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We present a joint experimental and theoretical study on the desolvation of Ba+ cations in 4He
nanodroplets excited via the 6p ← 6s transition. The experiments reveal an efficient desolvation
process yielding mainly bare Ba+ cations and Ba+Hen exciplexes with n = 1 and 2. The speed
distributions of the ions are well described by Maxwell-Boltzmann distributions with temperatures
ranging from 60 to 178 K depending on the excitation frequency and Ba+ Hen exciplex size. These
results have been analyzed by calculations based on a time-dependent density functional description
for the helium droplet combined with classical dynamics for the Ba+. In agreement with experiment,
the calculations reveal the dynamical formation of exciplexes following excitation of the Ba+ cation.
In contrast to experimental observation, the calculations do not reveal desolvation of excited Ba+

cations or exciplexes, even when relaxation pathways to lower lying states are included. C 2016 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4942850]

I. INTRODUCTION

Ever since the first ion drift experiments in liquid helium
by Williams in 1957,1 ions have played a crucial role in
elucidating the properties of superfluid 4He. One of the
highlights is undoubtedly the experimental determination of
the critical Landau velocity.2 The helium solvation structure
surrounding ions depends strongly on their charge. Due to
the Pauli repulsion an electron is located in a region void
of helium with a radius of typically 17 Å,3,4 giving this
structure a large effective hydrodynamic mass.5 The structure
around positive ions is very different as electrostriction leads
to the formation of high density helium shells (“snowballs”)
around cations.6,7 Details about these solvation structures can
be inferred from ion mobility experiments.8 In this context,
alkali earth cations are of special interest since their structure
is determined by the balance between electrostriction due to
the charge and the Pauli repulsion experienced by the unpaired
electron. Additional insight in the solvation structure can be
obtained from the spectroscopic investigation of the solvated
species, as spectra are strongly affected by the interaction
of the solute with helium. While most experiments have
focussed on the neutral species,9 also spectra of cations have
been recorded, most notably Ba+.10 The excitation spectrum
corresponding to the 6p ← 6s transition of Ba+ is found to

be substantially broadened and blue-shifted with respect to
the gas phase. In agreement with the ion mobility solvation
structure determination, the characteristics of the spectrum
could be largely reproduced by a bubble model.11

Compared to bulk helium, the solvation of atoms and
molecules is much less challenging when using helium
nanodroplets.12 As a result, most spectroscopic studies on
solutes in helium are performed using helium droplets,
see, for example, Refs. 13–15. From these experiments, the
temperature of the 4He droplets could be established to be
0.38 K.16 The electronic and vibrational spectra of glyoxal and
OCS, respectively, provided strong indications that these finite
size helium droplets are superfluid at this temperature.17,18

Recent drift experiments in helium droplets where neutral
atoms and molecules have been accelerated out of droplets by
electronic excitation have revealed the existence of a critical
Landau velocity in these droplets.19

In contrast to the large body of literature on the
spectroscopy of neutral species in helium droplets, that
involving ions is rather limited due to the technical challenges
associated with the production of ion containing droplets.20–22

Initial spectroscopic studies on ions in helium droplets have
revealed that the effect of the helium on the spectra of
charged species is similar as for neutral species. Similar
to neutrals, electronic spectra are characterized by sharp
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zero-phonon lines and broad phonon wings,23 while
vibrational spectra are characterized by narrow transitions
and small helium induced matrix shifts.24–26 Whereas the
spectroscopy for neutral and charged species is very similar,
their dynamics appear to be different. Vibrational excitation
of a neutral is followed by a fast transfer of the photon energy
from the molecule to the helium leading to the shrinking
of the helium droplet by evaporation of atoms from its
surface.27 In contrast, vibrational excitation of ions in helium
droplets is found to lead to a nonthermal desolvation process
in which the ions are ejected from the droplets.24,28,29 To
disentangle the role of vibrational and electronic excitation,
the desolvation of excited of Ba+ cations embedded in helium
droplets has recently been investigated.30 Here, in an attempt
to elucidate the desolvation process of ions, we report more
elaborate experiments on this system accompanied with a
theoretical modeling of the dynamics. The calculations are
based on a time-dependent density functional description
of the helium combined with classical dynamics for the
excited Ba+ cation. Helium density functional calculations
have been very successful in the past in describing static
properties of doped helium droplets, see, e.g., Ref. 31 and
references therein. Recently the time-dependent version has
been successfully applied to describe various dynamical
processes, like the capture of atoms by helium droplets,32

the solvation of ions,33,34 and the desorption of atoms from
helium droplets.35–37 Here we apply this method to investigate
the dynamics of excited Ba+ ions in helium nanodroplets.

II. EXPERIMENTAL

A. Setup

Details of the experiment and the experimental setup
have been reported before.30,38,39 Helium droplets are formed
by expanding He gas at stagnation pressure of 30 bars into
vacuum through a cryogenically cooled 5 µm orifice. The
size distribution of these droplets can be systematically varied
by changing the source temperature.40 The helium droplets
on average pick up less than one Ba atom as they pass
through a heated oven containing barium dendritic crust. Via
a differential pumping stage the doped droplets enter a velocity
map imaging setup where the droplet beam is crossed at right
angles by two counter-propagating laser beams. The barium-
doped helium droplets are ionized by one-photon absorption
of a 42 283 cm−1 photon from a frequency-doubled Nd:YAG
pumped dye laser. After a time delay of 185 ns, the barium
ions are excited via the 6p ← 6s transition by visible radiation
in the wavelength range of 430-500 nm provided by another
Nd:YAG pumped dye laser. The ions are accelerated towards a
position sensitive detector consisting of a set of microchannel
plates and a phosphor screen. A high-resolution CCD camera
takes snapshots of the phosphor screen at each laser shot. The
individual images are analyzed online and the centroids of the
ion impacts are determined. The velocity distributions of the
ions are determined by performing an inverse Abel transform
on the images constructed from the accumulated centroids.
Ion images can be recorded at a specific mass or masses by
gating the front of the detector at the arrival time of the ions

of interest. By feeding the electrical signal from the phosphor
screen into a multichannel scaler, time-of-flight mass spectra
can be recorded.

B. Results

As previously reported, upon ionization of the Ba atoms
the created Ba+ ions become solvated by the helium on a
picosecond time scale.30,34 Excitation of the solvated ions via
the 6p ← 6s transitions subsequently leads their desolvation.
The corresponding spectrum, recorded by monitoring the yield
of desolvated ions as a function of excitation frequency can be
found in Fig. 1 of Ref. 30. The D1 and D2 lines, corresponding
to the 2P1/2 ← 2S1/2 and 2P3/2 ← 2S1/2 transition, respectively,
are broadened and blue-shifted by approximately 500 cm−1

compared to the gas phase. The D2 line shows an additional
splitting of ∼400 cm−1. The product distribution of the
desolvated ions has been determined by time-of-flight mass
spectrometry at three excitation frequencies, 20 714, 22 425,
and 22 845 cm−1, corresponding to the D1 and the two D2
absorption maxima, respectively. Analysis of the mass spectra
reveals that approximately half of all ions are fully desolvated,
while the other half carries along one or more helium atoms,
see Fig. 1 which reports the relative Ba+Hen product yield.
The Ba+Hen product distributions depend weakly on the spin-
orbit state and are found to extend up to n = 25. Excitation
via the D1 transition yields the smallest amount of bare
Ba+ ions and a nearly similar amount of Ba+He. Excitation
of the D2 transition at low frequency yields the maximum
amount of bare Ba+ ions. Interestingly, excitation at the high
frequency part of the D2 transitions yields a slightly different
product distribution with a relatively large amount of Ba+Hen
exciplexes with 4 ≤ n ≤ 8.

In order to gain insight into the desolvation mechanism of
the excited ions their speed distributions have been determined
by velocity map imaging. A typical image is shown in the inset
of Fig. 2. It has been recorded following excitation via the
D1 transition of Ba+ ions solvated in droplets consisting
on average of 4000 helium atoms before pickup of Ba.
The image is characterized by an isotropic angular and a
smooth radial distribution. The speed distribution derived

FIG. 1. Relative yield of Ba+Hen exciplexes at selected excitation frequen-
cies determined from time-of-flight mass spectra recorded for Ba+ in droplets
containing an average of 4000 helium atoms before pickup of Ba.
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FIG. 2. Velocity map image (inset) and derived speed distribution recorded
following excitation via the D1 transition at 20 714 cm−1 of Ba+ embedded in
droplets containing on average 4000 helium atoms. The solid line is a fit to a
Maxwell-Boltzmann distribution corresponding to a translational temperature
of 178 K.

from this image is shown in Fig. 2 and follows a Maxwell-
Boltzmann distribution. A fit of the data yields a translational
temperature for these ions of 178 ± 4 K. The resulting
temperature is found to be independent of the size of the
droplets and laser intensity. Excitation via the D2 transition
yields also an isotropic angular and a Maxwell-Boltzmann
speed distribution. Although the photon energy in this case
is larger, the translational temperature is significantly lower,
i.e., 96 ± 4 K. This temperature is found to be independent of
droplet size, laser intensity, and excitation frequency within the
D2 band. In addition to the velocity distributions of bare Ba+

ions, those of the Ba+Hen exciplexes have been determined.
These too can be accurately described by Maxwell-Boltzmann
distributions. The resulting translational temperatures are
presented in Fig. 3. For excitation via the D1 transition
one observes a rapid decay of the translational temperature
with increasing number of helium atoms. For the larger
exciplexes the temperature gradually levels off to a value
of ∼60 K. Excitation via the D2 transitions yields a clearly
different temperature variation with the number of helium
atoms. After a decay of the translational temperature for
Ba+He, it increases again for larger exciplexes before leveling

FIG. 3. Translational temperature of desolvated Ba+ and Ba+Hen exciplexes
determined from speed distributions recorded following excitation of Ba+ at
selected frequencies.

off at approximately 60 K for the largest exciplexes. The
temperatures of all species are significantly larger than the
effective temperature corresponding to Ba+ moving with the
critical Landau velocity of 58 m/s, i.e., 28 K, indicating that
the desolvation mechanism differs from that of Ag.19

The difference between the Ba+Hen exciplex distributions
and the translational temperatures of the exciplexes for
D1 and D2 excitation clearly indicates that the dynamics
induced by the excitation of the ions depends on the excited
state. Spectroscopic studies of Ba+ in bulk have revealed
that 6p 2P3/2 population relaxes quickly to the 6p 2P1/2
state.10 Consequently, one has to conclude that the overall
dynamics is significantly affected by the 6p 2P3/2 → 6p 2P1/2
relaxation process. Unfortunately, it is not possible to deduce
any further details on the dynamics from the experimental
data. To gain insight we have therefore performed dynamical
simulations of excited Ba+@He1000 where we combine a
classical treatment of the Ba+ ion with a time-dependent DFT
(TDDFT) description of the helium.

III. THEORETICAL APPROACH

A. He–Ba+ pair potentials

One of the key ingredients for the dynamical simulations
presented in this study are the potential energy curves (PECs)
of the ground 2S and the excited 2P and 2D states of the
Ba+–He dimer. Accurate PECs for this system have recently
been computed by some of the present authors.34,41 This
section describes their salient features as well as additional
calculations providing further support to their accuracy.

The available ground state potential34 has been deter-
mined at the CCSD(T) level of theory using a high quality basis
set both for Ba+ and He, plus a set of bond functions placed
midway between the two nuclei. As a test of the reliability
of this PEC, we have conducted additional computations
using the same level of theory, basis set for He, and set
of bond functions, but a different pseudopotential for the
core electrons of Ba+ (Ref. 42) and a larger basis set for its
valence electrons (QZVP).43 The latter consists of 7s6p4d2f1g
gaussian functions instead of 7s5p3d1f. The position of the
minimum interaction energy and of the PEC turning point
(i.e., the internuclear distance where the interaction potential
becomes repulsive) shift towards shorter distances by less
than 0.05 Å, and the attractive well becomes more attractive
by roughly 2%. Such variations are not expected to play any
relevant role in the dynamics of Ba+–HeN aggregates when
Ba+ is in the electronic ground state, and hence in this study
we adopted the interatomic potential presented in Ref. 34.

The Ba+–He excited states relevant to the present
investigation (the lowest 2D and 2P states) have already
been determined using two variational approaches, i.e.,
Configurations Interaction including single and double
excitations (CISD), and Multi-Reference Configurations
Interaction (MRCI) containing up to triple excitations.41

The two sets of potentials are quantitatively very similar,
suggesting that the interaction energy is determined essentially
by the induction component, the electron dispersion energy,
and the Pauli repulsion at short internuclear distances.
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Indeed, these terms are well described by single and double
excitations, with minor contributions coming from higher
order excitations, as already observed in the interaction
between neutral coinage metal atoms and He.44 As a possible
alternative, we have tested a perturbative approach at second
order, Multi-Configuration Quasi-Degenerate Perturbation
Theory (MCQDPT) as implemented in the GAMESS-US
computational code,45 adopting the same pseudopotential and
basis sets of the MRCI potentials.41

The 2P excited state splits into a 2Σ and two degenerate
2Π states in Ba+–He (spin-orbit effects are not considered
at this stage). The 2Σ state is highly repulsive, as the Ba+

outermost electron occupies a p orbital pointing towards the
helium atom. CISD, MRCI, and MCQDPT computations
for this state yield very similar results, with differences in
interaction energy measuring just a few percent along the
entire range of internuclear distances considered. The PEC
of the 2Π state exhibits an attractive well due to the Ba+

outermost electron occupying a p orbital perpendicular to the
Ba+–He internuclear axis, which allows the He to interact with
the unscreened Ba+ core. The attractive well predicted by the
perturbative computations (516 cm−1 at the MCQDPT level)
is more attractive by about 6% compared to variational data
(485 cm−1 at the MRCI level of theory), and the turning point
of the potential is shifted by few hundredths of an Å towards
shorter distances.

The lower lying 2D state splits into a single 2Σ and two
sets of doubly degenerate 2Π and 2∆ states. The 2Σ is highly
repulsive, as the outermost electron of Ba+ occupies the d
orbital directed towards the He atom. We found no relevant
differences among the CISD, MRCI, and MCQDPT potentials.
The 2Π and 2∆ states have quite large well depths of 373 cm−1

and 220 cm−1, respectively, at the MRCI level. Perturbative
computations predict the attractive well to be deeper by about
15% compared to the MRCI data, and the PEC to shift to
shorter distances by about 0.10 Å.

Analogously to the ground state, the differences among
the available potentials and the MCQDPT data are not
expected to play a relevant role in the simulations of the
dynamics of Ba+–HeN aggregates following excitation. In the
present investigation we adopt the MRCI potentials41 for the
description of 2P and 2D states. To aid the discussion of the
results, we present in Fig. 4 the PEC corresponding to the 2S,
2P, and 2D states with the spin-orbit interaction included as
discussed in Refs. 41 and 46. The 2S ground state PEC has
already been used in the past to address the solvation of Ba+

in helium nanodroplets.33,34

B. Static density functional theory (DFT)

Before starting dynamical calculations we first consider
the energetics of the system using static DFT calculations.
Barium atoms captured by helium droplets are known to reside
in a dimple at the surface of the droplet,47,48 an experimental
fact well reproduced by DFT calculations.49 If the Ba atom
is subsequently photoionized, the resulting cation becomes
solvated by the helium by sinking into the droplet.30,34

The energy available for this process is determined by
the energy difference between the equilibrium configuration,

FIG. 4. 2S, 2P, and 2D Ba+–He pair potentials. The splitting introduced by
the spin-orbit interaction has been included.

corresponding to Ba+ at the center of the droplet, and that
corresponding to Ba+ residing at the surface dimple. Both of
these can be obtained by static DFT calculations. We have
considered a droplet made of N = 1000 helium atoms and
have first obtained the structure of the neutral Ba-droplet
complex in the ground state. In view of the large mass of
barium compared to that of helium, we describe the Ba atom
and its cation as classical particles in the dynamics while their
effect on the statics is incorporated as an external field acting
upon the droplet.36,50 Accordingly, the energy of the system is
written as

E[ρ] =


dr

~2

2mHe

�
∇

ρ(r)�2 + EHe[ρ(r)]


+


dr ρ(r)VX(|rBa − r|), (1)

where EHe is the potential energy density per unit volume,
ρ(r) is the He atom density at point r, and rBa is the impurity
location.

The Ba+–He and Ba–He ground state pair potentials VX

have been taken from Refs. 34 and 51, respectively. The
density functional (DF) used in the present work is a modified
version of the Orsay-Trento functional52 able to handle very
structured helium configurations as those expected to appear
around fairly attractive impurities such as cations.53

Upon variation of Eq. (1) one obtains the Euler-Lagrange
equation. The equilibrium helium density ρ0(r) and the
location of the dopant atom rBa0 can be determined from

− ~
2

2mHe
∇2 +

δ

δρ
EHe + VX(|rBa − r|)


Ψ0(r) = µΨ0(r),

(2)
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where µ is the chemical potential of the He droplet
and Ψ0(r) ≡


ρ0(r). Eq. (2) has been solved in Cartesian

coordinates using a spatial grid of 0.4 Å. The derivatives
have been calculated with 13-point formulas. Extensive use of
fast-Fourier techniques54 has been made to efficiently calculate
the energy density and mean field potential.

A two-dimensional view of the dimple state configuration
of the neutral Ba atom can be seen in Fig. 2 of Ref. 34. The
Ba atom is located 22.6 Å away from the center of the 4He1000
droplet. Upon photoionization, the energy of the cation sitting
at this position is obtained from Eq. (1) using the non-relaxed
helium density and the Ba+–He ground state pair potential.
This yields an energy of −5622 K for the Ba+@4He1000 system
(the DFT energy of the pure 4He1000 droplet is −5401 K). The
helium density profile of Ba+@4He1000 corresponding to the
equilibrium position at the center of the droplet can be seen in
Fig. 3 of Ref. 33. It has an energy of −6461 K. If we assume
that the outgoing electron created in the ionization process
does not transfer energy to the helium, an assumption justified
by the corresponding photoelectron spectrum,48 the energy
deposited into the droplet by the photoionization process is
calculated to be 839 K. In the course of the dynamics, part of
this energy will be taken away by ejected helium atoms34 and
part will remain in the system shared between kinetic energy
of the impurity and excited droplet modes.

Quasi-static Ba+-droplet configurations in which the
cation resides at a fixed distance from the center-of-mass
(COM) of the helium moiety can be obtained by a constrained
energy minimization.55 Fig. 5 shows the energy of these quasi-
static configurations, which we will refer to as “stretched
configurations,” as a function of the distance between the
cation and the center-of-mass of the helium moiety, Z0.
The energies are referenced to the equilibrium energy
corresponding to Z0 = 0. The distance corresponding to the
equilibrium position of the neutral Ba atom is indicated
by an arrow. At this distance the energy of the stretched
configuration is smaller than the energy deposited into the
droplet upon ionization of the neutral Ba. This difference is
because the stretched helium configuration has been obtained
by minimization of the constrained energy whereas this
is not the case for the dimple configuration, as discussed
above.

If the system is stretched far enough, the droplet-Ba+

complex breaks into a “charged minicluster” containing some
170 helium atoms tightly bound to the Ba+ cation plus a
neutral droplet with the remaining helium. Fig. 5 shows
that the charged minicluster configuration is energetically
favorable for Z0 & 38 Å. Before the breaking, the stretched
configurations display a preformed charged minicluster
connected to the rest of the droplet by a “neck.” Fig. 5 also
shows the existence of metastable configurations of either
kind before and after the crossing point. Also shown are
the densities of a stretched and a minicluster configuration
corresponding to Z0 = 37.6 Å whose energies only differ by
6.5 K. It is worth nothing that the system has to be significantly
stretched to reach the scission point where the charged
minicluster configuration appears, i.e., some 15 Å away from
the original location of the neutral Ba atom on the droplet
surface, whose radius is 22.2 Å for N = 1000. Such stretched

FIG. 5. Energy of the stretched configuration (solid line) as a function of the
distance to the COM of the helium moiety. The dashed line represents the
energy of the charged minicluster configuration. Both energies are referred
to that of the equilibrium configuration of Ba+ at the center of the droplet
(−6461 K). Indicated by an arrow is the distance of the neutral Ba at the
dimple surface to the center of the helium droplet before photoionization.
Also shown are stretched and charged minicluster configurations, the latter
containing about 170 He atoms, corresponding to Z0= 37.6 Å.

scission configurations have been found in the past for the
fission of 3He droplets.56

This analysis indicates that the energy deposited into the
droplet by the photoionization of the neutral Ba at the dimple
(839 K) is in principle large enough to allow the appearance
of stretched configurations leading to charged minicluster
formation (509.5 K). However, actual dynamic calculations36

indicate that this is rather unrealistic. We therefore conclude
that the desolvation of excited Ba+ cations as observed
experimentally is not related to charged miniclusters formed
upon ionization of the system.

To address the dynamics of the excited Ba+ ion one has
to resort to a time-dependent description. The more ambitious
strategy consists of modeling the experiment, starting from
the photoionization of the neutral Ba atom at the surface
dimple and followed by the photoexcitation of the Ba+ cation
some time after its creation. The first part of this process has
been reported in Ref. 34 where the dynamics of the cation
in the ground state was followed for more than 200 ps. This
is a long time period for the calculations but short compared
to the experimental time scale. In the experiments the time
delay between ionization and excitation is 185 ns using laser
pulses having a duration of 5 ns. A less ambitious strategy
assumes that during its dynamic evolution the ground state
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Ba+ cation has been taken to a stretched configuration from
which it is then photoexcited to the 2P manifold. In either
approach, one might expect that excitation can lead to the
desolvation of the cation either because the interaction of the
droplet with the excited cation is repulsive—as in the case for
the silver atom36—or because the helium supersonic density
waves launched in the excitation process break the “neck”
of the stretched configuration and simultaneously remove a
sizable number of helium atoms initially located around the
excited cation.

C. Time-dependent DFT

The dynamics presented in this work haven been obtained
within the TDDFT approach.57,58 We refer the reader to
Refs. 32–37 for a thorough discussion of the approach and
how it has been implemented in some applications. For
the sake of completeness and to aid the discussion, we
briefly discuss the method of Ref. 36. The basic ingredients
are the Born-Oppenheimer approximation that allows to
factorize the electronic and nuclear wave functions, the
Franck-Condon approximation which assumes that the atomic
nuclei do not change their positions or momenta during
the electronic transition,59 and the use of the diatomics-in-
molecule approximation60 that combined with DFT to describe
the droplet-impurity complex allows factorizing the impurity
and He nuclear components.

We introduce a complex effective wave function ΨHe(r, t)
representing the helium moiety that is evolved following the
TDDFT prescription. The displacement of the cation position
rBa+(t) is treated classically. The spin-orbit (SO) interaction
is included as indicated in Ref. 61, by writing the electron
angular momentum in Cartesian coordinates i = x, y, z and the
spin state as s =↑ (ms = 1/2), ↓ (ms = −1/2). The magnitude of
the SO interaction is fixed to reproduce the spin-orbit splitting
of bare Ba+ in the 6p 2P states being 1690.84 cm−1.62

The evolution of the electronic excited state of Ba+ is
described by introducing an additional degree of freedom, a
six-component vector |λ⟩ written in terms of same basis for
spin and angular momentum used for the SO interaction

|λ⟩ =

is

λis |i, s⟩. (3)

The vector is normalized |⟨λ |λ⟩|2 = 1. Notice that states as,
e.g., |x ↑⟩ are referred to in the literature as px ↑.59 The
complete set of dynamical variables characterizing the system
thus consists of a complex effective wavefunction for helium
ΨHe(r, t) such that ρ(r, t) = |ΨHe(r, t)|2, a vector position for
the impurity, rBa+(t), and a 6-dimensional complex vector for
its electronic state |λ(t)⟩. The total energy of the Ba+@4He1000
complex suddenly excited to the 2P manifold is written
as

E[Ψ,rBa+, λ] =


dr
~2

2mHe
|∇Ψ|2 + p2

Ba+

2mBa+

+


dr EHe[ρ] + ⟨λ |VSO|λ⟩

+


dr ρ(r)Vλ(r − rBa+). (4)

We have followed the prescription of Ref. 61 to write the pair
potential as a direction-dependent combination of Π and Σ
potentials determined in Ref. 41,

Vλ(r) = ⟨λ |V(r)|λ⟩ =

i j ss′

λ∗isV i j ss′(r)λ j s′, (5)

where the six-dimensional matrix operatorV has components

V i j ss′(r) =

VΠ(r)δi j + (VΣ(r) − VΠ(r))rir j

r2


δss′. (6)

The following coupled 3D time-dependent system,
resulting from the variation of the action, has to be solved to
obtain the dynamical evolution of the system

i~
∂

∂t
ΨHe =


− ~

2

2mHe
∇2 +

δEHe

δρ(r) + Vλ(r − rBa+)

ΨHe

i~
∂

∂t
|λ⟩ = H |λ⟩,

mBa+r̈Ba+ = −∇rBa+


drρ(r)Vλ(r − rBa+)



= −


dr∇ρ(r)Vλ(r − rBa+),

(7)

where the t-dependence of the dynamical variables is omitted
for clarity. The electronic state Hamiltonian H is a 6 × 6
matrix whose elements are given by

H i j ss′ =


dr ρ(r)V i j ss′(r − rBa+0

) + V i j ss′

SO
. (8)

Equations (7) have been solved within the same box
and using the same grid as for the static problem. The
time step employed is 0.5 fs. We have used a predictor-
modified-corrector method63 fed by a few time steps obtained
by a fourth-order Runge-Kutta-Gill algorithm.63 When the
energy deposited into the helium droplet is high enough
as a consequence of the occurring physical process, it may
happen that some helium density, representing evaporated
helium atoms, leaves the droplet and eventually hits the
box boundary. To prevent that these usually few “atoms”
bounce back, we have included an absorbing potential.64 As
a result, particle—and thus energy—leaking appears when
some helium density arrives near the walls of the calculation
box where the absorbing potential acts. This leaking represents
helium atoms leaving the droplet and the energy carried away
by them.

To solve Eqs. (5)–(8) initial values for the variables
are required. As starting configuration we have chosen that
corresponding to the turning point reached by the Ba+ in the
ground state 223 ps after the ionization of neutral Ba in the
surface dimple state.34 At this time, the distance between the
cation and the COM of the droplet is 11.1 Å. The associated
helium density ρ0(r)—or effective wave function Ψ0(r)—and
cation position rBa+0

define the initial conditions, as ṙBa+0
= 0 at

the turning point. This starting configuration is shown in the
top left panel of Fig. 6, together with the corresponding Vλ

potentials.
There remains to fix the initial |λ⟩ state. This has been

done by choosing one of the eigenstates resulting from
the diagonalization of the Hamiltonian H at the time of
excitation. If the helium density is spherically symmetric
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FIG. 6. Top left panel: Turning point of Ba+ taken as starting configuration for the dynamics. The bright white spots correspond to high density regions. The
other panels display the 2P Vλ Ba+–He potentials corresponding to this configuration. The isopotential lines are 100 K apart.

around the cation, the first term in the matrix defined by
Eq. (8) is proportional to the identity.61 As a result of the
diagonalization one obtains the usual J = 1/2 and J = 3/2

eigenvectors pertaining to the spin-orbit interaction. However,
when the cation is located off center, its environment is only
axially symmetric. In this case, two of the VSO eigenstates
corresponding to J = 3/2 are eigenstates of the Hamiltonian
H , as are linear combinations of the other four. For the
helium distributions considered here this effect turns out to
be a small perturbation. The mixed eigenstates are such that
they still have ⟨J⟩ ≃ 1/2 and ⟨J⟩ ≃ 3/2. This allows us to label
the electronic states that we take as initial condition for
the dynamics as |λ⟩ = |3/2⟩ for the pure J = 3/2 state, and
|λ⟩ = |1/2⟩ and |λ⟩ = |3/2⟩ for the mixed states. In a more
conventional notation the |1/2⟩ configuration is referred to as
2P1/2 (D1), while the other two electronic states |3/2⟩ and
|3/2⟩ are referred to as the 2P3/2 (D2) configuration. There
are different possibilities to label the excited states of the
Ba+-droplet complex. In the following we adhere to the
Hund’s case (a) notation, as discussed, e.g., in Ref. 65. In this
scheme the electronic states are labeled as 2S+1ΛΩ, S being
the spin of the system, Λ being the projection of the orbital
angular momentum onto the axis, defined by the cation and

the COM of the helium droplet, and Ω being the projection of
the total electronic angular momentum onto this axis.

The three Vλ potentials V (2Π1/2), V (2Π3/2), and V (2Σ1/2)
corresponding to the eigenvectors |1/2⟩, |3/2⟩, and |3/2⟩ respec-
tively, are shown in Fig. 6 for the ρ0 density corresponding
to the selected turning point. Because the Σ pair potential is
mostly repulsive and the Π pair potential has a deep attractive
well, the resulting Vλ potentials, see Eq. (6), have quite
different shapes. V (2Π1/2) is spherically symmetric and has a
minimum of about 10 K at a distance of 6.5 Å and becomes
repulsive at a distance of 5.5 Å. V (2Σ1/2) is similar but is not
spherically symmetric as it has an annular minimum of about
10 K. The V (2Π3/2) potential reveals two deep wells with
depths of about 600 K that are localized along the symmetry
axis of the system. Hence, exciplex formation for this excited
Ba+ state is very likely. Indeed, in cold helium gas efficient
exciplex formation has been detected for Ba+ excited to the
2P3/2 state.66

The excited state potentials, Vλ, play a crucial role in
the dynamical evolution of the system, see Eqs. (7). Their
characteristics allows one to infer the outcome of the dynamics
without performing actual time-dependent calculations. The
depths of the V (2Π1/2) and V (2Σ1/2) potentials are rather
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FIG. 7. 2D Vλ Ba+–He potentials corresponding to the same turning point configuration of Fig. 6 shown again in the top left panel. The isopotential lines are
100 K apart. The states 2∆3/2 and 2Π1/2 correlate with the 2D3/2 state, and the states 2∆5/2, 2Σ1/2, and 2Π3/2 with the 2D5/2 state.

similar to that of the He-He potential. Consequently, it is
questionable whether the Ba+ cation will be ejected from the
droplet if it is excited to any of the corresponding states.
In contrast, the corresponding potentials for silver, which
has been found to be ejected from the droplets, are much
shallower.36,39 Analogous to silver, the V (2Π3/2) potential is

very attractive and the excited Ba+ is expected to remain
attached to the droplet. To further assess the possible ejection,
let us consider the Ancilotto parameter for these potentials67

which is defined as λA = ρ ϵ rmin/(21/6σ), where ϵ and rmin

are the depth and position of the He-impurity pair potential
well, and ρ and σ are the density and surface tension of liquid
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helium. For values of λA & 1.9, the impurity will be solvated
inside the liquid. The V (2Π1/2) and V (2Σ1/2) potentials yield
λA ∼ 4.6, suggesting that a Ba+ cation excited to these states
will not be ejected. For comparison, we find λA ∼ 0.5 for
Ag. Even if we consider the motion of the Ba+ cation inside
the droplet, ejection is very unlikely since the translational
energy for a cation produced by photoexcitation of the neutral
atom at the surface has been found to be small.34 Finally, we
would like to point out that the experimentally observed speed
distributions of Ba+ and Ag are quite different. While those
of Ag are well described by a Gaussian with a cut off at high
speeds, those of Ba+ can be described by Maxwell-Boltzmann
distribution. This seems to suggest that desolvation of both
species is governed by different processes.

Having in mind these expectations, we have followed
the dynamic evolution of the system for some particular
starting configurations after photoexciting the Ba+ cation.
These correspond to turning points and passages through the
droplet center as found in the dynamical calculations of the
ground state Ba+ ion; if the starting configuration is not a
turning point, the initial velocity of the photoexcited cation,
ṙBa+0

, is that of the Ba+ cation at the photoexcitation point. In
the case corresponding to the turning point at 223 ps discussed
above, we have found that after excitation of the Ba+ cation
to the |2Σ1/2⟩ state, which is most favorable for ejection, the
ion bubble first expands to adjust to the larger radius of the
excited state, and eventually moves towards the center of
the droplet. Similar observations have been made for other
starting configurations. In all cases no ejection of the excited
Ba+ was found.

Additional calculations have been performed using as
starting configuration the metastable stretched configuration
corresponding to Z0 = 44.6 Å. Since the bubble containing
the ion is larger in the excited states, excitation of the ion
will cause an outgoing density wave which might lead to the
breaking of the neck and lead to the desolvation of the Ba+

cation. However, the calculations reveal that the density waves
are unable to break the neck for this extreme configuration.
This leads us to conclude that the excited Ba+ cation is not
ejected from the helium droplet within the present approach.

Analogous to the 2P states, we have calculated the
interaction potentials for the 2D states of Ba+. These states
might play a role in the cation dynamics as they might become
populated following radiative decay from the 2P1/2 state of
the cation. We present in the Appendix a generalization of
the method of Ref. 36 to describe the dynamics in the 2D
manifold. Fig. 7 shows the Ba+–He Vλ potentials relevant for
the dynamics and the calculation of the emission spectrum
presented in Sec. IV. These Vλ potentials are all very attractive
with wells more than 100 K deep yielding cation bubbles
whose radius is smaller than that of the 2P states. Based on
these characteristics of the potentials we conclude that it is
unlikely that Ba+ is ejected from the droplets after population
of the 2D states by radiative decay from 2P states.

D. Exciplexes

Since the experiments reveal efficient Ba+Hen exciplex
formation, we have explored the formation of exciplexes

around Ba+ 2P1/2 and their possible ejection from the droplets.
As we will show in Sec. IV, these exciplexes also play an
important role in the emission spectrum of the photoexcited
cation.

The rationale for this exploration is provided by diffusion
Monte Carlo (DMC) calculations that found stable linear
Ba+(2Π1/2)He2 complexes with a distance of some 3 Å between
the central Ba+ ion and the two He atoms.41 This distance is
smaller than the radius of the excited cation bubble, as can
be seen from Fig. 6. The bubble and linear configurations are
separated by an energy barrier that apparently the TDDFT
dynamics reported above has not been able to overcome.
At variance, the formation of the Ba+(2Π3/2)He2 complex is
a barrierless process whose existence has been found in the
present TDDFT dynamics. The DMC calculations furthermore
reveal the existence of ring-like Ba+(2Π1/2)Hen configurations
for n < 8.41

Interestingly, linear and ring Cs∗Hen exciplexes were also
found in solid helium68–70 and discussed within a model that
can be straightforwardly applied to Ba+. Although being far
much simpler than DFT and DMC approaches, the model is
realistic enough to allow for a semi-quantitative description
of Ba+(2Π1/2)Hen and Ba+(2Π3/2)Hen complexes. Thus, it is
worth digressing from DFT and present its the results which
will serve as a guide for more involved developments.

Following Refs. 68 and 71, the interaction between the
Ba+ cation and n He atoms is described by Eq. (8), fixing the
origin of coordinates at the cation location and replacing the
integral over the density by a sum on the He atoms. For the
linear n = 2 configuration, both He atoms are axially located
on opposite sides of the Ba+ cation at a distance r . For the
n > 2 ring configurations the He atoms are evenly distributed
along a ring of radius r centered at the cation. The total He-He
energy is then added to the cation-He interaction as a sum of
pair interactions. We have taken for the He-He interaction the
screened Lennard-Jones potential that enters the definition of
the Orsay-Trento functional and have checked that the results
presented below are sensibly the same if one uses the He-
He Aziz potential.72 After adding the spin-orbit interaction,
one obtains the total energy of the complex as a function
of r .

Diagonalizing the total energy for a given n as a function
of r yields the PECs that correlate with the 2P3/2 and 2P1/2
He-cation potentials at long distances. Fig. 8 displays these
PECs for n = 2 and 7. Both PEC reveal a minimum at r ∼ 3 Å,
indicating that linear and ring exciplexes can be formed for
Ba+ 2Π1/2. The exciplex energy, taken as the well depth of
the Ba+(2Π1/2)Hen PEC, is displayed in Fig. 9 as a function
of n. As for Cs∗Hen and Rb∗Hen exciplexes,68,71 the exciplex
energy increases with increasing n, except between n = 2 and
n = 3. Eventually, for n > 7 the distance between neighboring
He atoms becomes so small that the He-He repulsion starts
to compete with the cation-He attraction. Also shown in
this figure is the height of the energy barrier connecting the
potential well and the free ion. It shows a dramatic increase
going from n = 2 to n = 3, indicating that the formation of
small exciplexes will be most efficient.

The 2D states can also be incorporated in the simplified
exciplex model discussed above by using the expressions in
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FIG. 8. Top panel: Ba+(2Π1/2)He2 PEC as a function of the distance r
between each He atom and the Ba+ cation. Bottom panel: Ba+(2Π1/2)He7
PEC as a function of the radius r of the ring exciplex. In both cases, for a
given r we also display the energy of the 2S and 2D PEC obtained for the
same linear or ring configuration.

the Appendix. A straightforward calculation similar to that
carried out for the 2P states yields the PECs in Fig. 8 that
correlate to the 2D5/2 and 2D3/2 states of Ba+ at large r values.
For completeness and further reference we also show in the
figure the He-Ba+ PEC correlating to the 2S1/2 state of the
Ba+ cation obtained by using the He-Ba+ ground state pair
potential.

FIG. 9. Exciplex energy (bottom panel) and barrier height (top panel) of
Ba+(2Π1/2)Hen configurations as a function of n referred to the energy of
the 2P1/2 state of the Ba+ cation.

IV. EMISSION SPECTRUM

As discussed above, Ba+(2Π1/2)Hen exciplex formation
might play a role in the dynamics and therefore has been
addressed within the DFT approach. Before attempting to
model the desolvation we first analyze the emission spectrum
of the cation from the 2P to the 2S ground and the 2D excited
states. This allows us to verify the method by comparing
the calculated emission spectra with those recorded in bulk
helium.10 The experimental emission spectrum was found to
be identical for D1 and D2 excitations and to consist of three
bands located at 491 nm (20 366 cm−1), 523 nm (19 120 cm−1),
and 648 nm (15 432 cm−1). A comparison of the free cation
transitions and the experimental spectra indicates that the
resonances at 20 366 cm−1 and 15 432 cm−1 likely correspond
to the 2S1/2 ← 2P1/2 and 2D3/2 ← 2P1/2 transitions involving
the Ba+(2Π1/2) bubble configuration.10,11 No emission lines
were experimentally detected that could be associated to
transitions from the 2P3/2 state. This was interpreted that
following excitation via the D2 band the population of the
2P3/2 states quickly relaxes to the 2P1/2 state.10 Recently it has
been argued41 that the line observed at 19 120 cm−1, for which
no conclusive explanation was offered at the time, might arise
from the emission from the Ba+(2Π1/2)He2 exciplex.

To calculate the emission spectrum within DFT, we have
to determine the relaxed helium configuration around the
|λ⟩ 2P states—defined in Eq. (3)—of a Ba+ cation located
at the center of a 4He1000 droplet. The size of this droplet
is large enough to allow for a sensible comparison with
the emission spectrum in bulk liquid helium. We look for
stationary solutions to Eqs. (7) by introducing the usual
t-dependence for stationary states
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ΨHe(r, t) → e−ıµt/~ΨHe(r),
|λ(r, t)⟩ → e−ıϵλt/~|λ(r)⟩, (9)

where µ is the helium chemical potential and ϵλ is the
eigenvalue of the electronic state of the excited Ba+ in the
presence of helium. Placing the impurity at rBa+ = 0 and
keeping it at rest, the relaxed configuration is obtained by
solving the coupled equations


− ~

2

2mHe
∇2 +

δEHe

δρ(r) + Vλ(r)

ΨHe = µΨHe,

H |λ⟩ = ϵλ |λ⟩,
(10)

where Vλ(r) has been defined in Eq. (5). The procedure to
determine the relaxed configuration is as follows:

1. Define a sensible helium density configuration, e.g.,
corresponding to the ground state Ba+ cation at the center
of the droplet.

2. Determine the internal electronic states corresponding to
that helium density by diagonalizing Eq. (8). This yields
three two-fold degenerate states |λ⟩. Choose one of them
and build the potential Vλ(r), Eq. (5).

3. Using Vλ(r), carry out a relaxation step as indicated by
the first Eq. (10) to determine the new ρ(r) and H . Iterate
until µ and ϵλ converge.

For the calculation of the emission spectrum we focus on the
V (2Π1/2) potential, since all experimentally observed emission
originates form the 2P1/2 state. Fig. 10 shows the relaxed
Ba+(2Π1/2) bubble state (top left configuration) using the
helium density configuration corresponding to the ground
state Ba+ cation as initial guess. Comparison of the helium
density profiles reveals an increase of the ion bubble radius
with approximately 1.2 Å. Upon convergence, the total energy
of the droplet-Ba+ complex is given by

E[Ψ,r, λ] =


dr
~2

2mHe
|∇Ψ|2 +


dr EHe[ρ]

+ ⟨λ |VSO|λ⟩ +


dr ρ(r)Vλ(r). (11)

Evaluation of this expression reveals that relaxation of the
helium lowers the energy of the system by 575 cm−1, see
Fig. 10.

The method outlined above works well provided the
electronic state Hamiltonian is dominated by the spin-orbit
term, as it is for bubble configurations. At variance, for

FIG. 10. Cation-helium configurations at different stages of the 2S
→ 2P→ 2S absorption-emission cycle. Left-hand cycle: Relaxation around the
Ba+(2Π1/2) bubble state. Right-hand cycle: Relaxation around the Ba+(2Π1/2)
linear exciplex. The energies of the radiative transitions and of the relaxation
stages are indicated.

exciplex configurations the contribution of the helium term
to Hamiltonian Eq. (8) has been found to be more sizeable
and finding these configurations has required a somewhat
different strategy, since the present method always leads to
bubble configurations.

The Ba+(2Π1/2)Hen exciplex configurations can be readily
obtained by starting from a bubble configuration for the helium
density supplemented with an electronic state |λ⟩ appropriate
for the sought-after exciplex. This state is previously
determined within the simplified model of Refs. 68 and 71.
Upon relaxation of both the helium density and electronic
state, the exciplex configuration is obtained. Figure 11 shows
two DFT configurations corresponding to a linear and ring
exciplex similar to the DMC sampled configurations discussed
in Ref. 41. It is worth noticing that the exciplexes persist as
isolated entities even in the presence of the other helium
atoms making up the droplet. More precisely, we find that
both exciplexes are fully contained inside the cation bubble.
Calculation of the energy reveals that the linear exciplex
configuration is 251 cm−1 more stable than the relaxed bubble
configuration, see Fig. 10. Based on the energetics one expects
that excitation of the Ba+ cation leads to exciplex formation,
as experimentally observed.

Integrating the helium density inside the Ba+ bubble we
find that it corresponds to 4He atoms for the linear structure,

FIG. 11. Left panel: Ba+(2P1/2) linear
exciplex. Right panel: Ba+(2P1/2) ring
exciplex. Both exciplexes induce some
replicas (density “blobs”) at or near the
cation bubble surface.
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FIG. 12. Emission spectrum obtained from the de-excitation of the relaxed
2P1/2 state of the Ba+ cation. The gaussian lines in black are the experimental
results of Ref. 10.

and to 12 atoms for the ring structure. The DFT approach
thus has a tendency to overestimate the helium contents by
about a factor of two in the regions of space where the fluid
is strongly confined by very attractive interaction potentials.
Hence, these high density spots should be taken with care
if one identifies them with atoms. This drawback can only
be cured by going beyond the fluid-like description inherent
to DFT and switching to a discrete, atomic-like description,
which is beyond the scope of the present work.

Once the relaxed helium configurations have been
determined, their energies can be readily calculated. As can
be seen in Fig. 10, for the ground state the exciplex is highest
in energy. Based on these energy calculations the emission
spectrum of the Ba+(2Π1/2) linear exciplex is expected to
be red-shifted with respect to that of the Ba+(2Π1/2) bubble
state by approximately 1000 cm−1. The actual calculation
of the emission spectrum proceeds in a way similar to that
of the absorption spectrum as described, e.g., in Ref. 61.
More relevant details of the procedure are given in the
Appendix. Fig. 12 shows the calculated emission lines from the
Ba+(2Π1/2) bubble state to the 2S1/2 and 2D3/2 states, together
with the emission line of the Ba+(2Π1/2) linear exciplex state to
the 2S1/2 state. For comparison we also show the reconstructed
experimental spectrum.10 The agreement between theory and
experiment is rather good, confirming the suggestion that the

experimentally observed line at 19 120 cm−1 corresponds to
emission from the Ba+(2Π1/2) linear exciplex to the ground
state.41 The larger linewidth found in the calculations for this
transition is likely related to the overestimation of the number
of helium atoms in the linear exciplex, as mentioned before.
The transitions of the Ba+(2Π1/2) linear exciplex to the various
D states have also been calculated and fall in the region
of 14 000–16 000 cm−1. However, no experimental emission
spectrum has been reported in this region of the spectrum.10

V. EXCIPLEX DYNAMICS

The experiments reveal a large yield of small Ba+Hen
exciplexes. In agreement with this result the static calculations
find that the formation of linear exciplex is energetically
favorable. To address the role of complexes in the dynamical
evolution of the system we have investigated the complex
formation within the TDDFT framework. As before, we
arbitrarily start from the turning point configuration of ground
state Ba+ 223 ps after the ionization of the neutral Ba atom.
But instead of taking as initial vector state |λ⟩ an eigenstate
of H , we choose, as indicated in Sec. IV, a vector state
corresponding to an exciplex configuration. The justification
for this choice being that such a distribution will be probed
by helium density fluctuations. As shown in the movies
related to Fig. 13 (Multimedia view), we find that during the
first picoseconds following the excitation the helium density
adjusts to form a linear exciplex. This exciplex is tightly
bound to the droplet and remains almost stationary while
density waves travel through the helium droplet. Analogous
to our observations for the bubble configurations discussed
above we find that the exciplex is not ejected during the further
evolution of the systems.

Inspection of the potential energy curves for the exci-
plexes in Fig. 8 reveals that at the exciplex 2P1/2 equilibrium
distance the energy of the ground state configuration is
strongly increased. Consequently, upon radiative relaxation to
the ground state this large amount of energy will be released
into the droplet. To determine whether this could lead to
the desolvation of Ba+, we have followed the dynamics of
the system after de-excitation. The results can be seen in
the movies related to Fig. 13 (Multimedia view), where we
show the formation of the linear exciplex when the cation is

FIG. 13. 2D He densities 5 ps after
de-excitation from the P1/2 linear
exciplex configuration to the 2S1/2
(left) and D3/2 states (right). (Multime-
dia view) [URL: http://dx.doi.org/10.
1063/1.4942850.1][URL: http://dx.doi.
org/10.1063/1.4942850.2]
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about to reach the turning point at 223 ps and its subsequent
evolution after being de-excited to the 2S1/2 and 2D3/2 states.
To distinguish the formation and de-excitation stages, we
have represented the cation with different colors, yellow for
the former and green for the latter process. Inspection of the
movies related to Fig. 13 (Multimedia view) reveals a fast
formation of the exciplex as discussed above. After 5 ps the
system is de-excited to either the 2S1/2 or the 2D3/2 state. In
both cases, the helium quickly rearranges around the Ba+ due
to the change in interaction potential. As expected, relaxation
to the 2S1/2 ground state leads to the formation of a bubble
configuration. In contrast, relaxation to the 2D3/2 state leads to
the formation of a non-linear exciplex. The transitional motion
of the Ba+ is found to depend strongly on the electronic state.
After relaxation to the 2D3/2 state the Ba+ remains almost
stationary, while following relaxation to the 2S1/2 state the ion
is accelerated towards the surface of the droplet. However,
before the Ba+ can escape from the droplet it is accelerated
back towards the center of the droplet. Based on these results
we conclude that radiative relaxation of Ba+ 2P1/2 does not
lead to desolvation of the cation.

VI. DISCUSSION AND OUTLOOK

We have carried out a combined experimental and
theoretical investigation of the dynamics of Ba+ cations in
helium droplets photoexcited to the 6p 2P manifold. An
analysis of the experimental results has been carried out
within a full dynamical, three dimensional approach that
combines a time-dependent DFT description of the helium
with a classical dynamics description of the impurity. This
theoretical approach has been successfully employed in the
past to describe a wide variety of experimentally observed
dynamical processes.32–37 In the present study it successfully
reproduces the experimental emission spectrum of the Ba+

cation.10 The calculated spectrum depends critically on the
helium configurations around the excited 2P Ba+ impurity.
The good agreement with experiment implies that our DFT
approach correctly describes the static and dynamic formation
of Ba+Hen exciplexes as well. In spite of these achievements,
the method does not yield the desolvation of excited Ba+ ions
found in the experiments. This raises the question as to what
causes this discrepancy.

A first issue to discuss in this context is the interpretation
of the experimental data. The suggestion that Ba+ cations are
ejected from the helium droplets is based on time-of-flight
mass spectra which reveal an increase in the number of Ba+

ions and Ba+Hen exciplexes accompanied by a reduction
of signal corresponding to ion-containing helium droplets.
However, the signal-to-noise ratio of the mass spectra on which
this conclusion is based is rather low due to the presence of a
large background in the mass range corresponding to the ion
doped droplets. As a result it becomes difficult to determine
whether the ion-doped droplet signal is depleted, which would
indicate ejection of the ion, or shifted to lower mass which
would be compatible with a (partial) evaporation of the droplet.
Furthermore, it has not been possible to determine the state
distribution of the Ba+ cations, which could provide another
indication on the desolvation process. However, the fact that

emission spectra of Ba+ have been recorded in bulk helium
indicates that non-radiative relaxation is not very efficient.10

Although without additional information about the lifetime
non-radiative relaxation cannot be completely ruled out, this
result suggests that the excited Ba+ cations are ejected from
the droplets.

Experiments on Ag excited in helium droplets have
revealed that the ejected atoms have a well-defined speed
distribution, indicative of a critical Landau velocity.19 In
contrast, the speed distributions of the Ba+ ions and
Ba+Hen exciplexes are best described by Maxwell-Boltzmann
distributions. Such distributions suggest the presence of
a thermally driven process, like evaporation. However,
the temperatures corresponding to the observed speed
distributions are found to be independent of droplet size
and largest for excitation of the lowest energy state, 2P1/2,
see Fig. 3. This seems to contradict a simple thermally driven
evaporative model. Hence, the experimental data are not
conclusive regarding the desolvation mechanism of excited
Ba+ cations.

Concerning the theoretical description, one of the key
ingredients is the interaction potentials between the Ba+

cation and the helium. The potentials are calculated using
the diatomics-in-molecule approach based on the Ba+–He
pair potentials. These have been computed at a high level
of theory using large basis sets and have been corrected for
basis set superposition errors. Comparison of the potentials
with those using less accurate methods and smaller basis sets
reveals only minor differences. We therefore expect that the
potentials used are sufficiently accurate to correctly describe
the dynamics of the excited system.

Since we use the diatomics-in-molecule approach for the
interaction potentials, many-body interactions are not fully
included. While neglecting such interactions is justified for
weakly interacting neutral atoms, it is not obvious that this
approach is justified for ionic species since the charge readily
polarizes the surrounding helium. In order to estimate the
effect of many-body interactions for the Ba+–HeN system, we
have explored three-body effects in the ground state of the
Ba+–He2 complex. Computations have been performed at the
CCSD(T) level of theory, adopting for barium and helium the
same pseudopotential and basis set selected for the Ba+–He
ground state. No set of bond functions has been added,
since test computations proved that their role in recovering
three-body effects is negligible. The counterpoise correction
has been performed using the scheme proposed by Valiron
et al.73 We have sampled the attractive and the repulsive
regions of the PES in four sets of atomic arrangements:
linear He–Ba+–He and Ba+–He–He, 90o bent He–Ba+–He,
and isosceles triangle with He-He as the basis. The general
outcome of these computations is that three-body effects are
very small (i.e., below 0.5 K) as far as the attractive part of the
Ba+–He2 PES is considered, while they become significant at
the repulsive region of the PES. However, this region is hardly
sampled during the dynamical simulations.

Even though three-body effects are almost negligible with
respect to the overall two-body contribution in the attractive
region of the potential, theoretical computations performed
on the Na+–HeN74 and Pb+–HeN and Pb2+–HeN75 systems
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indicate that they play a relevant role in the determination
of the solvation structure of relatively small clusters. It was
furthermore found that the charge-induced dipole interaction
term in the cation-helium interaction pair potential tends to
overestimate the binding energy of larger clusters. To address
this effect we have repeated some simulations using diatomics-
in-molecule potentials in which we have drastically decreased
the value of this term in the ab initio Ba+–He pair potentials.
Even with this reduced attractive interaction we have found no
evidence that the Ba+ cation is ejected during the dynamics.

In addition to the potentials also the choice of the helium
density functional plays an important role. The functional
used in the present calculations has been constructed to
be able to handle structured helium configurations such as
those surrounding fairly attractive impurities like cations.
The calculations yield very structured helium configurations
corresponding to exciplexes, although the density is somewhat
overestimated. Based on the good agreement between
the calculated and experimentally observed absorption and
emission spectra, however, we deem it unlikely that the choice
of density functional is at the origin of the failure to reproduce
the experimental results on the desolvation of excited Ba+

ions.
In view of the above considerations regarding the

accuracy of the calculations, it appears highly unlikely that
excitation of a Ba+ cations leads to its direct ejection from the
helium droplet, either as bare ion or as a Ba+Hen exciplex.
The possibility that the cations are ejected from the droplets
following radiative relaxation to the 2D or ground state can
be ruled out by the same arguments. This leaves non-radiative
relaxation of the excited cations to the 2D or the 2S ground
state as a possible explanation for the desolvation of the ions.
Inspection of the Ba+–He pair potentials and the Ba+Hen
exciplex potentials, Figs. 4 and 8, respectively, reveals that
these states do not cross the 2P states at energies accessible in
the experiment. One therefore does not expect non-radiative
relaxation to be an efficient process. Based on the same
arguments one does not expect the relaxation from the 2P3/2
to the 2P1/2 state to be an efficient process. However, the
emission spectra recorded for Ba+ in bulk helium provide
conclusive evidence that excitation of the 2P3/2 is followed
by a fast relaxation to the 2P1/2 state. This could signify
that non-adiabatic transitions which are not accounted for
within the current theoretical model play a more important
role than anticipated in the relaxation of excited atoms in
helium droplets. Whether such transitions are important in the
desolvation dynamics of excited Ba+ cannot be answered for
now and are worth a separate study.

To conclude, the present study indicates that elucidating
the desolvation mechanism of excited Ba+ ions will require
additional experimental data, for example, on the state
distribution of the desolvated Ba+ cations, and an improved
theoretical framework that, for example, includes non-
adiabatic transitions between electronic states.76
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APPENDIX: EXCITATION OF THE 2D MANIFOLD

In this appendix we generalize the expressions of
Subsection III C when the cation is excited to the 2D manifold
and give the essential details how the absorption spectrum
has been calculated. To take advantage of the fast-Fourier
techniques, we work in Cartesian coordinates. Our method is
equivalent to that of Ref. 46 in which the PESs are expressed
as a function of the spherical coordinates angles.

1. Pairwise sum approximation

The pair-interaction between an atom in a s-state
and an atom in a d-state can be expressed in the basis
(|dxy⟩, |dyz⟩, |dz2⟩, |dzx⟩, |dx2−y2⟩) as

U(r) =
*........
,

V∆(r) 0 0 0 0
0 VΠ(r) 0 0 0
0 0 VΣ(r) 0 0
0 0 0 VΠ(r) 0
0 0 0 0 V∆(r)

+////////
-

≡ V∆(r){|dx2−y2⟩⟨dx2−y2| + |dxy⟩⟨dxy |}
+VΠ(r){|dyz⟩⟨dyz | + |dzx⟩⟨dzx |} + VΣ(r)|dz2⟩⟨dz2|
= V∆(r)I + {VΠ(r) − V∆(r)}{|dyz⟩⟨dyz | + |dzx⟩⟨dzx |}
+ {VΣ − V∆(r)}|dz2⟩⟨dz2|, (A1)

where V∆(r), VΠ(r), and VΣ(r) are the Ba+–He pair potentials41

and r is the distance between the cation and the He atom. For a
system of N helium atoms, the total potential is approximated
by the pairwise sum

U =
N
n=1

{V∆(rn)I + [VΠ(rn) − V∆(rn)] MΠ

+ [VΣ(rn) − V∆(rn)] MΣ} , (A2)

where rn is the distance between the nth helium atom and the
impurity and

MΣ = Rn |dz2⟩⟨dz2|R−1
n ,

MΠ = Rn{|dyz⟩⟨dyz | + |dzx⟩⟨dzx |}R−1
n ,

(A3)

being Rn the rotation matrix that transform the unity vector
ẑ into r̂n, i.e., the unity vector in the cation-nth He atom
direction. The matrices MΣ and MΠ are symmetric. We define
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d0 ≡ (x2 + y2 + z2)/r2 = 1,
d1 ≡ dxy =

√
3x y/r2,

d2 ≡ dyz =
√

3y z/r2,

d3 ≡ dz2 =
1
2
�
3z2 − r2� /r2,

d4 ≡ dzx =
√

3zx/r2,

d5 ≡ dx2−y2 =
1
2

√
3
�
x2 − y2� /r2,

(A4)

where to simplify the notation, (x, y, z) are the components of
the r̂n vector that connects the impurity with the given nth He
atom. In terms of the d ′s, the elements of the matrices above
can be written as follows:

M i, j
Σ
= did j,

M1,1
Π
=

1
3
�
4d2

5 + d2
4 + d2

2

�
,

M1,2
Π
= −4

3
d1d2 +

1
√

3
d4d0,

M1,3
Π
= − 2
√

3
d2d4,

M1,4
Π
= −4

3
d1d4 +

1
√

3
d2d0,

M1,5
Π
= −4

3
d1d5,

M2,2
Π
=

1
3
�
d2

1 + d2
4

�
+

(
d3 +

1
√

3
d5

)2

,

M2,3
Π
=

1
√

3
d1d4 − d2

(
d3 +

1
√

3
d5

)
,

M2,4
Π
= −4

3
d2d4 +

1
√

3
d1d0,

M2,5
Π
= −d1d4 −

1
√

3
d2

(
d3 +

1
√

3
d5

)
,

M3,3
Π
= d2

4 + d2
2,

M3,4
Π
=

1
√

3
d1d2 − d4

(
d3 −

1
√

3
d5

)
,

M3,5
Π
=

1
√

3

�
−d2

4 + d2
2

�
,

M4,4
Π
=

1
3
�
d2

1 + d2
2

�
+

(
d3 −

1
√

3
d5

)2

,

M4,5
Π
= d1d2 +

1
√

3
d4

(
d3 −

1
√

3
d5

)
,

M5,5
Π
=

1
3
�
4d2

1 + d2
4 + d2

2

�
.

(A5)

The pairwise sum for U is transformed into a DFT expression
by the substitution


n →


dr′ρ(r′).61

2. Spin-orbit coupling

The SO interaction is semiempirically included assuming
that the spin-orbit coupling is independent of the He-
Ba+ distance;77 its strength is fixed to reproduce the spin-
orbit splitting of bare Ba+ in the 5d 2D states, namely,
800.96 cm−1.62

For the sake of completeness and future reference,
we give the SO interaction in the basis used here, i.e.,

|dxy, 1/2⟩, |dxy,−1/2⟩, |dyz, 1/2⟩, |dyz,−1/2⟩, |dz2, 1/2⟩, |dz2,−1/2⟩,
|dxz, 1/2⟩, |dxz,−1/2⟩, |dx2−y2, 1/2⟩, |dx2−y2,−1/2⟩, where the
spin component s =↑ (ms = 1/2), ↓ (ms = −1/2) is explicitly
noted. We have VSO =

1
2 Aℓs MSO with Aℓs being 2/5 of the

mentioned SO splitting and MSO is the 10 × 10 matrix

*.......................
,

0 0 0 1 0 0 0 −i 2i 0
0 0 −1 0 0 0 −i 0 0 −2i
0 −1 0 0 0 −i

√
3 i 0 0 −i

1 0 0 0 −i
√

3 0 0 −i −i 0
0 0 0 i

√
3 0 0 0 −

√
3 0 0

0 0 i
√

3 0 0 0
√

3 0 0 0
0 i −i 0 0

√
3 0 0 0 −1

i 0 0 i −
√

3 0 0 0 1 0
−2i 0 0 i 0 0 0 1 0 0
0 2i i 0 0 0 −1 0 0 0

+///////////////////////
-

.

The electronic state Hamiltonian Eq. (8) is written as
H = U + VSO (the interaction U, Eq. (A1), is diagonal in
spin and transformed into a 10 × 10 matrix to carry out the
sum). As for 2P states, diagonalization of H yields the five
independent Vλ(r) potentials for the 2D manifold, each of
them two-fold degenerate due to Kramer’s theorem.78,79 In the
basis indicated above, the expression for the elements of the
10 × 10 matrixV(r) is

V i j ss′(r) = 
V∆(r)δi, j + [VΠ(r) − V∆(r)] M i j

Π

+ [VΣ(r) − V∆(r)] M i j
Σ


δs,s′. (A6)

3. 2P→2S and 2P→2D radiative transitions

Since the cation is described classically and the electron
orbitals are not explicitly considered, the emission spectrum is
calculated by a semiclassical approximation of the vibrational
Franck-Condon factors of an instantaneous transition from a
given relaxed 2P state.61

The emission to the 2S state is obtained as the vertical
transition of the cation from a relaxed state characterized by
a helium density ρ

2P
λ (r) associated with the V

2P
λ potential,

namely,

∆ω2S =


dr ρ

2P
λ (r) [V 2P

λ (r) − VX(r)]. (A7)

The emission to the 2D states is similarly obtained

∆ω2D =


dr ρ

2P
λ (r) [V 2P

λ (r) − V
2D(r)]. (A8)

Expressions (A7) and (A8) give the atomic shift for the
emission to the 2S or 2D state, i.e., the peak position for a
given configuration ρ

2P
λ (r) referenced to the emission energy

of the free cation. The complete spectrum is obtained by the
DF sampling method80 that samples the DF density with the
number of atoms in it, passing from a continuous to a discrete
calculation of the transitions bearing a large similarity with the
sampling method used within quantum Monte Carlo to obtain
the spectrum,78,81 there with walkers, here with “classical”
atoms.
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