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Abstract

The ionization dynamics of helium droplets irradiated by intense, femtosecond extreme ultraviolet
(XUV) pulses is investigated in detail by photoelectron spectroscopy. Helium droplets are
resonantly excited to atomic-like 2p states with a photon energy of 21.5 eV and autoionize by
interatomic Coulombic decay (ICD). A complex evolution of the electron spectra as a function of
droplet size (250 to 10° He atoms per droplet) and XUV intensity (10°~10'2 W cm~2) is observed,
ranging from narrow atomic-like peaks that are due to binary autoionization, to an unstructured
feature characteristic of electron emission from a nanoplasma. The experimental results are
analyzed and interpreted with the help of a numerical simulation based on rate equations taking
into account all relevant processes—multi-step ionization, electronic relaxation, ICD, secondary
inelastic collisions, desorption of electronically excited atoms, and collective autoionization (CAI).

1. Introduction

The rapid development of short-wavelength free-electron lasers (FELs) [1-3] over recent decades has
stimulated the investigation of the interaction between intense, high-energy light pulses and matter, and
indeed has become a very active field of research in atomic and molecular science [4—6]. In pioneering
experimental and theoretical studies, various new phenomena such as absorption enhancement [4, 7] and
bleaching [6, 8, 9] as well as modification [10] and suppression [11] of electron emission have been
discovered.

A detailed understanding of these mechanisms is of fundamental interest and particularly important for
future studies using novel light sources such as x-ray free-electron lasers (FELs). FELs are expected to open
new fields in spectroscopy and x-ray imaging, such as recording movies of ultrafast processes and chemical
reactions [12]. Depending on the power density, samples can absorb a large number of photons and thus be
transformed into highly excited, non-equilibrium systems within femtoseconds, which then undergo
complex relaxation. In this context, atomic clusters play an important role as well-controlled model systems.
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Figure 1. Schematic diagram of (a) ICD of two excited He atoms [14], (b) CAI type process involving three excited He atoms,
and (¢), (d) CAI with electron scattering on a third excited atom [26].

Tuning their size allows us to investigate intra-atomic vs inter-atomic relaxation mechanisms and even
collective phenomena, thus bridging the gap between molecular and condensed matter physics.

When a nanoscale object (e.g. a large molecule or cluster) absorbs more than one photon, ultrafast
energy exchange between the constituent particles is expected to crucially impact the relaxation dynamics.
Ionization by intense XUV pulses is heavily influenced by complex electron dynamics, due to either
multi-electron collisions with energy exchange [10] or autoionization processes related to interatomic
Coulombic decay (ICD) [13], as predicted recently [14]. ICD is a very efficient electronic decay mode of
atoms or molecules embedded in an environment. Ionization becomes possible because of energy or charge
exchange between the constituents. The discovery of ICD [15—17] has revealed a plethora of related
phenomena, involving both energy and electron transfer initiated by single or multiple ionization, as well as
by inner- or outer-valence excitation [15]. According to the work by Kuleff ef al [14], clusters resonantly
irradiated by intense light pulses with photon energy insufficient to ionize the atoms by single photon
absorption, can efficiently autoionize because of energy or charge exchange between two excited atoms, i.e.:

A" AT A AT e (1)

This is experimentally equivalent to Penning ionization [18] for the case that one electronically excited
atom ionizes another excited atom. Penning ionization, which was already discovered in the early days of
atomic physics [19], usually proceeds in a collision of an excited atom with an atom or molecule with lower
ionization potential. While ICD processes have recently moved into the focus of interest of FEL science, we
note that similar processes have already been discussed in other scientific contexts, e.g. Penning ionization
by atoms in short lived, dipole allowed excited states [20, 21], enhanced ionization by exciton fusion of
molecular clusters [22], or in the context of autoionization and fluorescence quenching of nanoparticles
[23]. In the various models the ionization rate sensitively depends on the mechanism, namely electron
exchange or energy transfer [21, 24], and thus on the distance between the excited species [14]. In the
following, we refer for simplicity to ICD since this term is well established in the field of FEL science,
although a description in terms of Penning ionization is equivalent [25].

In ICD, neighbouring excited atoms exchange charge or energy resulting in the ionization and emission
of an electron from the cluster (figure 1(a)). After excitation of two He atoms into 2p states, one of the 2p
electrons decays to the 1s hole and the energy is transferred to the neighbouring 2p excited atom which is
then ionized. At large distances between the excited atoms, this preferentially takes place through a virtual
photon [14], while at short distances the atomic orbital overlap and charge exchange dominates [25]. In
extended systems such as He nanodroplets, this process can already take place at rather low power density,
e.g. when using synchrotron radiation [18]. If the power density is sufficiently high (>10° W cm™2,
depending on the system), additional processes can occur since a high density of excited atoms is generated
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inside the droplet. A selection of the most likely processes involving more than two excited atoms is
sketched in figures 1(b)—(d). After autoionization, the free electron either ionizes a third excited atom
(figure 1(c)) or promotes the excited electron to higher Rydberg states (figure 1(d)). In the case that three
excited atoms are in direct contact (figure 1(b)), inelastic collisions are expected to be even more efficient
and dominant [26]. All of these processes lead to a shifting and broadening of the photoemission line
measured in the regime of binary ICD. When the ICD electron undergoes many inelastic collisions in a
highly excited cluster the direct ionization process, i.e. the characteristic photoline, can be completely
quenched [26].

Since all of these processes are based on the sequential absorption of single photons by a transition with
a large cross section, they are very efficient and thus can easily surpass one-atom multi-photon absorption
[14, 26]. At very high power density (>10"' W cm 2, depending on the system), an unusual form of
multiply-excited, but rather cold, plasma-like state forms which is expected to autoionize on the time scale
of fs to ps.

The first evidence for such a resonant decay process was reported already more than a decade ago,
although the exact character of the process was not recognized at that time [27]. In the course of further
studies of ICD processes stimulated by the work of Kuleff et al [14], such an ionization process was recently
studied in Ne clusters [28, 29].

Subsequent experimental work on helium (He) nanodroplets showed clear evidence for a resonant ICD
process and a strong enhancement of ionization rates upon resonant excitation of the nanodroplets with
respect to direct ionization [26, 30]. This was explained by an ultrafast collective autoionization process
(CAI) related to ICD, where several electronically excited atoms are involved (see figures 1(b)—(d)). This
process was identified through electron spectroscopy [26], where the dynamics of He nanodroplets
resonantly excited to the 1s2p atomic-like states [31] was investigated by intense femtosecond XUV pulses.
The electron spectra revealed that in this case, a high-density nanoplasma with a large number of electrons
in bound excited states is formed. The novel ionization mechanism is characterized by fast energy or charge
exchange and subsequent autoionization of at least three electrons in excited states [26], as depicted in
figures 1(b)—(d). In further experiments on Ne clusters, the effect of cascades on ICD was investigated [32].
In these studies, both in Ne and He clusters, however, many questions still remain open, especially
pertaining to the transition from two-body ICD to complex many-body autoionization.

Therefore, further detailed studies using simple model systems can add knowledge to the fundamental
understanding of such diverse decay processes. He droplets are a unique medium to study interatomic
ionization mechanisms due to (i) their simple electronic structure, which leads to few, well-separated
spectral lines, (ii) the extremely weak interatomic van der Waals interactions [33, 34], and (iii) the
homogeneous, superfluid density distribution, which is nearly independent of the droplet size [35].

In the current study, we address the autoionization dynamics focusing on the transition from two-body
ICD to complex many-body autoionization, i.e. CAL. We present a detailed investigation of photoelectron
spectra as a function of droplet size and power density. Additionally, through a numerical simulation, we
give a thorough explanation of the observed processes. The article is organized as follows. In section 2, we
briefly describe the experimental setup. Section 3 starts with an overview of the experimental results and a
comparison between direct photoemission and autoionization following resonant excitation. The theoretical
model based on a system of rate equations is the subject of section 3.2. The comparison between
experimental results and simulation follows in section 4. In the last section 5, the conclusions and outlook
are given. Further information is collected in the appendix.

2. Experimental procedure

The experiment was performed at the low density matter (LDM) beam line [36] of the FERMI FEL [3].
XUV pulses with photon energies in the energy range 19—45 eV having a wide range of pulse energies
(0.2-30 pJ) were focused by a Kirkpatrick—Baez optical system [37] to a spot size of around 300 pm
(FWHM) diameter for photon energies hv below the first ionization potential (Ejp) of He atom, and to 20
pm (FWHM) diameter for hv > Epp, respectively. The FEL polarization was chosen to be linear and the
polarization axis to be perpendicular with respect to the spectrometer axis, while the estimated pulse length
is 130 fs (FWHM). Taking into account the estimated transmission of all optical components of the
beamline (~38%), the power density in the interaction region is calculated to be in the 10°~10'> W cm 2
range. For the low power densities the FEL intensity is reduced by using a gas cell attenuator [38].The
content of second order radiation in the FEL beam is on the order of a few percent. It gives rise to sharp
photoemission lines as measured when the first harmonic is tuned to 43.0 eV. These lines can be easily
distinguished from other processes. Since the ICD process is more efficient than direct photoionization with
the first harmonic at 43.0 eV (the absorption cross section at 43.0 eV is much smaller than at 21.5 eV), the
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contribution of the second harmonic is negligible for He nanodroplets where ICD processes are very
efficient. For large nanodroplets and high power density a second harmonic line is not visible and does not
play a significant role for resonant excitation at 21.5 eV.

He nanodroplets with an average number of atoms from 250 up to 10° were produced in a supersonic
expansion of He gas at 50—80 bar stagnation pressure through the conical nozzle (100 m diameter,
half-opening angle of 45°) cooled to a temperature of 28—5 K with a precision of £0.1 K. The sizes of
medium-sized and large He nanodroplets are determined based on titration measurements performed
separately [39]. For small He nanodroplets, we used scaling laws [40, 41] and tabulated values for
characteristic properties of rare gases [33].

The kinetic energy distributions of emitted electrons were measured using a velocity map imaging
(VMI) spectrometer and reconstructed using the pBasex method introduced by Garcia et al [42], taking
into account the calibration curve of the VMI spectrometer. The resolving power of the spectrometer AE/E,
was determined to be less than 4% for electron kinetic energies above 10 eV and less than 12% for energies
below 10 eV.

3. Results and discussion

3.1. Overview

We start with an overview which is intended to demonstrate how the ionization due to ICD and CAI
processes differs from ‘conventional’, direct photoionization. For reference, experimental photoelectron
spectra for direct photoionization of He nanodroplets at hv = 43.0 eV (>Ejp = 24.59 eV) are given in
figure 2 (left column) for various power densities. The photoline at around 17.0 eV is clearly visible and
broadens with increasing power density when many photons are absorbed by the cluster and thus multiple
electrons are emitted. This behaviour is generally observed and well-understood [11, 43, 44]. With
increasing power density, the droplet charges up resulting in the outgoing electrons having to overcome a
deeper Coulomb potential. This results in a shift of the photoline and a broadening of the spectrum due to
the contribution of many electrons [11, 43, 44] (details are given in section 3.2.1).

At the highest power density (>8 x 10'> W cm™?), a characteristic plateau in the electron emission
spectra is formed which shifts down to lower kinetic energies due to the cluster Coulomb potential build-up
[11, 44]. Then, a second maximum is observed around 0 eV which exponentially decays towards increasing
electron energies. This feature is indicative of inelastic electron collisions and of evaporative electron
emission from a nanoplasma [43, 44].

Figure 2, right column, shows for comparison electron spectra recorded after resonant absorption of two
photons at low power density (5 x 10° W cm™2) and multiple photons at high power density
8 x 102 W cm™2, at the maximum of the 1s-2p band (21.5 V) of large He nanodroplets. We note that the
energy deposited into the nanodroplet after absorption of two 21.5 eV photons equals that of one photon
absorption at 43.0 eV. Indeed, at low power density the photoelectron spectra look quite similar. When
increasing the power density, however, drastic changes emerge. While the direct photoline—as explained
above—only broadens towards lower energies, the autoionization spectrum completely changes its shape at
high power density.

The peak at ~16 eV vanishes and a broad continuum develops which shifts towards lower energies. The
rather narrow peak is due to ICD-like autoionization. In our previous publications [26, 30], we showed that
these autoionization processes are extremely efficient, which is a clear indication that the excitations are
initially delocalized and during the lifetime of the excited states, the two excited atoms come into direct
contact. The very different shape of the autoionization spectra compared to direct ionization at high power
density (figure 3(a)) is due to the large number of inelastic collisions of the autoionized electrons with
surrounding He atoms in the 2p excited state, resulting in additional loss of kinetic energy by autoionized
electrons. The cross section for such inelastic collisions between autoionized electrons, i.e. ‘quasi free’
electrons within He nanodroplets, with 2p excited atoms is very large (several thousand Mb) and thus the
photoline completely vanishes at high power density.

In contrast to direct photoemission, the autoionization electron spectra sensitively depend on the
droplet size (see figure 3). For small clusters, the photoline is split into several components (see figure 3(c)
and section 4.1 for more details). In larger clusters (N > 1000), electron spectra recorded following
resonant excitation are almost independent of the excitation energy, because fast relaxation takes place
resulting in efficient population of the low lying states (see section 3.2.2).

To summarize, the electron spectra of pure He nanodroplets due to autoionization reflect a complicated
dynamics which depends on photon energy, power density as well as droplet size. In particular, for resonant
excitation, a transition from two-body ICD to collective many-body autoionization is observed for
increasing XUV power density and He droplet size.
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Figure 2. Electron spectra of large He nanodroplets (mean droplet size (N) = 50 000) at different power densities: left-hand side
[(a)—(c)]—direct photoemission at 43.0 eV photon energy; right-hand side [(d)—(f)]—autoionization spectra due to resonant
absorption of few photons of 21.5 eV at 5 x 10° W cm™? (ICD) to multi-photon absorption at 8 x 10" W cm™* (CAI). For
details, see text.

3.2. Details of the model and numerical simulation

To extract more quantitative and systematic information from the measured data, we have developed a
simple numerical model to compare with the experimental spectra. The full dynamics of the ICD and CAI
processes induced in He nanodroplets by resonant excitation of 1s2p atomic-like states by intense XUV laser
fields ideally should be simulated using a quantum mechanical description, which unfortunately cannot
currently be achieved. Instead, semi-classical approaches are widely used to model interaction processes in
clusters [45, 46]. These are based on the description of the atomic ionization processes via suitable rates,
whereas the dynamics of the resulting ions and electrons are treated by classical dynamics [44].
Unfortunately, this approach is difficult to apply to resonantly excited He nanodroplets because of the
contribution of several processes and their interrelations. Therefore, at present, our experimental results can
only be treated by numerical simulations based on a set of rate equations. By using the Monte-Carlo
method, various processes can be taken into account, such as multi-step ionization [10, 43], interatomic
Coulombic decay [14], secondary inelastic collisions [10, 26], and desorption of electronically excited atoms
in He droplets [47], as well as ultrafast electronic relaxation and CAI processes.




I0P Publishing

New J. Phys. 22 (2020) 083043 Y Ovcharenko et al

a) <N> = 1,000,000 atoms
8- 3.3x10"° W/icm?
6
4
2.
0 - - T
b
M ) <N> = 50,000 atoms
T 3
=2 2.6x10'"° W/cm?
()]
3 2
>
[
o
1]
0 T -
c)
<N> =250 atoms
921 2.4x10"° W/cm?
0,1
0,0

2 4 6 8 10 12 14 16 18 20
Electron kinetic energy (eV)

Figure 3. Electron spectra for resonant excitation at 21.5 eV photon energy and ~3 x 10'° W cm~? power density for different
He nanodroplet sizes: (a)—He nanodroplet with (N) = 1000 000 atoms; (b)—He nanodroplet with (N) = 50 000 atoms;
(c)—He nanodroplet with (N) = 250 atoms.

3.2.1. Line broadening and shifts due to multi-step ionization

As already mentioned in the previous section, at a photon energy well above the first ionization energy Ejp,
photoelectron spectra can be interpreted by a sequence of direct electron emission events in the developing
Coulomb field [14] called multi-step ionization [11, 43]. While the droplet absorbs many photons,
electrons are ejected one after another thereby charging up the droplet. As a result, electrons emitted at later
stages need to overcome the Coulomb potential created by the charged droplet and thus lose part of their
kinetic energy [11, 43]. Here the escape of electrons is described as an instantaneous process, i.e., the
emitted electrons leave the droplet before the next ionization event occurs, thereby neglecting any further
energy exchange. Assuming the droplet ionization process is a series of instantaneous electron emission
events due to direct photoemission from the developing droplet Coulomb field and accepting that the
ionization events are counted only if the single-particle energy of the released electron is positive, the
asymptotic kinetic energy of an electron released from the jth ion is determined by [11, 43]

Ej:hl/fElp*ei @, (2)
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Figure 4. Electron spectra of He nanodroplets irradiated at 43.0 eV photon energy and different power densities: (a)
experimental results for He droplet of (N) = 50 000 atoms, (b) simulations for He droplet of N = 50 000 atoms.

where hv is the photon energy, Ejp is the ionization potential and i runs over all other ions with charge state
q; (integer number) and distance between electron and ions, r;;. The last term in equation (2) describes the
Coulomb downshift due to the previously generated ions with charge states g; (in our case g; = 1) at
positions r;. In this way, Monte Carlo simulations of the photoelectron spectra can be performed, where
only direct ionization events, i.e., electrons with total energy >0, are considered. At sufficiently high power
density, the emission process stops since the electrons cannot escape from the deep Coulomb potential of
the droplet and the electron emission becomes frustrated [11].

Electron spectra of He nanodroplets of size 50 000 atoms were measured in the regime of direct
photoionization at hv = 43 eV for different laser intensities (see figure 4(a)). At increasing intensity, the
photoline at 17 eV broadens towards lower electron energies and an extended wing reaching down to zero
energy appears. These features are indicative of multi-step photoionization of clusters and nanodroplets [11,
44]. The narrow low-energy feature results from evaporative electron emission out of a nanoplasma formed
by collective autoionization of the multiply excited nanodroplets [26]. The corresponding simulated spectra
are shown in figure 4(b).

They reproduce all the characteristic spectral features quite well. Thus, we conclude that He
nanodroplets irradiated at hv > Ejp follow similar photoionization dynamics as small heavier rare-gas
clusters, which feature a characteristic plateau in the photoelectron spectrum [11, 43]. Electrons released by
autoionization should be affected in the same way by the developing Coulomb potential as photoelectrons.
Therefore, the effect of multi-step ionization—broadening of photolines and the formation of a plateau—is
also taken into account in our simulations for hv < Ejp.

3.2.2. Resonant excitation and the role of excited states

For the case of resonant excitation (hv = 21.5 eV), electrons can only be emitted by two-photon ionization
or by autoionization due to ICD-like processes [14]. Considering that the photoionization cross sections of
He excited (He*) states (2'S, 23S, 2!P) are less than 0.05 Mb [48], and the power density of the FEL beam is
below 10" W cm ™2, conventional two-photon ionization is not expected to significantly contribute to the
ionization signals and is therefore neglected in our model, see also reference [14]. As shown in reference
[30], the fraction of He nanodroplets ionized by sequential two-photon ionization at hv = 21.5 eV and
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Figure 5. Schematic representation of possible decay channels of excited He nanodroplets at 21.5 eV photon energy. The He
nanodroplet photoabsorption spectrum is indicated in black [31]. After irradiation of He nanodroplets at 21.5 eV, excited He
droplet states can relax to low lying 2s and 2p atomic excited states (green arrows, — ). Then, if a second photon is absorbed and
two excitations come into close contact, autoionization by ICD can occur in the course of the relaxation (blue arrows, — ). For
details see text.

power density of 10" W cm™? is expected to be only 0.6%. Stimulated emission is neglected because of
efficient depletion of He* states via ICD. Thus, in our model for multiply excited He nanodroplets, we
assume ICD to be the primary ionization process which we refer to as multi-step ICD. Since the ICD
mechanism is expected to be very efficient [13], we assume that every pair of He droplet excited states will
undergo ICD producing one ionized and one neutral atom.

Furthermore, fast electronic relaxation of the He nanodroplet excited states [25, 49] to low-lying 218,
23S, 2!P atomic excited states has been reported in the work of Mudrich et al [50]. It shows that the
band-excited state in He nanodroplets decays to the atomic 1s2p and 1s2s states within hundreds of fs.
Thus, 1s2p (1P;) — 1s2s (1S,) relaxation takes place followed by slow 1s2s (1S,) — 1s2s (°S;) relaxation (ns
time scale) [50]. Ultrafast electronic relaxation was also found for Ne and Xe clusters [51, 52]. Various
important relaxation processes in He nanodroplets are schematically depicted in figure 5.

In the beginning, 2p droplet excited states denoted by He* undergo ultrafast relaxation to the atomic
1s2p 'P, 1s2s 'S and 1s2s S states with the relaxation rate constants ~y; followed by ICD between pairs of
these states at the decay rate constant yicp (see equation (3)). Based on our experimental findings (see
section 4.1, figure 7), we assume that ICD occurs between 1s2s S, 1s2s 'S and 1s2p 'P pairs of identical
excited states within a droplet while we detect no significant contribution of intercombination bands. In
other words, 2s—2p interactions are not observed or at least are at the noise level of our experimental
results. The contribution of >S and 'S states as well as the absence of intercombination bands, such as
2p-2s, provides information about the character of the ICD process [14, 24]. In particular, the prominent
contributions of the metastable states *S and 'S to the ICD signal indicates that ICD predominantly
proceeds by charge exchange whereas the virtual photon process [14] is less important. A similar conclusion
was recently drawn for the system He* + M, where M stands for an alkali metal atom [25]. This is due to
the diffuse structure of the electron orbitals of both the alkali metal atom and the He* atom.

3.2.3. Numerical model
Based on the processes mentioned above as well as the proposed way of computing the number of excited
and ionized states in [14], we model the evolution of excited He droplets by the system of rate equations

No(t) = —0og - @(t) - No(t) + N,ICD(t) (3a)
3
N* () = 00 - () - No(t) = > _ 7 - N* (1) (3b)
i=1
N;i(t) =7 - N*(t) — 2- NIP(p) (3¢)
NI (1) = 2 e - Nilo) (3d)
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Table 1. Numerical factors used in the simulation of the ionization dynamics of 1s2p 'P; excited He
droplets. All time constants are with respect to decay to the 1/e level.

Excitation photon energy, hv 21.5eV
FEL pulse width (FWHM), AT 130 fs
Spectrometer energy resolution, AE/E 4%
Gaussian profile of the FEL beam (FWHM) 300 pm
He droplet excitation cross-section per atom [18, 26], o, 50 Mb
Electron-impact 2p ionization cross-section [53], & inf 1200 Mb
Electron-impact 2p — nl excitation cross-section [53], 23:3 Topsnl 2800 Mb
Droplet relaxation time to 1s2p and 1s2s atomic excited states [50] 1-2.5ps
1s2p ("P;) — 1s2s ('S,) relaxation time [50] 1ps
Radiative decay time of 1s2s (1S,) and 1s2s (*S,) atomic excited states 100 ns
ICD decay time (assumption), Ticp 500 fs
He desorption time [54] 15 ps
Ionization potential, Ejp 24.59 eV
Internuclear separation [55] 336 A
Simulation time step 1fs
Number of iterations per step point 10000
Time interval with respect to the FEL pulse from —500 fs to 41500 fs

Equation (3a) corresponds to the time evolution of the neutral ground states, where o, is the absorption
cross section,  (t)denotes the photon flux which contains the information about the temporal profile of
the pulse and N, () is the number of ground states in the He nanodroplet as a function of time.

Equation (3b) corresponds to the time evolution of the droplet excited states N*(t), where ~; are the rate
constants for relaxation into atomic excited states i = 2s °S, 2s 'S, 2p 'P. Equation (3¢) corresponds to the
time evolution of the atomic excited states for all i, where N I€D (#) is the ICD rate in state i. The ICD rate is
given in equation (3d), where ~yicp is the rate constant for ICD which is assumed to be the same for all
atomic states i. The total number of ICD electrons is then given by [~ NP (r) dr.

To simulate the electron spectra, we solve the rate equation model numerically using the Monte-Carlo
method. We start the simulation by determining the number of droplet excited states over the whole FEL
pulse with a simulation time step of 1 fs, based on the FEL power density, FEL pulse width, and He droplet
excitation cross-section per atom o, [18, 26]. We randomly distribute the He* states over the nanodroplet.
In our simulation, we assume that the initially delocalized excitations come in close contact due to their
mutual attraction, at least on the length scale of ~1 nm which is the relevant distance in our present study
with power densities of 10'° W cm™2 and more. Autoionization preferentially takes place between
neighbouring excited atoms due to the short-range character of ICD driven by charge exchange [14].
Therefore, the distance-dependence of the ICD rate is not explicitly taken into account. Almost all
parameters in the model (see table 1) are known from the literature. Free parameters are the expected ICD
rate, which is equal to 1/7icp and the droplet relaxation rates to 1s2p and 1s2s atomic excited states [50].
These parameters were adjusted so as to globally maximize the agreement between the simulated and
experimental spectra.

For each time step of the simulation, we evaluate the probability of undergoing a discrete relaxation or
ICD ionization process. The final electron energies are obtained by summing over the modelled multi-step
ionization processes [43] of individual ICD components (based on equation (2)),

2 .
B = 2hv —Ep— ——Y & (4)

Finally, the obtained electron spectra are convoluted by the instrument function of the VMI spectrometer,
given by a Gaussian function with relative FWHM of 4% (see table 1). For the resonant-excitation case
(21.5 eV), when the FEL beam has 300 x:m spot size, the intensity-averaging over the volume of the focus is
not taken into account, while for the direct photoionization at hv = 43.0 eV and 20 pm spot size, this effect
is considered. All parameters relevant for the numerical simulation are given in table 1.

As an example, the simulated ionization dynamics of a small He nanodroplet (250 atoms) resonantly
excited at hv = 21.5 eV by a 130 fs FEL pulse with intensity I = 2.4 x 10! W cm™2 is shown in figure 6.
When the FEL beam interacts with He nanodroplets, a large number of 2p-excited states N* are formed
resulting in quasi-free electrons in the droplets due to ICD.

As has been shown in reference [10] and reference [26], inelastic electron collisions in this case are very
efficient. Therefore, the number of excited He atoms Neyit. (f) (see figure 1(d)) and the number of ionized
atoms Nioniz. (f) (see figure 1(c)) by inelastic electron collisions as a function of time ¢ is given by

Ninel. (t) = Nexcit. (t) + Nioniz.(t)r (Sa)
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Figure 6. Simulated ionization dynamics of 1s2p 'P; excited states in He,so nanodroplets irradiated by 130 fs FEL pulses (solid
black line, —) and at 2.4 x 10" W cm~? power density. The total number of excited atoms N*(¢) is shown by the solid red (_)
line. The evolution of excited states N* (#) due to ICD and desorption solid blue line (=) of the excited atoms is shown by the
solid magenta( ) line. The total number of created ICD electrons and the discrete number of non-scattered ICD electrons

(non-scat. ICD e™) are shown as a dashed black line (—) and as red dots ('), respectively. For this droplet size and power density
the inelastic electron scattering process is negligible.
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Figure7. Experimental and simulated electron spectrum of small He nanodroplets ((N) = 250 atoms) irradiated at hv = 21.5

eVand I = 2.4 x 10'° W cm 2 [solid blue =) line]. Electron spectra due to ICD of droplet excited states, atomic 1s2p 'Py, 1s2s
('S,) and 1s2s (*S;) states are presented by feature (d), (c), (b) and (a), respectively. The distribution of thermally evaporated

electrons with a temperature of 0.45 eV kz ~! is represented by the solid dark green (=) line. The sum of all spectra is shown by
the solid blue (—) line. The experimental result is given by the dash-dotted blue (=) line.

where .
Nexcit. () = > > ki - NP (8) - N; (1) (5b)
i=1 n=3
3
Nioniz. (1) = Y kiine - NP (1) - N; (1) (5¢)

i=1

Here, ki, and ki_ins are the rate constants for the electron-impact excitation and electron-impact
ionization of the He atom from the i-excited state to high lying nl levels and to the continuum, respectively.
Equation (5b) contains the sum of k;;, ., rate constants, where the principal quantum number # runs over
the states whose contributions to the total cross section is largest (n = 3-5).
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Another important relaxation process, which also has to be considered, is the desorption of
electronically excited atoms and molecules from He droplets [47, 56]. As was discussed in reference [47],
excited atoms He* and molecules (excimers) He,* tend to form void bubbles around themselves due to
Pauli repulsion between the outer electron and the surrounding He. The bubble states can freely move to
the surface where the He* and He, " are ejected into vacuum [57]. Since the electronically excited molecules
desorbing from the droplet are far from being thermalized, the coupling between the electronically excited
molecule and the droplet is very weak. Therefore, we assume that the excited species leave the droplet in a
very short time [49, 56]. This effect is taken into account by adding the term to equation (3b)

Nes (£) = 7ages - N* (1) (6)

where 74es is the desorption rate constant.

In this way, electron spectra of He nanodroplets where inelastic electron collisions play a role have been
modelled using the rate equation system (3) which is amended by additional terms for both inelastic
scattering and desorption. As an example, the simulated ionization dynamics of He nanodroplets (50 000
atoms) irradiated at hv = 21.5 eV by 130 fs FEL pulses at I = 2.4 x 10! W cm 2 is shown in the appendix,
see figure A1. For the case of large He nanodroplets, (see section 4.3), the ICD electron can scatter several
times within a droplet thereby losing part or all of its energy in each collision. If more than two particles are
involved in the process, CAI [26, 30] takes place.

4. Comparison between experimental results and simulations

In the following we present both experimental and numerical results for the resonant excitation of He
nanodroplets irradiated at hv = 21.5 eV by 130 fs pulses in the 10!°~10"" W cm~2 power density range. To
obtain sufficient statistics, the experimental results have been averaged over 3000 shots and ensemble
averaging over 10° simulations was performed.

4.1. ICD in small He droplets

To provide a basis for the forthcoming discussions, we start our analysis from the simplest case, i.e., small
He nanodroplets (~250 atoms/droplet) resonantly irradiated at h = 21.5 eV and relatively low power
densities. At these experimental conditions, electrons can leave the He droplets due to ICD. The electron
spectra of He droplets irradiated at hv = 21.5 eV and I = 2.4 x 10'® W cm 2 are simulated by modelling
the time evolution of the excited He nanodroplets (see figure 6, section 3.2.3) up to 1.5 ps.

Detailed information about the ionization mechanisms and dynamics can be inferred from figure 7. The
ICD path through the 1s2s 'S, state gives the largest contribution to the final electron spectrum which can
be explained by the ultrafast relaxation of the 1s2p ('P;) state to the 1s2s ('S,) state and subsequent slow
152s (1S,) — 1s2s (°S;) relaxation (see section 3). The sum of electron spectra from different excited states is
shown by the solid blue (=) line in figure 7 while the dash-dotted blue (=) line shows the experimental
result at [ = 2.4 x 10'> W cm 2. Good agreement between experimental data and numerical simulations is
achieved when assuming an ICD rate constant of 1/(500 fs) for all excited states. This value matches the
results in [50].

The low kinetic energy component of the electron distributions is attributed to thermal evaporation of
electrons out of the nanoplasma induced by collisional equilibration of quasi-free electrons [11, 27]. This
component is implemented in the simulated electron spectrum by adding an exponential decay fit function
obtained from the experimental results (see figure A3 in appendix), from which we infer an electron
temperature of about 0.45 eV kp~*,

As seen from the experimental results (figure 7), the electron spectra are rather complicated and do not
show a single line as predicted by the pure ICD model [14]. Instead, there are several overlapping peaks
which are assigned to ICD of pairs of 1s2s *S, 1s2s 'S and 1s2p 'P atomic states [18] within a droplet,
labelled as ‘@’, ‘b’ and ‘¢, respectively:

(a)He"(1s2s>S) + He*(1s2s°S) — He(1s?) 4+ He ™ (1s) + €,(15.08 eV)
(b)He*(1s2s'S) 4+ He*(1s2s'S) — He(1s?) + He™ (1s) + €,(16.68 eV) (7)
(c)He*(1s2p'P) + He*(1s2p'P) — He(1s?) + He™ (1s) + €3(17.88 eV)

The kinetic energy of the ICD electron is given by E. = 2 x E (He*) — Epp, where E (He*) is the energy of
the excited level of He* and Ejp is the ionization potential of He atoms. The influence of the He droplet on
the energetics of the ICD is neglected owing to the weak coupling of the excited and ionized atoms to the
He droplet surface. The emission of ICD electrons from low-lying atomic excited states gives clear evidence
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Figure 8. Electron spectra of medium sized He droplets irradiated at h = 21.5 eV and low power densities: (a) experimental
results for He droplet size of (N) = 1000 atoms; (b) numerical simulations for He droplet size of N = 1000 atoms. Maxima (a),
(b) and (c) correspond to ICD of pairs of 1s2s S, 1s2s 'S and 1s2p 'P atomic states [ 18] within a droplet, respectively.

for ultrafast (hundreds of fs) electronic relaxation. This is in good agreement with our recent experimental
results on He nanodroplets [50]. Feature ‘d” at 18.43 eV is caused by ICD of droplet excited states as well as
by direct photoionization of He nanodroplets or surrounding He atoms from the FEL second harmonic
radiation (estimated to be less than 1% of the total signal). All in all, the experimental results and our
model are in reasonable agreement.

4.2. ICD in medium-sized He nanodroplets

Experimental electron spectra of medium-sized He nanodroplets (~1000 atoms) irradiated at hv = 21.5 eV
are shown in figure 8(a). Under these conditions the structure of the electron spectrum becomes broader.
Despite the fact that the features around 14.6 eV, 16.3 eV and 17.4 eV are less pronounced compared to
small He droplets, they are assigned to ICD of pairs of 1s2s *S, 1s2s 'S and 1s2p 'P atomic states [ 18] within
a droplet, correspondingly. The same model as for the small He droplets (see section 3.2.3) was used for
simulating the electron spectra for medium sized He droplets (see figure 8(b)).

Based on our numerical simulations and especially on the fact that the same model provides good
agreement between experimental and simulated results for two different droplet sizes, we conclude that the
decay pathways for Hejgpo nanodroplets are essentially the same as for He,sy nanodroplets. The broadening
of electron spectra is mainly caused by an increasing number of unscattered electrons, which then play a
role in the multi-step ICD electron emission. Under these experimental conditions inelastic electron
scattering is negligible.

Increasing the number of atoms within the He nanodroplet up to 2500 atoms leads to further
broadening of the spectral features (see figure 9) due to the creation of a larger number of unscattered ICD
electrons. As a consequence, the spectral components from different states merge to one broad peak, which
shifts toward lower kinetic energies when increasing the power density, see figure 9.

In contrast to the small He nanodroplets, it becomes difficult to unambiguously assign the various decay
channels and their contributions to the electron spectra. Nevertheless, our model still nicely reproduces the
experimental electron spectra for resonantly excited He nanodroplets of 2500 atoms. There are some
deviations between experimental and simulated main peak widths for the low power densities
(I ~ 10" W cm™2), but the overall behaviour remains consistent. The broadening of the maxima in the
numerical simulations can be explained by the fixed values of the decay rates in the simulation. In reality,
we expect that these values slightly vary depending on both droplet size and power density.

Our simulation shows that even at I = 1.5 x 10" W cm ™2, inelastic electron scattering plays only a
minor role for medium-sized He nanodroplets. Nevertheless, the structure of the electron spectra is
drastically blurred by the large number of quasi-free electrons in collisional equilibrium [11, 43], which
leads to thermal electron emission [44]. Moreover, at higher power density, it clearly shows a transition
from ICD-type autoionization to CAI, see figure 1(b). The corresponding electron spectral component,
from which we infer an electron temperature in the range of 0.3-3.3 eV kg !, is included in the simulation
results, see figure 9(b).

4.3. ICD in large He nanodroplets
Resonant excitation of large He nanodroplets, for the case that the number of atoms per droplet exceeds
50 000 atoms, leads to additional structures and broadening of the electron spectra, see figure 10. As
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Figure 9. Electron spectra of medium-size He droplets irradiated at hv = 21.5 eV and low power densities: (a) experimental
results for He droplets composed of (N) = 2500 atoms; (b) numerical simulations for He droplet size of N = 2500 atoms.
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Figure 10. Electron spectra of large He droplets irradiated at hv = 21.5 eV and low power densities: (a) experimental results for
He droplet size of (N) = 50 000 atoms; (b) numerical simulations for He droplet size of N = 50 000 atoms.

mentioned in section 3, ICD electrons can scatter several times within a droplet, thereby losing part of their
energy. Additionally, when more than two electronically excited atoms are involved, a transition from ICD
to CAI [26, 30] takes place. This transition is controlled by the number of excited He atoms per He
nanodroplet and occurs at about 1200 He* per droplet.

For example, already at I = 2.6 x 10'© W cm ™2 [see figure 10(a), dotted blue (=) line] a sufficiently
large number of ICD electrons can scatter on 2p excited atoms within Hes oo nanodroplets (see
simulations for the atomic 1s2p 'P; excited states in appendix, figure A1), and further excite the atoms to
high-lying nl excited states. A similar behaviour is seen for 1s2s S, 1s2s 'S atomic excited states and droplet
excited states. As a result, ICD-created electrons from all atomic excited states lose energy due to scattering
leading to additional structures in the electron spectra. Additionally, the electron spectra of the individual
components are strongly broadened due to multi-step ICD electron emission [11, 43]. A further increase of
the power density in Hes goo nanodroplets even leads to multiple scattering events, see figure A2 in the
appendix.

As seen in figure 10, there is good agreement between experimental and simulated results even in this
multiple scattering regime. Our experimental and simulation results clearly show that the photoline is
almost quenched, many excited atoms contribute and CAI [26, 30] and thermal electron emission provide
the main contributions to the electron spectra. Thus, CAI starts to play a significant role already at 2.4 X
10'© W cm ™2 power density for Hes goo nanodroplets, where many electron scattering events become
possible, see figure Al in the appendix. With increase of the power density to 7.5 x 10 W cm 2, the
number of scattering events increases dramatically, see figure A2 in the appendix, nanoplasma formation
becomes possible and the primary contribution to the electron spectra stems from nanoplasma electrons,
see figure 11.

A large fraction of created electrons in a broad energy range at some point cannot overcome the
Coulomb barrier, which leads to the frustration of multi-step ICD electron emission [43]. Thereby the
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Figure 12. Measured electron spectra of extremely large He nanodroplets ((N) = 10° atoms) irradiated at hv = 21.5 eV and low
power density.

quasi-free electrons are trapped in He nanodroplets leading to the formation of a cold nanoplasma and to
the evaporative emission of thermal electrons. Similar to the case of small He droplets, the contribution of
the nanoplasma electrons is taken into account by an exponential function fitted to the experimental results
with an electron temperature of 3.4 eV kg L.

When increasing the number of atoms in He nanodroplets up to 10°, the general structure of the
electron spectra does not change much (see figure 12). Here, thermal electron emission out of a
nanoplasma plays the main role even at lower power densities. Additionally, as shown in reference [26], a
high-density plasma with broad electron features can be formed due to the fact that more than three or four
excited atoms are in direct contact (see figure 1(b)), leading to the formation of a continuous network of
excited states, i.e., when the excitation probability approaches a critical value of electronically excited atoms
[26]. In our previous work [26] we estimated that if more than 12% of the atoms in the droplet are excited,
such a network will form at the expense of interacting dimers, trimers, and larger isolated oligomers [58].
For these conditions, the ICD lines get completely quenched (see figures 2(d—e) and 12), because a large
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number of electronically excited atoms are created inside the nanodroplet before autoionization by ICD of
two excited atoms takes place. Furthermore, the observation that quenching of the ICD line comes about at
rather modest power density of ~10'® W cm™2 (see figure 12), much lower than for small clusters (N ~
200), is a strong indication that the whole dynamics is governed by the number of excited atoms inside the
cluster rather than by their density. In other words, the distance between initially excited atoms does not
play such a strong role as might be expected from the steep distance dependence of the ICD rate for isolated
pairs of atoms, since the excitations are delocalized and always ‘find’ each other. Modelling this regime is
beyond the scope of the present manuscript, but should trigger more thorough theoretical studies of the
dynamics of cluster and nanodroplet autoionization.

5. Summary and conclusions

The ionization dynamics of He nanodroplets resonantly excited to the 1s2p band-like state at 21.5 eV
photon energy by intense femtosecond XUV pulses in the range of power densities 10°~10'> W cm™? have
been investigated by photoelectron spectroscopy. Our experimental results are interpreted with the aid of
Monte Carlo simulations based on a simplified rate equation model including various processes such as
multi-step ionization [10, 43], ICD [14], secondary inelastic collisions [10, 26] and desorption of
electronically excited atoms from He droplets [47], as well as electronic relaxation processes. The complex
dynamics depend sensitively on droplet size and XUV power density.
In small droplets the resonantly excited He-droplet states rapidly decay to low-lying 1s2s S, 1s2s 'S and
1s2p 'P atomic excited states by droplet-induced transitions followed by ICD between pairs of these states
and multi-step ionization, accordingly. In medium-sized He nanodroplets, a pronounced broadening of the
electron spectra is observed due to an increase of the total number of created ICD electrons causing space
charge effects. For large He nanodroplets, inelastic electron scattering plays a significant role and a cold,
dense nanoplasma forms. Furthermore, when more than two electronically excited atoms are involved, the
ionization dynamics develops from two-body ICD to collective autoionization (CAI) and higher-order CAI,

and/or thermal electron emission dominates.

We find the best match between the simulations and the experimental data consistently in the full range
of the experimental parameters when assuming a characteristic ICD time of 500 fs.

In the intensity range of the present study, where the excitation density is rather high, the ionisation
dynamics is determined by the number of excited He atoms per He droplet rather than by the density of

excitations.

Furthermore, our simulation indicates that the transition from two-body ICD to many-body CAI occurs
at about 2.5% excitations per droplet. Thus, our results provide a detailed understanding of how
autoionization of droplets evolves from a regime of low numbers of excitations in the droplets characterized

15



I0P Publishing

New J. Phys. 22 (2020) 083043 Y Ovcharenko et al

e 4000 1400 ~
)
£ Q
o —FELpise == c
% 3500 A N T 1200 &
7] —N e Q
N desorption L2~ Icbe S
¢ 30004 +" ~ - non-scat. ICD & 1000 8
e Pt ~ ~ e-scattering, 2p -> nl T S
kel ’ — — e-scattering, 2p -> o »
@ 25004 sec. e-scattering, 2p -> nl c
8 — — sec. e-scattering, 2_p:>:x: 800 9
B 2000 2
0, ©
o 600 —
-
- 15004 2
L 3
‘c 400 5
s 1000+ —
5 >
$ 500 200 8
2 ]
=} 0 0 z
Z T T T
-500 0 500 1000 1500

Time scale (fs)

Figure A2. Simulated ionization dynamics of 1s2p P, excited states within Hes o9 nanodroplets by130 fs FEL pulses (solid
black line, —) at I = 7.5 x 10'® W cm™2. The total number of excited atoms is shown by the solid red (_) line. The solid blue line

(=) shows the desorption process. The evolution of excited states is given by the solid magenta ) line, which represents the
number of He* atoms after both ICD decay and desorption of He* atoms. Total number of created ICD electrons (ICD e~) and

discrete number of non-scattered ICD electrons (non-scat. ICD e™) are shown by the dashed black (--) and dashed red (") lines,
respectively. Inelastic electron-impact excitations of the 2p excited state to high-lying nl levels (e-scattering, 2p — nl) is given by

the dashed green (=-) line. Inelastic electron-impact excitations of the 2p excited state to the continuum (e-scattering, 2p — co)
is shown by the dashed magenta (=) line. Secondary scattering processes corresponding to 2p — nl and 2p — oo transitions

represented by the dashed Cyan( ) and dashed blue (+-) lines, respectively.
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Figure A3. Electron spectra of small He droplets irradiated at hv = 21.5 eV and low power densities: (a) experimental results for
He droplet size of (N) = 250 atoms; (b) numerical simulations for He droplet size of N = 250 atoms. Maxima (a), (b) and (c)
correspond to ICD of pairs of 1525 °S, 1s2s 'S and 1s2p 'P atomic states [18] within a droplet, respectively. Feature (d) is caused
by ICD of droplet excited states and direct photoionization of the He atomic beam.

by sharp electron emission lines, to complex autoionization involving many different processes, which
eventually results in a cold dense plasma emitting electrons with a broad energy distribution. By comparing
the experimental results with our simulations, we identify several interesting, fundamental questions which
still remain open. Namely, what happens on ultrafast time scales, can we observe the migration or diffusion
of excitations? How does a transition from delocalized to localized states take place? How does a network of
excitations and subsequent plasma dynamics develop? While these topics need in the first place more
detailed theoretical work, from an experimental point of view, performing time resolved measurements to
directly access the complete time evolution of the system is highly desirable and will give direct insight into
the motion of excitations, such as bubble formation followed by ejection of the excitation out of the droplet
or even merging of bubbles.
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