Supplementary Information
Ultrafast resonant interatomic Coulombic decay induced by quantum fluid dynamics

A. C. LaForge et al.
(Dated: February 16, 2021)

SUPPLEMENTARY NOTE 1: CALCULATION OF He*-He* ICD WIDTHS

The resonant ICD widths were computed with the Fano-Configuration Interaction-Stieltjes (Fano-CI-Stieltjes)
method [1] as implemented in the CIPPRES plugin [2] of Quantum Package 2.0 (QP2) [3], [4]. Moreover, we have
used the restricted Hartree-Fock molecular orbitals of Hey constructed from a cc-pVQZ basis set [5] augmented with
[6s,6p,6d] diffuse functions of the Kaufmann-Baumeister-Jungen type [6] on each helium center.

SUPPLEMENTARY NOTE 2: He*-He* PAIR POTENTIALS

The He-He (Dyy, point group) interaction potentials corresponding to 1s2s and 1s2p He atomic asymptotes, shown
in Fig. 1 were obtained with equation-of-motion coupled clusters method CC3-EOM level [7, 8] by using the Psi4
code [9]. The basis set used in this calculation was taken from Ref. [10]. The doubly excited He states (He*-He*)
correlating with the first excited 'S and 3S atomic asymptotes were computed using the full configuration interaction
method as implemented in the DETCI module [11] of Psi4 by solving for the lowest 32 roots in a given irreducible
representation and then locating the states according to the correct asymptotic energies. Due to the computational
cost, these calculations employed a smaller basis set as described in Refs. [12-14], which can still reproduce the
atomic asymptotic energies with sufficient accuracy. All the calculated potentials were corrected for the basis set
superposition error by the counterpoise method of Boys and Bernardi [15].
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Supplementary Fig. 1. Potential energy curves for two He* atoms excited to their lowest excited states 1s2s 3S.



SUPPLEMENTARY NOTE 3: TDDFT SIMULATIONS

The DFT and TDDFT approaches to superfluid liquid He are thoroughly described in Ref. [16], and the dynamic
evolution of a single He* bubble in a *He droplet has been studied in Ref. [17]. The extension to two He* bubbles in
bulk superfluid helium proceeds similarly. One singles out two arbitrary points in the superfluid, rx and ry, where
the two excited helium atoms are assumed to be and build the following density:

Pao(r) = pog(lrx —r)]) g(jry —r)l) , (1)

where pg is the *He density at P =T = 0 (po = 0.0218 A=3) and g(r) is the pair distribution function of liquid *He
obtained from QMC calculations [18]. This procedure yields two “atom bubbles” located at the chosen positions rx
and ry. The physical control parameter is the initial distance dy = |rx — ry|. To obtain the wave function ®(r)
for each of the He* atoms needed to start the dynamics, we have proceeded as in Ref. [17]. We have used TDDFT
to address the time evolution of the superfluid [16], to which the two He* atoms are self-consistently coupled. The
dynamics are triggered by substituting the Aziz He-He potential [19] used to generate the “static” wave functions
®x (r) and Py (r) with the He-He* and He*-He* potentials where He* represents the 1s2s 'S excited state.
We have solved the coupled TDDFT equation for the superfluid and the two Schrédinger equations for the He*s:
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where £(p) is the “He functional of Ref. [20] and 6€ /dp is the DFT mean field written in a compact way. The starting
configuration at ¢t = 0 is the pq, (r) liquid density, Eq. (1), and the wave functions ®x(r) and ®y(r). Although not
necessary in an ideal situation, the chemical potential u is included because of our way of damping the density waves
produced by the expansion of the He* bubbles.

Indeed, during the time evolution of excited impurities in bulk liquid helium, sound waves are released from the
surface of the atomic bubble which eventually reach the cell boundary (periodic boundary conditions are imposed).
If no action is taken, waves would bounce back and invalidate the simulation. A way to avoid this problem is to
include damping in the time-dependent equation governing the helium evolution, first line of Eq. (2), by replacing

i — i+ A(r) [21]. This corresponds to a rotation of the time axis in the complex plane by introducing a damping
field A(r):

Ar)=2o Y [1 + tanh <“”;8)] (3)

i=1,2,3

The evolution is free of damping [A(r) < 1] when |z;| < s;, — 2a. This prescription works extremely well as it
efficiently damps the excitations in the helium wave function near the cell boundaries and does not require a large
buffer region.

The calculations have been carried out using the 4He-DFT BCN-TLS computer package [22]. We used 2562 points in
the cubic box —25.6 < x; < 25.6 A, i. e., Az; = 0.2 A; s;, was fixed to 23.6 Aa=2A and Ay =2 (dimensionless).
The region in which the absorption potential acts is large enough to accommodate the system under study. The
time step for the dynamics are At = 0.05 fs; this is needed to have a good energy conservation and wave function
normalization.

SUPPLEMENTARY NOTE 4: ANIMATIONS OF BUBBLE DYNAMICS IN SUPERFLUID HELIUM

The appended animations visualize the dynamics of two excited helium atoms within superfluid helium. When a
helium atom is resonantly excited (1s2s state), a void or “bubble” forms around it, resulting in the complete absence
of atoms in the surrounding volume [17]. The animations are the result of time-dependent density functional theory
(TDDFT) calculations (see Suppl. Note 3) for the case of two excited atoms being placed at distance d from each
other. The downloadable animations for d = 8 A, 10 A, and 15 A, are 'He-animations-8.0A.mp4’, *He-animations-
10.0A.mp4’, and 'He-animations-15.0A.mp4’, respectively. The ground state atomic density goes from dark purple



to yellow and the excited state atomic density goes from dark green to pink. The three animations show how the
dynamics are dependent on the initial distance d. For d = 8 A, the two bubbles quickly (~ 400 fs) merge and the two
excited states oscillate in close distance to one another. Similar dynamics are observed for smaller distances d shown
in Fig. 4 of the manuscript. For d = 10 A and d = 15 A, the bubbles also merge, but on a longer timescales > 1 ps,
and > 10 ps, respectively. In case of a He nanodroplet of the size of few nm, one or both excited atoms would mostly
likely be ejected out of the droplet prior to ICD, thus suppressing contributions from slow ICD.

SUPPLEMENTARY NOTE 5: MONTE-CARLO SIMULATIONS

The MC model combines all relevant processes to describe the ICD dynamics in He nanodroplets in one simplified
model. It is based on the ICD widths I'(d) (bottom right panel in Fig. 4 of the manuscript), where the distance d
between adjacent He* is inferred from the TDDFT simulations as a time-dependent function.

A. Parameterization of ICD decay widths

I'(d) is given as data points for discrete values of the distance d with 1 A spacing. To obtain an analytic function
used for the MC simulations we have approximated I'(d) by an exponentially decaying function

4 meV, ifd<4A

4 exp (— (0‘1.5;147)) meV, ifd>4A

(4)

I'ep(d) = {

which is constant at short-range d < 4 A. To take into account the contribution of the two spin states 1s2s13S of
He*, we averaged the spin contributions according to random spin orientation. The resulting function is only valid at
intermediate distances, where the ICD width depends exponentially on d. Although for larger distances, Eq. (4) does
not give reliable results, the accuracy of our simulation remains unaffected as the ICD time exceeds 100 ps already
at d = 10 A. Thus, the contribution of ' at large d > 10 A is completely negligible for the experimentally observed
timescales.

B. Simulation of partially excited He droplets

As a next step, we modeled a He droplet with N He atoms as a homogeneous sphere with a density of 22 atoms/nm?.
The atoms are approximated as hard spheres, corresponding to a pair-distribution function

0, ifd<358A
o(d)y=<" 5
pre(d) {po, if d > 3.58 A. (5)

The positions of excited He atoms in the droplet are chosen at random according to the excitation probability
calculated from the experimental parameters. For this, we assumed the photoexcitation cross section at hv = 21.6 eV
(1s2p droplet band) to be 25 Mb [23, 24] and the FEL pulse to be a delta function in time. Subsequently, all possible
pairwise interactions between He* are identified and binned according to their initial distances dy. The bin size is
determined by the available TDDFT simulations. The systematic error on the time-dependent distances d(t) resulting
from the binning can be estimated from the TDDFT simulations. All initial distances dy < 9 A converge to the same
minimum value within 400 fs, and the possible uncertainty from the bin size is smaller than the time resolution of
our experiment. For the larger distances, we saw that differences Ad < 1 A in dy have a large impact on d(t). We
have refrained from trying to do a functional approximation of the time-distance behavior due to the rather complex
dynamics and the minor impact on the observed behavior. A more accurate determination of the trajectories in the
transition region would require a dense set of TDDFT simulations which would represent a tremendous computational
effort.

The ensemble of He* is then propagated in time with a step size of 500 as. During the time propagation, the
pairwise interactions are treated independently of each other, neglecting any many-body effects with more than two
participants. For each time step, the ICD probability for each pairwise interaction is calculated as I'(d(t)) according
to the d(t) trajectory corresponding to the dy bin. Additionally, the UV-probe laser is implemented as a Gaussian
pulse with a width corresponding to the full width of the measured XUV-UV cross correlation. He* that undergo ICD,



or are ionized by the probe laser, are counted and removed from the calculation including all pairwise interactions
these excitations participated in. Any impact of the created ions on the remaining excitations is neglected. The total
time propagation is done up to 100 ps after the FEL pulse. The step size of 500 as was chosen in order to satisfy the
condition AN < N, i. e. that in each time step, the change in total population is close to zero.

Each simulation creates one data set for a fixed pump-probe delay, droplet size, and excitation density. To acquire
a sufficiently converged result for the ICD electron and photoelectron counts, we simulated up to 10* droplets for
each parameter set. To get a time-dependent ICD curve, we have repeated the simulation for each pump-probe delay.
All data points created for one parameter set at different pump-probe delays form a time-dependent ICD curve as
displayed in Fig. 7 b) of the manuscript.

C. Finite size effects and ejection of He"

Due to the finite size of the He droplets and the repulsive forces acting on excited He atoms in the droplet, ejection
of He* out of the droplets is a competing process. He* ejection has previously been investigated and, here, we will
focus on the implementation of the previous results [17]. In our simulation, a hard-cutoff ejection mechanism is
adopted by deleting all pairwise interactions of those He* that satisfy the conditions of being close to the droplet
surface (d, < 7.5 A) and not having another He* nearby (dy > 9.5 A). Neglecting ejection of He* for large initial
separation from the surface is a reasonable approximation in view of the short time scale of the experiment (less than
10 ps) [17]. Photoionization of the ejected He* is still possible and taken into account. The choice of these values,
and their impact on the simulations will be discussed below.
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Supplementary Fig. 2. Evolution of the radius of a bubble forming around a He* in bulk superfluid helium as obtained from
TDDFT simulations.

When multiple excitations are present in the droplet, the ejection process is more complex, depending on the
geometry and exact positions of the excitations. Furthermore, as observed in the lower left panel of Fig. 4 of the
manuscript, shock waves play an important role in the trajectories of He*. However, in a first approximation we
have neglected all geometric effects and simply look at the basic dynamics of bubble formation. Supplementary
Fig. 2 shows the expulsion of the He density around a He* in a time-resolved way, from which we have extracted two
relevant parameters: The bubble expands within about 500 fs and reaches a final radius of roughly 7 A. Considering
the dynamics from the TDDFT simulations and taking the previously measured desorption dynamics [17] into account,
we identify two critical cases. If two He*s are closer to one another than 10 A, the merging of the bubbles happens
during the first expansion phase of the bubbles within 500 fs. In this case, none of the excitations will leave the
droplet as free atoms, independent of their distance from the droplet surface. The second critical case is defined by
the initial distance to the next He* being larger than 10 A. In this case, the merging will be slightly delayed since at



first, the two bubbles repel each other via shockwaves. If one of the He* is close enough to the droplet surface that the
expanding bubble breaks the surface, the He* is most likely ejected before bubble merging. According to these two
critical cases, the limits for ejection given in the manuscript were chosen. The good agreement with the experimental
data indicates that this approach is a reasonable approximation for this complex system. A more rigorous treatment
would require us to take different initial geometries into account and to carry out full TDDFT simulations for each
of them, which is far beyond our possibilities.

D. Rate equation model for resonant ICD in He droplets

Chemical reactions described by chemical kinetics are usually diffusion limited and barrier activation controlled,
i. e. the reaction constant depends on relative Brownian velocity of the reactants, which is large compared to mean
distance between participants and the reaction time. In our case of ICD of He*s in He droplets, the diffusive motion
of the participants is slow compared to the observed ICD reaction rate. However, the rate constant depends on the
distance between the active particles rather than their relative speeds. To benchmark our MC simulation against the
simplest possible model which assumes stationary positions of the He* in the droplet, we have developed a simple
rate equation model based on distance-dependent ICD widths T'(d).

If several He atoms in a droplet are excited, the total number of pairwise interactions is N(N — 1)/2, where N is
the number of He*. In our case, the calculated decay widths drop exponentially with increasing d. Thus, we can make
the approximation that ICD happens exclusively between nearest-neighbors. Formally, this approximation holds if
the pairwise decay width decreases with distance d according to I'(d) = d=* with z > 3, since for < 3 the integral
interaction strength for a single He* with all surrounding He*s,

(oo}
/ 47d®T(d) dd, (6)
0

diverges. In this nearest neighbor approximation, the product of the volume element times the interaction strength,
47d?T(d) drops substantially when increasing d from nearest-neighbor to next-to-nearest-neighbor distance and thus
ICD predominantly occurs for pairs of nearest neighbors. This approximation can be viewed as replacing the initial
population N of He* by N/2 pairs of He* which decay according to a linear rate equation,

dp(t)
——= = —kp(t). 7
2D — ko) (7)
Here, the rate constant k = 7! = I'e/h, where e is the elementary charge and £ is the reduced Planck constant.
The distance dependence of the rate constant k(d) should then be included in the rate equation for an ensemble of
He* by integrating over distances d,

d’;if) - - /O " k(d)pa(t) dd. (8)

Here, p4(t) is the density of He* pairs per unit distance. The solution of this rate equation is

)= [ pao exp(-k(@)0) da. (9)

This function describes a superposition of exponential decay functions with different time constants. The differential
initial He* density pg4,0 takes the role of a weighting factor accounting for the distribution of initial nearest-neighbor
distances. Fig. 8 a) in the manuscript illustrates this function for different excitation probabilities pexc as blue lines.
For comparison, the full dynamical model (red) and the experimental data (black squares) are additionally shown.
We see that the time behavior of the linear rate-equation model assuming fixed He* positions significantly differs
from the experimentally observed ones. The ICD depletion decays non-exponentially and much more slowly than
the experimental data and the dynamical simulation. Furthermore, the observed timescales drastically change when
varying the excitation probability, in contrast to the experimental findings shown in Fig. 3 a) of the manuscript.
Fig. 8 b) in the manuscript shows the normalized pg4 o binned into three different intervals of 7(d). For high excitation
probability = 2%, contributions to the initial He* population with short ICD times 7 < 5 ps dominates. However,
for all excitation probabilities used in the experiment (pexe < 1%), the dominant contributions have 7 > 100 ps. This



highlights the importance of atomic motion for the effective ICD dynamics and efficiency, which in the particular case
of He nanodroplets is given by the peculiar evolution of He* bubbles.
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