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Interaction of multiply charged ions with large free silver nanoparticles: Multielectron capture,
fragmentation, and sputtering phenomena
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We report on the interaction of multiply charged ions at keV energies with free Ag nanoparticles with
diameters of ∼6 nm (containing about 6600 Ag atoms). As the ionization energy increases only very slowly
with the degree of ionization, multielectron capture processes are very likely to occur in peripheral collisions
with large cluster sizes. However, due to the large particle size, the produced highly charged Ag nanoparticles
are mostly stable. For projectile charge states below q = 8 the geometrical cross section overcomes the cross
section for peripheral electron transfer, and penetrating collisions become dominant. Therefore, these collisions
can be described as ion collision with a nanosurface, where the distribution of small-size fragments with n < 20
is due to sputtering events from the nanoparticle surface. This is in contrast to nanoparticles with a smaller
diameter (<2 nm), where small fragments are produced by fission of multiply charged clusters.
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I. INTRODUCTION

Ion collisions with nanoparticles (NPs) play an important
role for the sputtering of surfaces [1], aerosols [2], and dust
particles in space [3]. Many experiments have been performed
with NPs which were deposited on substrates. It was shown
that it is possible to modify the character and structure of the
NPs [4] and to determine the sputter yields as a function of
the material, the NP size, and the projectile [5–7].

The first studies of the interaction of ions with free metallic
clusters in the gas phase were performed in the 1990s, when
sodium clusters containing typically 200 atoms were irradi-
ated with multiply charged ions [8,9]. In these studies the sta-
bility of multiply charged sodium clusters as well as their dy-
namic behavior was analyzed by coincidence measurements.
Compared with nanosecond-laser experiments [10–12], ion
beams allowed us to extend studies to much higher charge
states formed with much lower internal energies. These exper-
iments showed that above so-called appearance sizes multiply
charged clusters might be metastable and that for smaller
cluster sizes they decay by fission processes, yielding singly
charged small fragments.

More recently, the interest in ion collisions with larger
metallic nanoparticles strongly increased due to their possible
use as radiosensitizers in ion beam cancer therapy [13,14].
Thus, it has been shown that ion irradiation of cell cultures
by C6+ ions at 256 MeV/u, with and without administering
metallic nanoparticles in the nanometer size range, reduced
the survival rate of the infected molecules by about 30% [15].
Also gadolinium, silver, gold, and platinum nanoparticles
have been tested with similar promising results [16].

However, up to now the exact mechanisms and their rel-
ative importance still have to be clarified. It is commonly
understood that the majority of the deposited energy dose is
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related to ionizations and excitations produced by secondary
electrons. The majority have energies below 50 eV [17],
which allows them to contribute to the damage by dissociative
electron attachment processes [18]. As the secondary electron
yield is expected to be much higher for ion collisions with
metal clusters than with biological molecules, the increased
radiosensitive efficiency can be explained.

Also strong fragmentation and surface sputtering of metal-
lic particles will lead to an increased metal concentration
which can support the formation of radicals or increase pos-
sible toxicity effects. In general, it was shown that the sputter
yield is enhanced in the case of nanoparticles compared to
bulk material [6,7,19,20]. This is due to forward emission
of sputtered particles and the curvature of the nanoparticle
surface [21,22].

In this work we will present mass-spectrometric studies
of collisions of ions in different charge states (q = 2 to 25)
and with different masses (from O to Xe), with free Ag
nanoparticles with diameters between 3 and 10 nm in the
gas phase. Whereas earlier experiments concerned studies of
ion collisions with nanoparticles deposited on surfaces, the
number of studies with free NPs is very limited. On the
theoretical side, several works based on molecular dynam-
ics simulations describe the sputtering of large free metal-
lic nanoparticles by heavy-particle impact. Many theoretical
studies concerned Au nanoparticles with a radius between 4
and 12.4 nm, bombarded by Au, Ga, and Xe ions in the energy
range between 16 and 200 keV [6,19,20,23–26]. The sputter
yields, the phenomena of collision cascades, and the collision
spike sputtering are analyzed, and corresponding results are
predicted by MD calculations.

II. METHODS

Experiments were performed at accélérateur pour la
physique avec des ions de basse énergie (ARIBE), the low-
energy ion beam facility of grand accélérateur national d’ions
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FIG. 1. (a) AFM image of Ag nanoparticles deposited on a SiO2 substrate. (b) Size histogram with a center at a diameter of about 6 nm.
(c) Structure of a 5-nm Ag NP obtained by TEM microscopy.

lourds (GANIL) (Caen, France). The experimental setup was
described in earlier publications [27]. It is based on a crossed-
beams device where a beam of multiply charged atomic
ions interacts at 90◦ with a nanoparticle beam. In order to
produce large metallic nanoparticles from materials with high
melting points, the previous setup was modified with respect
to the nanoparticle source. The former gas aggregation cluster
source was replaced by a magnetron discharge sputter source
which allows for the formation of beams of neutral metallic
nanometer-sized particles [28]. After the collision, positively
charged reaction products are extracted and analyzed with
respect to their ratio of mass over charge. As nanoparticles
with very high masses (≈50 kD) are to be detected, they are
postaccelerated after the time-of-flight (TOF) analysis to a
plate held at a potential of ≈−20 kV, and secondary electrons
are guided towards a −18-kV-biased channel plate device by a
weak magnetic field. The collision products are analyzed and
registered on an event-by-event basis.

In order to measure the size distribution of the neutral
nanoparticles, they were deposited at very low energies (sev-
eral meV/atom) on a SiO2 substrate or transmission electron
microscope (TEM) grids. Their size is analyzed either with
an atomic force microscope (AFM) [see Fig. 1(a)], yielding
the size histogram [Fig. 1(b)], or with a TEM, which revealed
the particle structure, as shown in Fig. 1(c). The nanoparticle
diameters extend from 3 to 10 nm, with an average size of
6 nm. This corresponds to a particle range containing between
800 and 10 000 atoms with a center at about 6600 Ag atoms.
The maximum of the size distribution depends on the aggre-
gation length in the cluster source, the gas pressure, and the
current of the magnetron discharge. The TEM image shows
the internal structure with atomic rows of a Ag crystal with an
estimated interatomic spacing of 0.25 nm, which is expected
to be ≈0.21 nm. One can observe a different line orienta-
tion within the cluster which might indicate that the cluster
is formed by already preformed smaller clusters in cluster-
cluster collisions. The kinetic energy of charged nanoparticles
with a size of 2400 atoms has been determined to be 3.9 eV,
corresponding to a velocity of ≈50 m/s. This is close to
the velocity of the Ar buffer gas and should therefore also
be similar for neutral particles of the same size. This has to

be taken into account when extracting the ions perpendicular
to the TOF spectrometer. The detection efficiency for ions has
been estimated to be 45%, which decreases towards larger
particle masses, in particular when detected as singly charged
ions. The density of the nanoparticle beam was estimated to be
106 to 107 particles per cubic centimeter. When we compare
these values with the sputter yield in the magnetron nanopar-
ticle source, the comparison yields an overall efficiency of the
neutral beam production of 10−3 to 10−4.

III. RESULTS AND DISCUSSION

A. Mass spectra, multielectron capture, and cluster stability

When collision experiments with highly charged ions are
performed with geometrically large targets, it is of special
advantage to classify the type of collision according to the
impact parameter [see Fig. 2(a)]. Thus, if the impact param-
eter b is larger than the nanoparticle radius RNP, we call the
collision “peripheral,” and the projectile interacts mainly with
the electronic target system. In the present situation of low
collision energies, it is the (multiple) electron capture process
which dominates the interaction. For the case that the impact
parameter is smaller than the nanoparticle radius, the projec-
tile penetrates the target and interacts with both electrons and
heavy nuclei. The importance of both mechanisms depends on
the velocity and the mass of the projectile.

Figure 2(b) shows the geometrical cross section for pen-
etrating collisions for Ag nanoparticles with diameters of 2
and 6 nm. The values are rather large and correspond to about
3 × 10−14 and 2.7 × 10−13 cm2. The total cross sections for
peripheral electron capture, i.e., where the projectile does
not penetrate the nanoparticle, were calculated within the
classical over-the-barrier model (COBM) which was adapted
for ion collisions with a conducting sphere [29,30], using
ionization potentials containing the work function and a
Coulomb term [31,32]. We obtained values between 1 ×
10−13 and 3 × 10−13 and 1.4 × 10−13 and 4.8 × 1013 cm2 re-
spectively, for particle diameters of 2 and 6 nm and for projec-
tile charge states between 2 and 17. From the electron capture
cross sections the central part πR2

NP representing penetrating
collisions was subtracted.
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FIG. 2. (a) Scheme of the collision system, showing the impact parameter b and the nanoparticle radius RNP. (b) Geometrical cross section
(horizontal lines) and cross sections for the total electron capture in peripheral collisions as a function of the projectile charge, shown for two
Ag nanoparticle with diameters of 2 and 6 nm.

For the smaller nanoparticle diameter, electron capture
dominates in the whole range of q values, and the system
behaves in a way which one would expect for ion-atom
collisions. However, for 6-nm particles and low-charge-state
projectiles (q < 8) cross sections for penetrating collisions
overcome those for peripheral ones, and therefore, one might
expect features similar to those observed in ion-solid colli-
sions.

In Fig. 3 the time-of-flight spectrum obtained in collisions
of Ar9+ projectiles at 135 keV with 6-nm Ag nanoparticles
is shown for flight time values of up to 400 μs, which
corresponds to clusters containing about 1100 Ag atoms. The
spectrum consists of two parts: (i) an intense distribution of
small fragments containing one to nine silver atoms with
decreasing intensities reaching the cluster size of 21 and (ii)
a broad distribution in the n/q range from 50 to 1100, which

FIG. 3. Time-of-flight spectrum of silver nanoparticles produced
in Ar9+-Agn collisions at a collision energy of 135 keV.

is not mass resolved and which shows a maximum at around
100 Ag atoms. Whereas the small fragments represent 25%
of the total spectrum, the larger systems make up 75% due
to their larger mass range. When interpreting the intensity,
we have to take into account that the detection efficiency
strongly decreases with increasing cluster mass; hence, the
contribution from larger systems is expected to be much
higher. For these reasons the distribution of the large cluster
products will not be discussed further in this work.

As shown in Fig. 2, the total peripheral electron capture
cross sections are large, reaching for collisions of Ar9+ projec-
tiles with 6-nm Ag nanoparticles a value of 3.3 × 10−13 cm2.
Therefore, we expect that electron capture occurs with high
probability and produces a large number of multiply charged
Ag clusters. The question arises whether these are stable
before their detection or whether they decay by different pro-
cesses. In order to answer this question we show in Fig. 4(a)
the stability diagram for multiply charged Agq+

n systems,
which represents the charge as a function of the cluster size
in a double-logarithmic display. The line marked with ncr

separates the diagram into two regions. In the upper part, the
charged systems are spontaneously unstable as no energetic
barrier exists which could stabilize the system against in-
finitesimally small deformations leading to charge separation.
In the lower part, multiply charged nanoparticles are stable
if the temperature of the system is 0 K, as a finite fission
barrier exists. However, for finite temperatures the system
may overcome this barrier and decay in this region. The
most favorable decay channel depends on the height of the
fission barrier B f compared to the activation energies Ea for
other processes, for example, for the evaporation of a neutral
particle. In the case that B f = Ea, both processes occur in
competition with each other, and we obtain the dot-dashed line
labeled napp (see Fig. 4). For large clusters the appearance size
approaches the critical size as shown in fission experiments
with highly charged sodium clusters [8] [see black dotted line
in Fig. 4(a)].
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FIG. 4. (a) Stability diagram for multiply charged Ag nanoparticles. The appearance sizes for q = 2 and q = 3 are taken from Schulze
et al. [33]. The size distribution of the initial nanoparticles is shown as a dashed line. (b) COB cross sections for multielectron capture by Ar9+

projectiles from Agn (DNP = 6 nm) and Ar atoms.

In order to discuss the ionization probability we show in
Fig. 4(b) multielectron capture cross sections. The data were
calculated for peripheral collisions of Ar9+ projectiles with 6-
nm Ag nanoparticles and compared with an atomic Ar target,
both calculated within the COBM [30]. For the atomic target,
capture is strongly dominated by single-electron capture; the
cross section decreases by a factor of about 1000 for capturing
nine electrons. This is due to the strong increase of the
ionization potential with the charge state of the target (≈15 eV
to 422 eV). In the case of large metallic nanoparticles (6 nm)
the ionization potential increases much slower with the charge
state, thus increasing from 4.6 eV for the neutral system to
about 18 eV for a nanoparticle with a charge of 25. As a con-
sequence, the multielectron capture cross section decreases
only slowly with the number of transferred electrons, for
example, by only a factor of 2 for the single-electron capture
compared to the capture of eight electrons. A large fraction
of the collisions leads to the neutralization of the projectile as
observed in ion-surface collisions. From these considerations
we may conclude that a high degree of ionization is obtained
in peripheral collisions.

Other mechanisms may contribute to additional electron
emission. As by multielectron capture multiply excited states
are populated, these may rapidly decay by fast Auger pro-
cesses during the collision. Thus, in earlier experiments with
highly charged ions (Xeq+) colliding with C60 molecules, it
was shown that processes with very high electron multiplici-
ties (up to 80 electrons [34]) may occur in glancing collisions,
although the production of these high charge states occurs
only with rather small cross sections. Further mechanisms
for electron emission may be based on thermionic electron
emission [35] or the decay of multiple plasmons, depending
on the degree of excitation occurring in the ion collision
[17,36]. On the other hand, it was shown that for large systems

and hence characteristic large impact parameters the static
COBM overestimates the final charge state due to dynamical
effects [37]. It takes time for the electrons to move from
the nanoparticle to the bypassing projectile. When including
this effect in a so-called dynamical COBM for the system
Xe25+/Na196 collisions, good agreement is obtained with
results from calculations with the Vlasov equation [37].

In Fig. 4(a) we add the initial size distribution of the neutral
Ag nanoparticles (taken from Fig. 1), shown as a dashed
curve. When multiply ionized by Ar9+ ions, these particles
will be stable up to very high charge states (q ≈ 30) and can
reach the unstable region only via long evaporation chains. As
an example we may regard the system Ag10+

6000, which, when
hot, will start emitting neutral particles. However, in order to
reach the corresponding appearance size, which is about n ≈
200 for q = 10, nearly the whole particle has to be evaporated,
and ≈5800 atoms have to be emitted. Taking into account the
adhesion energy per atom of ≈2.9 eV, this requires a total
energy of ≈17 keV, which is very unlikely to be transferred
in peripheral electron capture collisions with Ar9+ ions. Thus,
we expect that even for highly charged nanoparticles fission
processes occur only with very low probability.

Concerning penetrating collisions, also here, multiply
charged nanoparticles are produced by electron capture during
the approaching phase. But in contrast to peripheral collisions,
a large amount of energy is deposited in the nanoparticle
itself. In order to roughly estimate the energy deposit we
have considered the projectile energy loss calculated with the
aid of the SRIM program [38] for Ag bulk material. In the
case of an Ar projectile passing at 135 keV through a 6-nm
Ag nanoparticle in a central collision (b = 0), an average
energy of 5 keV is deposited by nuclear stopping processes,
and 4 keV is deposited by the interaction with the elec-
tronic target system. These penetrating collisions may lead to
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FIG. 5. Distribution of small singly charged fragments produced
in collisions of Xe17+ projectiles with neutral Ag nanoparticles at
255 keV.

fragmentation, evaporation, and sputtering, in contrast to pe-
ripheral collisions, which form dominantly multiply charged
stable Ag clusters due to the much lower energy transfer.
Corresponding results were shown for collisions of ions with
sodium clusters which transfer energies from 10 to several
100 eV depending on the projectile charge state and velocity
[39]. The importance of penetrating collisions is particularly
supported by the fact that the distribution of the product ions
does not change strongly when projectiles in very low charge
states are used, for example, O3+ ions, which will not produce
very high charge states by peripheral electron capture.

B. Small-fragment production from large Ag nanoparticles

In order to further quantify the production of small-size
fragments in the case of large Ag clusters, we analyze in the
following their distribution in more detail and compare the
results with those obtained in ion-surface collisions. In Fig. 5
we show the distribution of small singly charged fragments
produced in collisions of Xe17+ projectiles at 255 keV with
large neutral Ag nanoparticles. Earlier measurements with
clusters of fullerenes suggested that the detection efficiency
does not decrease for singly charged particles with sizes up to
about 3600 amu, corresponding to Ag+

30 clusters. This is due
to the strong postacceleration towards the conversion plate in
the TOF system. Therefore, no correction was necessary. We
observe the dominance of singly charged monomers, dimers,
and trimers (see also Fig. 3). With increasing cluster size the
peak intensity decreases, in particular after the closed-shell
systems with 2, 8, and 20 electrons, i.e., for singly charged
ions characterized by n = 3, 9, and 21. Corresponding mass
spectra resulting from the sputtering of a pure silver surface
by a Xe+ projectile ion at energies of 10 keV [40] and 20 keV
[41] show a high degree of similarity with the present spec-
trum concerning the structure and shell-closing phenomena.
Similar mass spectra are also observed after postionization of
the neutral species emitted by sputtering of a Ag surface by
15-keV Xe+ ions [42]. In the same study, the ionic fraction
of the sputtered clusters was determined as a function of their

FIG. 6. Integrated peak intensities as a function of the cluster
size n normalized to the monomer intensity. Squares: spectrum taken
from Fig. 5(a) for Xe17+ ion collisions with Ag nanoparticles; dots:
spectrum taken obtained in Xe+-surface collisions [40].

size. It was shown that this fraction corresponds to about 10−4

for monomers and dimers, and it increases with increasing
cluster size. However, the ionic fraction never exceeds 10%.
Nevertheless, the distribution of small size fragments also
shows a maximum at the monomer and dimer.

In Fig. 6 we compare the integrated peak intensities of
small fragments for free Ag nanoparticles bombarded by
Xe17+ ions at 255 keV with those for a Ag surface irradiated
by Xe+ projectiles at a collision energy of 10 keV [40]. In
both cases the monomer ion is found to be the dominant
fragment, as already reported for ion- or atom-surface col-
lisions [40–42]. In general we find a very strong similarity.
For both data sets, strong even-odd oscillations show up,
favoring systems which are characterized by an even number
of electrons, i.e., odd numbers of atoms for singly positively
charged clusters. Electron pairing leads to slightly higher
binding energies as well as ionization potentials and causes
this phenomenon. In particular, clusters containing 6, 10, and
20 atoms are low intensity in both cases, probably due to a
lower stability of the systems. All these findings indicate that
large silver nanoparticles essentially behave like nanosurfaces
and that sputtering phenomena are the main reason for the
presence of small fragments.

Another test for this hypothesis is made by a comparison
of the produced ion yields (integrated over the small systems,
including the monomer, dimer, and trimer ions) with an exper-
imental sputter yield formula established for projectiles in dif-
ferent charge states and kinetic energies with surfaces [43]. In
Fig. 7 we show the relative fragment yields obtained with the
projectiles O2+ (30 keV), O3+ (45 keV), Ar6+ (90 keV), Ar9+

(135 keV), and Xe25+ (255 keV). These values are normalized
with respect to the Xe data of the empirical formula, and they
are displayed as a function of the product of the square root of
the mass m and the inverse projectile velocity v. In the present
parameter range this product is close to the nuclear stopping
power, which is the main mechanism for sputtering events.
The good agreement between both data sets underlines that
surface sputtering is the main mechanism for producing small
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FIG. 7. Comparison of sputter yields. The values are normalized
to that for collisions with Xe25+ projectiles. Squares: integrated in-
tensities for monomers, dimers, and trimers measured in the present
experiment for different projectiles; dots: yield values calculated
with the empirical formula for ion/Ag-surface collisions [43].

fragments when large metallic nanoparticles are bombarded
with ions.

It should be mentioned that for other collision systems
sputtering phenomena have been studied theoretically. Ac-
cordingly, the sputter yield for nanoparticles may be larger
than that for a surface. This was shown for Ga atoms colliding
with Au nanoparticles where a maximum of the sputter yield
is predicted for a particle diameter of 6 nm, for which it may
overcome the yield for a gold surface by a factor of about 4
[25].

IV. CONCLUSION

The interaction of multiply charged ions with large metallic
NPs, studied in the gas phase, is characterized by several
mechanisms. Their relative role depends on the NP diameter
and the charge of the impinging projectile. In the case of a
6-nm Ag NP the geometrical cross is of the order of 2.8 ×
10−13 cm2, provoking penetrating collisions. This value is
larger than the electron capture cross section for peripheral
collisions of multiply charged Aq+ ions if the charge state
is below q = 8. On the other hand, as the electron capture

cross section does not decrease strongly with the number
of captured electrons, multielectron capture processes are
expected to be essential and to produce also highly charged
nanoparticles.

The measured mass-over-charge distribution of the pro-
duced ions contains two parts: large clusters or residues are
expected to be highly charged; however, they are, in most
cases, stable on the experimental timescale due to the large
cluster size. These can be formed in peripheral collisions, but
also contributions from penetrating collisions are present as
similar spectra are observed for low projectile charge states
(O3+).

The small-size fragment distribution is dominated for all
projectile charge states by the monomer ion. This is different
from systems where fission processes are dominant. Thus, for
smaller clusters (Bi〈80〉) the emission of the trimer becomes
dominant for low-charge-state projectiles [28]. Furthermore,
the distribution resembles strongly that obtained in corre-
sponding ion/Ag-surface collisions; also the measured yield
of small fragments agrees well with an empirical formula
established for sputter yields from ion-irradiated Ag surfaces.
Therefore, we conclude that a 6-nm nanoparticle behaves in
the present collision event like a nanosurface where sputtering
becomes more important than electron capture concerning the
production of small fragments.

Concerning radiosensitizing effects, we believe that in
addition to the increased emission of secondary electrons, also
the increased density of Ag particles (fragments in the form of
Ag atoms and small Ag clusters) may play an important role,
for example, by provoking toxicity effects.
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