devolopment of femtochemistry [2]. Today it is often mentioned
as one part of a much larger multi-disciplinary field called ultra-fast physics [3]; the observation
of light-induced dynamics in small quantum systems on their natural time scale in the range of
femto- or even attoseconds. In many cases a first “pump” pulse triggers certain dynamics, while a
delayed “probe” pulse is used to interrogate the system at a later point in time. This way, the temporal
evolution of any specific process under investigation like molecular break-up [4], charge migration [5,6]
or isomerization [7] within a molecule, to just name a few, can be observed on their natural time
scale by using lasers with correspondingly short pulse lengths in the range of a few femtoseconds.
A small number of different technologies exists to produce such short laser-like or coherent light
pulses. Depending on the specific application each of them comes with characteristic advantages
and drawbacks.

Free-electron lasers (FELs) are large-scale electron-accelerator-based machines. They cover a huge
range of photon energies, from the microwave [8] up to the hard X-ray regime [9], with unsurpassed
light intensities for photon energies above 10 eV [3,10]. However, most FELs are operated at comparably
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low repetition rates (typically below 1 kHz) and are providing light pulses that are usually only partly
coherent. In contrast, conventional femtosecond lasers in the visible or IR-range provide pulses with
high repetition rates, high intensities and excellent coherence properties [1,11,12]. However, their
spectral range is limited to photon energies of a few eV only. This limitation is resolved with high
harmonic-generation (HHG) sources [13,14], where high-intensity femtosecond IR laser pulses are
sent into a gaseous target to drive a non-linear light-atom interaction. This leads to the emission of
frequency up-converted (higher harmonic) radiation [15] with unique temporal and spectral properties.
HHG sources are ideally suited to produce extremely short pulse durations of only few tens of
attoseconds [16] with photon energies of up to several hundred eV [17]. However, these sources are
limited, due to the low conversion efficiencies, to light intensities that are orders of magnitude lower
than those delivered by modern XUV or X-ray free-electron lasers [18].

For studies of time-dependent processes in small quantum systems it is of great advantage if
an experimental station allows high flexibility with respect to the usage of one or a combination of
the above mentioned light sources, which are ideally adapted to the given reaction dynamics. With
the reaction microscope (REMI) endstation at FLASH2, we implemented this to a large extent. In its
present stage, it routinely allows FEL-based pump–probe experiments with atomic, molecular or cluster
targets in the gas phase. The experimental station consists of a multi-particle imaging spectrometer
for electrons and ions (REMI), the FEL beamline with integrated split-and-delay and focussing optics
for FEL pulse-pair creation [19], an IR laser for femtosecond FEL-pump laser-probe experiments,
and a laser-driven HHG source for two-color XUV pump–probe measurements. A manuscript about
technical details and benchmarks of the REMI endstation can be found in [19]. In contrast, this review
provides with information about physical quantities and experimental schemes which are accessible
by the REMI endstation. The following manuscript describes in Section 2 the experimental capabilities
of the REMI endstation at FLASH2 and a selection of published results (Sections 3.2 and 3.3) as well as
unpublished results (Section 3.1) is briefly discussed. Concluding statements are given in Section 4.

2. Experimental Setup

A design drawing of the REMI endstation with its main components is shown in Figure 1.
It is installed at beamline FL26 in the experimental hall of FLASH2. Along the beamline, several
diagnostic and beam shaping elements like imaging screens, apertures and slits can be inserted into
the beampath. In the subsequent section the FEL beam impinges on the split-delay and focussing
optics. The former consists of two planar mirrors that are stacked one upon the other to cut the
incoming beam geometrically into two co-propagating half-moon shaped beams. By moving one
planar mirror with respect to the other, a small change of the path length can be introduced, which
leads to a temporal delay of one of the two pulses. The delay range is ±2500 fs, with a resolution better
than 1 fs. The ellipsoidal focussing mirror has a focal length of 1 m. It creates a demagnified image of
the FEL source-point (the FEL undulator is about 85 m upstream) in the center of the REMI chamber.
Wavefront-sensor measurements yield an optimized focus size of about 5 µm diameter [19]. The split
and delay function is optional, as each planar mirror is large enough to reflect the full FEL beam on
its own surface, if centered in the beam. With the given mirror coating and the grazing incidence
geometry, the overall transmission is better than 50% for all photon energies up to 180 eV. A more
detailed description of the setup with limits and benchmarks can be found in Ref. [19].

2.1. The Free-Electron Laser FLASH2

The XUV free-electron laser FLASH is the first short-wavelength FEL and went into user operation
in 2005 at DESY in Hamburg [20]. FLASH2 is an extension of FLASH that came into operation in
2016 ([21,22]). It shares the electron accelerator with FLASH1, but features its own set of undulators.
Compared to FLASH1, the FLASH2 undulators have variable gaps allowing a fast change or a scan of
the photon wavelength over a large range. Due to the shared accelerator and the fixed undulator gaps
at FLASH1, the accessible wavelengths of FLASH2 depend on the delivered wavelength at FLASH1.
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It ranges from the delivered wavelength at FLASH1 to approximately three times this wavelength,
for a given accelerator setup [22]. Lasing in the undulator is achieved by self-amplified spontaneous
emission (SASE), which results in short (10 to 200 fs [23]) and intense FEL pulses at the expense of a
limited pulse-to-pulse stability with respect to intensity and spectral properties, when compared to
optical lasers. FLASH2 delivers photon energies in a range from 14 to 310 eV. For light in the REMI,
the upper limit is 180 eV due to the dropping reflectivity of carbon-coated mirrors under 8◦. FLASH
generates electron bunches, and hence photon pulses, in a burst mode. The pulse pattern consists of
short pulse trains repeating at 10 Hz. Each pulse train has a length of typically 500 µs and comprises
up to 500 pulses, resulting in a maximum intra-train repetition rate of 1 MHz. Averaged over time,
a maximum repetition rate of 5 kHz can be delivered.

IR Laser table

HHG table

FEL

REMI
HHG incoupling

split-delay and
focussing optics

1m

Figure 1. Overview of the reaction microscope (REMI) endstation. The free-electron laser (FEL) is
delivered from the left, while the infrared (IR) laser is delivered from the rear, crossing below the
beamline. The IR is coupled into the beamline right before the REMI with a holey mirror. The HHG
(high harmonic-generation) light is coupled by a grazing angle about 3 m upstream (indicated by the
two red arrows).

2.2. IR Laser

For XUV-IR pump–probe experiments, an 800 nm OPCPA (optical parametric chirped pulse
amplification) IR-laser is operated by DESY. Pulse energies up to 500 µJ and pulse durations <15 fs
can be delivered at a high repetition rate. The IR laser is synchronized to the pulse pattern of the
FLASH and presently runs at a repetition rate of 100 kHz in 800 µs bursts, repeating every 100 ms
(further specifications can be found in Ref. [24]). The IR laser is coupled into the FEL beamline under
90 degrees by a silver-coated planar mirror. At this position, the FEL is focused down to less than 3 mm
in diameter and passes through a 4 mm hole in this incoupling mirror. From this point on, the FEL and
the IR beam travel collinearly. An IR-focussing lens with a focal length of 50 cm is placed outside the
vacuum. Spatial overlap is set by means of a Ce:YAG-powder coated screen in the focal plane inside
the REMI. The two foci of the FEL and the IR-laser on the screen can be observed with a CCD camera
and magnifying optics [19]. Temporal overlap with nanosecond precision can be found with a fast
photodiode downstream of the REMI. In order to exactly overlap the pulses in time, one uses a target
with a well known pump–probe signal. The chosen target (e.g., helium, xenon) depends on the FEL
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photon energy and usually involves a specific excitation and a following ionization step which is just
possible for the right temporal order of FEL and IR.

2.3. HHG Radiation

The setup of the HHG source is a result of a collaboration between MPIK, DESY and the university
of Hanover [25]. The IR beam is transferred to a neighboring laser table where high harmonics in the
XUV regime are generated in a noble-gas target [26]. The generated XUV light can be separated from
the fundamental IR, either with an aluminum filter or a sufficiently small aperture, as the IR has a
larger divergence than the XUV. First runs of the HHG source were successful and commissioning
results can be found in Ref. [25]. The HHG-XUV light is coupled into the FEL beamline by a mirror
under 8◦ grazing incidence. The XUV beam has a vertical offset of 7.5 mm with respect to the FEL.
In this configuration, each of the two light pulses (HHG and FEL) is reflected on a separate half of the
split mirror and can be steered and delayed with respect to each other.

2.4. Reaction Microscope

With the reaction microscope [27] ionization and fragmentation processes of single atoms or
molecules are studied. As depicted in Figure 2, laser beam and target gas jet are oriented orthogonally
to each other and cross in the center of the REMI. A stack of metal rings produces a homogeneous
electric field that separates positively and negatively charged particles and guides them onto the
detectors. Helmholtz coils generate a homogeneous magnetic field forcing the electrons on a spiral
trajectory to ensure large acceptance for electrons with large transversal momentum inside the
spectrometer. Each of the two time- and position-sensitive detectors is composed of a set of micro
channel plates and a delay line anode [28]. Time-of-flight information and the impact position on the
detector allow to calculate the initial momentum at the time when the charged particle was created.
Momentum conservation in three-dimension is used to sort out all particles originating from the
same fragmenting target particle, that is finding coincident particles. Angle- and energy-resolved
measurements of charged particles in multi-coincidence are the key features of the REMI and enable to
investigate atomic and molecular processes in detail [5,6,29,30].

Figure 2. Schematic of the reaction microscope. Reproduced from [19], with the permission of the
International Union of Crystallography.
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3. Selected Results

3.1. Angle-Resolved Wavelength Scan: XUV+IR in Helium

This experiment makes use of the wavelength tunability of FLASH2 and the 4π angular acceptance
of the reaction microscope. As will be shown in the following, it demonstrates a beneficial combination
of the FEL and the IR laser.

In this pump–probe measurement the XUV light of the FEL was used to excite helium, while a
subsequent IR-laser pulse ionizes the excited atom. Scanning the XUV photon energy from 20.4 eV
to just below the ionization threshold of 24.6 eV reveals the excitation transition series 1s2 → 1snp in
helium [31], in accordance with the dipole selection rules for linearily polarized light. The excited
helium atom absorbs multiple photons (each 1.55 eV) of the subsequent IR pulse which bring the
electron to the continuum. This process is shown in Figure 3a, where an increased photoelectron yield is
observed at XUV energies that matches the specific excitation energy (1s2p at 21.2 eV, 1s3p at 23 eV . . . ).
The distribution of the photoelectron kinetic energy is plotted along the ordinate and shows several
peaks at specific XUV excitation energies. The underlying process is the above threshold ionization
(ATI) and describes the behavior of an electron absorbing more photons than the minimal requirement
to be emitted into the continuum [32,33]. The additional electron energy is directly related to the
IR-photon energy (in this case ≈ 1.55 eV).

b)
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Figure 3. (a) XUV photon energy scan with delayed IR-laser pulse, plotted versus photoelectron kinetic
energy. Resonances in helium are revealed for specific XUV energies and above threshold ionization
(ATI) can be seen by the distribution of the photoelectron kinetic energy. (b) Electron momentum
distribution at the specific region indicated by the black square. The XUV is polarized along px, the IR
along pz.

While in Figure 3a only the absolute electron kinetic energy is plotted, the REMI allows to measure
the electron momentum in 3D as shown in Figure 3b. The XUV is polarized along the px direction and
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the IR laser along the pz direction. Figure 3b contains exclusively electrons recorded with parameters
in the marked region of Figure 3a. First an XUV photon excites the helium atom into the 1s4p state
(23.7 eV) and upon the additional absorption of one IR photon, the 4p-electron is emitted into the
continuum. Starting from the helium groundstate, the absorption of two photons can yield to an
angular momentum of l = 2 for the photoelectron, with the corresponding characteristic number of
nodes in the angular distribution. The two orthogonal linearly polarized light fields can lead to the
population of angular momentum substates with m = 0,±2. This can be understood as in a spherical
basis each light field can be described by a superposition of left- and right-handed circulary polarized
light, driving ∆m = ±1 transitions. For a detailed explanation see [34].

This experiment demonstrates the capability to precisely measure electron angular distributions
which is essential to investigate many different phenomena like quantum beating [35], electron
correlation [36] or propensity rules [37].

3.2. Two-Photon Double Ionization in Argon

In a kinematically complete experiment, double ionization of argon by absorption of two photons
was measured [30]. Neutral argon atoms were irradiated by FEL radiation with a photon energy
of 27.93 eV (averaged peak intensity (3± 2)× 1013 W/cm2, pulse duration approximately 50 fs).
The angular distributions of the ejected photoelectrons during two-photon double ionization (TPDI)
were measured. The dominant TPDI channel observed was sequential double ionization (SDI), in
which both photoelectrons were emitted from the argon atom by sequential single-photon absorption
(see also [38]). The two photoelectrons were confirmed to be correlated through polarization of the
intermediate Ar+ state. As a result, the measured angular distributions of both, the first and the second,
photoelectron differ from that of the single ionization. In addition, the coincident detection method led
to the discovery of the crucial role of autoinization in both steps of SDI in argon.

Both the ion and the electron detector of the REMI have multi-hit capability. This is necessary
for the coincident detection of the two photoelectrons emerging from one TPDI event. Additionally,
Ar+ ions were measured in coincidence with the photoelectrons. This allows to differentiate between
particles stemming from single ionization and the SDI channel. As both processes occur during the
same experiment, the influence of systematic errors can be greatly reduced by comparing results from
these two ionization pathways.

Figure 4 shows the two-dimensional kinetic energy spectrum of two photoelectrons detected
in coincidence. Because the second ionization potential of argon lies just below the photon energy
of the FEL radiation, there is one fast (first) and one slow (second) photoelectron expected during
SDI [39]. This feature of correlated electrons in SDI is shown in Figure 4, where the kinetic energy of
two photoelectrons created within one XUV pulse are plotted against each other. There is an increased
yield of photoelectrons at positions where one photoelectron has a kinetic energy of 12 eV and where
the other electron has a kinetic energy of 0.3 eV. The increased photoelectron yield at E1 = 12 eV and
E2 = 12 eV shows uncorrelated electrons and can be attributed to electrons from two independent
single ionization processes. The capability to record such two-dimensional energy spectra of reaction
fragments detected in coincidence underlines the aptitude of the REMI as a versatile AMO (atomic,
molecular, and optical physics) science station. The dynamics following multi-photon absorption
processes in the XUV range is kinematically completely accessible.
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Figure 4. Two-dimensional kinetic energy spectrum of photoelectrons originating from the same laser
pulse in two-photon double ionization (TPDI) in argon. The clustering at low E1 and low E2 are the
signature of the sequential double ionization (SDI) channel. The blob on the diagonal is caused by false
coincidences. Reproduced and modified from [30].

3.3. Molecular Dynamics in Ar Dimers

The pump–probe technique combined with fragment ion momentum imaging allows to track the
evolution of intermediate states through observables in the final state as a function of the pump–probe
delay [6].

The key observables to track molecular dynamics in REMI experiments are the yield of a specific
coincidence channel and the kinetic energy release (KER) of this channel. The KER is the sum of
the nuclear kinetic energies, which are generated from potential energy. While the system evolves
along the potential energy curve of the intermediate state it accumulates the kinetic energy KERnl(td),
until it is probed at the time td and at the internuclear distance R(td). Then it accumulates further
energy on the final state potential KER f (td) and we observe the sum KER(td) = KERnl(td)+KER f (td)

(see Figure 5).
The capabilities to observe molecular dynamics with this setup is demonstrated exemplarily

in an experiment investigating charge transfer (CT) in argon dimers using an XUV-pump IR-probe
scheme [5]. The experiment was performed at FLASH1, using the same reaction microscope apparatus,
but a different IR pump laser [40]. Argon dimers were ionized and excited to Ar2+* – Ar states by
absorption of three 27 eV photons. These states are still weakly bound, but the equilibrium nuclear
distance is much smaller. So the nuclei start to move towards each other. At smaller internuclear
distances, the potential energy curve crosses unbound states of the Ar+* – Ar+ type which are coupled
nonadiabatically so charge transfer can happen there (see Figure 5).

The system is subsequently probed by an intense 800 nm laser pulse [40] to the Ar2+ – Ar+ final
state. This transition is only possible if charge transfer has taken place. Therefore the yield of this
particular channel gives information on the transition probability of the charge transfer. In this process
we actually have two intermediate states. The first can only contribute negligible kinetic energy as the
potential is shallow. Thus the KER is accumulated mainly on the second intermediate state and the
final state.

The value of interest is the time constant when the system transfers its charge and thus changes
from the first to the second intermediate. Restricting the KER to values corresponding to the distance
RX, where crossings appear, allows to select those events that were probed directly after the charge
is transferred (see Figure 6). With this restriction, the probe pulse directly tracks the transition rate
depending on the time delay. This shows how the measurement of KERs combined with ion yields
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for varying pump–probe delays, allows to deduce the transition rates of the process of interest as a
function of time.
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Ar+ (3p-2 nl)-Ar+ (3p-1 )

Ar2+ (3p-2 )-Ar+ (3p-1 )

Figure 5. Potential energy curves of the argon dimer in the energy range 56 eV–68.5 eV . The XUV pump
(purple arrow) populates the initial Ar2+(3 s−1 3 p−1)−Ar state (black curve) at Req. The wave packet
starts to evolve to smaller R. At the crossings (orange-shaded area) with Ar+(3 p−2 nl)−Ar+(3 p−1)

states (light-green curves), charge transfer (CT) happens. The IR probe (red arrows) interrogates the
population of the Ar+(3 p−2 nl)−Ar+(3 p−1) states by ionization to final Ar2+(3 p−2)−Ar+(3 p−1)

states (dark-grey curves). Specific potential energies and corresponding internuclear distances are
indicated by horizontal and vertical dashed lines, respectively. Reproduced from [5], with the
permission of AIP (American Institute of Physics) Publishing.

Figure 6. Coulomb-exploded Ar2+ ions (non-coincident). (a) KER (kinetic energy release) vs. delay.
For negative delays, the IR is early with respect to the XUV pulse, for positive delays vice versa.
(b) Projection of all KERs within −4 to −2 ps onto the KER axis. (c) Same as (b), but for +2 to +4 ps.
(d) Projection of all KERs between 7.0 to 8.4 eV onto the delay axis. Reproduced from [5], with the
permission of AIP Publishing.
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4. Conclusions

We have presented the REMI endstation at FLASH2. The unique combination of a reaction
microscope and three state-of-the-art light sources opens up the possibilities for unprecedented
investigations in the field of atomic and molecular physics.

The sophisticated detection scheme of the REMI enables to measure charged fragments’ momenta
in 3D and in a coincident manner, which makes it an outstanding tool to extract essential information
of atomic and molecular fragmentation processes. We reviewed three experiments, each pointing
out specific strengths of the setup. The first experiment in Section 3.1, the XUV-pump IR-probe
measurement in helium showed the capability of scanning the XUV energy of FLASH2 and the 3D
momentum resolution of the REMI. The second experiment in Section 3.2 on the two-photon double
ionization in argon revealed the necessity of a coincident measurement to sort out electrons stemming
from specific channels. The third experiment in Section 3.3 on argon dimers showed, how to investigate
dynamical processes like charge migration by means of delay-dependent KER analysis.

Besides XUV-XUV and XUV-IR experiments, future experiments aim for pump–probe experiments
with the already commissioned HHG source in combination with the FEL. A future extension of the
endstation is an XUV spectrometer that will be installed downstream of the REMI. The spectrometer
allows to analyze FEL-pulses on a shot to shot basis, which can be used to sort REMI data according to
the fluctuating SASE-generated pulses.

The REMI endstation at FLASH2 facilitates many collaborations with a large variety of
experiments. Future proposals for experiments are already accepted and planned.
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4.3 Laser-dressing e�ects in helium
In this paper we employ XUV radiation of the FLASH2 and IR laser radiation in a
pump-probe scheme. Our target is atomic helium and XUV photon energies are kept
below the ionization potential. The interplay of both radiation fields allows to excite
a variety of states which are not accessible by single-photon absorption or in a single-
color scheme. Photoelectrons which are emi�ed from the excited helium atoms are
analyzed to deduce excitation pathways.

Besides the assignment of excited states we investigate their laser intensity depen-
dence. Due to the new undulator technique of FLASH2 (cf. Chapter 3), we were able
to scan the XUV photon energy fine enough to track intensity dependent shi�s of ex-
cited states. The scheme also allowed us determine intensity thresholds were higher
order excitation pathways open up.

Similar measurements were performed with HHG-based XUV radiation in a tran-
sient absorption (TA) scheme [72, 73, 74]. They report on excited states which are only
accessible due to the IR laser-dressing of the helium atom. These multi-color multi-
photon excited states were referred to as light induced states (LIS) [75]. Our measure-
ment can be seen as a complementary investigation compared to the TA measure-
ments. While we measure photoelectrons, TA measurements analyze the absorption
spectrum of a broadband XUV pulse from a gas sample.

There are comparable photoelectron measurements in helium employing XUV radi-
ation (synchrotron, FEL, HHG) below the ionization threshold in combination with IR
radiation [76, 77, 36]. These measurements however are not dealing with multi-color
multi-photon excitation, so their relevance is limited.
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Photoelectron emission from excited states of laser-dressed atomic helium is analyzed with respect to laser
intensity-dependent excitation energy shifts and angular distributions. In the two-color extreme ultraviolet
(XUV)-infrared (IR) measurement, the XUV photon energy is scanned between 20.4 eV and the ionization
threshold at 24.6 eV, revealing electric dipole-forbidden transitions for a temporally overlapping IR pulse
(≈ 1012 W cm−2). The interpretation of the experimental results is supported by numerically solving the time-
dependent Schrödinger equation in a single-active-electron approximation.

DOI: 10.1103/PhysRevA.102.062809

I. INTRODUCTION

Photoelectron spectroscopy is a powerful technique to ob-
tain compositional and structural information about matter
and to investigate light-matter interactions in general. It has
been successfully employed and continuously developed over
many decades in atomic and molecular physics [1]. Photo-
electrons carry information about the electronic bound and
continuum states of the corresponding atom, as well as infor-
mation about the absorbed and emitted photons.

With the advent of intense optical lasers, multiphoton ab-
sorption in atoms and molecules became feasible, enabling the
observation of a variety of new phenomena, e.g., multiphoton
excitation microscopy [2], resonance-enhanced multiphoton
ionization (REMPI) [3], Doppler-free two-photon spec-
troscopy [4,5], and high-order harmonic generation (HHG)
[6,7], to name just a few. One step further in the investigation
of light-matter interactions is the implementation of two-color
ionization and excitation schemes, which reveal laser-induced
continuum structures [8] and light-induced structures (LIS)
[9]. In the former case, the dressing laser field couples bound
states to the continuum, giving rise to a resonant structure
[10–13]. In the latter case, the ground state is coupled to
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excited states beyond the one-photon allowed dipole transition
via two-color photoexcitation [14–17].

In this paper, we report the use of XUV (extreme ultra-
violet) radiation with tunable wavelength provided by the
free-electron laser in Hamburg (FLASH) in combination with
a synchronized infrared (IR) laser to obtain a detailed picture
of excited states in laser-dressed atomic helium. The extreme
ultraviolet (XUV) photon energy is scanned over the 1snp 1P
Rydberg excitation series to a value just below the ionization
threshold. The superimposed IR pulses (800 nm wavelength)
arrive with a freely adjustable time delay with respect to the
excitation pulses. Their intensity is too low to ionize He in
its ground state, but strong enough to ionize it from excited
states that are temporarily reached via a combination of XUV
and IR photons. The ionization yield and angular distributions
are analyzed as a function of the XUV photon energy, the IR
time delay, and the IR intensity. In the case of temporally over-
lapping pulses, by absorption of one XUV and one or more IR
photons, one electron is lifted from the ground into a contin-
uum state through laser-dressed excited states, including those
that are not accessible by pure single-photon excitation. The
interpretation of the experimental results is supported by nu-
merical calculations based on the time-dependent Schrödinger
equation (TDSE) within the single-active electron (SAE) ap-
proximation.

This two-color scheme has the clear advantage over, e.g.,
single-color REMPI setups, where the dominant contribu-
tion to the excitation energy is delivered by only one XUV
photon, and hence the laser intensity can be kept low. There-
fore, field-induced changes to energy levels and fragmenta-
tion are minimized. This opens up precision-spectroscopic
studies of atoms and molecules under less-perturbing
conditions.

2469-9926/2020/102(6)/062809(6) 062809-1 Published by the American Physical Society
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There are photoionization measurements employing HHG-
based XUV radiation in combination with IR laser radiation
[18–20]. However, these experiments rely on single-photon
excitation of 1snp 1P states and the following ionization
through IR photon absorption. In contrast, the presented mea-
surement focuses on multiphoton excitation, enabled by the
combined interaction of XUV and IR photons.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experiment was carried out with the reaction micro-
scope (REMI) end station [21,22] at the free-electron laser
(FEL) FLASH2 [23,24]. FLASH2 features variable-gap undu-
lators that allow us to quickly change the photon wavelength
[25] over a broad spectral range. During the measurements,
the XUV photon energy was scanned in steps of 0.2 eV
from 20.4 eV to just below the ionization threshold of atomic
helium at 24.6 eV [26]. The FEL pulse-length was about
40 fs full-width at half maximum (FWHM) in intensity, and
the pulse energy (< 10 nJ) was reduced to a level such that
two-XUV-photon absorption in He can be neglected. Synchro-
nized, but with a timing jitter of several ten femtoseconds, the
IR probe laser (800 nm) was superimposed collinearly with
the XUV beam. In order to ensure optimal temporal overlap
with the FEL pulses, an IR pulse-duration of about 90 fs
FWHM was chosen. The IR pulse energy and the focusing
conditions were adjusted such that intensities in the order of
up to 1013 W cm−2 were reached in the target. With a diameter
of about 30 μm, the focus of the IR beam was significantly
wider than the FEL focus (≈10 μm). XUV and IR radiation
were linearly polarized and aligned parallel to each other.
Both beams were focused onto a dilute supersonic gas jet of
atomic helium in the center of the REMI, which is equipped
with two time- and position-sensitive detectors [27] to collect
all charged fragments (electrons and ions) within the full 4π

solid angle. Time-of-flight and position information is used
to retrieve the particles’ momentum vectors at the time of
ionization.

During the XUV photon-energy scans, the FEL pulse en-
ergy and the FEL beam diameter change slightly. Together
with the energy-dependent absorber-foil transmissions and
mirror reflectivities, this leads to small variations in the photon
flux. In our analysis, these effects are corrected by normaliz-
ing the data for each XUV energy with the simultaneously
recorded yield of H+

2 ions, which stem from a constant and
weak background of H2 gas in the REMI chamber. The ion-
ization cross section of H2 was taken from Ref. [28].

In the experiment, two sets of data were taken, one with
an IR intensity of approximately Ihigh ≈ 8 × 1012 W cm−2 and
one with Ilow ≈ 1 × 1012 W cm−2. We note that the temporal
jitter between FEL and IR, which is comparable to the IR
pulse duration, leads effectively to a lowering of the average
IR intensity for the case of overlapping pulses. The influence
of this imperfect overlap of both pulses increases with the IR
intensity in the same way as the contribution of nonlinear mul-
tiphoton transitions increases. Therefore, in the comparison to
theory, a smaller difference in intensity between the low and
high IR intensity case was chosen in our calculations in order
to mimic the corresponding experimental conditions.

The theoretical part of this study is based on numerically
solving the TDSE in the SAE approximation. Electrons are
assumed to be noninteracting, while the ground state is effec-
tively described as a 1s1s′ 1S state, where the 1s is close to
the He+ orbital and the 1s′ is treated like a valence orbital.
As always in theory, the binding energies of the n� valence
electrons are not exact. While 1sn� Rydberg states with an-
gular momenta � � 2 have very accurate binding energies,
this is not quite the case for p electrons and particularly for s
electrons, due to the small or missing centrifugal barrier. Since
excitation energies are measured from the ground state, much
of the remaining discrepancies are due to the binding energy
of the 1s′ orbital.

Specifically, we used the same one-electron potential as
Birk et al. [29],

V (r) = −1

r
−

(
1

r
+ 1.3313

)
exp(−3.0634 r), (1)

where r is the distance from the nucleus, to calculate the va-
lence orbitals. The difference of excitation energies compared
to the recommended excitation from the NIST database [26]
is less than 0.2 eV even in the worst-case scenario and does
not alter the essential conclusions presented below. We will
sometimes omit the inner 1s electron to simplify the notation,
keeping in mind that only two-electron singlet spin states are
accessible, since spin-forbidden transitions are negligible.

The laser parameters were chosen according to the avail-
able knowledge regarding the actual experimental conditions.
The XUV pulse duration was taken as 40 fs (FWHM value of a
peak intensity of 1 × 1012 W/cm2 with a Gaussian envelope)
and the IR pulse duration as 80 fs. While the XUV photon
energy was varied over a range in steps of 0.05 eV, the central
IR photon energy was held fixed at 1.55 eV (800 nm). Since
both beams are linearly polarized along the same direction, the
initial state can be propagated very efficiently and accurately.
Specifically, we used an updated version of the code described
by Douguet et al. [30].

III. RESULTS

Over the XUV scanning range, the helium atom can be
excited from the 1s2 1S ground state to a 1snp 1P excited state
for specific XUV photon energies, according to the electric-
dipole selection rules. The excited atom can be ionized by
absorbing one or more IR photons (h̄ω = 1.55 eV) of a subse-
quent laser pulse, promoting the weakly bound electron into
the continuum. This mechanism is depicted in an energy-level
scheme in the upper part of Fig. 1.

Experimental data for the corresponding process are shown
in Fig. 2, where the yield of photoelectrons is plotted against
the XUV photon energy for a nonoverlapping temporally
delayed IR pulse with intensity Ihigh. Clearly visible are the
yield enhancements for XUV energies that match the 1snp 1P
excitation energies in helium (2p at 21.2 eV, 3p at 23.1 eV, 4p
at 23.7 eV, etc. [26]). Also shown in Fig. 2 is the photoelectron
yield for XUV and IR pulses in temporal overlap (yellow dis-
tribution). Compared to delayed ionization, the 1P-excitation
peaks remain while an additional maximum appears around
22.4 eV. This feature was observed and described in transient-
absorption measurements as a LIS [9,15,16,31]. As XUV
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FIG. 1. Electronic energy level scheme of helium with different
ionization pathways through intermediate excited states. The XUV
energy scanning range is indicated by the blue box.

and IR radiation are simultaneously present, the helium atom
can undergo dipole-forbidden (for single photons) transitions,
provided the XUV photon absorption is accompanied by the
absorption or emission of IR photons of the dressing laser
field. In the simplest and dominant case, one XUV photon and
one IR photon combined drive 1s2 → 1sns or 1s2 → 1snd
transitions. By absorbing additional IR photons, the excited
atom is ionized.

This mechanism is depicted in the lower part of Fig. 1.
Direct two-photon absorption couples the ground state to 1sns
and 1snd states. In contrast to P-state ionization, peaks of LIS
emerge at XUV energies matching the energy of the excited
state plus or minus one IR photon.

In Fig. 3, the measured yield distributions for overlap-
ping pulses are shown for the two cases of low and high
IR intensity. The purple distribution in the background is
recorded with Ilow, while the yellow distribution is again for
the significantly larger intensity Ihigh. The latter exhibits a
gradual decrease in the yield from the peak corresponding to
the 2p state at 21.2 eV over the 3p state at 23.2 eV up to

FIG. 2. Photoelectron yield measured for two different delays
between the XUV and IR pulses. Both curves are normalized to their
maximum yield, and statistical error bars are much smaller than the
line thickness.

the higher np states (not visible due to the resolution). This
overall decrease with rising XUV energy can be explained by
the energy dependence of the cross section for the excitation
step [32]. The excitation probabilities are directly mapped to
the ionization yield in the case of Ihigh, where the IR intensity
is large enough to ionize all excited states independent of the
number of photons (N) needed. For low IR intensity (purple
distribution in Fig. 3), on the other hand, the scaling law
R ∼ IN of the transition rate R with the laser intensity I in
multiphoton processes becomes relevant [33]. Therefore, the
ionization yield of the 2p state, which requires N = 3 IR
photons, is reduced compared to the yield from the 3p and
higher np states (N = 1).

Two approaches are employed to assign the LIS to spe-
cific field-free atomic excited states. First, we analyze the
calculated distributions for excitation in combination with
ionization and compare them with the experimental ionization
yield. Second, the inspection of the measured photoelectron
angular distribution allows us to deduce the intermediate
bound state that the electron was emitted from.

Figure 4 shows theoretical predictions for XUV and IR
pulses in temporal overlap. The calculated ionization prob-
ability is plotted against the XUV photon energy for two
different IR intensities, color coded in yellow and purple for
high and low IR intensity, respectively (similar to the mea-
surement shown in Fig. 3). In addition to the ionization yield,
our calculations predict the population distribution of excited
atomic states at the end of the pulses as a function of the XUV
energy and the IR intensity. The most prominently populated
states in the theoretical excitation-probability distributions are
marked by arrows in Fig. 4. They serve as an indicator of
the role of the respective excited states and their population
(either direct or light-induced) at a given XUV energy en
route to ionization. This allows assignment of the peaks in
the ionization probability distribution (bottom panel of Fig. 4)
to the excited states from which the atom is ionized.

FIG. 3. Photoelectron yield measured for temporally overlapping
XUV and IR pulses. The distribution for high IR intensities (Ihigh)
is shown in yellow (light gray), and the distribution for low IR
intensities (Ilow) in purple (dark).
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FIG. 4. Calculated ionization probability for two different IR
intensities. Arrows in the top panel indicate the calculated positions
of excited (black) and light-induced (red) states. + (–) IR denotes the
emission (absorption) of an IR photon.

Electronic energy levels experience an AC Stark shift due
to the IR laser field [34,35]. This shift is clearly seen for the
3p state in theory (see Fig. 4), but is much smaller in the
experiment (see Fig. 3). However, experimental Stark shifts
can be seen in the photoelectron kinetic energy spectrum (not
shown here). Overall, we see good agreement between ex-
periment and theory when comparing the purple distributions
in Figs. 3 and 4. Similar to the experiment, the calculated
ionization yield shows a reduced contribution of the 2p state
relative to the 3p state when the IR intensity is lowered.
Moreover, the strengths and the positions of the LIS peaks,
which only appear in temporal overlap, are well reproduced
by the calculations. Small shifts in energy are attributed to the
already mentioned inherent inaccuracies of electronic binding
energies in the SAE model. Most importantly, for low IR
intensity the dominating LIS peak is found around 21.8 eV
as in the experimental counterpart. As the enhancements by
other excited states appear at distinctively different positions
and are much less pronounced, this dominating LIS peak at
21.8 eV (purple distribution in Fig. 3) can be assigned to the
3d state.

The situation changes for high IR intensity where the dom-
inant LIS peak is shifted to a larger XUV energy of about
22.4 eV in experiment (yellow in Fig. 3). Comparison with
theory indicates that in this case ionization proceeds through
the Stark-shifted 3d and 2s excited states. Both contribute to
the dominating LIS peak at about 22.2 eV according to our
state assignment in Fig. 4. Relative to the 3d state, the 2s
contribution becomes more relevant at high intensity because,
in order to populate the 2s state, the atom absorbs one XUV
photon while emitting one IR photon. Ionization takes place
by absorbing another three IR photons. In contrast to this
effective four IR-photon transition, ionization via the 3d state
involves only two IR photons. We note that the large shift of
the 3d LIS with IR intensity seen in the experiment is also
consistent with the calculation by Chen et al. [9].

The electronic structure of the dominant LIS involving
both the 2s and 3d excited states at 22.4 eV for high IR
intensity in Fig. 3 can also be deduced from the photoelectron

FIG. 5. PAD for the dominant LIS at high IR intensity. (Exp:
EXUV from 22.2 to 22.5 eV and Ee from 0.2 to 0.5 eV, Calc: EXUV

from 22 to 22.3 eV and Ee from 0.2 to 0.5 eV). The experimental
counts are normalized to theory. The inset shows the corresponding
measured 3D photoelectron momentum distribution.

angular distribution (PAD). This is shown in Fig. 5 where the
yield of electrons is plotted as a function of their emission
angle � with respect to the laser polarization axis.

The distribution exhibits a typical “F -like” shape, indi-
cating the angular quantum number of the continuum state
to be L = 3. Starting from a 1S state (L = 0), an angular
quantum number of L = 3 can only be reached by absorb-
ing at least three photons. For an atom in a 1D state (L =
2), absorbing one IR photon is sufficient to obtain an F -
like PAD. One can deduce the populated bound states by
taking the photoelectron kinetic energy (0.4 eV) minus the
IR photon energies (each 1.55 eV) while also accounting
for the Stark-shifted continuum level. One finds that the
matching states are the 3d and 2s excited states. The yel-
low solid line in Fig. 5 shows the calculated PAD for the
considered LIS. We find very good agreement between exper-
iment and theory, thereby supporting our interpretation of the
mechanism.

The three-dimensional PAD of the dominant LIS is also
contained in the measured three-dimensional photoelectron
momentum distribution, shown in the inset of Fig. 5. Dots in
the plot represent a bin in momentum space, with the yield
within each bin being color coded. The energy range was
chosen from 0.3 to 0.5 eV, resulting in a spherical shell of dots
in the plot. The projections on the walls show the integrated
yield along one specific direction. The two small maxima in
Fig. 5 are found as two rings around the polarization axis,
while the large maxima are found in the three-dimensional
distribution for maximal absolute px momentum, i.e., along
the polarization axis of IR and XUV.

IV. CONCLUSION

We have measured and analyzed photoelectrons stemming
from laser-dressed atomic helium. The helium atoms were
photo-excited over a large energy range by XUV FEL ra-
diation in the presence of a moderately strong IR laser (≈
1012 W cm−2). The scheme allowed us to reveal light-induced
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structures alongside the 1P Rydberg series. The observed ex-
citation energies of the LIS for varying IR intensities were
supported by TDSE calculations. The photoelectron angular
distribution and the kinetic energy were used to assign the
LIS. The dominant LIS in the photoelectron yield of laser-
dressed helium was identified as stemming from the 1s3d 1D
excited state for an IR intensity of about 1 × 1012 W cm−2,
while for a higher IR intensity of about 4 × 1012 W cm−2 the
1s2s 1S state also contributes significantly.

Our investigation complements previous transient-
absorption measurements on light-induced structures but
brings up additional aspects. While transient-absorption
measurements reveal LIS in the absorption spectrum without
the need for ionization, our measurement is sensitive to
the excited states from which electrons are emitted and
allows us to measure and assign angular distributions of the
corresponding continuum final states.

The presented analysis suggests the preference to populate
the 1s3d 1D state rather than the 1s3s 1S state. This is can be
seen in the high IR intensity case, where all excited states get
ionized, so the yield is independent of the number of ionizing
photons. We find the propensity of helium in its ground state to
increase angular momentum by two-photon absorption, thus

driving a bound-bound transition. This can be understood in
the context of Fano’s propensity rule [36], originally stated
between bound and continuum states, and the propensity anal-
ysis of continuum-continuum transitions by Busto et al. [37],
both stating the propensity to increase the angular momentum
in photoabsorption.
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4.4 Dichroism in laser-dressed helium
This paper is a follow-up of the previous one. Here we investigate the multicolor ex-
cited states in dependence of the relative polarization of XUV and IR. Both radiation
fields are linearly polarized and can be rotated with respect towards each other. This
gives an additional degree of freedom compared to a single-color experiment. We find
certain states which can only be populated for a specific orientation of polarizations.
Consequently, along with the population ionization vanishes. In this way, polariza-
tion can be used as a handle to switch on and o� ionization at specific XUV photon
energies.

Furthermore, additional states are identified and assigned compared to the inves-
tigation in the previous section. The analysis of photoelectron angular distributions
(PADs) shows states with magnetic quantum numbers m di�ering from the ground-
state value m = 0. This situation is found for orthogonal polarization between XUV
and IR polarization.

Finally the paper discusses the laser intensity dependence of PADs. In our scheme
the XUV photon provides the main energy contribution for ionization. In this way,
helium can be ionized with just a few IR photons, in contrast to IR laser ionization only.
This allows to enter a region between multi-photon ionization and tunnel ionization.
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Abstract. Ionization of laser-dressed atomic helium is investigated with focus on photoelectron angular
distributions stemming from two-color multi-photon excited states. The experiment combines extreme
ultraviolet (XUV) with infrared (IR) radiation, while the relative polarization and the temporal delay
between the pulses can be varied. By means of an XUV photon energy scan over several electronvolts,
we get access to excited states in the dressed atom exhibiting various binding energies, angular momenta,
and magnetic quantum numbers. Furthermore, varying the relative polarization is employed as a handle to
switch on and off the population of certain states that are only accessible by two-photon excitation. In this
way, photoemission can be suppressed for specific XUV photon energies. Additionally, we investigate the
dependence of the photoelectron angular distributions on the IR laser intensity. At our higher IR intensities,
we start leaving the simple multi-photon ionization regime. The interpretation of the experimental results
is supported by numerically solving the time-dependent Schrödinger equation in a single-active-electron
approximation.

1 Introduction

The fundamental interaction of photons and matter is
omnipresent in nature. Scientists not only employ light
to investigate matter to high precision, but also as a tool
to modify it in a well-controlled manner. The continu-
ous development and optimization of light sources and
combining them in a variety of ways makes it possible
to enter unprecedented realms in light–matter interac-
tion. For example, intense infrared (IR) pulses focused
into a gas target can trigger high-harmonic generation
of extreme ultraviolet (XUV) photons [1,2]. The two
intrinsically synchronized radiation fields can be used in
a variety of experiments on atoms and molecules. The
scheme of XUV excitation and subsequent IR ionization
is employed in photoelectron measurements to deter-
mine angular-distribution parameters, relative popula-
tion strengths, and delay-dependent ionization yields
[3–6]. Complementary transient absorption measure-
ments employed an energetically broad XUV spectrum
in combination with the IR driving laser and revealed
light-induced states (LIS) in helium [7]. These LIS

a e-mail: severin.meister@mpi-hd.mpg.de (corresponding
author)

can be attributed to two-color multiphoton excitation,
allowing transitions beyond the one-photon electric-
dipole selection rules. LIS were investigated in the con-
text of transient absorption (see [8] for a review) with
regard to their intensity dependence [9], quantum inter-
ference [10,11], and also for molecules [12]. Reduzzi et
al. [13] brought up the aspect of polarization control,
as the population of LIS depends on the relative ori-
entation of the laser polarizations. We note that apart
from the transient absorption context these states are
dubbed dark states, as they are not accessible by single-
photon absorption. In the following we will refer to the
basic helium eigenstates, but the notation obviously
depends on the viewing angle.

XUV-IR photoelectron measurements employing syn-
chrotron [14] or free-electron laser (FEL) [15] radi-
ation in combination with an IR laser have also
been reported. These experiments, however, focused
on photoelectron angular distributions (PADs) stem-
ming from single-photon excited states. Building upon
our earlier work on photoelectron yields originating
from multiphoton excited states [16], the present study
comprises a detailed analysis by employing multi-
dimensional data sets. Here, we focus on polarization-

0123456789().: V,-vol 123
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dependent or dichroic effects of PADs and their laser-
intensity dependence.

The measurement employs FEL-XUV radiation in
combination with a synchronized IR laser. Both sources
are linearly polarized with adjustable orientation rel-
ative to each other. For temporally separate (non-
overlapping) pulses, the preceding XUV pulse excites
the helium atom to specific (1snp)1P states, while the
delayed IR pulse ionizes the excited atom. For paral-
lel orientation of polarizations and pulses in temporal
overlap however, helium can be excited from its (1s2)1S
ground state to (1sns)1S and (1snd)1D states by simul-
taneous two-photon XUV-IR excitation. By absorbing
additional IR photons, the excited atom can be ionized
while details of the excited state can be inferred from
the angular distribution and the kinetic energy of the
emitted electrons. Measured PADs resemble hydrogen
orbitals with varying angular momentum � but con-
served magnetic quantum number m = 0. For orthog-
onal orientation of the polarization axes, the PAD is
altered fundamentally. The axial symmetry of the PAD
along the polarization axis is broken, as the magnetic
quantum number is m = ±1 with the IR defining the
quantization axis. Furthermore, in this configuration
excitation of 1S states is completely suppressed, as pre-
dicted by selection rules for two-photon excitation [17].
Along with excitation, photoionization is suppressed at
specific XUV energies, as the resonance enhancement is
not available anymore.

We also report on a multiphoton feature just below
the (1s2p)1P resonance involving excitation by one
XUV and two IR photons. The analysis of the PADs
allows to infer the excitation mechanism and an assign-
ment to the (1s4f)1F resonance.

Moreover, the IR intensity dependence of PADs is
analyzed. Since the XUV pulse deposits most of the
required excitation energy into the helium, IR ioniza-
tion of excited states can be studied at lower laser inten-
sities than in a single-color experiment. Our analysis
suggests that the simple multi-photon description is
valid except for high IR intensities, as our high-intensity
data set shows. Finally, the interpretation of our exper-
imental results is supported by numerical solutions of
the time-dependent Schrödinger equation (TDSE) in
the single-active electron (SAE) approximation.

This manuscript is organized as follows. Section 2
provides a summary of the experimental (Sect. 2.1)
and theoretical (Sect. 2.2) methods. Our results are
presented in Sect. 3, separated for ionization via the
(1s3d)1D and (1s2s)1S excited states 3.1, the (1s4f)1F
excited state 3.2, and the IR intensity dependence of
the PADs 3.3. A summary is given in Sect. 4.

2 Methods

2.1 Experimental Setup

The experiment was carried out with the reaction
microscope (REMI) endstation [18,19] at the free-

electron laser in Hamburg (FLASH2) [20,21] and
a short-pulse IR laser based on optical parametric
chirped-pulse amplification (OPCPA) [22]. The wave-
length tunability of FLASH2 [23] was employed by
scanning the XUV photon energy between 20.4 eV and
23.2 eV in steps of 0.1 eV with a bandwidth of 0.2 eV
full-width at half maximum (FWHM). The FEL pulse
duration was estimated to be about 40 fs FWHM in
intensity and the FEL pulse energy was reduced to
< 10 nJ, a level where two-XUV-photon absorption is
suppressed. The IR laser was stretched to pulse dura-
tions of 90 fs (FWHM) to maintain, temporal overlap
with the XUV pulses despite the timing jitter of sev-
eral ten femtoseconds. The IR focal spot diameter of
about 30 µm is significantly larger than the FEL focus
(≈ 10µm) and reached an intensity on the order of
1012 W/cm2. The effective repetition rate in the mea-
surement was 500 Hz.

The IR and FEL pulses enter the REMI collinearly
while their foci overlap in the REMI center. Both the
XUV and the IR radiation are linearly polarized, and
the IR polarization can be rotated with respect to
XUV polarization. A dilute supersonic gas jet of atomic
helium crosses the laser foci, triggering single photo-
ionization events. Charged fragments are separated by
a homogeneous electric field and guided onto two time-
and position-sensitive detectors. In order to achieve
high momentum resolution, we selected a low electric
field strength of 1.2 V/cm. A magnetic field, collinear
with the electric field, forces charged particles on spiral
trajectories ensuring a detection in the entire solid angle
of 4π [24]. The chosen settings allow a 4π detection of
electrons with kinetic energy up to 5 eV. Time-of-flight
and position information is used to retrieve the parti-
cles’ momentum vectors at the time of emission. Impos-
ing momentum conservation on ions and electrons pro-
duced during the same laser pulse makes it possible to
sort out fragments stemming from the same parent par-
ticle.

2.2 TDSE Calculation

The theoretical part of this study is based on numer-
ically solving the TDSE in the SAE approximation.
Although the model was described already in [16], we
repeat it here for completeness and describe the exten-
sions to implement the polarization. The ground state
is effectively described as a (1s1s′)1S state, where the
1s is close to the He+ orbital and the 1s′ is treated like a
valence orbital, similar to the n� orbitals in all the other
1sn� Rydberg states. As always in theory, the binding
energies of the n� valence electrons are not exact (see
Fig. 1 for a quantitative overview), especially since we
used a single-electron model potential rather than fully
accounting for the electron-electron interaction and cor-
relation in an ab initio manner. While 1sn� Rydberg
states with orbital angular momenta � ≥ 2 have very
accurate binding energies, this is not quite the case
for p electrons and particularly for s electrons, due to
the small or missing centrifugal barrier. Since excita-
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Fig. 1 Comparison of helium excitation energies between
NIST [25] and the model of this study. With the ground
state set at 0.00 eV, this indicates that the excitation energy
of the 2s state is underestimated, while all the other exci-
tation energies are slightly overestimated

tion energies are measured from the ground state, much
of the remaining discrepancies are due to the binding
energy of the 1s′ orbital.

Specifically, we used the one-electron potential,

V (r) = −1

r
−

(
1

r
+ 1.3313

)
exp(−3.0634 r), (1)

where r is the distance from the nucleus, to calculate
the valence orbitals. The deviations in the excitation
energies, compared to the recommended values from
the NIST database [25], are less than 0.2 eV even in the
worst-case scenario (see Fig. 1) and do not alter the
essential conclusions presented below. In the following
we will usually omit the inner 1s electron and the total
spin state (it would be a singlet in the two-electron
description) to simplify the notation. Doubly excited
states are not accessible with the photon energies used
in the present experiment, and spin-forbidden transi-
tions (i.e., excitation of triplet states) are negligible.

The laser intensity was chosen according to the avail-
able knowledge regarding the actual experimental con-
ditions. The XUV pulse duration was taken as 40 fs
(FWHM value of a peak intensity of 1010 W/cm2 with
a Gaussian envelope) and the IR pulse duration as 80 fs
(FWHM). While the XUV photon energy was varied
over a range in steps of 0.05 eV, the central IR photon
energy was held fixed at 1.55 eV (800 nm).

Due to the fact that the lasers are linearly polarized
along different directions, the cylindrical symmetry of
the problem that we could take advantage of in the pre-
vious work [16] is no longer valid. The complications,
however, are manageable in a straightforward way by
employing an updated version of the code described
by Douguet et al. [26]. Specifically, we used the veloc-
ity gauge and a variable radial grid step starting at
0.1 a.u. near the nucleus and gradually increasing to
0.2 a.u. far away, where we only need to describe rel-

Fig. 2 Excitation and ionization scheme of the XUV
energy scan in helium. For preceding XUV pulses there is
only single XUV-photon absorption inducing p-state excita-
tion (hatched orange region). For excitation into states with
� �= 1 a combination of an XUV photon and IR photons is
required. Two-color multi-photon excitation is only possible
for temporally overlapping pulses

atively slow electrons. The timestep was set constant
at 0.05 a.u., partial waves up to �max = 12 were cou-
pled, and the numerical convergence of the predictions
was checked by varying the parameters. Any apparent
shortcomings of the theoretical results presented below
are expected to be due to either the deficiency of the
SAE model itself and/or the remaining uncertainties in
the knowledge and, consequently, the description of the
laser parameters.

3 Results and Discussion

3.1 Dichroism in Ionization via the 3d and 2s
Excited States

A straightforward interpretation of the presented
excitation and ionization mechanism is provided for
XUV pulses preceding IR pulses. At matching XUV
photon energies in the scanning range, the helium atom
can be excited from the 1s ground state to np states. By
absorbing additional photons of the moderately intense
(≈ 4 × 1012 W/cm2) delayed IR pulse, the excited atom
can be ionized. The energy of the measured photo-
electron depends on the binding potential of the excited
state and the number of absorbed IR photons. Figure 2
shows schematically the underlying excitation and ion-
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Fig. 3 Measured photoelectron yield as function of the
photoelectron kinetic energy and XUV photon energy (Eγ-
plot) for preceding XUV pulses. At 21.2 eV (23.1 eV) the
2p (3p) state gets populated by the XUV. A subsequent IR
pulse ionizes the excited atom. The emitted electrons appear
as ATI peaks on the electron-energy axis. The diagonal line
shows shakeup-ionization by the third harmonic of the FEL,
leaving the He+ in its first excited state

ization mechanism. The hatched regions in orange indi-
cate the pathways that are accessible in the case of pre-
ceding XUV pulses. For example, the hatched region on
the left shows ionization of helium via the 2p (21.2 eV)
state. One XUV photon excites the atom to the 2p state
and the additional absorption of at least three IR pho-
tons (1.55 eV each) from the delayed IR pulse results in
ionization. The emitted photoelectron is detected and
its measured kinetic energy can be reproduced by cal-
culating the excess energy as follows:

EXUV(21.2 eV) + 3 · EIR(1.55 eV)

− Ip(24.6 eV) = Eele(1.2 eV) (2)

The atom can also absorb more photons than the
minimum number required for ionization. The effect
of above-threshold ionization (ATI) [27,28] manifests
itself as regions of high yield separated by 1.55 eV in
the electron energy.

The gray “continuum” region in the top of Fig. 2
illustrates the experimentally accessible part of the
scheme. Respectively, Fig. 3 depicts the measured
photoelectron yield as a function of the photoelectron
kinetic energy and the scanned XUV photon energy
(Eγ-plot) for temporally delayed IR pulses. Here, the
same XUV energy range as in Fig. 2 is depicted, while
Fig. 4 and Sect. 3.2 will focus on regions B and A
(cf. Fig. 2), respectively. According to the mechanism
described, Fig. 3 shows a high yield of photoelectrons
at XUV photon energies of the 2p (21.2 eV) and the
3p (23.1 eV) states. ATI peaks are found along the
electron-energy axis, separated by the energy of one IR
photon.

The diagonal line, starting at around 21.8 eV in
Fig. 3, can be attributed to the third harmonic of the
FEL. At this fundamental frequency, the third har-
monic has an energy of 65.4 eV, just sufficient to ionize
the helium atom (Ip = 24.6 eV) and leaving the He+

ion in its first excited state (n= 2, 40.8 eV). The diag-
onal has a slope of three, as the photoelectron takes the
excess energy.

For XUV and IR pulses in temporal overlap, the situ-
ation changes substantially, as various excitation path-
ways open up. In this case the helium atom is dressed
in the IR radiation field during the XUV pulse and can
absorb or emit IR photons, allowing access to transi-
tions beyond the one-photon electric dipole selection
rules. The simplest case of two-color two-photon exci-
tation allows to couple the 1s ground state to ns and nd
states. By absorbing additional IR photons, the excited
atom can again get ionized, and the emitted photo-
electron is measured.

In the case where both radiation fields are simul-
taneously present, all ionization pathways depicted in
Fig. 2 are accessible. For excitation into the 3d state,
the helium atom conjointly absorbs one XUV photon
and one IR photon from the laser field. We also observe
excitation into the 2s state, where conjointly to the
XUV-photon absorption one IR photon is emitted to
the laser field. As reported in reference [16], these two
states dominate the light-induced features for the cho-
sen IR and XUV parameters between the 2p and the
3p states. A detailed measurement in the XUV energy
region B (cf. Fig. 2) is presented in Fig. 4. Subplot (a) is
recorded for parallel polarization and shows two regions
of high yield around 21.8 eV and 22.3 eV, which can be
attributed to the 3d and the 2s states, respectively. The
distribution of electron energies is broad due to the IR
laser bandwidth and shortened lifetimes of the rapidly
ionizing states. The broadness of the peaks along the
XUV energy axis can be attributed to the XUV band-
width and the AC Stark shift. The latter effect becomes

Fig. 4 Eγ-plot of region B (cf. Fig. 2). Experiment: a par-
allel, b orthogonal polarization. Calculation: c parallel,
d orthogonal polarization

123



Eur. Phys. J. D          (2021) 75:205 Page 5 of 11   205 

even more pronounced as the timing jitter between
pulses leads to varying IR intensities when the XUV
pulses are present. This effect was accounted for in the
TDSE calculation of Fig. 4c by summing over three
IR intensities (1, 2 and 3 × 1012 W/cm2). Here, the
two dominant multiphoton excitation features of the
experiment are well reproduced, even though they are
located at slightly different XUV photon energies. As
mentioned in Sect. 2.2, the binding and, consequently,
the excitation energies of our model deviate from the
ones recommended by NIST. In fact our model underes-
timates the excitation energy of the 2s state and overes-
timates that of the 3d state, which explains the remain-
ing differences between calculation and experiment.

Two-color multi-photon excitation includes the addi-
tional degree of freedom to change the relative ori-
entation of the polarizations. By exploiting this han-
dle, specific excitation pathways, and with it photo-
ionization, can be deliberately suppressed. The mea-
surement depicted in Fig. 4b is recorded with the same
parameters as in (a), except for the orthogonal orien-
tation of the polarization axes. While the 3d feature
remains, the signal of the 2s state vanishes. This finding
is predicted by the “two-photon electric-dipole selection
rules” [17] for photons of differing frequency. According
to this rule, the transition ΔJ : 0 → 0 of the total elec-
tronic angular momentum is forbidden, while the mag-
netic quantum number m has to change by Δm = ±1.
Since spin-flips during the excitation process are neg-
ligible, the ground-state spin (S = 0) is conserved and
L = J .

The elongated region of high yield from the 3d state
along the XUV photon-energy axis can be explained by
the AC Stark shift. A pronounced shift of this state is
described in Chen et al. [7] and Meister et al. [16]. In
combination with the temporal jitter of the two radi-
ation fields, it leads to the elongated feature. The cal-
culated data for the orthogonal case are depicted in
Fig. 4d. Similar to the experimental observation, the
2s state disappears while the 3d feature remains.

In addition to the kinetic energy of the photo-
electrons, their angular distribution is measured. This
allows us to deduce the quantum numbers of the excited

state from which the electron was emitted. Figure 5
shows the measured three-dimensional photoelectron
momentum distribution, which contains the PAD. Bins
in momentum space are color-coded by the number of
counts; each dot represents a photoelectron count. The
two-dimensional plots on the walls depict the momen-
tum distribution integrated along one axis.

Electrons in both subplots stem from the 3d res-
onance and were recorded at 21.8 eV XUV photon
energy with their kinetic energy in the range from
0.07 eV to 0.16 eV. The weak contribution of the third
harmonic is negligible and shows an isotropic PAD.

The PAD in Fig. 5a was measured for parallel polar-
ization axes. In this configuration, each contributing
photon changes the angular momentum by Δ� = ±1
while the magnetic quantum number m = 0 is con-
served from its ground-state value. The change of � and
m upon photon absorption is depicted in Fig. 6. For
the measured “f -like” (� = 3) continuum distribution
emission is found along the polarization axes and in
two rings orthogonal to them. This suggests that the
ionization proceeds via a d state.

Fig. 6 Scheme of angular momentum � and magnetic
quantum number m upon multi-photon excitation. For XUV
(blue) and IR (red) polarization parallel to each other,
Δm = 0. For orthogonal orientation, Δm = ±1

Fig. 5 Momentum distribution of photoelectrons stemming from the 3d LIS. The polarization axes of the XUV and IR
are a parallel and b orthogonal to each other
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(a) (b)

Fig. 7 Measured Eγ-plot for region A (cf. Fig. 2) and par-
allel polarization. a Preceding XUV pulse, b temporal over-
lap. Ionization through a 2-IR-photon-coupled 4f state is
observed at an XUV photon energy of 20.8 eV

The PAD changes substantially in the case of orthog-
onal polarizations. The axial symmetry along the IR
polarization is broken, and the distribution resembles
that of a hydrogen orbital with � = 3 and m = ±1.
This can be explained by taking the IR polarization
as the quantization axis, so the linear polarization of
the XUV is expressed as a superposition of right-hand
and left-hand circularly polarized radiation fields. In
this way, it is straightforward to see that the magnetic
quantum number changes according to Δm = ±1 upon
absorption of an XUV photon. The absorption of IR
photons, on the other hand, does not change m. This
is illustrated in Fig. 6.

3.2 Ionization via the 4f Excited State

For high IR intensities (≈ 8 × 1012 W/cm2), we find a
further peak at 20.8 eV, below the 2p resonance peak
. A LIS for similar IR parameters in the same XUV
energy range was observed by Chini et al. [10] in a
transient-absorption (TA) measurement. It was tenta-
tively assigned to excitation of np states by the absorp-
tion of one XUV photon and two IR photons. The
present measurement however, suggests the feature to
be a resonant enhancement of ionization via the 4f
state as explained in the following.

Figure 7 shows an Eγ-plot of region A (cf. Fig. 2)
for parallel polarization axes. In subplot (a), the XUV
pulse precedes the IR pulse, and thus ionization is
restricted to resonant enhancement via p-state excita-
tion. Within the depicted XUV energy range (scanned

Fig. 8 Photoelectron momentum distributions integrated
along the laser propagation direction y for parallel polariza-
tion axes. The measured distributions are displayed in the
top row, the calculated distributions in the bottom row

in 0.2 eV steps), there is only ionization via the 2p
state at around 21.2 eV. The electron energy is about
1.2 eV, as the excited atom becomes ionized by absorb-
ing three IR photons. This ionization pathway was pre-
viously described in Sect. 3.1 and is depicted in Fig. 2.
For pulses in temporal overlap, the dressing IR-field
opens up an additional excitation pathway. A new peak
appears in Fig. 7b at slightly lower XUV photon ener-
gies and electron kinetic energies (EXUV ≈ 20.8 eV,
Ekin ≈ 0.6 eV) compared to the first ATI peak from
the 2p state.

The following energetic considerations rule out cer-
tain excitation pathways and lead to the final assign-
ment of the involved state. As the peak is only present
for overlapping pulses, two-color excitation has to be
considered. For excitation by one XUV photon plus
one IR photon, even the lowest s and d states are
out of reach (20.8 ± 1.55 eV) to be connected to the
peak. The 2s (20.6 eV) state is too close to be pop-
ulated, while the next 3s (22.9 eV) and 3d (23.1 eV)
states are already too high to be populated. By consid-
ering an excitation involving absorption of one XUV
photon plus two IR photons, there are nf and np
states available. The angular momenta of the three pho-
tons either add up, changing the ground-state angu-
lar momentum by Δ� = +3, or two angular momenta
cancel each other resulting in Δ� = +1. The case of
negative Δ� is omitted, because the angular momen-
tum of the helium ground state is already the low-
est possible. The total available excitation energy is
EEXC = EXUV(20.8 eV) + 2 · EIR(1.55 eV) = 23.9 eV.

123



Eur. Phys. J. D          (2021) 75:205 Page 7 of 11   205 

Possible excited states are 4p and 4f , both with a bind-
ing energy of about 23.75 eV, and the 5p and 5f states,
both with a binding energy of about 24.05 eV. In order
to decide which states are more likely to be populated
(either n = 4 or n = 5), we consider the AC Stark shift.
To estimate the shift of these higher excited states, we
take the shift between the 2p peak at 1.05 eV in Fig. 7b
and the field-free value of Eq. 2 at 1.2 eV. By includ-
ing the shift of about 0.15 eV, the binding energy of
the 4p and 4f states is found at the matching excita-
tion energy of 23.9 eV. This estimate is reasonable, as
the highly excited states (n = 4, 5) experience a similar
energetic shift with IR intensity as the continuum level.
The possible resonances involved in the laser-dressing
peak in Fig. 7b are narrowed down to the 4p and the
4f states.

The final identification is performed by analyzing
the angular distribution of the photoelectrons stem-
ming from the excited state. Figure 8 shows the mea-
sured and calculated photoelectron momentum distri-
butions for parallel orientation of the polarization axes.
The three-dimensional data are integrated along the
mutual propagation direction y of the radiation fields
and normalized to the total yield to provide a conve-
nient comparison. The two plots in the upper row show
the measured PAD of ionization through the 2p state
and the nearby light-induced 4f state. In both cases
emission is found along the polarization axis x and in
three rings around the axes, appearing as three vertical
lines. This distribution is “g-like” and corresponds to a
continuum state with angular momentum � = 4. Conse-
quently, this PAD pinpoints the excited state to be the
4f state rather than the 4p state, supported by moni-
toring the excited-state population during and after the
pulse, which is possible in the calculation.

The two plots in the bottom row of Fig. 8 were gener-
ated by the numerical calculation described in Sect. 2.2.
The electron kinetic energy was cut off at 1.8 eV to
avoid an overlay of higher ATIs in the projection. The
IR intensity was set to 3 × 1012 W/cm2 and the XUV
photon energy range was adapted to select the peak
of interest. We introduced a Gaussian uncertainty in
the electron energy of 0.2 eV to mimic the experimen-
tal conditions, including the IR bandwidth and the
Stark broadening due to the temporal jitter between
the pulses.

The 4f peak is also observed for orthogonal polar-
ization axes. The measured Eγ-plot in Fig. 9 sam-
ples region A (cf. Fig. 2) in steps of 0.1 eV. Similar
to Fig. 7, subplot (a) is recorded for preceding XUV
pulses, while (b) is recorded in temporal overlap. The
peak appears at the same electron energy and XUV
photon energy as in the case of parallel polarization.

Again, by analyzing the PAD of the peak, the
ionization-enhancing resonance can be identified. Sub-
plots in the top row of Fig. 10 depict the measured
photoelectron momentum distribution for orthogonal
polarization. In this case the magnetic quantum num-
ber increases to one, following the same argumentation
as given in Sect. 3.1. Electrons are emitted in eight
equally spaced solid-angle sections perpendicular to the

(a) (b)

Fig. 9 Measured Eγ-plot for region A (cf. Fig. 2) and
orthogonal polarization. a Preceding XUV pulse, b tem-
poral overlap. Ionization through a 2-IR-photon-coupled 4f
state is observed at an XUV photon energy of 20.8 eV

Fig. 10 Photoelectron momentum distributions inte-
grated along the laser propagation direction y for orthogonal
polarization axes. The measured distributions are displayed
in the top row, the calculated distributions in the bottom
row
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laser propagation axis y. The node count corresponds
to an � = 4 continuum state and, therefore, to an � = 3
excited f -state the electron was emitted from. There
is good agreement in Fig. 10 between the experimen-
tal data in the top row and the theoretical predictions
in the bottom row. Characteristics like the number of
nodes and their relative intensity are reproduced as
well as the diameter corresponding to the photoelectron
kinetic energy.

3.3 IR Intensity Dependence of PADs

In the present XUV-IR scheme, the main energy con-
tribution to ionization is provided by one XUV pho-
ton. This allows ionization of helium from excited states
where electrons are less strongly bound. Electrons can
be lifted over the remaining potential barrier by absorb-
ing just a few additional IR photons, in contrast to
ionization by an IR laser only, where strong fields are
required. In the extreme case of tunnel ionization, elec-
trons are predominantly emitted along the polariza-
tion axis, giving rise to the classical picture of elec-
trons being accelerated along the electric field lines. On
the contrary, at lower laser intensities within the multi-
photon regime, complex PADs emerge, corresponding
to discrete number of absorbed photons and angular
momenta.

The present measurement exhibits PADs that indi-
cate the photoionization process leaving the simple
multi-photon regime. The Keldysh parameter γ [29] can
be used to roughly quantify the localization within the
continuous transition from the tunneling regime (γ < 1)
to the multi-photon regime (γ � 1). The parameter is
defined as

γ =

√
2Ip ω

E0
. (3)

Here Ip is the ionization potential, ω the frequency, and
E0 the maximum field strength (all in atomic units).
In the present experiment, helium is ionized from the
2p state, yielding γhigh = 1.9 in the high IR intensity
case (≈ 8 × 1012 W/cm2) and γlow = 5.3 in the low
IR intensity case (≈ 1 × 1012 W/cm2). While γlow is
well within the multi-photon regime, γhigh enters the
transition region.

Figure 11 shows calculated PADs for XUV and IR
pulses in temporal overlap with parallel polarization
axes. The angle Θ is defined as the angle between
the polarization axis and the emission direction of the
photoelectron. Photoelectrons in Fig. 11 are selected to
cover the first ATI peak of ionization via the 2p state
(XUV energy from 21.1 eV to 21.5 eV, electron energy
from 0.6 eV to 1.4 eV). The data are normalized to the
total integral yield. The number of maxima in Fig. 11
corresponds to the four absorbed photons (compare
Fig. 2) and thus to the accumulated angular momen-
tum. At low IR intensity, the PAD exhibits very pro-
nounced minima and maxima, while at higher IR inten-
sity the distribution changes distinctly. The minima at

Fig. 11 Calculated PAD of the first ATI peak at 21.2 eV
for temporal overlap and parallel polarization

Fig. 12 Measured PAD according to Fig. 11. The selected
electron energy range is 0.8 eV to 1.4 eV. The solid lines are
fits to the data. See text for details

cos(Θ) = ±0.8 smear out and the center maximum
decreases. This trend can be regarded as the onset of
the transition region to tunnel ionization, where emis-
sion is predominantly found along the polarization axis,
where cos(Θ) = ±1.

Corresponding to the calculation, Fig. 12 shows the
measured PAD of electrons emitted from the first ATI
at EXUV ≈ 21.2 eV and Ekin ≈ 1.2 eV. Similar to
theory, we find the PAD to change with IR inten-
sity. This is not obvious in first place as the number
of absorbed photons stays the same. The two min-
ima around cos(Θ) = ±0.8 smear out for increasing
IR intensity, as predicted by the calculation. However,
in contrast to theory, the center maximum increases in
magnitude.

The solid lines in Fig. 12 depict fitted results to
the data with their corresponding parameters listed in
Table 1. The PAD can be described by the finite sum
of even-rank Legendre polynomials Pn scaled with βn
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Table 1 Beta parameters of the fit in Fig. 12. All absolute errors ≤ ±0.05

Int β2 β4 β6 β8 β10 β12

I 0.83 0.75 0.18 1.22 − 0.10 0.10

I/5 1.12 0.90 0.98 1.95 − 0.22 − 0.02

I/10 1.27 0.76 0.95 1.85 − 0.16 − 0.09

parameters [30,31]:

dσ

dΩ
=

σ0

4π

(
1 +

∑

n∈N
β2nP2n(cos (Θ))

)
(4)

Here σ0 is the total emission cross section, and the angle
Θ is defined as before. As explained in Ref. [5], the β8

parameter corresponds to g-waves generated by four-
photon absorption from the � = 0 ground state, which
is dominating in the presented case. For high intensi-
ties β8 decreases as well as lower order β-parameters
(cf. Table 1). To explain the qualitative and quanti-
tative observations at high IR intensities, mechanisms
of higher order have to be considered. In the simplest
case, the emitted electron can absorb one IR photon and
emit one IR photon while conserving the photoelectron
energy. The PAD, however, which reflects the angular
momenta, is altered by this process. This is taken into
account by extending the sum of equation 4 up to β12,
which allows to describe a six-photon process. However,
the products β2nP2n for different n are not disentan-
gled, which makes a strict quantitative statement about
the contribution of higher orders tentative.

Mayer et al. [5] investigated the laser-intensity depen-
dence of PADs for similar parameters in an HHG-IR
laser scheme. However, their findings are only compa-
rable with ours to a limited extent, as the periodic
HHG-based XUV spectrum couples to multiple exci-
tation pathways.

An explanation for the slight discrepancy between
theory and experiment (Figs. 11, 12 ), but also inconsis-
tencies in Table 1, can be found in additional resonances
being involved in the ionization process. The energy
difference between the 2p state and higher-lying np
states (n = 6, 7, 8) is about twice the IR photon energy.
Theory might populate or miss some of these states
due to its narrow IR bandwidth in contrast to experi-
ment. Slight differences in resonance energies (imperfect
model energies) and intensities (experimental tempo-
ral jitter) between the calculation and experiment lead
to different contributions from the Rydberg np states,
thus resulting in a discrepancy between the measured
and calculated PADs.

4 Summary

We investigated photoelectron emission via excited
states in laser-dressed atomic helium. The experimental

results are in good agreement with TDSE calculations
based on an SAE model. The simultaneous interplay
of XUV and IR radiation enabled populating 1S, 1D
and 1F states, which are not accessible by single-photon
absorption from the ground state. Two-color multi-
photon excitation has an additional degree of freedom
in the relative orientation of the polarizations. We ana-
lyzed the dichroic effect of different relative orientations
on the PAD of electrons stemming from the (1s3d)1D
state. For parallel orientation we found a PAD resem-
bling a hydrogen orbital with � = 3 and m = 0, while for
orthogonal orientation there is � = 3 and m = ±1. Fur-
thermore, by changing the relative polarization direc-
tion, the photoionization signal can be suppressed at
specific XUV energies. This can be explained by the
fact that for orthogonal polarization axes the transi-
tion from the 1S ground state to an 1S excited state is
forbidden by the two-photon selection rules, in contrast
to the case of parallel polarization.

Finally, we investigated the IR laser intensity depen-
dence of PADs obtained from photoelectrons of fixed
energy. The electrons were emitted from the 2p state by
the absorption of three IR-photons. At high IR intensi-
ties, we found the PAD to blur and higher-order terms
to come into play. This observation can be regarded
as the onset of the process to transit from the multi-
photon to the tunneling regime.
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4.5 Two-photon double ionization of argon
In this paper we investigate the correlation between two photoelectrons of atomic
argon. Results are obtained by analyzing the photoelectron angular distributions.

The single-color experiment is performed with intense XUV radiation of the FLASH.
This allows to absorb two photons within the same atom. As the photon energy is
chosen just above the double-ionization threshold (Eγ > I2+p = 27.6 eV [78]) the atom
is dominantly found to be doubly ionized in two steps. Absorption of a first photon
leads to ionization of the argon atom and absorption of a second photon further ionizes
the Ar+ ion. This process is called sequential double ionization (SDI). For our analysis
we measure the angular distribution of both photoelectrons in SDI and simultaneously
the angular distribution of photoelectrons stemming from single ionization.

We find the angular distribution of the first photoelectron in SDI to di�er from
photoelectrons of single ionization. A naive view on the step wise SDI process would
suggest the PADs to be identical. However, the polarization of the intermediate Ar+

ion leads to pre-selection of the first electrons in SDI and the correlation between both
photoelectrons in SDI.

Furthermore, we show the importance of autoionizing states for the theoretical de-
scription of PADs.
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A kinematically complete experiment on two-photon double ionization of Ar by free-electron laser radiation
with a photon energy of 27.93 eV was performed. The electron energy spectra show that double ionization is
dominated by the sequential process. Comparison of the electron angular distributions to our data for single
ionization and to theory confirms that even in the sequential process the electrons from both ionization steps are
correlated with each other through polarization of the intermediate Ar+ state. Furthermore, a very important role
of autoionization in both ionization steps is found.
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I. INTRODUCTION

Until about 10 to 20 years ago experimental studies of non-
linear interactions between light and matter were limited to the
relatively small photon energies of optical lasers. Synchrotron
radiation has been used for a long time to study photon-
atom interactions for photon energies as large as keV’s [1].
However, the achievable intensities are smaller by orders of
magnitudes compared to conventional lasers so that nonlinear
effects are insignificant. For such large photon energies and
small intensities transitions in the target atom are predom-
inantly induced by the absorption of a single photon. One
process that has been studied extensively is double ionization
of the target, which for single photon absorption can only
occur in the presence of strong electron-electron correlations
[2–5]. With the development of free-electron lasers (FELs) [6]
photon intensities comparable to conventional lasers are now
available in the extreme ultraviolet and vacuum ultraviolet
regime. At sufficiently large intensities two-photon double
ionization (TPDI) can dominate over double ionization by
single-photon absorption even when the latter is energetically
possible [7].

Two different TPDI channels can be distinguished: in
one, dubbed direct double ionization (DDI), two photons are
absorbed simultaneously, leading to a doubly ionized final
state through a virtual intermediate state. This process relies
on correlation between the two active electrons. DDI has a
threshold energy which is equal to half the double-ionization
potential I 2+ = I o + I+ of the target atom. The second chan-
nel, called sequential double ionization (SDI), can be viewed
as two successive (and to a large extent independent) single
ionization events: the absorption of one photon leads to the
formation of a real intermediate state of the singly charged

ion which then absorbs a second photon, resulting in a doubly
charged ion. The threshold energy for SDI is equal to the
ionization potential of the singly charged ion I+, which is
larger than 1/2I 2+. Therefore, for photon energies between
1/2I 2+ and I+ TPDI is only possible through the correlated
DDI process. In this energy regime double ionization by three-
photon absorption has also been observed [8]. In contrast, for
photon energies larger than I+ TPDI is dominated by SDI [7].

At first glance, one might expect that in SDI the two ion-
ization steps are completely independent of each other. This
would imply that the first electron ejected in double ionization
behaves exactly like the electron ejected in single ionization of
the neutral target atom and the second electron behaves like
the electron ejected in single ionization of a singly charged,
unpolarized target ion. For example, the angular distributions
of each of the electrons ejected in double ionization, measured
relative to the FEL polarization vector, would then be iden-
tical to those of the distributions of electrons ejected in the
corresponding single ionization events. The latter is given in
terms of the differential cross section by the standard dipole
expression as

dσ1/d� = σ1/4π [1 + β2p2(cosθ )]. (1)

Here, σ1 is the partial photoionization cross section, P2

is the second Legendre polynomial, and β2 is the so-called
asymmetry parameter, which is a measure of the final-state
target anisotropy and is expressed in terms of photoionization
amplitudes. However, it was pointed out that even in SDI
the two electrons are not completely uncorrelated [9] and
that Eq. (1) does not hold for the two ionization steps in
SDI. The reason is that Eq. (1) only holds for an unpolarized
initial target state, but the first ionization step in SDI generally
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leaves the intermediate singly charged target state polarized,
i.e., its magnetic substates are not populated uniformly. For
example, the ground state of Ar+, the 3p52P3/2 state, has
substates with MJ = ±1/2 and ±3/2, but the ionization
cross sections for |MJ | = 1/2 and 3/2 are not the same. It
is not surprising that this polarization modifies the angular
distribution of the second ejected electron. However, if both
electrons are detected in a coincidence experiment, even when
the second electron signal is integrated over all angles, the
detection of the latter has a feedback effect on the first electron
and its angular distribution is also modified as a result of
entanglement between the first electron and the singly charged
ion [9]. To illustrate this point let us consider an extreme
scenario. Imagine that ionization of Ar+ is only possible if
the initial vacancy is in an mj = ±3/2 substate, but single
ionization of Ar0 leads to a uniform population of the mj =
±1/2 and ±3/2 substates. If both electrons ejected in SDI
are detected in coincidence only electrons ejected from an
mj = ±3/2 substate in the first step will be observed because
if the electron was ejected from an mj = ±1/2 substate
the second ionization step could not occur. Therefore, the
polarization of the intermediate state of SDI is different from
the polarization of the final state in single ionization. The
corresponding modification of β2 merely accounts for the
statistical population of the intermediate substates. However,
in addition for both electrons ejected in SDI a higher-order
Legendre term has to be added in the angular distribution.
This term is a direct reflection of entanglement between the
first electron and the singly charged ion. The modified angular
electron distribution can be expressed as

dσi/d� = σ/4π [1+(i)β2P2(cosθ )+(i)β4P4(cosθ )] (2)

where the index i = 1, 2 refers to the two electrons.
These predictions by theory were tested by several exper-

imental studies [10–14] (for a review see [15]). The angular
distribution of the second electron ejected in SDI from the np6

shells of Ne, Ar, Kr, and Xe was measured for various photon
energies by Braune et al. [10]. Generally, experiment and
theory are in satisfactory agreement, although there are devia-
tions between them in some cases. Furthermore, disagreement
among various calculations [9,14,16] based on nonrelativistic
and relativistic Hartree-Fock approaches and on the random-
phase approximation with exchange exists. The fine-structure
np5 2Pj doublet of the intermediate singly charged ion was
considered both coherently and incoherently. To the best of
our knowledge only one experiment was performed in which
the angular distribution of both electrons was measured in
coincidence. There, TPDI of Ne for a photon energy of 44
eV was studied by Kurka et al. [11]. Within the experi-
mental uncertainties the (2)β parameters of both electrons
were consistent with theory. However, the difference between
the theoretical β parameters for a polarized and unpolarized
intermediate singly charged target state was too small to be
conclusively observable within the experimental error bars.
Also, the (2)β4 parameters measured in the experiments re-
ported in [10,11] were very different from each other, which
was quite surprising considering that there was not a large
difference in the photon energies.

In this paper we report on a coincidence experiment and on
theoretical calculations on TPDI of Ar by an FEL pulse with

a photon energy of 27.93 eV. Small but significant differences
between the angular distributions of the first electron in TPDI
and of the electron ejected in single ionization were estab-
lished. Furthermore, the comparison between experiment and
theory reveals a very important role of autoionization in each
step of TPDI.

II. EXPERIMENT

The experiment was performed at the beamline BL2 of the
FEL in Hamburg (FLASH). The setup was very similar to the
one described in [17,18]. The FEL beam, with a photon energy
of 27.93 ± 0.25 eV, was linearly polarized and pulsed with an
effective repetition rate of 600 Hz and a single pulse duration
of approximately 50 fs. The bandwidth is not known with high
accuracy, which introduces substantial uncertainties which
should be kept in mind when comparing experiment with the-
ory. The averaged peak intensity was about 3 × 1013 W/cm2

with an uncertainty of ±2 × 1013 W/cm2. The beam was
focused to a size of about 25 μm in diameter and crossed with
a collimated neutral Ar beam from a supersonic jet with the
intersection point of both beams located at the focal point.
The propagation direction of the target beam was parallel to
the polarization of the FEL beam.

The ejected electrons and the recoil ions were momentum-
analyzed with a reaction microscope (ReMi) [19] located
in an ultra-high-vacuum chamber with a base pressure of
∼10−11 mbar. Uniform weak electric and magnetic fields of
1.52 V/cm and 8.2 G were applied to extract the electrons and
recoil ions in opposite directions along an axis perpendicular
to both the photon and target beam directions to guide them
onto time- and two-dimensional position-sensitive multichan-
nel plate detectors. The recoil-ion detector, with a size of
110 mm in active diameter, consisted of two channel plates
(chevron stack) and a delay-line anode with two pairs of
wires (quadanode). The electron detector consisted of three
channel plates (z stack) and a delay-line anode with three pairs
of wires (hexanode). Both detectors were multihit capable
so that two electrons ejected in the same double ionization
event could be detected and momentum-analyzed. Although
only one recoil ion is generated for each ionization event the
multihit capability is nevertheless crucially important because
of the large instantaneous recoil-ion detection rate due to the
intense photon beam. Without multihit capability there would
be a very large probability that a false recoil ion (i.e., one
resulting from a different ionization event than the electrons),
but not the true recoil ion, would be detected. Both detectors
were set in coincidence.

The electric field was large enough to reverse the direction
of electrons with an energy of up to 22 eV initially ejected
away from the detector. The magnetic field forced the elec-
trons into cyclotron orbits. For electron momenta perpendicu-
lar to the electric field of up to 1.35 a.u. (corresponding to an
energy of 25 eV) the cyclotron radius was small enough for the
electrons to be guided onto the detector. Therefore, all elec-
trons with energies smaller than 22 eV and practically all re-
coil ions (because their kinetic energy was less than 200 μeV)
were detected with 4π solid angle. From the position
and time-of-flight information, contained in the coincidence
times, all three momentum components of each detected
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FIG. 1. Two-dimensional energy spectrum of two electrons mea-
sured in coincidence in TPDI of Ar.

particle were deduced. The electron energy resolution de-
pends on the energy itself and is estimated to be about 0.02-eV
full width at half maximum (FWHM) for the slow (second)
electron and about 0.8-eV FWHM for the fast (first) electron.

III. RESULTS AND DISCUSSION

The threshold energies for DDI and sequential TPDI are
21.7 and 27.63 eV [20], respectively, so that both are energet-
ically possible for the photon energy used in this experiment.
However, the coincident two-dimensional energy spectrum
of both electrons, plotted in Fig. 1, demonstrates that TPDI
is completely dominated by SDI. The signature of SDI is
an electron energy combination of Ef = Eγ − I o ≈ 12.2 eV
and Es ≈ Eγ − I+ ≈ 0.3 eV (where Eγ is the photon energy
and the subscripts stand for fast and slow, respectively), both
broadened by the energy spread in the FEL beam (the energy
spectrum of the fast electron is further broadened by the
experimental resolution). Indeed, the two main structures are
found exactly at these energy combinations. The signature of
DDI, on the other hand, is Ef + Es = 2Eγ − (I o + I+) ≈
12.5 eV, i.e., the diagonal line connecting the two maxima
representing DSI. Virtually no intensity is found along this
line illustrating that DDI is essentially absent. A very weak
maximum is found for E1 = E2 ≈ 12 eV (where E1 and E2

are the two detected electron energies), which is due to false
coincidences between two single ionization events of two
different Ar atoms.

Angular distributions of both ejected electrons were ana-
lyzed with a condition on the main maxima in Fig. 1 thus
cleaning the SDI contributions from any background due to
separate single ionization events. The angular distribution
of the electron ejected in the first ionization step, measured
relative to the polarization vector of the FEL light, is plotted
in the left panel of Fig. 2, where the final states of the Ar+ ion
(i.e., the intermediate states of the TPDI process) could not be
resolved. For comparison, the center panel shows the angular
distribution for single ionization measured in coincidence

with Ar+ ions. It should be noted that for the fast electron
ejected at angles smaller than −45◦ and larger than 45◦ it has
completed nearly one cycle of the cyclotron motion generated
by the magnetic field of the ReMi. In this region the electron
momentum resolution is poor so that information about the
ejection angle can only be obtained in the range from −45
to 45◦. Both angular distributions appear to be very similar
and this is supported by fits of Eq. (2) to the measured spectra
shown as black dashed curves. For single ionization this fit
yields β2 = 1.4 ± 0.035 and β4 = −0.024 ± 0.035, which is
consistent with the expectation that β4 should be exactly zero
for single ionization. Furthermore, these values agree very
well both with theory [21] and experimental data [22,23].
For the first step of double ionization the fit yields (1)β2 =
1.39 ± 0.1 and (1)β4 = 0.13 ± 0.11.

Within experimental uncertainties β2 is identical for the
fast electron in SDI and single ionization. For β4 a small
difference is found, which is barely outside the error bars.
The confidence level that this difference is real is less than
70% and the data cannot be regarded as conclusive in this
regard. However, more significant results are obtained from
the analysis of the ratios R between the angular distributions
of both cases, which are shown in the right panel of Fig. 2.
Since both angular distributions are recorded simultaneously
under identical experimental conditions systematic uncertain-
ties cancel to a large extent in these ratios. The data reveal
a pronounced peak structure at about 90◦ and R becomes
smaller than 1 on both sides of the maximum. All data points
except for one depart from R = 1 within the statistical error
bars. Furthermore, the ratio between the fits of Eq. (2) to
the angular distributions (black dashed curve) agrees very
well with the measured ratios. The structure in R is mainly
caused by the difference in β4; the effect due to the very small
difference in β2 would barely be visible in the plots of Fig. 2.

The blue dashed curves show our calculations, averaged
over all Ar+ states as described in [9,21]. The theoret-
ical description is based on the standard statistical ten-
sor and density matrix of angular momentum formalism
[24]. This approach separates geometrical and dynamical
parts in the equations describing the process, with only
the latter part depending on the photoionization amplitudes.
These amplitudes were calculated within first-order pertur-
bation theory in the dipole approximation by the multi-
configuration Hartree-Fock (MCHF) approximation [25]. In
the MCHF description of the ground-state wave function,
we mixed the configurations 3pm + 3pm−14s + 3pm−13d +
3pm−23d2 + 3pm−24s3d + 3pm−24s2, where m = 6 for the
neutral atom and m = 5 for the singly charged ion. The
Hartree-Fock term-dependent 3pmE, l continuum wave func-
tions with the frozen 3pm core were used for describing
the final state, where E and l are the energy and orbital
angular momentum of the photoelectron, respectively. The
MCHF calculation yields (1)β2 = 1.45 and (1)β4 = −0.08 for
the fast electron ejected in SDI and β2 = 1.35 for single
ionization. Although the differences between these theoretical
parameters and those obtained from the fit to the experimental
data are rather small, they nevertheless lead to some visible
discrepancies in the angular distributions. The experimental
ratios, on the other hand, are not even qualitatively reproduced
by theory, which shows a pronounced minimum at 90◦, where

033408-3



S. AUGUSTIN et al. PHYSICAL REVIEW A 98, 033408 (2018)

FIG. 2. Angular distribution of the fast electron ejected in the first step of TPDI (left panel) and of the electron ejected in single ionization
(center panel). The right panel shows the ratio between both angular distributions. Black dashed curves, fit of Eq. (2) to the data; blue dashed
curves, calculations not accounting for autoionization; red solid curves, calculations accounting for autoionization.

the measured ratios have a maximum. While theory and
experiment agree that even the first electron in SDI is affected
by the polarization of the intermediate state, they do not agree
on how it is affected.

In the left panel of Fig. 3 we present the angular distri-
bution of the second electron ejected in SDI averaged over
all electron energies between 0 and 1 eV. For such very
small energies the electrons only complete a small fraction
of one cyclotron cycle so that here we obtained angular
information with sufficient resolution over the entire range
from −90 to 90◦. At first glance, the angular distribution of
the slow electron looks quite similar to the one of the first
electron. However, a fit of Eq. (2) to the measured spectrum
(black dashed curves in Fig. 3) yields a substantially smaller
(2)β2 parameter ((2)β2 = 0.82 ± 0.053) for the slow electron,
while the (2)β4 parameter ((2)β4 = 0.06 ± 0.07) has, within
experimental uncertainties, the same value as for the fast
electron. The blue dashed curve in the left panel of Fig. 3

shows our calculation for the second electron averaged over
all Ar2+ states, which yields (2)β2 = 1.3 and (2)β4 = −0.06.
As expected, the change of the β parameters relative to those
for an unpolarized intermediate state is larger than for the first
electron. However, the theoretical (2)β2 parameter is in poor
agreement with the experimental value.

The magnitude of the discrepancies between the exper-
imental and theoretical value of (2)β2, as well as the poor
agreement in the ratio between the angular distributions of
the first electron and single ionization (Fig. 2), suggest that
something qualitatively important may be missing in our
theoretical model. One aspect which is not accounted for at
all in the MCHF calculation is transitions of the electron to
the continuum through autoionizing intermediate states. For
example, instead of directly lifting the first electron to the
continuum, the absorption of the first photon can lead to a
transition to the 3s3p65p1P1 state. This is a particle-hole state
with an energy (27.997 eV [20]) larger than the ground state

FIG. 3. Angular distribution of the slow electrons ejected in the second step of sequential two-photon double ionization averaged over all
energies smaller than 1 eV (left panel). The center and right panels show the same angular distributions averaged over the energy intervals 0.2
to 0.4 eV and 0.4 to 0.6 eV, respectively. Curves: same as in Fig. 2.
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FIG. 4. Energy spectrum of the slow electron ejected in the
second step of sequential TPDI. The black dashed curve shows the
calculated energy spectrum not accounting for the FEL spectral pro-
file or the electron energy resolution. The red solid curve represents
the same calculation multiplied by the spectral profile and convoluted
with the electron energy resolution.

of Ar+ and it can therefore autoionize to the 3s23p5 2P1/2 or
3s23p5 2P3/2 states. The excitation energy of the 3s3p65p1P1

state is accessible within the FEL bandwidth of approximately
±0.25 eV. For the second electron a multitude of Rydberg
autoionizing states can contribute to the ionization of the
intermediate Ar+ ion. Such autoionizing states are known to
crucially influence the angular distributions of photoelectrons
in single ionization of neutral atoms by synchrotron radiation
(see, e.g., [26–28]).

The energy spectrum of the second (slow) electron, plot-
ted in Fig. 4, confirms that autoionization resonances can
play an important role. The black dashed curve shows the
theoretical energy spectrum incorporating the autoionizing
states within the R-matrix approach (which is one standard
method of incorporating autoionizing states in the theoretical
treatment of photoionization) [29,30] and without accounting
for the FEL bandwidth and the electron energy resolution.
We performed the nonrelativistic R-matrix calculations inde-
pendently for the first and the second ionization steps, the
latter accounting for the alignment of the intermediate ionic
state. In the calculations of the first step the states (3p5 2P ),
(3s3p6 2S ), [3p4(3P )4s2P ], [3p4(3P )3d2P , 2D, 2F ], and
[3p4(1D)3d2D] of Ar+ were used and for the second step
the states (3s23p4 3P , 1D, 1S ) and (3s3p5 1P , 3P ) of Ar2+
were used. The fine structure of the residual ion was taken
into account by using statistical weights of the fine-structure
levels, defined by their angular momentum, and shifting the
theoretical curves in accordance with experimental values of
the energy splitting [20]. Six series of autoionizing states lie
energetically between the Ar2+ 3p4 3P and 3p4 1D thresholds
and can be excited by photoabsoption from the Ar+ 3p5 2P

state: (3p4 1D nd 2D), (3p4 1D nd 2P ), (1D nd 2S), (3p4 1D

ns 2D), (3p4 1S nd 2D), and (3p4 1S ns 2S). However, only
the first two series of this list, each for n = 6, 7, 8, affect the
energy spectrum of the slow electron in the region of interest.

FIG. 5. Electron energy dependence of the (2)β2 parameter for
the electron ejected in the second step of sequential two-photon
double ionization calculated with autoionization included for three
different photon energies within the FEL bandwidth.

The 2D resonances are sharp and only decay by emission
of d-wave electrons, while the 2P resonances are broad and
decay by emission of both, s and d waves.

The resonance energies in this calculation are consistent
with photoionization spectra of Ar+ measured and calcu-
lated in the Breit-Pauli R-matrix approximation by Covington
et al. [31]. These predicted resonances seem to coincide
with corresponding structures in the experimental spectrum,
most notably at an electron energy of 0.51 eV. The solid
red curve shows the calculation multiplied by the spectral
profile of the FEL beam, using a bandwidth of ±0.22 eV,
and convoluted with an electron energy resolution of 0.018-eV
FWHM, which is in reasonably good agreement with the ex-
perimental spectrum. The values used for the FEL bandwidth
and the electron energy resolution are slightly smaller than
the estimated numbers provided in the experimental section.
However, they yield the best agreement with the measured
energy spectrum and are well within the uncertainties of these
estimated values.

In Fig. 5 we show (2)β2 calculated with the autoionization
resonances included as a function of the energy of the second
electron. The three curves represent different photon energies
within the FEL bandwidth (27.6 eV, black dashed curve; 27.9,
red solid curve; and 28.2 eV, blue dash-dotted curve). The
sharp structures in these plots illustrate the high sensitivity
of (2)β2 on the energy of the second electron, while without
accounting for autoionization the energy dependence of (2)β2

is rather smooth [9,21]. Furthermore, significant variations
between different photon energies are found. Since the experi-
mental electron energy resolution and the spread in the photon
energy are significantly larger than the width of some of the
structures in the theoretical (2)β2 the calculations have to be
multiplied by the FEL spectral profile and convoluted with
the experimental electron energy resolution.

The red solid curves in Figs. 2 and 3 show the theoretical
calculations with autoionization resonances included. At first
glance the changes in the β parameters of the first electron
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((1)β2 = 1.3 and (1)β4 = 0.05 ) introduced by the inclusion
of autoionization may not appear particularly significant.
However, in the ratios between the angular distributions of
the first electron in SDI and the electron in single ionization
considerably improved agreement with the experimental data
is obtained. The minimum obtained when auto-ionization is
not included is now turned into a maximum, in accord with
the experimental data.

At present, we cannot offer a conceptual explanation for
this switch from a minimum to a maximum. However, some
additional comments on the formalism might be helpful.
Let us assume that a specific channel with fixed orbital
angular momentum L(L = 1, 2) of the final Ar++ state
[e.g., (3p4 3P ) + e−(εs, εd) dominates [note that L = 0 is
forbidden in the LS-coupling approximation for the final
Ar++(3p4 3P ) state]. Furthermore, we assume that the par-
tial cross section for the first ionization step [Ar(3p6) →
Ar+(3p5) + e−(εs or ed)] leading to d-wave photoelectron
emission is much larger than for s-wave emission. This is
fulfilled very well for our photon energy [32]. Then the
procedure described in [33] leads to (1)β4 which for fixed
L are just constants: (1)βL=1

4 = − 108
203 and (1)βL=2

4 = + 108
1057 ,

where the right superscript indicates the dominant L channel.
While numerical MCHF calculations without accounting for
resonances and with all channels included give negative value
for (1)β4, the R-matrix calculations accounting for strong
autoionizing D resonances change the sign of (1)β4, which
brings (1)β4 in agreement with experiment.

For the second electron the inclusion of autoionization has
an even larger impact than for the first electron, especially on
(2)β2, which is now smaller by about 30% ((1)β2 = 0.9). In
(2)β4 the sign is reversed ((2)β4 = 0.03), as for the first elec-
tron; however, in absolute terms this difference is too small
to be experimentally verifiable. These modified β parameters
result in excellent agreement between the experimental and
theoretical angular distributions of both electrons ejected in
SDI (see Fig. 3, left panel).

As mentioned above, the inclusion of autoionization leads
to pronounced structures in the electron energy dependence
of the β parameters. More specifically, in the energy interval
for the slow electron from 0.2 to 0.4 eV the averaged (2)β2

parameter is 0.9 and (2)β4 is 0.03, while in the interval 0.4
to 0.6 eV it changes to 0.6 and (2)β4 changes from 0.03 to
−0.02. We have therefore analyzed the experimental angular

distributions for these energy intervals, which are shown in the
center and right panels of Fig. 3, respectively. From these data,
parameters of (2)β2 = 0.94 ± 0.06 and (2)β4 = 0.08 ± 0.078
for 0.2 to 0.4 eV and (2)β2 = 0.56 ± 0.075 and (2)β4 =
0.09 ± 0.1 for 0.4 to 0.6 eV were extracted, in very good
agreement with theory.

As a final note we point out that the contributions from
autoionization may also be able to explain the discrepancies
in (2)β4 between the data of Braune et al. for Ne [10] and
theory not accounting for autoionization [11,16] as well as
the differences to the data of Kurka et al. [11] for a slightly
different photon energy. For SDI of Ar at a photon energy of
27.93 eV (2)β4 remains very close to zero when autoionization
is included. However, for Ne and a much larger photon energy
this could be very different since the β parameters are very
sensitive to both the photon energy and the atomic structure.

IV. CONCLUSIONS

In summary, we have performed a coincidence experiment
on two-photon double ionization of Ar by free-electron laser
radiation for a photon energy of 27.93 eV. As expected,
only signatures of sequential double ionization were observed.
The measured angular distributions of both photoelectrons
were analyzed and compared to calculations. A theoretically
predicted correlation between both electrons, resulting from
the polarization of the intermediate state of the Ar+ ion,
was confirmed by the experimental data. Furthermore, the
comparison between experiment and theory clearly shows
the importance of autoionization resonances in both steps of
sequential double ionization. This channel might also explain
differences between theory and experiment as well as between
two different experimental data sets reported earlier for Ne
[10,11].
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4.6 Further publications
During my Phd period I was involved in several beamtimes resulting in further publi-
cations. These are listed in the following. In order to get brief information about the
physics and the involved people the abstract and a�iliations are printed.
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Chapter 5

Discussion and Summary

This work comprises a technical part and a physics part. The technical focus was set
in the first third of this Phd project. In this period a permanent REMI endstation at
FLASH2 was set up and commissioned. The main features of the REMI endstation and
the REMI working principle in general, as well as the mirror chamber commissioning
results were presented in the publication of section 4.1. Extensions to the endstation
and three exemplary experiments were presented in the publication of section 4.2.

The physics part comprises studies of laser-dressing e�ects in helium (sections 4.3
and 4.4) and electron correlation e�ects in argon (section 4.5). In both cases FEL-XUV
radiation was employed and the measurement of photoelectrons provided a detailed
insight into the atomic processes.

A�er several years of temporarily campaigning our group at MPIK got the oppor-
tunity to set up a permanent REMI endstation at the FLASH2 (cf. publications in
sections 4.1 and 4.2). While the main concept was already existing, the permanent
setup enabled to implement new designs and sections which go beyond the scope of
a temporary beamtime setup. A major renewal is the in-line split, delay and focusing
mirror chamber which replaces the back-reflecting mirror geometry. First, the XUV
beam is reflected on a split mirror where two replica of a pulse are produced. A path
length di�erence between the replica can be introduced by moving the two mirror
halves with respect to each other. This di�erence translates into a temporal delay
between the pulses and allows to perform XUV-XUV pump-probe measurements.
A second reflection takes place on an ellipsoidal mirror which focuses the beams
into the REMI. Both mirrors are carbon coated and used under grazing-incidence to
ensure a high reflectivity over a large XUV energy range. This is specifically beneficial
at FLASH2 where the photon energy can be changed within seconds.
Two other extensions, the HHG-source [71] and the IR laser [70], were implemented
in collaboration with the University of Hanover and DESY respectively. In combina-
tion with the FEL, these extensions open up a variety of radiation combinations for
multicolor experiments. By harnessing the characteristic benefits of each source in
a smart experimental scheme, unprecedented atomic and molecular investigations
can be performed. A further, future extension will be a grating spectrometer to
characterize FEL pulses on a shot-to-shot basis. The spectrometer will be installed



behind the REMI and can be used in parallel to the experiment, because the dilute
gas targets do not a�ect the FEL beam.
Besides construction and commissioning of the endstation the papers in sections 4.1
and 4.2 explain the measuring scheme of the REMI. They cover the target preparation,
the working principle of the detectors and the spectrometer and the data acquisition.
Furthermore they give detailed information on the setup, like dimensions, geometries
and vacuum conditions, which are not given in the physics publications in sections 4.3
to 4.5.

In the following, the two publications in sections 4.3 and 4.4 are discussed together,
as both are based on the same experiment. In both studies laser-dressing and multi-
photon e�ects in atomic helium are investigated. This is achieved by the combined
interaction of XUV and IR radiation which allows to couple to excited states of various
quantum numbers n, l,m. These states are referred to, depending on the context, as
dark or light-induced states and are investigated for varying XUV photon energy, IR
intensity and light polarization.
In a first simple scenario the XUV pulses precede the IR pulses. For matching XUV
photon energies the helium atom can be excited from the 1s2 1S ground state to
1snp 1P excited states. The subsequent absorption of IR photons ionizes the ex-
cited atom and the emi�ed photoelectrons are measured. Their energy and angular
distribution allows not only to determine the number of absorbed IR photons, but
also the share of outgoing S, P,D etc. continuum waves. Detailed investigations
with this scheme have been performed with synchrotron radiation [76], HHG radia-
tion [79, 36, 80] and FEL radiation [77]. In these studies helium atoms were excited to
1snp 1P states by an XUV pulse and ionized by a subsequent IR laser pulse of mostly
800 nm. They analyzed phase shi� di�erences and ratios of the outgoing S and D
continuum waves.
Here we focus on the di�erent situation of temporally overlapping pulses where the
XUV and IR radiation are simultaneously available. A combination of one XUV pho-
ton and IR photons can populate excited states of helium which are not accessible by
single-photon absorption. The helium atom is said to be “dressed” in the laser field
where it can absorb and emit IR photons. Both processes are described in section 4.3
where ionization via the 1s3d 1D (abbreviated as 3d) state and via the 1s2s 1S (abbre-
viated as 2s) state is observed. In the first case the excitation involves the combined
absorption of one XUV photon and one IR photon:

He (1s2 1S) + γXUV(21.8 eV) + γIR(1.55 eV)⇒ He∗ (1s3d 1D), (5.1)

while in the second case one XUV photon is absorbed and one IR photon is emi�ed:

He (1s2 1S) + γXUV(22.4 eV)− γIR(1.55 eV)⇒ He∗ (1s2s 1S). (5.2)
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Where it has to be noted that the given excitation energies are Stark-shi�ed and
therefore do not exactly match the field-free levels listed in NIST [78].
As mentioned before, similar investigations were performed in transient absorption
(TA) measurements where these multi-color multiphoton excited states were denoted
as light-induced states (LIS) [21, 81, 73, 72]. In TA light is transmi�ed through
a dense gas target and spectrally analyzed. The specified publications employed
broadband XUV pulses generated by an HHG source. In combination with the
intrinsically synchronized IR radiation LIS where observed as absorption features for
temporally overlapping pulses. These measurements can be seen as complementary
to the approach in this thesis. While absorption features emerge without a following
ionization, photoelectron measurements require ionization to take place. This leads
to an additional laser intensity dependence, as the number of ionizing IR photons
can vary for di�erent excited states. These factors make a direct comparison of the
two experimental techniques tentative. Nevertheless TA measurements find the same
dominant LIS at comparable excitation energies than in the presented investigation
(cf. ref. [74]). While the assignment of LIS in TA is exclusively based on excitation
energies, photoelectrons additionally carry information of the state they where
emi�ed from. This allows in some cases a more reliable assignment of these states.

figure 5.1: Level shi�s calculated by
Chen et. al. Adopted from [75]

Besides assignments of the states their
laser intensity dependence is analyzed.
The 3d excitation peak for example (cf. sec-
tion 4.3 figure 3) is shi�ed from 21.8 eV at
about 1× 1012 Wcm−2 to 22.4 eV at about
8× 1012 Wcm−2. This comparably large
shi� is reproduced by the calculation pro-
vided in section 4.3 and by the calculation
of Chen et. al [75]. In contrast, the 2s state
exhibits a shi� below the experimental pre-
cision. Theory of this work also predicts
only a minor shi�, as well as the calcula-
tion depicted in figure 5.1. This is also in

accordance with the tendency of a more pronounced Stark shi� with increasing prin-
cipal quantum number n [82].
Another laser intensity depended e�ect is the relative strength of LIS peaks. While
for low IR intensities in the experiment the 3d peak is dominating, at high intensi-
ties the 2s peak exhibits a considerable contribution. This is owed to the fact that
the number of absorbed IR photons di�ers in both cases. Ionizing an atom in the 3d
state requires the absorption of one additional IR photon, while the low lying 2s state
requires the absorption of three IR photons. In total we are dealing with an e�ective
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two- and four-photon transition when the IR photon of the excitation is included as
well. The transition rate R in multiphoton processes follows the scaling law: R ∝ IN,
where I denotes the laser intensity and N the number of photons ([22] p.266). The ob-
servation that higher order processes become more relevant with increasing intensity
is in accordance with the scaling law. For the absolute scaling of the peaks however,
one also has to consider the transition probability of each individual state. We also
report on the ionization via the 1s4f 1F state where the excitation already involves
three photons. The absorption of one XUV and two IR photons excites the atom and
the absorption of one additional IR photon leads to ionization.
A further investigated aspect is the polarization dependence of the two-color multi-
photon excited states. Both the XUV and the IR radiation is linearly polarized and
can be rotated with respect to each other. For parallel orientation of polarizations
the magnetic quantum number m is conserved in a transition. For other orientations
however, this is no longer the case. It gets evident by assuming the IR polarization
to define the quantization axis. In this basis the XUV radiation can be expressed in
a superposition of le� and right circularly polarized light, which involve a change of
∆m = ±1 in a transition. The change of m in LIS upon the orientation of polariza-
tion axes is experimentally demonstrated in section 4.4. A detailed analysis is done
for ionization via the 3d state. For parallel orientation the PAD exhibits an axial sym-
metry around the polarization axes and resembles a hydrogen orbital with ` = 3 and
m = 0. For orthogonal orientation the PAD changes completely and resembles a hy-
drogen orbital with ` = 3 and m = ±1. In fact the PAD is the absolute square of
the superposition of the two final continuum states |l,m〉 = |3, 1〉 and |3,−1〉 [72].
The PAD can be reproduced to good precision by numerically solving the Schrödinger
equation for a helium atom irradiated with XUV and IR pulses. In section 4.4 III B
a direct comparison of experimental and theoretical PADs is given for two di�erent
states.
Moreover, polarization can be used as a switch for photoionization to occur. This is
demonstrated in section 4.4 III A for the 2s state. At XUV energies of 22.3 eV and par-
allel polarization axes the ground state 1s2 1S can be coupled to the 1s2s 1S excited
state by the absorption of an XUV photon and the simultaneous emission of an IR
photon. The ionization yield via this state can be suppressed by rotating the polariza-
tion axes to orthogonal orientation while keeping all other parameters in place. In this
case the coupling between the two S-states (L = 0) is forbidden by the two photon
dipole selection rules. There is again a straightforward explanation for this observa-
tion. The orthogonal orientation implies a change of ∆m = ±1 and therefore a target
state with m = ±1, which however is not available for S-states. As a result there
is no resonance enhancement via the 2s state for orthogonal polarization axes. This
behavior can also serve as a test to distinguish S-states from others. In the presented
example the S-state vanishes while theD-state remains upon rotation of the polariza-
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tion. Analogous findings are reported by Reduzzi et. al [72] in a transient absorption
scheme employing a broadband XUV pulse of a HHG-source. In combination with the
driving IR laser they revealed several LIS in helium. For parallel polarization they find
the 2s and the 3d LIS to dominate in the energy region between the 1s2p 1P and the
1s3p 1P state (21.2 eV–23.1 eV). In accordance with our investigation they observe for
orthogonal polarization the 2s LIS to vanish and the 3d LIS to persist.
Experiments which are based on HHG-XUV radiation observe oscillations in transient
absorption [73, 83] features or photoelectron yields [84], which is not the case in the
presented investigation. These oscillations manifest along the delay between XUV and
IR pulses and arise from two-path interference, quantum optical interference or quan-
tum beating. In short, interference occurs due to the combination of broadband XUV
and IR radiation which enables multiple excitation or ionization pathways resulting in
the same quantum state. In two-path interference for example an atom can be ionized
via two di�erent pathways which both yield photoelectrons of the same continuum
state. The XUV can either directly ionize an atom from the ground state or just excite
the atom while a following absorption of two IR photons leads to ionization.
These e�ects are not observed in the presented investigation for two reasons. First,
FEL-XUV radiation does not exhibit spectral bandwidths as large as HHG-XUV radia-
tion can do (example values: ∆EFEL ≈ 0.1 eV [85], ∆EHHG ≈ 10 eV [84]). This reduces
the number of possible scenarios where two pathways lead to the same outcome. Sec-
ond, the FEL-XUV and IR radiation are not intrinsically synchronized like in the HHG
case. Therefore, our experiment in sections 4.3 and 4.4 is subject to a temporal ji�er
between pulses and no constant phase relation can be achieved. This blurs out any
interference pa�erns in our experiment which relies on counting independent events.
The last section of this investigation focuses on the laser-intensity dependence of
PADs and its implications on the underlying ionization mechanism. For this, we con-
sider photoelectrons which were ionized by the two temporally overlapping radiation
fields, were the XUV photon energy was tuned to the 1s2p 1P resonance (21.2 eV).
The angular distribution exhibits the form of aG continuum wave, which is explained
by the dominant absorption of one XUV photon and three IR photons from the S
ground state. This distribution changes distinctively by increasing the laser intensity
from 1× 1012 Wcm−2 to 8× 1012 Wcm−2. At high intensity minima and maxima at
around cos(Θ) = ±0.8 level out, which is quantified in the β asymmetry parameters
and reproduced by the TDSE calculation. This can be explained by higher order e�ects
which come into play at higher intensities. In addition to the aforementioned involved
photons, one IR photon can be absorbed and re-emi�ed. This leaves the photoelec-
tron energy unchanged, but alters the PAD. For even larger laser intensities one would
have to consider also higher terms of absorption and emission, blurring the PAD even
more. In the extreme, high-intensity case the classical picture gets applicable where
electrons are predominantly emi�ed along the polarization direction and PADs show
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no distinctive features anymore. Our investigation shows the onset of this transition
from the multiphoton regime to the tunnel regime.

From the results and the experimental challenges of the presented investigation
several improvements, extensions and successive experiments were figured out. To
start from the technical side, it would be beneficial to improve the energy resolution
in order to distinguish nearby features when scanning the XUV photon energy.
The feature size in the Eγ-plots is predominantly determined by the radiation
sources and not by the detector resolution. Improvement can be realized in several
ways. One can employ a monochromator beamline or a seeded FEL to strongly
reduce the XUV bandwidth. This would narrow down the horizontal spread in the
Eγ-plots of section 4.4. In order to handle the SASE owed shot-to-shot fluctuations,
a post-experiment sorting can be implemented by means of an XUV spectrometer. If
the XUV radiation is spectrally analyzed on a single shot basis, one can determine the
mean photon energy and sort photoelectron events accordingly. The other potential
candidate for improvements is the IR laser. The photoelectron energy spread is
mainly determined by the IR radiation, as it is solely responsible for the ionization
out of the discrete excited states. Here special care has to be taken for chirps on the
IR pulse which lead to broad photoelectron peaks.
Another broadening contribution arises from the temporal ji�er between XUV and
IR pulses. Depending on the relative delay, ionization can take place at the rising
edge or in the maximum of the IR pulse, or at any other intermediate situation. As a
consequence, atoms experience a variety of laser intensities which leads to varying
Stark and ponderomotive shi�s and finally to a peak broadening.
From a physical point of view it would be interesting to extend the presented
scheme on more complex targets and light-induced processes. The large XUV energy
scanning range allows to track the opening and closing of ionization channels and
gives a detailed overview. This can be especially beneficial for molecules which
exhibit complex potential energy surfaces and (ro)-vibronic transitions. Certain states
which are only detectable in a multiphoton scheme can be revealed and exhibit a
decisive role in photochemistry and other radiationless processes [86]. Furthermore,
the combination of XUV and IR radiation enables a less perturbed investigation as
the XUV photon delivers the main energy contribution for excitation. In this way, less
intense fields can by employed compared to purely long-wavelength schemes. The
large photon energy would also allow to perform REMPI like measurements in higher
charged cationic atoms, molecules and clusters [87]. These exhibit large excitation
energies which are not accessible with optical or IR radiation. Moreover, our scheme
can contribute to the more recent investigation on light-induced conical intersections
in molecules [88, 89]. Here, the dressing laser field can couple electronic states and
create a concical intersection during the time being applied. Additionally scanning
the XUV energy with a variable delay towards the IR can be used to pump or probe
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population across such an intersection while receiving dynamical information.

Similar to the previous investigations the fi�h publication deals with multipho-
ton e�ects and angular distributions of photoelectrons. In contrast, the target be-
ing employed is argon in a single-color XUV radiation scheme. We investigate the
correlation of the two emi�ed electrons in two-photon double ionization (TPDI). In-
tense FEL-XUV radiation allows the absorption of two photons within the same atom.
The chosen photon energy (Eγ = 27.93 eV) is above the ionization threshold of Ar+

(I+ = 27.63 eV). This opens up the channel for sequential double ionization, which
is found to be the dominant channel. Experimentally this manifests in photoelectron
kinetic energies accumulating at Ef = Eγ − I0 ≈ 12.2 eV from the first electron and
at Es = Eγ − I+ ≈ 0.3 eV from the second electron. In principal the channel of di-
rect double ionization is also accessible. This however is not found in the data where
it would yield a continuous energy sharing between electrons with a sum energy of
Ef + Es = 2Eγ − (I0 + I+) ≈ 12.5 eV.
The PAD of the first electron in TPDI is found to di�er from the one in single ion-
ization. At first glance this seems surprising as the stepwise character of sequential
double ionization suggests the first ionization to be independent of the second. How-
ever, the two electrons in TPDI are found to be correlated by the polarization of the
intermediate Ar+ state, which pre-selects TPDI processes by its orientation. Con-
sequently the first emi�ed electron in TPDI experiences modifications of its angular
distribution compared to an electron of single ionization. The subtle di�erences get
apparent by displaying the quotient of both PADs (cf.section 4.5 Fig.2). Furthermore,
systematic errors are canceled for the most part as both channels are recorded simulta-
neously under the same experimental conditions. The standard theoretical description
of the multi-configuration Hartree-Fock (MCHF) approximation does not reproduce
the measured quotient of PADs, not even qualitatively. It is found that autoionizing
states in the Ar and Ar+ continuum play a crucial role in the description of PADs in
TPDI. Due to the bandwidth of the FEL (≈ 0.25 eV) several of these states are in reach.
They are accounted for within the R-matrix approach which describes the measured
PAD satisfactorily. The missing consideration of autoionizing states might be the key
point why theory and experiment in previous studies exhibited discrepancies [90]. A
very recent study, building upon our investigation, performed an analogous experi-
ment in krypton [91]. They also confirmed a more complete description of TPDI by
including autoionizing states. Furthermore, they could resolve the finestructure in the
intermediate Kr+ ion and to some extend in the Ar2+ ion, which was not possible
in the presented study. Further related investigations, which were published subse-
quently to ours, were performed on sequential TDPI in neon [92] and neon/argon [93]
with the seeded FERMI at Ele�ra. Here, the energy resolution allowed not only to dis-
tinguish finestructure levels, but also to follow the change of asymmetry parameters
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with photon energy over an autoionizing resonance. There is also an extended theo-
retical investigation by Gryzlova et al. [94] directly referring to our experiment and in
the same energy range. Besides reproducing our experimental findings, they provide
cross-sections and asymmetry parameters and also angular correlation functions for
the two emi�ed electrons.
The only experiment recording an angular correlation function, i.e. PADs for both pho-
toelectrons in coincidence, was performed in neon by Kurka et al. [95]. The angular
correlation encodes the e�ect of the alignment of the intermediate state, as well as
the influence of autoionizing states for both the neutral atom and the singly charged
ion. The experiment however lacks of statistical significance and the bandwidth of
the FEL-XUV radiation was too large to distinguish the di�erent autoionizing states.
Improving on these two points can be seen as an experimental outlook to test theory-
based angular correlations for example from Gryzlova et al. [94] and to gain a more
complete insight into the process.

An interesting variant of our study can be the implementation of a pump-probe
scheme. Irradiating the target atom with two XUV pulses of variable delay allows
to temporally separate the photoabsorption steps in TPDI. For a su�iciently short
pump pulse, i.e. a bandwidth which is larger than the finestructure spli�ing in the
intermediate state, quantum beating can be triggered. The angular distribution of the
second electron is then found to be a function of the delay. Moreover, in this scheme
the depolarization of the intermediate state can be analyzed.

It was demonstrated how the presented results make a contribution to current field
of research. This was rendered possible by the combination of FEL-XUV radiation,
IR laser radiation and sophisticated momentum spectroscopy. Moreover, successive
investigations which were triggered by our findings were discussed. The stated open
questions and new ideas will be tackled in upcoming beamtimes supported by tech-
nical improvements. The synchronization of FEL and IR laser was recently improved
by an order of magnitude, which allows investigations of fast dynamics. Further-
more, funnel micro channel plates increase the detection e�iciency, were especially
multi-particle coincidence measurements can benefit from. In addition, the newly
implemented HHG-source will have its first beamtime in combination with the FEL.
This unique composition will enable unprecedented investigations and increase the
versatility of the REMI endstation.
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