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Zero-point averaged dynamics of Ar+nHe1000:

Dopant-size influence on potential-energy surfaces,

mass spectra and fragmentation patterns

David A. Bonhommeau∗

Université de Reims Champagne Ardenne, CNRS, GSMA UMR 7331, 51097 Reims, France.

Abstract

The fragmentation of Ar+nHe1000 (n = 3, 5) is investigated by zero-point av-
eraged dynamics (ZPAD) and compared with recent results on Ar+4 He1000 to
investigate the influence of the dopant size. At the core of ZPAD, effective
He-He potentials converged for He1000 and ArnHe1000 are found alike which
suggests that ZPAD simulations on argon-doped helium nanodroplets (HNDs)
could restrict to effective potentials obtained for pure HNDs. The fragmentation
dynamics of Ar+nHe1000 clusters share a number of similarities, like the absence
of Ar+-containing fragments, the occurrence of ion ejections and trappings, Ar+n
electronic relaxation typically extending on a picosecond time scale, or primary
fragmentation events which are not necessarily representative of the final dis-
tribution of fragments. However, Ar+3 He1000 clusters also exhibit unexpected
behaviors like an inefficient electronic relaxation when the dynamics starts on
the uppermost Ar+3 electronic state which makes the dopant trapped within the
droplet.

Keywords: mixed quantum-classical dynamics, helium nanodroplets, argon
clusters, zero-point energy, ion ejection, ion trapping, recombination.

1. Introduction

Although the first observation of helium nanodroplets (HNDs) by Becker
and colleagues dates back to the 1960’s [1], the doping of HNDs with clus-
ters or molecules only emerged thirty years later. Among the first dopants to
be considered were rare-gas clusters, ideal systems to investigate the capture
and coagulation of species within HNDs [2, 3, 4], the physical processes be-
hind the dopant ionization after bombarding the surface of the doped HND
with electrons [5, 6] or high-energy photons [7, 8], and the subsequent fragment
distributions, signature of the fragmentation mechanisms at play. Beside the
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common observation of progressions of peaks steadily spaced out by 4 u, mass-
spectrometry experiments also demonstrated the existence of “magic numbers”,
namely sizes of particularly stable fragments, for all common rare-gas clusters
although these anomalies were less abundant and intense for xenon than for
argon or krypton [9, 10]

On the theoretical side, the modeling of doped HNDs confronts with the
need for describing large systems (N = 103 − 106 in typical experiments) of
quantum nature. Takayanagi and Shiga tackled the photodissociation of Cl2 in
helium clusters composed of 200 atoms by combining a wavepacket dynamics
for Cl2 with a path-integral molecular dynamics of helium nuclei. Chlorine
dissociated in most of trajectories, a result later confirmed by Vilá et al. who
carried out TDDFT simulations on Cl2He500 [11]. In an attempt to free from the
nanodroplet size, Bonhommeau et al. adopted a phenomenological description
of helium atoms represented as a friction force that applied to the dopant, a neon
cluster, when its speed exceeded the Landau critical velocity [12]. Despite some
qualitative agreement with experiments regarding the size of neon fragments,
this method was not suited to discuss helium evaporation, magic numbers, or
fragmentation mechanisms, and a more explicit method remained to be devised.

In this context, Bonhommeau et al. proposed another approach called zero-
point averaged dynamics (ZPAD) to investigate the fragmentation of Ne+nHe100
clusters (n = 4 − 6) [13, 14]. The cornerstone of this method is the de-
sign of an effective He-He interaction potential that takes into account zero-
point effects in an average manner. By combining this effective potential with
the dopant potential-energy surface and dopant-He interactions, the mixed
quantum-classical dynamics of the doped HND can be achieved at reasonable
computational cost. Simulations on neon-doped HNDs proved the existence of
fast ion ejections [14], a fragmentation process which also resulted in the ejection
of helium atoms with kinetic energies of ∼ 28− 45 cm−1, well above the typical
binding energy of a helium atom to the HND (∼ 5 cm−1) [3]. The smallness of
the cluster prevented any observation of trappings or recombinations since abun-
dances of ionic fragments mostly converged after a few tens of picoseconds due to
ion ejections. In contrast, recent ZPAD simulations on Ar+4 He1000 demonstrated
the occurrence of a multitude of fragmentation patterns, from fast ion ejections,
favored by high electronic excitations of the dopant, to long-term ion trappings,
favored by low electronic excitations of the dopant [15]. Geminate recombina-
tions were also identified as a source of Ar+3 and Ar+4 fragments although the
electronic relaxation of the initially excited Ar+4 dopant mainly produced Ar+2 .
No Ar+-containing fragments were found whereas such fragments are abundant
in experimental mass spectra [10], which seemed to indicate that such fragments
might come from HNDs doped with smaller dopants (eg, Ar+3 ), more prone to
dissociate into Ar+ in the gas phase [16], secondary ionizations of large ArpHeq
fragments [15], or multiple ionization of the initial HND.

In the present paper, ZPAD simulations are carried out on Ar+nHe1000 (n =
3, 5). The essential features of the ZPAD approach applied to argon-doped
HNDs are first recalled in Section 2. In the same section, effective He-He inter-
action potentials converged for He1000, Ar3He1000, and Ar5He1000 are compared
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with each other and with the effective He-He potential recently obtained for
Ar4He1000 to evaluate the influence of the dopant size on these potentials. Mass
spectra and fragmentation patterns of Ar+nHe1000 (n = 3 − 5) are then dis-
cussed in terms of dopant size and initial electronic excitation in Section 3.
Concluding remarks about the influence of superfluidity on the results and pos-
sible improvements of ZPAD to model the dynamics of argon-doped, and more
generally rare-gas-doped, HNDs are collected in Section 4.

2. Method

2.1. Origin of ZPAD

In the mid-1990’s Sterling et al. proposed to model the dynamics of solid
parahydrogen, pure or doped with Li, by describing H2 molecules as gaussian
particles [17]. For this purpose, they constructed an average interaction poten-
tial for solid H2 by convolving a reference potential with a gaussian function
which represented the H2 probability density [17]. Slav́ıček et al. later gener-
alized this approach to investigate the photodissociation dynamics of hydrogen
halides in floppy neon clusters by iteratively calculating the neon wave func-
tion rather than assuming it of gaussian type [18]. Ne-Ne effective potentials
were then fully converged after as few as four iterations. ZPAD is a direct
extension of the method introduced by Slav́ıček et al. to HNDs doped with
rare-gas clusters. It encompasses two methods: an iterative procedure devoted
to the construction of an effective He-He interaction potential representative of
the neutral doped HND (potential part of ZPAD), and the subsequent mixed
quantum-classical dynamics of the neutral and ionized doped HNDs based on
this effective potential (dynamical part of ZPAD). A comprehensive presenta-
tion of ZPAD is provided in our previous publications on neon- and argon-doped
HNDs [13, 14, 15] and we mainly recall here essential features of the method.

2.2. Potential part of ZPAD

In the case of argon-doped HNDs, the reference system used to build the
effective He-He interaction potential is ArnHe1000 (n ≤ 5). The corresponding
potential-energy surface is

Vneut(R) =

n
∑

i=1

n
∑

j=1

j>i

VAr−Ar(Rij) +

n
∑

i=1

1000
∑

a=1

VHe−Ar(Ria) +

1000
∑

a=1

1000
∑

b=1

b>a

VHe−He(Rab)

(1)
where VAr−Ar(R) is the HFDID1 Ar-Ar potential [19], VHe−Ar(R) is the HFD-B
He-Ar potential proposed by Keil et al. [20, 21], and VHe−He(R) is the SAPT2
He-He potential built by Janzen and Aziz [22].

The first step of the iterative potential part of ZPAD is a molecular dynam-
ics (MD) equilibration at T = 0.38K [23] for 3 ns (3× 105 steps of 10 fs carried
out with a velocity verlet algorithm), the last nanosecond being devoted to the
calculation of the classical He-He radial distribution function (rdf). In every
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iteration except iteration 1, this classical rdf is convolved with the squared he-
lium wavefunction from the previous iteration, then yielding a less structured
semiclassical rdf that includes quantum effects. The convolution of the SAPT2
He-He potential with the rdf (classical for iteration 1 and semiclassical oth-
erwise) then enables the formation of the average radial potential felt by one
helium atom in the mean field due to the others. This radial potential serves as
input in a radial Schrödinger equation that can be variationally solved by using
a basis set composed of sine functions or Laguerre polynomials. The squared
eigenfunction is finally convolved with the SAPT2 He-He potential to produce
an effective He-He potential. This procedure, from equilibration to effective
potential generation, is then repeated until convergence is achieved [18].

Effective He-He potentials obtained for He1000, Ar3He1000, and Ar5He1000
are depicted in Figure 1. A truncation of helium wavefunctions at 1.6 Å was
required during the iterative procedure because of the high zero-point energy of
helium clusters that made convergence hard to reach. About thirty iterations
were needed to get an energy deviation lower than 10−3 cm−1 between the
well depths of two successive effective He-He potentials. Data points for these
potentials were fitted on the following analytical form:

V eff
He−He = Vrep(R) + T (R) [Vwell(R)− Vrep(R)] , (2)

where

Vrep(R) = A exp
[

−α1R/Re − α2(R/Re)
2
]

, (3a)

Vwell(R) =

6
∑

i=3

c2i(R/Re)
−2i, (3b)

T (R) = 0.5(1 + tanh[a(R− b)]). (3c)

Vwell(R) reproduces accurately the well and long-range part of the potential
while Vrep(R) is added to better model the repulsive wall and T (R) is a switching
function. The fitting parameters of the effective potentials obtained for He1000,
Ar3He1000, and Ar5He1000 are reported in Table 1. Standard deviations (SD)
between data points and the fitted analytical function remain below 0.003 cm−1

in the region of negative energies (SD−) and do not exceed 0.72 cm−1 in the
region of positive energies (SD+), which corresponds to the repulsive part of
the potential. Moreover, according to Figure 1a, all the effective potentials
have very similar shapes, and their well depths and equilibrium distances differ
by less than 0.05 cm−1 and 0.04 Å, respectively. Therefore, Arn dopants seem
to have little influence on effective He-He potentials, a result that should hold
true for larger HNDs. Indeed, the larger the droplet, the smaller the influence
of a given dopant on the average He-He radial potential. This observation
suggests that ZPAD could be fed by effective He-He potentials representative of
pure HNDs, all the more since effective potentials obtained for ArnHe1000 are
probably not more relevant to model the fragmentation dynamics of the ionic
system than those converged for pure HNDs.
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However, the potential part of ZPAD suffers from several limitations. Firstly,
it is only suitable for large helium clusters (N & 100) for which defining an
average rdf and radial potential is relevant. Secondly, as illustrated in Figure 1,
the He-He well depth is about 1.3 cm−1 which means that very small clusters,
and especially ions detected in mass spectra, could be more stable than in
experiments. This latter drawback might not have a significant influence on
the results since the cohesion of small ions is governed by dopant-He rather
than He-He interactions, then making the smallest ions solid-like. In particular,
Bartl et al found magic numbers for Ar+Heq (q = 12, 32 and 44) interpreted
as icosahedral layers about Ar+ [10]. Similarly, Döppner et al found magic
numbers for Ag+Heq (q = 10, 12, 32 and 44) when investigating silver-doped
droplets, although they had not discussed the structure of the corresponding
fragments [24].

2.3. Dynamical part of ZPAD

ArnHe1000 is first equilibrated for at least 10 ps on the potential-energy sur-
face presented in Eq.(1) where the SAPT2 He-He potential is replaced by the
newly converged effective He-He potential. The ionization by electron bom-
bardment is then modeled as a white-light vertical ionization that excites sim-
ilarly the 3n electronic states of the Ar+n dopant, these states being calculated
by diagonalizing a diatomics-in-molecules (DIM) matrix [25, 26]. The mixed
quantum-classical dynamics of Ar+nHe1000 is achieved by coupling a surface-
hopping technique for Ar+n , the molecular dynamics with quantum transitions
(MDQT) method [27, 28], with a classical dynamics of helium atoms. The
dynamics of the ion starts on a randomly selected potential-energy surface j

V j
ion(R) = Vj + V j

He−Ar+n
+

1000
∑

a=1

1000
∑

b=1

b>a

V eff
He−He(Rab), (4)

where

V j

He−Ar+n
=

n
∑

i=1

1000
∑

a=1

[

q
(j)
i V He−Ar+(Ria) +

(

1− q
(j)
i

)

VHe−Ar(Ria)
]

. (5)

In Eq.(4), Vj is the jth DIM adiabatic energy of Ar+n and V He−Ar+ is a weighted
sum of the analytical functions proposed by Carrington et al. for the X2Σ+

and A2Π electronic states of He-Ar+ [29]. The multisurface nature of the sys-
tem is taken into account by allowing for hops between Ar+n adiabatic sur-
faces. These hops influence the delocalization of the charge carried by Ar+n
and, subsequently, the couplings between the dopant and helium atoms in
Eq.(5). Velocity adjustment at a hopping event is achieved along the direc-
tion of gHe = ∇(V k

He−Ar+n
− V j

He−Ar+n
) where j and k are the indices of the two

surfaces involved in the hop. This nonadiabatic dynamics is performed for 100
ps to enable electronic relaxation of the system and it is followed by a 400-ps
adiabatic dynamics.
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3. Results

3.1. Fragment abundances

Theoretical mass spectra obtained for Ar+3 He1000 and Ar+5 He1000 at t =
500 ps are plotted in Figure 2. They are typically composed of a narrow set
of peaks at low masses (m . 200 u), a broad distribution of peaks at masses
200 u . m . 3500 u, and another narrow set of peaks at masses close to the
parent ion mass (m & 4000 u). The two first peak distributions were recently
discussed within the context of the fragmentation dynamics of Ar+4 He1000 [15]:
The lower-mass peaks were attributed to fast ion ejections while higher masses
mainly corresponded to ion trappings in droplets composed of hundreds of he-
lium atoms. However, the analysis of Ar+4 He1000 trajectories for several cutoff
radii and velocity adjustment techniques had not revealed significant amounts
of ions with masses close to the parent ion mass. Such trajectories are also
rare in Ar+5 He1000 calculations but they represent roughly 14% of Ar+3 He1000
trajectories. Among these trajectories, ∼ 80% started on the most excited Ar+3
electronic state (ie, state 9 in our state numbering). This point is worth noting
because the highest-energy excited state of Ar+3 is expected to contribute signifi-
cantly to the production of Ar+ fragments in the gas phase [16] and the trapping
of excited Ar+3 consequently harms the formation of Ar+Heq fragments. To en-
sure that discrepancies between Ar+3 He1000 and Ar+5 He1000 mass spectra are not
artifacts induced by our choice of velocity adjustment vector at hopping events,
additional 160 trajectories are performed for these two systems along the direc-
tion of gkj = ∇(Vk − Vj), namely the gradient of the energy difference between
the two Ar+n adiabatic states involved in the hop [30, 31, 32]. As depicted in
Figure S1, the same trends arise on the new mass spectra, then confirming the
results obtained for gHe.

While assigning an experimental peak to the corresponding species requires
high-resolution mass spectrometers [10], this information can be easily extracted
from ZPAD simulations. The contributions of the many ionic fragments to the
total mass spectra of Ar+nHe1000 (n = 3 − 5) are depicted with color bars in
Figure 3, where distinct colors are assigned to ionic fragments with respect to
the size of their Ar+p ionic core (p ≤ n). Note that data obtained for Ar+4 He1000
are also reported because such an analysis had not been completely performed
in our former publication on this system [15]. For a given value of p, Ar+p Heq
(p ≤ n) fragments are sorted into four groups: bare ions (q = 0), small ions
(0 < q ≤ 50), medium-sized ions (50 < q ≤ 500) and large ions (q > 500). This
sorting yields 16 families of Ar+p Heq fragments whose average abundances are
plotted as insets in Figure 3.

The fragmentation of Ar+3 He1000 produces Ar
+
2 Heq in 71% of the trajectories,

half of these fragments corresponding to small ions (q ≤ 50). The remaining 29%
of the trajectories yield Ar+3 Heq, three fourths of these fragments corresponding
to large ions (q > 500). As expected from gas-phase data [16, 33] where larger
argon clusters tend to form larger ionic fragments, the proportion of Ar+3 Heq
coming from Ar+4 He1000 or Ar+5 He1000 fragmentation (∼ 29% and 37%, respec-
tively) increases at the expense of the abundance of Ar+2 Heq (∼ 65% and 40%,
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respectively) and fragments with larger ionic cores (ie, Ar+4 Heq and Ar+5 Heq)
emerge (∼ 5% and 23%, respectively).

Moreover, for all Ar+nHe1000 parent ions investigated here, Ar+p ionic cores
(p ≥ 3) of large helium clusters (q > 500) are rather slightly bound com-
plexes connecting an Ar+2 ion with Ar atoms (eg, Ar+2 · · ·Ar) than compact Ar+p
clusters. Indeed, the average Ar-Ar distance is much larger than expected for
compact Ar+p ionic cores. It reaches ∼ 9 Å for Ar+3 ionic cores (∼ 9.4 Å for

Ar+3 He1000 and Ar+4 He1000, and ∼ 8.5 Å for Ar+5 He1000), ∼ 12 Å for Ar+4 ionic
cores (∼ 13.3 Å for Ar+4 He1000 and ∼ 10.1 Å for Ar+5 He1000) and ∼ 13.1 Å for
Ar+5 ionic cores. On the contrary, the Ar-Ar distance in Ar+2 ionic cores is about
2.45 Å (∼ 2.56 Å for Ar+3 He1000, ∼ 2.45 Å for Ar+4 He1000, and ∼ 2.35 Å for
Ar+5 He1000), in agreement with the equilibrium distance of the gas phase dimer
in its ground electronic state [34]. As pointed out elsewhere [15], the formation
of such slightly bound complexes can be attributed to limitations of the effective
He-He potentials, that remains too deep to reproduce perfectly liquid helium,
to helium snowballs about argon atoms, and to the neglect of superfluidity in
ZPAD simulations.

No fragments containing an Ar+ ionic core are formed during the fragmen-
tation process of Ar+nHe1000. This result would intuitively suggest that Ar+Heq
(q < 1000) produced by single ionization of a HND should only come from
smaller dopants (ie, Ar or Ar2) unless the inclusion of spin-orbit couplings dras-
tically modifies theoretical fragment abundances, a point that will be tackled in
future works. However, Figure S2 shows that large ArHeq and Ar2Heq clusters
can form during the fragmentation of Ar+nHe1000 and an additional ionization
of these species, which is not modeled here, would increase the abundance of
small Ar+Heq fragments with no requirement for initial HNDs doped with Ar
or Ar2. Moreover, HNDs are typically composed of 105 − 106 helium atoms in
recent experiments using rare gases as dopants [9, 10] and ions produced upon
ionization of ArHeN or Ar2HeN (N = 105 − 106) might be too large to appear
on experimental mass spectra whose mass range has an upper limit. Thence,
the origin of small Ar+Heq fragments in experiments is not clear and would
need further investigation.

The lack of Ar+Heq fragments and the large abundance of bare ions (Ar+2 and
Ar+3 ) in our simulations together with the limited number of trajectories (160
per system) make impossible any quantitative comparison with experimental
magic numbers. However, we can evaluate whether some Ar+p Heq fragments
(2 ≤ p ≤ 5, 1 ≤ q < 1000) produced frequently (in at least 5 trajectories)
correspond to identified magic numbers. For Ar+nHe1000 parent ions, common
fragments are Ar+2 He and Ar+2 He10 when n = 3, Ar+2 He and Ar+2 He2 when
n = 4, Ar+2 He, Ar

+
2 He6 and Ar+3 He4 when n = 5. The closest experimental

magic numbers are Ar+2 He7, Ar+2 He12, and Ar+3 He8 [10]. This disagreement
confirms the need for making the statistics on a much broader range of HND
and dopant sizes, a larger number of trajectories, and longer times all the more
since we cannot exclude that some of the aforementioned Ar+p Heq fragments

would have only increased the abundance of Ar+2 and Ar+3 if ZPAD simulations
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had been extended beyond the 500-ps time limit.

3.2. Fragmentation patterns

The sudden ionization of the embedded neutral argon cluster, whose struc-
ture is far from the global minimum structure of the ionic species, makes the
dopant dissociate. The average time needed for electronic relaxation of the
dopant is depicted in Figure 4a as a function of the initial state number j (see
Eq.(4)). The average DIM energies of initial states j are also displayed for the
sake of completeness. For Ar+5 He1000, the electronic relaxation is completed
within at most ∼ 2 ps when ZPAD starts on one of the thirteen lower-energy
states while it can last up to ∼ 40 ps when the highest-energy state is excited.
A similar behavior is observed for Ar+4 He1000, the highest-energy state leading
to a relaxation time of ∼ 30 ps. However, this behavior contrasts with that
observed for Ar+3 He1000. Although the relaxation time increases with energy up
to states 5 − 6, it decreases sharply for states 7 and 8 and no data is available
for state 9 since all the trajectories starting on this state remained blocked in an
excited state after 100 ps, which also explains why these trajectories correspond
to trapped ions with masses close to the parent ion mass (see Section 3.1). A
qualitative explanation for the faster electronic relaxation from states 7 and 8
can be inferred from Figures 4b and S3 where the nonadiabatic dynamics of
Ar+3 and Ar+5 excited electronic states are illustrated. For Ar+5 the decay to the
ground state is slower for the higher-energy states, then following the energy
ordering of excited states. For Ar+3 , this behavior is roughly maintained up to
state 6. In fact, it appears that the coupling of states 7 and 8 with states 5
and 6 is efficient while the coupling from these states to lower states (states 1
to 4) is weaker, as suggested by the plateaus observed for states 5 and 6 below
t = 2ps in Figure 4b. However, the decay of states 7 and 8 to the lowest-energy
states seems to benefit from the kinetic energy gained during the preliminary
decay to states 5 and 6, reminding that the probability for surface hops depends
on the scalar product between nonadiabatic coupling vectors and atomic veloc-
ities. Such a behavior is not observed for larger dopants and should rely on the
equilateral geometry of the Ar3 precursor.

Upon completion of the dopant electronic relaxation, an ion can be ejected
from the HND or trapped within the droplet. In this context, fragmentation
processes can be sorted into three main families [15]: (i) fast ejections of small
ions (Ar+p Heq with p < n and q ≤ 50) within the first 100 ps of the dynamics, (ii)
long-term trappings where a large ion (Ar+p Heq with p ≤ n and q > 500) slowly
loses helium atoms by evaporation on long time scales (t > 500 ps), and (iii)
intermediate processes encompassing all other kinds of processes like delayed
ejections (t > 100 ps), trappings in smaller droplets (q ≤ 500), or ejections
mediated by cycles of trappings and recombinations. A statistics of trajectories
subject to these three types of fragmentation processes is reported in Figure 5
for Ar+nHe1000 (n = 3 and 5). It is clear that trappings are always favored by
the low-energy excitations whereas fast ejections are favored by high energies,
which confirms results recently obtained for Ar+4 He1000 [15]. A slight deviation
occurs for intermediate processes whose distribution of trajectories is rather
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uniform in the case of Ar+4 He1000 while a peak arises at mid-range energies
in calculations devoted to Ar+3 He1000 and Ar+5 He1000. However, this feature
would require confirmation by increasing the number of trajectories for the
three above-mentioned systems.

Point-cloud diagrams in Figures 5c and 5d confirm that fast ejections rather
produce small ions while large ions especially come from long-term trappings,
intermediate processes filling the mass range in between. Nevertheless, a few
cases deserve more attention, namely large Ar+2 Heq and small Ar+4 Heq produced
by fast ejections (see red circles at m ≈ 400 u and m ≈ 1850 u in Figure 5c and
red triangles in Figure 5d). Trajectory inspection reveals that the ionic fragment
with massm ≈ 400 u comes from the fast ejection of a rotating Ar+2 He2 fragment
with little translational energy that is captured by the burst HND in its path
to form a smaller compact droplet. Ar+2 recombines with the trapped argon
atom to form Ar+3 and eventually produces an Ar+2 He80 fragment because of
the energy released by the geminate recombination that makes helium atoms
evaporate. Masses at m ≈ 1850 u follow a simpler pattern where and Ar+2 ion,
possibly surrounded by a few helium atoms, is ejected and captured by the
burst HND to form and Ar+2 Heq cluster with m ≈ 440 u. Finally, small Ar+4 Heq
fragments typically come from the swift ejection of an argon atom leaving an
Ar+4 or Ar+3 · · ·Ar behind. Then, the trapped ion can be ejected as an Ar+4 Heq
fragment (q . 10) due to the recoil energy of the primarily ejected argon atom
or the geminate recombination of the slightly bound Ar+3 and Ar subsystems.
Similar fragmentation patterns were also observed for Ar+4 He1000 [15]. Such
examples illustrate the great variety of fragmentation processes at play and the
fact that a comprehensive understanding of the primary fragmentation events
induced by the dopant ionization is not sufficient to account for final fragment
abundances.

4. Conclusion

Zero-point averaged dynamics (ZPAD) of doped HNDs are based on the
construction of an effective He-He interaction potential representative of the
neutral droplet. Similarities between effective potentials converged for He1000
and ArnHe1000 made us conclude that focusing on the pure HND should be
sufficient to get reliable results. This observation is essential because conver-
gence of a single potential may need one month with the procedure followed
for ArnHe1000, each and every iteration being checked before running the next
iteration. Therefore, it opens new avenues toward simulations of large doped
HNDs provided that the dopant potential-energy surface is known.

In the case of Ar+nHe1000 (n = 3−5) a number of similarities emerge, from the
absence of Ar+Heq fragments in mass spectra to the occurrence of fast ion ejec-
tions and long-term ion trappings, although some discrepancies may arise when
focusing on details, like the uppermost Ar+3 electronic state that does enable
electronic relaxation within the first 100 ps of the dynamics. The comparison of
these results with experimental data remains limited by the number of trajecto-
ries (∼10-20 by Ar+n electronic state), the short time scale (tmax = 0.5 ns) that
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precludes any completion of helium evaporation, and the fact that experimental
spectra are averaged over an unknown distribution of HND and dopant sizes.

In recent mass-spectrometry experiments the largest fragments reported con-
tain up to eight argon atoms [10] which defines a lower limit for the maxi-
mum size of the Arn dopant. From our results and gas-phase data [16, 33], we
can reasonably infer that applying the current ZPAD approach to Ar+nHe1000
(6 ≤ n . 10) should not yield different trends: fragmentation patterns should
be alike, Ar+Heq fragments should not form, and the abundance of fragments
with large Ar+p ionic cores (p ≥ 3) should increase at the expense of Ar+2 Heq
fragments. Comparisons with experiments may however be harmed by the ne-
glect of superfluidity in ZPAD. Indeed, this property is expected to be relevant
at two stages of the experiments: (i) during the capture and coagulation of ar-
gon atoms by the pure HND, a physical process which is not modeled here, and
(ii) at long times (& 1ns) when cooled doped HNDs may subsist and undergo
recombinations of embedded argon atoms. For instance, a molecular beam with
speed 500 m s−1 crossing an ionization chamber of 10 cm long is exposed to
high-energy electrons for 0.2 ms. Putting aside the possibility for multiple ion-
ization of the HND, this time is much longer than the 0.5 ns of current ZPAD
simulations. In other words, even if superfluidity is not taken into account,
argon atoms embedded in small HNDs (100 . N < 1000) modeled with ZPAD
might have enough time to recombine and release small ions in the gas phase if
simulations are extended to experimental time scales. However, this does not
involve that the subsequent distribution of ions would be exactly the same as
that obtained in experiments using the same droplet sizes.

Beside the question of superfluidity, ZPAD can be refined by constructing
more fluid-like effective He-He potentials for pure HNDs closer to experimen-
tal sizes (N = 103 − 106), by performing simulations beyond the nanosecond
time scale to model the slow helium evaporation, and by including spin-orbit
couplings in the DIM matrix representative of Ar+n dopants. The latter im-
provement would make the matrix complex-valued [35, 36], double the number
of electronic states, and require the rewriting of MDQT equations [37] since
nonadiabatic coupling vectors will be complex-valued. We could also construct
effective He-Ar potentials in complement to He-He ones, an improvement which
has not be done here for the sake of comparison with previous calculations per-
formed on Ar+4 He1000. All these refinements are currently considered to improve
ZPAD and make it more versatile.

5. Supplementary material

Theoretical mass spectra of Ar+3 He1000 and Ar+5 He1000 at t = 500 ps averaged
over 160 trajectories when using gkj as velocity adjustment vector (Figure S1).
Average number of neutral fragments per trajectory at t = 500 ps for Ar+nHe1000
(n = 3 − 5) parent ions (Figure S2). Nonadiabatic dynamics of Ar+5 excited
electronic states (Figure S3).
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Table 1: Parameters of the effective He-He interaction potentials converged for He1000,
Ar3He1000, and Ar5He1000 with a wave function cutoff radius Rcut = 1.6 Å.

Parameters He1000 Ar3He1000 Ar5He1000

Re (Å) 4.40136 4.40034 4.39113
A (cm−1) 42864.1 1944.72 1942.29
α1 -0.922778 -7.98855 -8.01035
α2 13.021 17.2366 17.2557
c6 (cm−1) -2.41494 -2.34751 -2.35672
c8 (cm−1) 7.72659 7.33127 7.32458
c10 (cm−1) -15.5743 -14.8025 -14.8356
c12 (cm−1) 8.99999 8.53158 8.56887
a (Å−1) 41.7872 18.446 18.425
b (Å) 3.56143 3.6181 3.6136
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Figure 1: (color online) Analytical curves of effective He-He interaction potentials obtained
for He1000, Ar3He1000, Ar4He1000 [15], and Ar5He1000 with a wave function cutoff radius of
1.6 Å(a). Potential energies (black circles) derived from the iterative potential part of ZPAD
and corresponding fitted analytical functions (red lines) are plotted for He1000 (b), Ar3He1000
(c), and Ar5He1000 (d). Standard deviations (SD) are also indicated for the regions of positive
energies (R . 4 Å, SD denoted SD+) and negative energies (R & 4 Å, SD denoted SD−).
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Figure 2: (color online) Theoretical mass spectra of Ar+
3
He1000 (a) and Ar+

5
He1000 (b) at

t = 500 ps averaged over 160 trajectories. Results coming from trajectories where the ground
electronic state of Ar+n is reached at t = 100 ps are represented in red whereas those corre-
sponding to trajectories blocked in an excited electronic state of Ar+n are represented in blue.
In insets, black arrows indicate masses where fragments with alike masses yield superimposed
peaks due to the figure scale. This case occurs at m ≈ 120 u (Ar+

3
and Ar+

2
He10), m ≈ 124

u (Ar+
3
He and Ar+

2
He11), m ≈ 164 u (Ar+

4
He and Ar+

3
He11), and m ≈ 172 u (Ar+

4
He3 and

Ar+
3
He13).
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Figure 3: (color online) Contributions of Ar+p Heq (2 ≤ p ≤ 5, 0 ≤ q ≤ 1000) fragments to

theoretical mass spectra of Ar+
3
He1000 (a), Ar+

4
He1000 (b) and Ar+

5
He1000 (c) at t = 500 ps.

Histograms plotted in insets are built by sorting Ar+p Heq fragments into families which depend
on the dopant size p (p = 2: black ; p = 3: red ; p = 4: blue ; p = 5: green) and on the
number of surrounding helium atoms q (bare ions: q = 0, label B ; small ions: 0 < q ≤ 50,
label S ; medium-sized ions: 50 < q ≤ 500, label M ; large ions: 500 < q ≤ 1000, label L).
Figure b is partly reproduced from Ref. [15], with the permission of AIP Publishing.
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Figure 4: (color online) Average electronic relaxation time 〈tr,j〉 of Ar+
3

(black solid line),

Ar+
4

(black solid line) [15], Ar+
5

(red solid line) as a function of the initial state number (a)

and nonadiabatic dynamics of Ar+
3

excited electronic states (b). In Figure a, the average

initial DIM energies 〈Vj〉 corresponding to the 3n states of the Ar+n dopants are also reported

(black squares: Ar+
3

; blue squares: Ar+
4

; red squares: Ar+
5
). In Figure b, state numbers

are averaged over all the trajectories. Figure a is partly reproduced from Ref. [15], with the
permission of AIP Publishing.
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Figure 5: (color online) Fraction of trajectories subject to fast ejection of small ionic fragments
(red lines), long-term trapping of Ar+p (2 ≤ p ≤ 5, blue lines), or intermediate processes

(black lines) as a function of the initial Ar+n (n = 3, 5) electronic state number (a and b) and
corresponding point-cloud diagrams showing the mass of ionic fragments which contain Ar+

2

(circles), Ar+
3

(squares), Ar+
4

(triangles), and Ar+
5

(diamonds) (c and d). In plot b, fractions of
trajectories are computed by gathering states 1 to 14 by pairs (ie, (1,2), · · · , (13,14)) because
of noise on the results related to the limited number of trajectories by electronic state. In
point-cloud diagrams, the color of symbols refers to the dynamical process involved to produce
the fragments (red: fast ejection; blue: long-term trapping; and black: intermediate process)
and trajectories where the Ar+n ground electronic state is reached before t = 100 ps are only
considered.
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