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Ultrafast Resonant Interatomic Coulombic Decay Induced by Quantum Fluid Dynamics
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Interatomic processes play a crucial role in weakly bound complexes exposed to ionizing radiation;
therefore, gaining a thorough understanding of their efficiency is of fundamental importance. Here, we
directly measure the timescale of interatomic Coulombic decay (ICD) in resonantly excited helium
nanodroplets using a high-resolution, tunable, extreme ultraviolet free-electron laser. Over an extensive
range of droplet sizes and laser intensities, we discover the decay to be surprisingly fast, with decay times as
short as 400 fs, nearly independent of the density of the excited states. Using a combination of time-
dependent density functional theory and ab initio quantum chemistry calculations, we elucidate the
mechanisms of this ultrafast decay process, where pairs of excited helium atoms in one droplet strongly
attract each other and form merging void bubbles, which drastically accelerates ICD.
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I. INTRODUCTION

In molecular and condensed-phase systems, interatomic
processes offer a means for localized energy or charge to
disperse to the surrounding environment. The diversity of
these processes often makes it tedious or impossible to
obtain a complete picture of the ionization mechanisms and
dynamics. Alternatively, free, weakly bound nanosystems,
such as van der Waals (vdW) clusters, can be used to study
such interatomic interactions in a well-controlled manner. In
particular, the study of vdW clusters irradiated by intense
extreme ultraviolet (XUV) free-electron laser (FEL) radia-
tion has led to the observation of numerous novel inter-
atomic processes [1-3]. An important type of interatomic
process known as interatomic Coulombic decay (ICD) [4]
has been widely studied in weakly bound systems [5—7]. In
cases where local Auger decay is energetically forbidden, an
excited atom or molecule releases its excitation energy by
transferring it to a neighboring atom or molecule, which can
result in its ionization. In general, ICD is a prominent decay
mechanism in a multitude of systems, specifically those of
biological relevance [8§—11]. A key parameter in determining
the importance of ICD in a nanosystem is its decay time,
which is directly linked to its efficiency. With the advent of
seeded FELs and the availability of intense, tunable XUV
radiation [12,13], new types of resonant ICD [14] have been
observed in vdW clusters [15-18], where at least two
photons are absorbed and energy is exchanged between
neighboring excited atoms. More importantly, FELs offer
the capability to directly follow the dynamics of ICD in the
time domain. So far, ultrafast time-resolved measurements
have been limited to ICD in vdW dimers [19,20]. Although
vdW dimers, a type of weakly bound molecular system, are
of fundamental interest, they can by no means exemplify the
complex dynamics occurring in a nanoparticle or con-
densed-phase system where multiple intermolecular proc-
esses can play a critical role.

He nanodroplets serve as model nanosystems in numerous
research fields, since they can bridge the gap between simple
atomic and molecular systems and extended, condensed-
phase systems [21]. Because of their extremely weak
interatomic binding, superfluid nature, and simple elec-
tronic structure, He nanodroplets are an ideal environment
to study interatomic processes in a homogeneous liquid
[15,16,18,22,23] or in a well-defined heterocluster, as is the
case for doped He nanodroplets [24-29]. When the He
environment is excited, a void bubble, or “cavity,” is formed
around the excited atom [30,31], which can freely move
about the droplet. This phenomenon is a general feature in
closed-shell systems where the local environment tends to
exert a repulsive force on electrons or impurities with a low
electron affinity due to the Pauli exclusion principle. This
interaction induces the formation of cavities around the
impurities and possible clustering or assembly thereof [32].
A similar, although more complicated, process of cavity
formation occurs in classical fluids and is responsible for
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FIG. 1. Atoms in the He droplet are excited to the 1s2p droplet
band by the XUV pump pulse. After internal relaxation, bubbles
are formed around the excited atoms. The two bubbles are
accelerated toward each other, leading to a merging of the
bubbles and ICD (bottom scenario). A time-delayed UV pulse
is used to probe the dynamics of the process. If the UV probe
pulse comes before ICD occurs, the pulse ionizes the excited
atoms, thereby halting the ICD process (top scenario at short
pump-probe delay). The He droplet is represented by the large
blue circles, and excited atoms and bubbles are represented by
pink and white circles, respectively. The energy-level diagrams
illustrate the energetics of processes. Using photoelectron spec-
troscopy, one can differentiate ICD electrons and UV-ionized
electrons as shown in Fig. 2.

molecular solvation. For example, in water, the so-called
hydrophobic effect determines whether a molecule is indi-
vidually hydrated or assembles into a larger structure [33].

Here, we report on time-resolved measurements of
resonant ICD in nanoparticles, where He droplets are
chosen as a model system. The process is schematically
shown in Fig. 1. Atoms are excited by an XUV pulse tuned
into resonance with the 1s2p droplet band (hv = 21.6 eV)
[34]. The pulse creates multiple excited atoms in the droplet
which can decay via ICD; i.e., the energy from one excited
He atom, He", is transferred to another He*, which, in turn,
is ionized. A second, time-delayed UV pulse can directly
ionize the excited atom(s) in the droplet, thereby interrupt-
ing and halting any interatomic decay processes. Over an
extensive range of droplet sizes and laser pulse energies, the
decay mechanism is found to be much faster than predicted
by theory [14]. Even more surprisingly, the decay rate is
nearly independent of the number of excited atoms per
droplet, although theory predicts a very strong dependence
on the internuclear distance [14]. To understand these
discrepancies, the experimental results are modeled using
a combination of time-dependent density-functional theory
(TDDFT) [35,36] and ab initio calculations of the doubly
excited He*-He™* pair potentials as well as the ICD widths.

We discover that the ICD dynamics are largely deter-
mined by the attractive interaction of closely spaced He*
atoms and by the formation of bubbles around them. The
latter strongly accelerates the ICD via the merging of
overlapping bubbles. Previous experimental work on bub-
ble formation in He droplets [31] focuses on the relaxation
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of one excitation in a droplet, which forms a single bubble
in the course of its relaxation. In contrast, here, the focus is
on ultrafast dynamics between two bubbles, which facil-
itates the ICD process. Overall, the relevance of our
findings is (i) realizing that, in a condensed-phase system,
ICD is not only determined by the electronic interaction of
the two atoms involved, but it can be crucially influenced
by the response of the surrounding medium, and (ii) the
resulting ICD time is drastically reduced to the femto-
second range, in contrast with previous expectations that
this type of ICD is much slower, i.e., tens to hundreds of
picoseconds [14,17].

II. EXPERIMENT

This work is performed at the low density matter end
station [37] of the seeded FEL. FERMI, in Trieste, Italy. The
FEL photon energy (21.6 eV) is tuned via the seed laser,
undulator gaps, and other machine parameters, yielding a
pulse length of approximately 100 fs full width at half
maximum (FWHM) [12,13]. The measurements are taken
over two separate periods with different experimental
conditions. The second set of parameters is given in
parentheses. The FEL pulse energy, varied from 0.1 to
50 pJ, is determined upstream by gas ionization, taking the
nominal reflectivity of the optical elements in the beam
transport system into account. The diameter of the FEL
focus is 250 um FWHM. The UV probe pulse is obtained
from a frequency-tripled (-doubled) Ti:sapphire laser
[h/ = 4.8 (3.2) eV] with a pulse energy of 50 (200) uJ
and a focus diameter of 250 yum FWHM. A tin filter of
160 nm thickness is used to suppress higher-order har-
monic radiation. The cross-correlation between the FEL
and the probe laser is 200 fs FWHM, measured by resonant
two-photon ionization of He gas. A supersonic jet of He
nanodroplets is produced by expansion of high-pressure He
gas through a pulsed, cryogenically cooled Even-Lavie
nozzle. By varying the expansion conditions (backing
pressure and nozzle temperature), the mean cluster size
is varied in the range of (N) = 10>~10° He atoms [38]. The
nanodroplet beam is perpendicularly crossed by the FEL
and UV beams at the center of a velocity map imaging
spectrometer [37]. The electron kinetic energy distributions
are reconstructed using the maximum entropy velocity
Legendre reconstruction method [39].

III. RESULTS AND DISCUSSION

Figure 2(a) shows the distributions of electron kinetic
energy E, emitted by resonantly excited He droplets as a
function of the delay between XUV pump and UV probe
laser pulses. The mean droplet size is (N) = 76 000 atoms,
and the XUV intensity is 2.8 x 10° W/cm?. At low kinetic
energies (0 < E, <2 eV), the electron distribution is
created by resonant two-photon ionization (2PI) in He
nanodroplets. At short delays, Ar < 1 ps, the distribution

shows the droplet-induced relaxation dynamics of He* from
the XUV-excited 152 p state to the 1s2s state [31]. At higher
kinetic energies (15 < E, < 18 eV), resonant multiphoton
ICD is observed according to the reaction [14—16,18]

(He* —+ He*)HeN_z — (He+ + e1cp —+ HC)HCN_z.

Here, Hey_, denotes the He droplet, and ejcp is the ICD
electron. A discussion of the electronic states which initiate
this type of ICD is given in the Appendix A. Since resonant
ICD is a binary process, at least two excited atoms are
required per droplet.

The intensities of photoelectrons (red squares) and ICD
electrons (blue circles), depicted in Fig. 2(b), display
opposing trends in their time evolution: The 2PI signal
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FIG. 2. (a) Time-resolved electron kinetic energy distributions
of resonantly excited He droplets centered around the ICD peak
(top) and the two-photon ionization (2PI) signal (bottom).
(b) Projection of the intensity of the ICD peak (blue circles)
and the 2PI signal (red squares) as a function of XUV-UV pump-
probe delay. The experimental data are fitted with an exponential
decay function convoluted with a cross correlation function (gray
line). The red and blue lines show the results of a MC simulation
(see the text for details). The droplet size is 76 000 atoms, and the
excitation photon energy is 21.6 eV.
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is enhanced at delays 0 < At < 0.2 ps, whereas the ICD
signal is depressed. This result can be rationalized by the
depletion of the He* population through photoionization by
the UV probe pulse, thereby suppressing the ICD. As the
pump-probe delay is increased, ICD can proceed before the
He* are photoionized and the eycp yield is replenished.
Thus, the rise of the ejcp yield reflects the timescale of the
ICD. To quantify this process, the ICD signal is fitted with a
function [gray line in Fig. 2(b)] accounting for the
exponential rise as well as the pump-probe cross correla-
tion. A thorough discussion of the fitting procedure is given
in Appendix B. Figure 2(b) also shows the ICD (blue line)
and 2PI (red line) data from a Monte Carlo (MC) simulation
as discussed later in the text. Additional data and fits for
different experimental parameters are given in Appendix C.

To systematically investigate the dynamics of ICD in He
nanodroplets, pump-probe delay dependences over a wide
range of He droplet sizes and XUV intensities are recorded.
The latter controls the He* excitation probability (photon
flux x absorption cross section) and thereby the mean
distance between He* in a droplet. Because of the strong
coupling between the FEL power, droplet size, and col-
lective autoionization (CAI) effects [18], only a limited
range of excitation probabilities (0.1%—1%) show a clearly
distinguishable ICD peak, despite the broad range of
droplet sizes and FEL intensities available. As the FEL
intensity increases, multiple excited atoms may interact,
leading to decay by CAI and formation of a nanoplasma
[16]. In the transition from ICD to CAI, the ICD peak
broadens and shifts to lower energies due to the formation
of a collective Coulomb potential and eventually becomes
dominated by low-energy thermal electrons from the nano-
plasma [18].

Similar to what is shown in Fig. 2(b), each ICD delay
dependence is fitted with a function to determine the time
constant of the eycp evolution. The resulting ICD times 7ycp
and eqcp yields are, respectively, plotted as red symbols in
Figs. 3(a) and 3(b) as a function of the excitation proba-
bility. The corresponding MC simulation results are shown
as blue dots. The ejcp yield is determined from the total
number of detected electrons and the He* photoionization
cross section [40]. It is normalized to the number of He*
atoms in the droplet and multiplied by 2 to account for the
fact that two excitations produce one ICD electron. The
resulting ICD efficiency rises from 0.09 to 0.32 in the given
range of He* excitation probability, while zjcp decreases
from 1000 to 400 fs. To decouple the effect of the droplet
size from the FEL intensity, we additionally perform MC
simulations (see Supplemental Material [41] for details) for
fixed droplet sizes. The results for small and large droplets
are shown in Fig. 3 as black and gray lines, respectively.
For small droplets, the ICD time is nearly constant and
lower than the ICD decay times for large droplets, which
show a weak dependence on the FEL intensity. The ICD
efficiency shown in Fig. 3(b) rises from zero as a function
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FIG. 3. (a) Effective ICD decay time and (b) ICD efficiency
plotted as a function of the excitation probability (red squares).
MC simulation results for the specific experimental conditions,
droplet size, and FEL intensity are shown as blue dots. Addi-
tionally, to show the general trend in the simulations on the FEL
intensity, the results for fixed small and large droplets are shown
as black and gray lines, respectively.

of the excitation probability with a higher slope for large
droplets. Overall, the MC simulations are in excellent
agreement with the experimental data.

In general, the measured ICD decay times are surpris-
ingly short (z;cp < 1 ps) compared to estimates based on
the virtual photon ICD model for this type of decay, which
yield 52 ps for the fastest channel [14]. Furthermore,
previous static measurements predict this type of ICD to
be much slower, in the high picosecond range [17,28].
Further proof of the discrepancy between theory and
experimental results can be seen in Fig. 4(c), which shows
the ICD decay width I" as a function of the He*-He*
distance. I'(d) is calculated by the Fano-CI-Stieltjes
method [42] for all possible combinations of electronic
states populated during droplet relaxation [28,31] (see
Supplemental Material [41] for details). I', which is
inversely proportional to the decay time 7ycp, shows a
very strong dependence on the He*-He* distance. On the
other hand, the measured 7icp, in Fig. 3(a), shows only a
weak dependence on the He* excitation probability, which
is a measurable quantity proportional to the mean He*-He*
distance. The observed ultrafast ICD rates, in the
femtosecond regime, can be explained only through an
additional mechanism that brings the two He* atoms into
close contact. Excitation migration [43,44], excitation
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delocalization [45], and hole hopping have been discussed
extensively over the years, especially in the context of
Penning ionization [44,46]. While fast excitation transfer,
akin to exciton hopping, can explain the high efficiency of
the Penning process [44], it cannot account for the short
ICD lifetime. Delocalization of excitations over an
extended region of the He droplet as a consequence of
exciton hopping would lead to a reduced local spatial
overlap and, thus, to low ICD rates. Besides, the large
variation of the interatomic distances between He atoms in
the droplets due to the large zero-point motion as well as
many-body quantum effects may also limit delocalization
[45,46]. Unfortunately, the problem of excitation transfer in
superfluid He has not yet been addressed theoretically,
despite the numerous experimental Penning ionization
studies. That said, an additional mechanism is required
that brings two He* into close contact such that ICD takes
place at short distances.

Aside from the fast delay-time dependence of the ICD
signal, we observe that the ejcp yield in most cases does not
fully rise to the level measured at negative delays within the
full range of pump-probe delays; see Appendixes B and C.
This result indicates that some of the He* decay by ICD
much more slowly than the experimentally observed
asymptotic value from which we deduce 7cp.
Furthermore, the observation that the ICD efficiency never
exceeds 35% in our experiments points at a competing

@ t=0ps

t=0.4ps

(b) 11

He*-He* distance d (A)

0 02 04 06 08 10 12 14
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relaxation channel that prevents the majority of He* from
decaying via ICD.

To better understand the response of He nanodroplets to
multiple excitations and to rationalize our experimental
findings, TDDFT simulations are performed [31,35,36,47]
for the motion of He* pairs. To keep the simulations tractable,
we consider bulk superfluid He, which is coupled to the He*
pair self-consistently. Because of the light mass of the He*
“impurities,” they must be treated quantum mechanically
with the potential term given by the He*-droplet interaction.
To include the interaction between the two He* atoms, the
He*-He* pair potentials are calculated using highly correlated
ab initio methods (see Supplemental Material [41] for
details).

Figure 4(a) shows the time evolution of the 2D cuts of the
He density distribution (yellow-red area) when the two
excited He atoms are initially separated by dy = 10 A
(pink-green dots). Animations of these simulated dynamics
for various initial conditions are included in Supplemental
Material [41]. Upon excitation, bubbles form around them
due to the repulsion between the Rydberg electrons and the
surrounding closed-shell He atoms [30,31,47-49]. As the
bubbles grow and the two He* atoms weakly attract each
other, the bubbles eventually overlap and merge into one
large bubble. The salient feature is that, shortly after the two
bubbles coalesce, the two He* are strongly accelerated
toward each other. This process is facilitated by the merging
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FIG. 4. (a) Snapshots of the He density evolution around two He* centers separated initially by d, = 10 A. The probability
distribution of He* is represented as pink dots, and the black areas show the void bubbles forming. (b) Evolution of the He*-He* distance
d for various values of the initial distance d,. (c) Calculated ICD widths for various combinations of 1s2s-excited He* atomic states.
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of the bubbles where the He* reach interatomic distances
d < 4 A within 400 fs for all initial distances dy up to 9 A;
see Fig. 4(b). As ICD is not explicitly included in the TDDFT
simulations, the He* pair continues vibrating at a short
distance due to the attractive He*-He* potential. However,
within the first half cycle of the vibration, the ICD decay
width reaches I'(d = 4 A) = 5.9 meV, corresponding to a
characteristic ICD time 7ii§ = 110 fs for the He*('S) +
He*(1S) pair, which has the largest branching ratio in the
droplet relaxation [28,31]. Thus, all He* pairs with
dy <10 A actually decay via ICD within ¢ < 1.4 ps with
a probability of near unity. Thus, we conclude that the decay
in this particular system is largely determined by the quantum
fluid dynamics of the merging bubbles, as well as the
pairwise attraction of excited atoms.

For larger initial distances (d, > 10 A), the time
between He* excitation and bubble merging quickly
increases to t > 10 ps, and, therefore, I[CD becomes very
slow. This result explains the observed incomplete replen-
ishment of the ejcp signal at long pump-probe delays. The
question remains why not all He* decay by ICD, in the
absence of the probe pulse. It is known that radiative decay
is not expected to play a significant role, since the lifetime
is in the nanosecond range [30,50]. Previous experimental
and theoretical studies show that, following the bubble
formation, some of the He* remain weakly bound to the He
droplet surface, where they eventually form He’ excimers
[51], whereas others are directly ejected from the droplets
[31,48,52]. Once a He* detaches from the droplet, it can no
longer decay via ICD, but it still contributes to the
photoionization signal. Based on our measurements
[Fig. 3(b)], the fraction of ejected He* is estimated to be
larger than 50%. The competition between direct ejection
and ICD for initial distances dj, > 10 A is strongly depen-
dent on the droplet size.

The ICD dynamics in He nanodroplets are largely
governed by the motion of He* driven by the bubble
dynamics and the interatomic He*-He* potential, compet-
ing against the ejection of surface He* from the droplet. To
account for the aforementioned effects, a simplified MC
simulation based on I'(d) is developed. The results are
displayed in Fig. 3(b). The He droplet is treated as a
homogeneously packed sphere of He atoms represented by
equally sized spheres. An initial number of He*, according
to the XUV intensity and the He droplet absorption cross
section [34], are placed at random positions within the
droplet. Then, for each He*, the following conditions are
tested. If the distance to the droplet surface dg < 7.5 A and
the distance to the nearest-neighbor He* dy > 9.5 A, then
the He* is ejected. If dg > 7.5 A and d, < 15.5 A, then the
He* undergoes ICD; the ICD probability is then calculated
based on I'(d) according to the trajectory d(¢) obtained
from the TDDFT simulations. If dg> 7.5 A and
dg > 15.5 A, the He* does not decay by ICD and only

photoionization is possible. The probe pulse is imple-
mented by converting the He* into photoelectrons at a rate
consistent with the experimental estimate. The values d, =

15.5 A and d ¢=1.5 A, used as criteria for ICD enhanced
by bubble merging and He* ejection, respectively, are
deduced from the TDDFT simulations. Additionally, when
the same simulation is performed for fixed positions of He*,
the ICD time constants are 1-2 orders of magnitude longer
than the experimental values, thus demonstrating the
importance of ultrafast bubble dynamics and the attractive
He*-He* potential. An in-depth discussion of these simu-
lations is given in Appendix D.

Overall, the conceptual leap presented in our results
show that resonant ICD in a superfluid nanosystem is
predominantly driven by the ultrafast dynamics of the
medium surrounding the interaction centers (He* 4+ He*, in
this case). Previous work on (nonresonant) ICD considers
only the dynamics of the interaction centers, not their
environment. While this assumption is valid for small
systems like dimers and crystalline clusters, in extended
condensed-phase systems such as liquids and superfluids,
the response of the local environment has to be taken into
account. Our work directly demonstrates that the meso-
scopic dynamics may drastically enhance the ICD rate.
This result has implications for biological systems where
the local aqueous medium surrounding the biomolecules
may crucially impact the decay rate when being subjected
to radiation damage by ICD [10,11].

IV. CONCLUSIONS

In summary, we have performed time-resolved measure-
ments of resonant ICD in He nanodroplets. Over a wide range
of droplet sizes and laser pulse energies, we have found the
decay to be as fast as 400 fs and to have little dependence on
the density of excited states, in contrast to the strong
dependence of the predicted ICD decay width on the distance
between excitations. Our simulations have shown that the
ICD dynamics are largely determined by the pairwise
attraction of excited atoms, as well as the peculiar response
of He droplets to multiple resonant excitations. The for-
mation of bubbles around the excitations and their sub-
sequent merging accelerates ICD, whereas the ejection of
excited state atoms from the droplet competes with it. Thus,
using He droplets as a model system bridging molecular and
condensed-phase sciences, we have demonstrated that res-
onant ICD in the condensed phase is governed by ultrafast
relaxation mechanisms that couple electronic and nanofluid
translational degrees of freedom. These results pave the way
for time-resolved measurements of more complex intermo-
lecular decay processes involving He excited state dynamics
in doped He droplets, such as ICD-mediated single or double
ionization of molecules and clusters [26—-28].

Although He nanodroplets are a unique type of quantum
fluid, our findings of the bubble dynamics could have
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implications for other classical fluid systems where charge,
excitations, or impurities can freely move throughout the
medium. The dynamics of bubbles, also known as cavities in
water, are responsible for a wide variety of fundamental
processes, such as protein assembly into functional com-
plexes in biological systems [33] or the behavior of impu-
rities in metals, relevant to materials science [32]. Although
classical fluids are more complex than He nanodroplets,
intermolecular electronic decay and bubble dynamics are
highly relevant processes in these systems. The range of
intermolecular decay mechanisms extends beyond ICD [11]
to processes such as electron transfer mediated decay [53],
exciton-exciton annihilation [54], singlet fission [55], and
Forster resonance energy transfer [56]. The rates of these
decay mechanisms could be enhanced through bubble
dynamics. In this regard, future time-resolved studies where
the electronic decay and bubble dynamics could be con-
trolled by laser excitation are of broad interest.
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APPENDIX A: HIGH-RESOLUTION ICD
ELECTRON KINETIC ENERGY DISTRIBUTION

Information about the electronic states involved in the
ICD process is encoded in the kinetic energy distribution of
ICD electrons. Figure 5 shows a high-resolution electron
spectrum measured at the photon energy v = 23.7 eV. At
this photon energy, the 1s4p excited state of He droplets is
resonantly excited [34]. The mean droplet size is set to
5 x 10° He atoms. Besides the large signal component at
low kinetic energy resulting from CAI [16], an additional
peak is observed around 16 eV with a shoulder near 15 eV,
which is due to ICD. For comparison, we add vertical lines
showing the expected ICD electron energies, E, cp, for
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2
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Electron kinetic energy (eV)
FIG. 5. Static (XUV only) electron kinetic energy distribution

measured at hiv = 23.7 eV. The vertical lines depict the nominal
values of ICD electron energies for pairs of He* atoms in the three
lowest excited states.

pairs of He* in the lowest excited states 2s2s 3S and 252 p
P according to

Ee,ICD = 2EHe(1525.p) - Ei,He' (Al)
Here, Eye(152s,p) 18 the energy of the 1525, p states of the He
atom, and E; . is the He ionization potential. Clearly, the
1525 'S state is the dominant state producing ICD electrons.
The 1525 3S state and Hej excimer states (broad feature
around E, ;cp = 11 eV)also contribute but to a lesser extent.
Although this electron spectrum is measured at a different
excitation energy than those in the main text, ICD electrons
appear to originate mostly from the same He* states. This
result is due to fast electronic relaxation, as previously

observed in experiments using high-harmonic laser radiation
[57], FEL [18,31], and synchrotron radiation [24,28].

APPENDIX B: FITTING OF ICD
ELECTRON YIELDS

The time-dependent ICD electron intensities are fitted
with a convolution of the pump-probe cross correlation
function obtained by resonant two-photon ionization of He
gas and an exponential decay leading to the following
function:

I(1) = Iy — Aerfe{[o? — 2(1 — 19)] / (V207)}
x exp[—(1 = ty) /7] — Berfe[(t = 1,)/(V20)]. (BI)

This model is the simplest analytic function that repro-
duces the experimental measurements and is consistent with
a more rigorous model of the pump-probe dynamics of ICD
processes [58]. The exponential function describes the rise
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FIG. 6. Fitting of experimental time-resolved ICD data (black
squares) with the function from Eq. (B1) (red curve). The
components of the fit are illustrated separately: error function
(blue curve) and exponential decay (orange dotted line).

of the electron counts for long delay times. Thus, the
exponential decay constant 7 represents the effective ICD
time. The parameter o represents the cross-correlation width
of the two overlapping laser pulses and is fixed to the value
measured by resonant two-photon ionization of He gas. The
time-zero value 7, is constrained to 0 4= 15 fs in order to
account for possible drifts in the FEL timing. The free
parameters [, A, and B reflect the total ICD intensity for
t > —o0, t = oo, and the maximum depletion 7.

Figure 6 displays a fit of a typical experimental meas-
urement. In addition to the full fit curve (red), we show the
separate contributions from the error function (blue line)
and exponential decay (orange dots).

APPENDIX C: ADDITIONAL
EXPERIMENTAL DATA

To give a better overview of the experimental results
and systematics, in Fig. 7(a), we show additional pump-
probe ICD electron yields measured under different
experimental conditions. The red symbols correspond to
small droplets with high excitation density. The resulting
ICD curve is characterized by a fast time variation, as the
mean interatomic distance between excited atoms is small,
d < 10 A, and, thus, ICD is fast. The black curve is for an
intermediate excitation density and intermediate droplet
sizes. The blue curve is for large droplets combined with a
low excitation density. Replenishment of the ICD electron
signal after depletion is slower, as ICD mostly occurs for
pairs of He* with larger initial separation. Figure 7(b)
shows the results of the MC simulation for the same
parameters as in the experiment. The good agreement

UV time delay (ps)
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FIG. 7. (a) Experimental ICD electron intensities as a function

of XUV-UV pump-probe delay with corresponding exponential
fits for three different droplet sizes and excitation densities.
(b) Simulated ICD electron intensities and fits for conditions
similar to those of the upper panel.

shows that our model captures the main aspects of the
pump-probe ICD dynamics.

APPENDIX D: THE EFFECT OF ATOMIC
MOBILITY ON ICD TIMESCALES

Besides providing a deeper understanding of our
experimental findings, MC simulations additionally allow
us to ask more fundamental questions about the process,
which cannot be directly addressed through experiment.
For instance, how important is the mobility of the He*
atoms in the ICD process? To benchmark our simulations
against a model system where the ICD rate is entirely
given by the initial distances between He*, we carry out
simulations where the He* positions are held fixed.
Figure 8(a) shows the simulated ICD electron intensity
for stationary He* atoms as a function of the UV time
delay for three different excitation probabilities (blue
lines). For comparison, the experimental data are shown
as black squares, and the corresponding MC simulation
assuming mobile He* atoms is shown as a red line. As can
be clearly seen, the simulated dynamics for fixed He*
positions proceed on much longer timescales compared to
the experimental data, thus showing the critical impor-
tance of atomic mobility in the ICD process. To further
illustrate this point, Fig. 8(b) shows the relative
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FIG. 8. (a) Simulated ICD electron intensities as a function of
the UV time delay for fixed He* positions with different
excitation densities (blue curves). For comparison, the exper-
imental data are shown as black squares, and the corresponding
MC simulation assuming mobile He* atoms is shown as a red
line. (b) Relative contribution of ICD electrons broken up into
three different ICD lifetime intervals as a function of excitation
probability for fixed He* positions.

contribution of ICD electrons broken up into three differ-
ent ICD lifetime intervals as a function of excitation
probability for fixed He* positions. For low excitation
probability (<1%), the ICD lifetime would primarily be
7 > 100 ps, which is dramatically longer than what is
shown in Fig. 2 for similar experimental conditions. Only
for high excitation probability (22%) do shorter ICD
lifetimes (z < 5 ps) significantly contribute. We note that
at 2.5% excitation probability the transition from ICD to
CALI occurs, in agreement with previous findings [18].
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