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Abstract

The capture dynamics of a Ne atom by a superfluid helium nanodroplet ((4He)N:1000; 7=0.37
K), Ne + (*He)x — Ne@(*He)y:, was investigated using a quantum approach (TDDFT (helium) +
quantum wave packet (Ne)) at zero angular momentum and a rather wide range of Ne atom initial
mean velocities (<vg>: 90-1300 m/s). This is probably the first quantum dynamics study focused on
the pick up process and the evolution of the dopant inside the nanodroplet and the second more
detailed investigation on this topic. For <vy>=210 m/s and above the atom is always captured, but
for lower velocities the probability of capture is somewhat below the unity and decreases as <vp>
diminishes. The main energy exchange begins with the collision of the atom with the nanodroplet
surface, and the excess of energy placed in the doped nanodroplet is progressively released by
evaporation of a small amount of *He atoms. Once the atom has entered into the nanodroplet its
mean position follows an oscillatory trajectory, due to multiple sequential collisions with the inner
surface of the nanodroplet, and its mean velocity reaches values which are below the Landau’s
critical velocity. This probably corresponds to the general behavior for nanodroplets with a bulk-

like region when moderate collision energies (i.e., similar to the ones considered here) are involved.
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In the future we hope to investigate the influence of angular momentum on the mechanism of the

pick up process, using the same quantum dynamics method.

Keywords: helium nanodroplet, impurity, Ne atom, pick up, capture, theory, quantum dynamics,
time dependent DFT, wave packet, velocity, energy, helium vaporization.
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1. INTRODUCTION

The investigation of the structure, energy and dynamics of superfluid helium nanodroplets
((4He)N; T=0.37 K ) is a well-established research area in physics.l’2 From a fundamental point of
view these nanodroplets have a large interest because of their intermediate size, which essentially
ranges from clusters to the bulk liquid, which allows to obtain a deep insight into the properties of
quantum fluids and on the manner their properties evolve as the system size does. Moreover, helium
nanodroplets can be used as low temperature matrices for high resolution spectroscopic studies, due
to chemically inert character of He and the superfluid behavior of liquid *He below 7=2.17 K. ***

Since the first study of a chemical reaction in a helium nanodroplet,® the contributions
reported so far on chemical reactivity in helium nanodroplets have been important (see, e.g., refs. 7,
8,9, 10 and 11, and the references cited therein), even though the strength of these efforts is not
comparable to those performed in the context of the physical studies. Lately, however, it seems that
the chemical interest on this quantum fluid has increased significantly; and this probably results
from the new possibilities offered by helium nanodroplets in the synthesis of new chemical species.

Thus, they allow obtaining species that would not be stable in gas phase as, e.g., some metallic

12,13,14 15,16

nanoclusters and nanowires.

Furthermore, some efforts have also been addressed to explore the chemical reaction
dynamics in the (*He)n quantum fluid,""” both experimental (e.g., photodissociation of alkyl
iodides,lg’lg’20 bimolecular reactions involving metals, Mg + 02,21A1 + O,, H20,8 Ba + NZO,6 etc.)
and theoretically (photodissociation of Cly(B) in superﬂuidlo’11 and non-superfluid 2 helium
nanodroplets). Although the main interest of our group in this context focuses on the theoretical
study of the reaction dynamics inside helium nanodroplets, before studying these processes we

consider that it is very interesting to characterize the pick up (or capture) process of chemical

species by superfluid (*He)x, which corresponds to the previous stage needed for studying chemical
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reactions inside nanodroplets. The dopant species in addition to be involved as a reactant, of course,
can also be used as a probe in order to extract information about the nanodroplets.

It was in molecular beam experiments involving Ne and clusters of He where it was clearly
shown for the first time that helium was able to capture atomic species.  Helium nanodroplets can
capture a very wide range of atomic and molecular species, e.g., Ar, Kr, Xe, H,O, and SFg, 24_Arn,25
Kr,, %% transition metal atoms (Cry, 27 Cu,, 28 ..), radical species from organic molecules (ethyl
radical),” aromatic organic molecules and related species (anthracene, pyrromethene, porphyrin
derivatives),3 % fullerene and small molecules (Ce0(H20)n, Cgo(NH3)n and C60(C02)r1).3 letc.

In spite of its interest and the experimental efforts (see, e.g., refs. 23, 32 and 33) the
information available about the dynamics of the capture process is still quite limited. The first
attempt to describe the quantum scattering dynamics from helium nanodroplets goes back to 1988,*
and the first analysis, from a quantum perspective, of the motion of impurities inside these

nanodroplets are from the late 1990s.*°

More detailed many-body studies were reported more
recently on the quantum scattering from helium nanodroplets and surfaces.””**° However, the first
realistic simulation of the penetrating collision of an atom (Cs) with a helium nanodroplet has been
obtained only very recently.40

Therefore, the ability of nanodroplets to capture almost any chemical species is of crucial
importance and has been the main motivation of this work. Thus, we have theoretically investigated
the quantum dynamics of the pick up process of a Ne atom by a superfluid helium nanodroplet of
1000 helium atoms (N=1000), Ne + (4He)N — Ne@(4He)N’, exploring a rather wide range of
velocities (90-1300 m/s), which are representative of those typical in a pick up experimental
chamber. To the best of our knowledge this is the first quantum dynamics study carried out

specifically on the pick up process and the motion of the dopant inside the nanodroplet and the

second more detailed contribution on this interesting subject.
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The superfluid helium nanodroplet was described by the time dependent density functional
theory (TDDFT) and the Ne atom was described quantum-mechanically using a wave packet, i.e.,
following the same hybrid approach proposed by us recently.10 Due to the high computational effort
needed for a quantum description of the capture problem, in this first study we have restricted the
analysis to the case of zero total angular momentum (head-on collisions).

The Ne + (‘He)x system was chosen primarily by the fact that, among all the analogous
systems in which we can consider the capture of a noble gas atom, i.e., Rg + (4He)N — Rg@(4He)Ns
(Rg: He, Ne, Ar, Kr, Xe, Rn), and regardless of helium, it is the one that, due to the small mass of
neon, is more likely to present a quantum behavior. Moreover and as a curiosity, it was in collisions
involving Ne and clusters of He where the capture process was clearly evident for the first time.”

This paper has the following structure: the theoretical methods employed are concisely
explained in section II; the description and analysis of the most important results achieved is given
in section III; and to finish the summary and conclusions are reported in section IV. Supplementary
useful information has been included in the Electronic Supplementary Information (ESI) document

associated to this contribution.

2. THEORETICAL METHODS

The study of the dynamics of the pick up process has been carried using a quantum
treatment of the system, i.e., the impinging Ne atom and the helium nanodroplet, following an
analogous theoretical approach as that proposed by us recently to describe the photodissociation of
diatomic molecules in helium nanodroplets.10 Thus, we have combined one of the main theoretical
procedures employed to describe rather large systems of bosonic liquid helium (TDDFT; from
hundred to thousands of atoms) and a usual method in gas phase time dependent quantum reaction
dynamics (quantum wave packets (WP)), to account for the evolution of the helium nanodroplet and

the neon atom, respectively. This strategy allows us to investigate relatively big nanodroplets, in
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this way making possible the highly desirable interaction with the experiments.

For the TDDFT description of the superfluid liquid helium, we have used the so-called
Orsay-Trento phenomenological functional, ! neglecting the backflow term and the non-local
contribution to the helium correlation energy for computational reasons. !4 Major numerical
difficulties result when these terms are taken into account, because exceptionally small integration
steps are required. It is worth noting here that the theoretical study of the dynamics of processes
involving superfluid helium nanodroplets and atomic or molecular species has only become
possible quite recently and this approach has been employed in all cases, leading to a rather good
agreement with the experimental findings.***** The Orsay-Trento functional is characterized via
the €.[pye] term in equation 1b, which in the present study corresponds to the potential and
correlation energy density of superfluid helium.

Since in this first study we only consider the situation of zero angular momentum, only a
one-dimensional (z-axis) standard quantum wave packet dynamics is needed to describe the
evolution of the dopant Ne atom. This is equivalent to treat the x and y neon degrees of freedom
classically, and so they are represented in the total spatial wave function of Ne as a Dirac delta
distribution, i.e., Wyo(Tye) = One(@Zne) 0 (Xne) S (Vne). Consequently, we have not paid attention
neither on the effects of the natural spreading of the wave packet during the approach of the Ne
atom to the nanodroplet, nor on the natural zero point motion inside the droplet in the (x, y)
perpendicular directions. These effects would merely produce small perturbations to the physics of
the pick-up process,45 in which we are really interested, but largely increasing the computational
cost of the calculations.

A detailed description of the TDDFT+WP method for doped (X, diatomic molecules)
superfluid helium can be found in our previous work,'” and here we will report the main equations
and particularities of the present study. For the modeling of the Ne + (*He)y system, the quantum

action in terms of the effective complex wave function of (‘He)x, |Whe Rye, )% = pre(Rye t),
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and the z-axis wave packet of Ne, ¢y (Zye, t), read as:

d
Uq[qJHe' ¢Ne] = f dt {E[qJHel ¢Ne] - ihf dRHe qjl*{e(RHe) anHe(RHe)

d
- ihf dzye Pne (Zye) a(.bNe(ZNe)}

(1a)
where E is the total energy of the system that is given by the following expression:
E[Whe, Pnel = 2 + f dRy. €:[ppel
+ f dRye f dzye Vie-ne(Zne Rue) Prie (Rue) | e (Zne) 1
One(Zne) 37— 2 e (Zne)
5 Zye
(1b)

The He-Ne diatomic potential energy curve has been taken from the ab initio coupled-cluster
quantum chemical calculations reported in ref. 46, where a large basis set was used; and the helium
nanodroplet-neon atom interaction has been described according to the common pairwise approach.

To obtain the equations of motion governing the time evolution of helium and the Ne atom,
the quantum action (eq. 1a) has to be minimized by performing variations of the wave functions

Yy and ¢p.. This leads to a pair of coupled non-linear Schrédinger-like equations:

. a _ 2 2 2 6€C[pHe]
lh—qJHe(RHe) = |~ Ve + dZNe VHe—Ne(ZNe'RHe) |¢Ne(ZNe)| t— LpHe(RHe)
ot Mpye 8PHe
(2a)
0 h?
lha‘lee(ZNe) = ZmNe aZNe deHeVHe ve(Znes Rue)Pre(Rue) | One(Zne)
(2b)

Equations 2a and 2b have been discretized using Cartesian grids. We have employed

different grids (depending of the initial velocity of the Ne atom) to properly account for the physics
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of each case; since the spacing in the coordinate grid is proportional to the maximum value of the
conjugated momentum grid. The characteristics of the different grids used are given in Tables S1
and S2.

The time propagation has been performed using the Adams predictor-corrector-modifier
method,"”’ initiated by a fourth order Runge-Kutta method*® (the time step used varied from 3.0 10*
to 8.0 10” ps from 90 to 1300 m/s, respectively). The derivatives for the kinetic energy terms have
been calculated in momentum space by means of a Fourier transform using the FFTW package of
ref. 49.

In order to absorb the helium density evaporated from the nanodroplet and to avoid non-
physical reflections of the helium effective wave function, a quartic negative imaginary potential
(NIP) has been introduced in the edges of the grid.”® We also applied a NIP to the edges of the Ne
grid so as to account for the possibility of rebound of a fraction of the wave packet due to the

collision with the nanodroplet. The NIPs have the following expression:

5 d—de)4
Vap = —i A= (—&
Nip = 2( L

3)
for d > dnip, where the absorption strength (A) is equal to 331.5 and 3315.0 K A™ for the Ne atom
and helium, respectively, the length (L) is equal to 1 10\, and the location (dnp) of the NIPs are
indicated below. The atomic NIP is placed in the z-axis at 12.1 A (<vo>=90-500 m/s) and 8.8 A
(<vp>=800-1300 m/s) with respect to the (*He)y surface (nanodroplet radius=25 A). The NIPs for
(*He) are located in the z-axis at 13.1 A (<vp>=90-500 m/s) and 9.8 A (<vo>=800-1300 m/s) with
respect to the nanodroplet surface, while for the x and y-axis they are at 12.6 A (<vp>=90-500 m/s)
and 10.6 A (<vp>=800-1300 m/s).

Concerning the initial conditions for the dynamics, we have considered a pure helium
nanodroplet of 1000 *He atoms and a minimum uncertainty Gaussian wave packet describing the

Ne atom (eq. 4). The wave packet has been centered in the z-axis at u = -35 A, which is far enough
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from the nanodroplet to consider the situation as asymptotic (Ne-helium interaction energy = -0.065
K). For the width of the wave packet we selected the value 0=0.8 A since this leads to a description
of the WP with almost the same number of points in the position and momentum grids.

1 _(ZNe_ﬂ)z ,

One(Zye, t =0) = ————¢ 402 elp_F;)(ZNe_%
Ne Ne» (27_[0_2)1/4

C))

The initial values of the kinetic energy of the impinging Ne atom, the Ne-(He)y interaction
energy and the internal energy (kinetic and potential + correlation) of (He)n can be seen in Table 1.
The numerical parameters defining the Cartesian grids of the Ne atom and helium are given in
Tables S1 (including the propagation time steps) and S2, while the final simulated times are

reported in Table S3.

3. RESULTS AND DISCUSSION

The process of capture of neon atoms by helium nanodroplets with angular momenta equal
to zero (i.e., zero impact parameter, classically) has been studied at several initial mean velocities of
Ne (<vo> =90, 120, 210, 300, 500, 800, 1200 and 1300 m/s). These velocities have been selected in
order to account for representative velocities of a Maxwell velocity distribution of Ne atoms at 7 =
300 K (Figure S1), i.e., for rather typical experimental conditions in the pick up chamber.
Moreover, instead of proceeding in the usual way (i.e., employing typically one or two wave
packets to cover the full interval of velocities of interest), we have considered a set of independent
calculations employing wave packets that are centered in representative values of the velocities;
since our main goal is centered in the detailed analysis of the microscopic mechanism of the pick up
process as a function of the initial velocity.

The simulated times are not the same for all cases (Table S3). With the exception of the two
higher velocities we have stopped the calculations at a time around 150-200 ps. This choice is

mainly based on physical arguments, which will be clear hereafter, and also due to the high
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computational cost of these calculations.
To visualize the dynamical mechanism of the picking up of a Ne atom by a helium

nanodroplet, some movies have been prepared, which include the time evolution of the probability

density of the Ne atom wave packet in coordinate (|¢ye(zye)|?) and momentum (|¢~>N€ (pZNe)|2)
representations and the helium density in the z-axis and in the xz-plane (cf. movies 1-3 in the ESI
for <vp>=210, 500 and 800 m/s, respectively). Moreover, Figure 1 shows snapshots of the temporal
evolutions of |¢pye(zye)|? and the helium density at selected times for <v>=500 m/s (maximum of
the Ne velocity distribution at 7 = 300 K; cf. Figure S1), where it can be seen that |@y.(zye)|? is

narrower inside the nanodroplet than in the initial wave packet, as a result of helium solvation.

Figure S2 shows the analogous representation for |$Ne (pZNe) |2.

Leaving out the Ne atom approach to the nanodroplet, three different steps can be identified
in the pick up process. The first one corresponds to the penetration of the atom through the
nanodroplet surface, which acts as a dynamical potential barrier. Once the Ne atom is inside the
nanodroplet its velocity decreases due to the interaction with the helium environment. Then, when
the atom velocity reaches a limiting value below the Landau’s critical velocity (=58 m/s (0.58 A/ps)
in superfluid (bulk) helium®'~? and also recently observed in nanodroplets with N > 1000 *), it
remains stable until the atom approaches to the nanodroplet inner surface and bounces back. It
should be noted here that, due to the (reasonable) simplifications made in the helium functional to
make possible the present calculations, the critical velocity is about 90 m/s.* At this stage of the
process the only mechanism of exchanging energy from the moving Ne atom to the nanodroplet is
based on the activation of the surface excitation modes. This is a very slow relaxation mechanism
that occurs each time the atom reaches the nanodroplet inner surface and because of this we stopped
the simulations for computational reasons.

Focusing on the first step of the process, a wide range of different behaviors is found,

depending on the initial velocity. For the softer impacts (<vo> = 90 and 120 m/s) some fraction of

10
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the wave packet is reflected during the collision with the nanodroplet. Thus, for the 90 m/s case the
88.0% of the WP is captured while for 120 m/s a value of 98.5% is obtained. The remaining cases
have a penetration coefficient of 100%, i.e., all the WP is captured by the nanodroplet. Although a
detailed characterization of the dependence of the penetration probability with the initial velocity
and the analysis of possible quantum effects as tunnelling, interferences and resonances (quasi
bound states) has a significant interest, it is out of the scope of the present paper and we expect to
investigate them in a future work.

When the Ne atom collides with the nanodroplet surface, an oscillatory pattern, which
increases with the initial velocity, can be observed in both the Ne wave packet probability density
and the helium density (cf. Figure 1 and movies 1-3 (ESI)). The dynamical behaviour is essentially
the same for the full penetration cases, with only small differences. The wavelength of the helium
density oscillations decreases with the initial velocity (collision energy), indicating that the
nanodroplets become progressively more excited as <vg> increases. The formation of a stable
solvation shell around the Ne atom is only produced when the nanodroplet is not highly excited,
because in the former situation the helium density waves destroy the solvation structures which are
permanently being formed and destroyed. Besides, from the evolution of the helium density in the
xz-plane it can be seen the very small distortion suffered by the geometry of the nanodroplet. This
has been found in other dynamical processes occurring in helium nanodroplets, such as the

1011 and the ionization of heavy atoms, > where higher energies are

photodissociation of Cl,
involved.

From Figure S2 (<vy>=500 m/s) and movies 1-3 (<vy>=210, 500 and 800 m/s, respectively)
it can be seen that the Ne wave packet probability density in momentum space moves towards
lower momentum values, when the collision with the nanodroplet surface takes place. In all cases,

at a certain time, the square modulus of WP(p) adopts a Gaussian-type shape centered at a particular

value of momentum; and this happens when the mean velocity of Ne is below the Landau’s critical

11
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velocity.

This means that the square modulus of WP(r) has also a Gaussian profile (the Fourier
transform of a Gaussian function is a function of the same type). Therefore, keeping in mind that
these wave functions are eigenfunctions (solutions) of an harmonic oscillator problem and in virtue
of the Galilean transformation, we infer that WP(r) is placed in a harmonic-like potential moving at
constant velocity. This is consistent with the fact that the wave function is placed around the
minimum of a moving potential, and so it is locally quadratic, which is also reasonable from a
classical point of view, since the force must be zero in the minimum of a potential. Therefore, an
almost isotropic distribution of helium must surround the impurity in order to produce such a
essentially symmetric potential, as can be confirmed by movies 1-3. Finally, when the Ne atom
reaches the nanodroplet inner surface, the momentum wave packet changes passing through the
zero value and the sign of the momentum changes.

The mean values are useful in this context and the time evolution of the mean value of the
Ne atom position, i.e., <zne>, is plotted in Figure 2. In this and the following figures the temporal
evolution of magnitudes associated to <vp>=90 and 120 m/s cases finishes at # = 31.1 and 19.4 ps,
respectively, because at these times the NIP begins to absorb the reflected part of the wave packets
(which only occurs in these two cases) and then the wave packets are no longer normalized.
Besides, it should be noted that here we are mainly interested in the dynamics when the atom is
fully captured by the ‘He nanodroplet (<vy>=210-1300 m/s).

For <vp>=300 m/s the calculations show up to three rebounds of WP(r) with the nanodroplet
surface. The amplitude of the oscillations does correlate in a simple way with the initial velocity
value, and the <vp>=210 m/s case has lower turning points than the other velocities. It can also be
seen that the turning points are not symmetric. Both facts point out how the helium density waves,
whose magnitude depends on the initial collision energy, influence the dynamics. This is probably

due to the somewhat comparable value of the Ne and He masses (mne./my.~5). For heavier dopants

12
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a different behavior would be expected.

The temporal evolution of the mean values of the Ne velocity, focusing on the collision and
the atomic motion inside the nanodroplet, is presented in Figure 3. For the higher velocities
(<ve>=1300, 1200, 800 and 500 m/s) the deceleration follows, on the overall, almost the same curve
and at around 1=8-9 ps <vne.> reaches a minimum whose value decreases with the initial velocity.
This minimum is due to a push of the helium density waves that happens when a relatively stable
helium solvation shell is formed (cf. movies 1-3). So that, during the process of changing from a
slightly asymmetric to a symmetric potential well (quadratic), a small kick to the Ne atom is
produced.

This means that the momentum transfer is not unidirectional, as there is also a small
momentum transfer from the helium to the Ne atom. This also occurs for <vy>=300 and 210 m/s but
it is less evident, since the excitation of the helium nanodroplet is smaller. For the softer collision
conditions (<vp>=90 and 120 m/s) there is a remarkable acceleration before the penetration of the
nanodroplet surface, due to the attractive interaction between the Ne atom and the nanodroplet. This
is not observed in the other cases since their velocities are high enough, so that the approaching
process is similar to a solid collision.

The evolution of the velocities once the Ne atom is inside the nanodroplet is also shown in
Figure 3. For most cases the velocity tends to remain constant during the atom travel through the
bulk-like part of the nanodroplet, although some small oscillations are present. This is consistent
with the existence of a Landau’s critical velocity in helium nanodroplets recently reported
experimental and theoretically.42 Within the TDDFT level of theory, using the Orsay-Trento
functional and neglecting the backflow and correlation alpha terms a value of 90 m/s has been
determined. Here we have obtained an analogous result, but with a quantum probe (Ne atom) rather
than a classical one as in the theoretical study of ref. 42.

This phenomenon is clearly evident after the first collision with the nanodroplet inner

13
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surface. Each pick up case examined has a different limiting velocity and this arises from the
different initial collision conditions (the reason of this behaviour will be explained in the next
paragraphs). Once the Ne atom is moving below the Landau’s critical velocity, the only possible
mechanism to release energy to the nanodroplet results from the excitation of the surface modes
(ripplons). This may occur every time the atom collides with the nanodroplet inner surface,
although we have found that in the examined cases this is not an efficient process. Because of this
we decided to finish the calculations, since an oscillating pattern in the <vne> vs. time dependence
is expected to be present for a very long period of time. Hence, the continuation of the simulations
is not expected to give new insights into the physics of the process.

The analysis of the evolution of <vne> versus <zne> allows us to obtain some more light on
the mechanism of the pick up process (Figure 4), paying attention to the different limiting velocities
found. This plot corresponds to the representation of the average trajectories in phase space,
excepting that the mass of the Ne atom is not multiplying the mean velocity along the z-axis. The
dashed line in Figure 4 shows the z value for the pure nanodroplet surface (radius of 25 A), and
from around this point the Ne velocity begins to change, increasing or decreasing depending on the
initial velocity.

Two markedly different regions are present, corresponding to the two regimes of the pick up
dynamics. The first region presents two straight lines in the <vne> versus <zn.> plot: a horizontal
line (constant velocity) that is followed by a oblique line (deceleration). The second line indicates
the presence of a friction force of the type Ff = —b(vy,), resulting from the interaction of Ne with
the helium nanodroplet. That is to say, the helium behaves as a conventional fluid as it has also
been recently reported by us in a Cl, photodissociation quantum study.lo’11 So that, during the first
dynamic regime, there is an important energy release from the Ne atom to the helium nanodroplet
(which is particularly important for <vy> above 120 m/s), with the subsequent rapid decrease of the

Ne velocity.

14
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The second <vne> vs. <zne> region follows after the first region and presents average
trajectories with an ellipsoidal-like shape that corresponds to the oscillations of the Ne atom inside
the nanodroplet (from the right to left and so on). These phase-orbits are almost closed and each
studied case has its own “ellipse”. Excepting the case of <vp>=210 m/s, whose phase trajectory is
slightly different, the others follow a similar pattern. From Figure 4 we can also see that each <vy>
value results in a different <zn.> value, once the trajectory of the mean values gets into its own
ellipsoidal-like motion in phase space and, of course, also results in a different excitation of the
nanodroplet (Table 2). A more detailed view of the “ellipses” region is presented in Figure S3.

In the <zne> points near the nanodroplet surface there is a net force pointing towards the
center due to the non-symmetric solvation of the dopant. Observing the quasi-ellipses, we see that
the curvature of the phase-trajectories takes place from a distance of around 10 A off the
nanodroplet center, independently of the case considered. Therefore, for the Ne atom impurity there
is a part of the 4Helooo nanodroplet that shows bulk-like character and has a length of about 20 A.
This would be a sort of measure of the completeness (effective symmetry) of the Ne atom solvation
and, of course, we expect that this value will depend on both the helium and the impurity (dopant)
considered. In this region, once the atom velocity becomes smaller than the Landau’s critical
velocity, it would remain essentially constant if the nanodroplet is not so excited.

From these considerations we can understand better the origin of the different “ellipses”
found in the calculations. Disregarding the effects produced by the density waves in liquid helium
(excitation), the phase trajectory would begin to become similar to an ellipse when the atom reaches
the Landau’s critical velocity, unless this velocity is reached in a “non-bulk” zone of the
nanodroplet. This together with the remaining excitation of the nanodroplet will determine the
shape of the “ellipse” in each case.

We estimated the excitation energy per helium atom of the nanodroplet at the time when the

phase trajectory becomes an “ellipse” by Ae(t) = e(t) — eye@ *ye,,,,» Where e = E/N is the
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energy of the perturbed nanodroplet divided by the number of helium atoms, and ey,q +pe,,,, 15 the
corresponding ground state energy per helium atom. These energies only correspond to helium, i.e.,
neither the Ne-helium interaction energy nor the Ne kinetic energy are included (Table 2). Hence,
when the Ne atom moves at a constant velocity the excitation of the nanodroplet is not the same for
all the cases examined. This would also explain the fact that for the higher initial velocities the
“turning points” are closer to the center of the nanodroplet, because there are energetic helium
density waves reflecting at the nanodroplet surface and pushing the Ne atom back towards the
centre.

To complete the analysis of the pick up process we focused our attention into the evolution
of the E/N ratio on time. During the collision of the Ne atom with the nanodroplet external surface
the energy exchange from the atom to the nanodroplet begins to occur in an intense way (Figure 5).
Besides, for all the <vy> values the E/N vs. time dependence shows the same behaviour. At the
beginning E/N increases (first monotonically and then non-monotonically (“oscillations”)), then
reaches a maximum and, finally, decreases with time, due to the evaporation of helium atoms
(Figure 6), and tends to a constant value. Structures (“oscillations”) are also evident in Figure 3,
when showing the mean value of the Ne velocity vs. time, which is directly related to its kinetic
energy.

The asymptotic behaviour of the E/N vs. t curves, i.e., that for the final simulation time,
suggests that at around 150-200 ps all the doped nanodroplets are almost relaxed (Figure 5). This
time scale is shorter but comparable with that found in the case of the relaxation of nanodroplets of
different sizes (N=50-500) after the photodissociation of a Cl,(B) embedded molecule (several
hundred picoseconds),54 where higher energies are involved.

The E/N value obtained in the asymptote is somewhat greater than that for the nanodroplet

at r=0 (Figure 5). To clarify this result we have carried out a static calculation of the Ne@4He1000

nanodroplet, obtaining a E/N value of -5.35 K, which compares very well with the ~-5.33 K value
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determined for the asymptotic value, even though there is a little difference (~1.3%) in the number
of He atoms of both nanodroplets (cf. Figure 6). Therefore, the E/N change observed in the
asymptote is only due to the differences in the initial and final situations (non-doped vs. doped
nanodroplets, respectively). Moreover, the E/N value of the asymptote is also similar to the
corresponding value of the pure nanodroplet (-5.40 K).

To conclude, we have compared the kinetic energy corresponding to the zero point motion
of the Ne atom doping the static nanodroplet with the asymptotic values of the present dynamics
study. The asymptotic values of the Ne atom kinetic energy, i.e., those resulting from the final
simulation times, range from around 7.0 K up to 10.5 K, the last value occurring for <vo> = 300
m/s. From a 3D wave packet static calculation of a Ne atom doped nanodroplet of 1000 *He atoms,
we obtained a Ne atom kinetic energy of 17.3 K. Now, taking into account that within the present
approximation only one dimension is considered for the Ne motion, we estimate a value of
17.3/3=5.8 K for the kinetic energy of each coordinate. So that, we infer that when the atomic
impurity reaches its limit velocity, there is more kinetic energy corresponding with the zero point

energy motion (5.8 K) than purely translational (from 1.2 to 4.7 K).

4. SUMMARY AND CONCLUSIONS

The quantum dynamics of the process of capturing a Ne atom by a superfluid helium
nanodroplet formed by 1000 *He atoms, 7=0.37 K, with zero angular momentum has been studied
within a TDDFT (helium) + WP (Ne) theoretical framework. Thus, the influence of a rather wide
range of neon initial mean velocities (90-1300 m/s) on the dynamics has been explored. To the best
of our knowledge this is the first quantum study focused on the pick up dynamics and the motion of
the dopant in the nanodroplet and the second more exhaustive analysis of this problem.

The velocities were selected according to the velocity distribution of the neon dopant atom

at room temperature (7=300 K), which corresponds to a common situation in the pick up chamber
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employed in the experiments. For the Ne atom mean velocities equal to 210 m/s and above the atom
is always captured by the helium nanodroplet. However, for lower velocities the probability of
capture is below the unity (for 90 and 120 m/s is equal to 0.880 and 0.985, respectively) and
diminishes as the impinging Ne atom velocity decreases.

The main energy exchange begins with the collision of the atom with the nanodroplet
surface. The resulting excess of energy placed in the doped nanodroplet is progressively released by
evaporation of some *He atoms. The importance of evaporization increases with the initial mean
velocity of neon, although only a small percentage of *He atoms is evaporated from the
nanodroplet. Thus, a maximum value of around 1.5% of evaporated atoms is found for the highest
initial mean velocity of neon analyzed (1300 m/s).

The mean value of the Ne atom position inside the nanodroplet follows an oscillatory
trajectory, as a result of multiple sequential collisions with the inner surface of the nanodroplet. It
has also been observed that, when the Ne atom mean velocity is below the Landau’s critical
velocity, there is no a net force acting on the atom and due to this its mean velocity remains
constant. This is probably the common behavior for nanodroplets which include a bulk-like zone if
moderate collision energies are involved, i.e., similar to the ones considered here. In this situation
the only energy exchange that occurs has minor character and takes place when the atom collides
with the inner surface and leads to some excitation of the surface modes (ripplons) of the
nanodroplet.

In the future we hope to be able to investigate the influence of angular momentum on the

dynamics of the pick up process using the quantum dynamics theoretical method employed here.
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Tables

Table 1. Initial values of the energies (in K) involved in the process.*

EInterac.
N EKin helium EPot+Corr helium
Ne-helium
1000 -0.065 124.51 -5520.0

*Exin Ne (K) =9.74, 17.31, 53.02, 108.2, 300.6, 769.4, 1731.2 and 2031.7
for <vp> (m/s) = 90, 120, 210, 300, 500, 800, 1200 and 1300, respectively.

Table 2. Final excitation energy per He atom of the nanodroplet.

<vy> (m/s) Ae (K)
210 0.09
300 0.15
500 0.28
800 0.33
1200 0.39
1300 0.42
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Figure captions

Figure 1. Snapshots showing the temporal evolution of the probability density of the Ne atom wave
packet, pne = |Pye(Zye)|?, and helium density, pye, along the z-axis for <vg>=500 m/s. The system

is moving from left to the right with the exception of the last snapshot where the reverse occurs.

Figure 2. Mean value of the Ne atom position as a function of time, for different initial velocities
<v¢>, as indicated by colors. Smaller simulated time intervals are considered for the lower velocities

(90 and 120 m/s) due to the absorption of a fraction of the neon wave packet by the NIP (see text).

Figure 3. Mean value of the velocity as a function of time, for different initial velocities <vy>, as
indicated by colors, focusing on the initial part of the collision (subfigure located at the top) and
during the travelling of the Ne atom through the nanodroplet (subfigure located at the bottom). The
time required for the Ne atom to reach the external surface of the nanodroplet, where <zxe>=-25 A,
is equal to 0.76, 0.83, 1.2, 2.0, 3.3, 4.7, 8.3 and 11.0 ps for <vo> = 1300, 1200, 800, 500, 300, 210,

120 and 90 m/s, respectively.

Figure 4. Trajectories of the mean values of the Ne atom velocity and position, for different initial

velocities <vp> as indicated by colors. The dashed line shows the z value for the pure nanodroplet

surface.
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Figure 5. Energy per helium atom of the nanodroplet as a function of time, for different initial
velocities <vp> as indicated by colors. The inner panel focus on the initial part of the collision, and
the collision time on the nanodroplet surface corresponds to the initial increase of the E/N ratio. The

value of this time is reported for each <v¢> in the caption of Figure 3.

Figure 6. Number of helium atoms of the nanodroplet as a function of time, for different initial

velocities <vp> as indicated by colors.
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is moving from left to the right with the exception of the last snapshot where the reverse occurs.
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Figure 2
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Figure 2. Mean value of the Ne atom position as a function of time, for different initial velocities
<vp>, as indicated by colors. Smaller simulated time intervals are considered for the lower velocities

(90 and 120 m/s) due to the absorption of a fraction of the neon wave packet by the NIP (see text).
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Figure 3. Mean value of the velocity as a function of time, for different initial velocities <vy>, as
indicated by colors, focusing on the initial part of the collision (subfigure located at the top) and
during the travelling of the Ne atom through the nanodroplet (subfigure located at the bottom). The
time required for the Ne atom to reach the external surface of the nanodroplet, where <zne>=-25 A,
is equal to 0.76, 0.83, 1.2, 2.0, 3.3, 4.7, 8.3 and 11.0 ps for <vo> = 1300, 1200, 800, 500, 300, 210,

120 and 90 m/s, respectively.
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<V>Ne (mM/s)

Figure 4. Trajectories of the mean values of the Ne atom velocity and position, for different initial
velocities <vy> as indicated by colors. The dashed line shows the z value for the pure nanodroplet

external surface.
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Figure 5. Energy per helium atom of the nanodroplet as a function of time, for different initial

velocities <vo> as indicated by colors. The inner panel focus on the initial part of the collision, and

the collision time on the nanodroplet external surface corresponds to the initial increase of the E/N

ratio. The value of this time is reported for each <vy> in the caption of Figure 3.
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Figure 6
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Figure 6. Number of helium atoms of the nanodroplet as a function of time, for different initial

velocities <vp> as indicated by colors.
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