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Abstract This chapter gives an overview of theoretical and computational studies of
physical phenomena manifesting themselves in photon, electron and ion collisions
with atomic clusters and nanoparticles (NPs). The emphasis is made on ion and
electron scattering as well as photoabsorption of metal NPs which are of current
interest in application in cancer treatments with ionizing radiation. Although the
number of reports on dose enhancement and radiosensitization due to metal NPs
has been rapidly increasing during the past years, physical mechanisms of enhanced
production of secondary electrons and reactive species due to sensitizing NPs are still
a debated issue and require thorough investigation. In this chapter, we elucidate the
essential role of collective electron excitations in the formation of electron emission
spectra of metal clusters and NPs. These effects appear also in other types of nanoscale
systems, such as carbon-based NPs. We also briefly overview a number of recent
Monte Carlo-based studies devoted to the investigation of radiosensitization and
dose enhancement effects for proton irradiation combined with metal NPs.
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1 Introduction

At present, there is a vivid scientific interest in studying the interaction of nanoscale
systems, such as atomic clusters and nanoparticles (NPs), with biological media
because of the large number of possible applications in nanomedicine [1, 2]. One of
the promising ideas is the use of metal-based NPs or small atomic clusters in cancer
treatments with ionizing radiation [3-8]. It has been suggested that such NPs, being
delivered to the tumor region, can act as radiosensitizers. They may locally enhance
the radiation damage of the tumor cells relative to normal tissues thereby increasing
the efficiency of treatments with ionizing radiation. Understanding and exploiting
the nanoscale processes that drive physical, chemical, and biological effects induced
by ionizing radiation in combination with radiosensitizing NPs is within the scope
of an ongoing international project, entitled “Advanced Radiotherapy, Generated by
Exploiting Nanoprocesses and Technologies (ARGENT)”, supported by the Euro-
pean Commission [9]. Activities undertaken within this project are described in more
detail in Chap. 12 of this book.

Currently investigated NPs are generally composed of metals or metal-based
materials that can strongly absorb and re-emit radiation energy, resulting in a local
radiation dose increase when they are accumulated in tumors [10-12]. Such nanoa-
gents delivered to the tumor region can boost the production of secondary electrons,
free radicals, and other reactive species [13—15], which are formed as a result of
energy deposition by ionizing radiation in a biological medium [16, 17]. Of par-
ticular research interest is the production of low-energy electrons which have the
kinetic energy from a few electronvolts to several tens of electronvolts. It is currently
established that the secondary electrons of such low energies play an important role
in the nanoscale mechanisms of biological damage resulting from ionizing radiation
[18, 19].

After the first experimental evidence of radiosensitization by gold NPs [4], a num-
ber of follow-up experiments with platinum, silver and gadolinium-based NPs [20-
24] demonstrated an increase of cancer cell killing during the X-ray irradiation. Sev-
eral experiments were performed also with the combination of NPs and ion beams
[5, 25-27]. Experiments performed at the molecular scale (using plasmid DNA as a
probe) have shown that the addition of platinum NPs during irradiation with C®* and
He?* ions amplifies the induction of important DNA lesions, such as double strand
breaks [5]. Very recently, similar effects were also observed with small platinum and
gadolinium-based NPs irradiated with protons [28].

Despite an increased number of studies on radiosensitization effects of metal NPs,
the physical mechanisms of an enhanced yield of secondary electrons emitted from
these nanoagents and the subsequent enhancement of the reactive species produc-
tion are still not entirely understood. For photon beams, the effects of gold NPs
have been explained recently by microscopic mechanisms [6], however it is still not
established whether similar mechanisms play the main role in the irradiation with
ions. This chapter gives an overview of theoretical studies of physical phenomena
manifesting themselves in photon, electron and ion collisions with atomic clusters
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and NPs. We emphasize the essential role of collective electron excitations in strong
electron emission from these systems. In particular, we describe recent theoretical
and computational studies of the physical mechanisms of the enhanced production
of secondary electrons from sensitizing NPs under ionizing irradiation. We describe
recent achievements in the analysis of electron production by NPs under ion impact,
while irradiation with photons is also briefly discussed. The main focus is made on
gold, platinum, silver and gadolinium NPs, which are of current interest [5-7, 22, 25]
for radiotherapy applications.

2 Monte Carlo Simulations of Dose Enhancement
and Radiosensitization Due to Nanoparticles

Several hypotheses have been proposed recently to understand microscopic mech-
anisms of radiosensitization by gold NPs irradiated with X-rays. Monte Carlo sim-
ulations revealed that the nanoscale dose distribution around gold NPs is highly
non-uniform, so that very high doses are deposited in the nearest region around
the NP. The dose enhancement (i.e., the increase in energy deposited in the target
volume) on the nanoscale was explained by the large number of Auger electrons
produced following ionization in the elements with large atomic number [6, 11, 29].
A similar explanation was also given for nanoscale effects arising in the presence of
gadolinium-based NPs irradiated with X-rays [30]. It was stated that Auger electrons
deposit locally their energy in a region of up to a few tens of nanometers around the
NP, leading to highly localized nanoscale doses.

Despite extensive research on NP sensitization under photon irradiation, much
smaller number of theoretical and computational studies have been carried out for
ion beams. Ion-beam cancer therapy (IBCT) is currently considered as one of the most
promising modern treatment techniques [16, 31, 32] because it allows one to deliver
a higher dose to the target region, as compared to conventional radiotherapy with
X-rays, and also to minimize the exposure of healthy tissue to radiation [32]. Very
recently, several Monte Carlo-based studies have evaluated the local dose enhance-
ment for proton irradiation combined with metal NPs [33-36]. The first study of
this kind was presented in Ref. [33] where electron emission from 4 and 44 nm NPs
composed of gold, platinum, silver, gadolinium, and iron, was investigated by means
of the track structure Monte Carlo code TRAX [37]. In the simulations, the NPs were
irradiated with 2, 80 and 300 MeV monoenergetic proton beams. A data set of elas-
tic and inelastic (direct ionization, production of Auger electrons, and excitations)
cross sections was used in order to track low-energy electrons in the target materials
down to energies of a few eV. The simulations demonstrated that the maximal dose
enhancement is achieved in the case of platinum and gold NPs, being in the range
from 1.9 to 2.5 depending on the NP size. The estimated range of the excess dose
was about 5 nm from the surface of small NPs and about 20 nm from the large ones. It
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was stated that Auger electrons and Auger cascades make a significant contribution
to the observed dose enhancement on a nanoscopic level.

In Ref. [34], Monte Carlo simulations were performed to compare the sensiti-
zation effect of a 50nm gold NP using photon and proton beams. The simulations
were carried out using the TOPAS (TOol for PArticle Simulation) tool [38]. It was
demonstrated that the mechanism by which gold NPs can lead to dose enhance-
ment is different in the case of photon and proton irradiation. For instance, it was
shown that for the same amount of energy absorbed inside the NP the difference in
the doses deposited by secondary electrons within several nanometers from the NP
surface does not exceed 20 % for different radiation sources. However, secondary
electrons produced by kilovoltage photons cause a dose enhancement an order of
magnitude higher than that caused by protons 10 wm away from the NP surface.
Thus, it was concluded that the sensitization effect is radiation type dependent, so
that proton therapy can only be enhanced if the NPs and located in close proximity
to the biological target being effectively internalized in the cells.

In the subsequent work [35] performed by the same group, the authors adopted
the similar methodology to study biological effects of gold NPs radiosensitization,
depending on their size and localization inside a cell. The simulations were performed
for the NPs ranging from 2 to 50 nm in diameter. For the same mass of gold NPs in the
cells, the maximal sensitization effect was observed for smaller systems. This was
explained by a higher fraction of low-energy electrons escaping from the 2 nm NPs
and thus contributing to the local dose enhancement. As a result of the simulations, it
was also concluded that proton radiotherapy can be significantly enhanced with gold
NPs only if these nanoagents are internalized into cells. Because of the shorter range
of secondary electrons generated by protons, as compared to kilovoltage photons [34],
gold NPs cannot contribute to direct DNA damage being located in the extracellular
medium. Thus, the cellular uptake is crucial to bring NPs in close proximity to the
cell nucleus.

In Ref. [36], Monte Carlo simulations were performed to assess the NP-induced
dose enhancement under proton irradiation for several conditions, including several
NP types and sizes (gold and gadolinium NPs with 4 and 50 nm in diameter), various
distances between the radiation source and the NP, and various source sizes. The
simulation results demonstrated that the number of electrons produced by a gold NP
is 2-3 times higher than that emitted from a Gd NP of the same size and exceeds by an
order of magnitude that emitted from equivalent volume of water. The contribution
of Auger electrons to the obtained dose distributions was found to be insignificant
(around 1 % at a few nm distance from the NP surface), that agreed with the results
of Ref. [34] but contradicted with the results of Ref. [33]. This discrepancy was
explained by diverse physical models used in different simulations. The calculated
dose enhancement ratio was equal to 1.4—1.7 for gold and 1.1-1.2 for gadolinium,
depending on the NP size and geometry of the simulation. As a result of this study,
it was concluded that more realistic configurations (i.e., when the proton source is
located not at the NP surface but at some distance from it) lead to a very small increase
in dose deposition that is mostly located within 1-3 nm from the NP surface.
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Most of the above described simulations have been carried out using a ‘Geant4-
Penelope’ physics model for metals, which tracks electrons down to the energy of
100 eV [39]. A similar cutoff exists in other models for tracking low-energy elec-
tromagnetic interactions in Geant4 [39]. Thus, the simulation of secondary electron
production from metal NPs by means of this approach is limited to the electrons
with kinetic energy greater than 100 eV. Microdosimetry models included into the
‘Geant4-DNA’ physics package allow one to analyze the ionization and excitation
spectra in water down to 7.4 eV but are not adapted for studying the production of
low-energy secondary electrons in metal materials. Because of a lack of an accu-
rate description of low-energy electrons in most of Monte Carlo simulations, many
important physical processes involving these particles may be missing, and it may
affect directly the outcome of the simulations. Important phenomena which are not
accounted for in most of such simulations is the formation and decay of collective
electron excitations which play a significant role in the ionization and excitation of
metallic systems. These phenomena are addressed in detail further in this chapter.

3 Collective Electron Excitations in Metal Clusters
and Nanoparticles

Metallic clusters and NPs are characterized by a full delocalization of their valence
electrons. To some extent this feature is also valid for carbon fullerenes and poly-
cyclic aromatic hydrocarbons (PAHs), where the delocalization of electrons takes
place within aromatic rings. Due to the presence of highly mobile delocalized valence
electrons, all these systems are highly polarizable. Collective oscillations of delocal-
ized electrons can be excited by a photon or a charged projectile (e.g., an electron or
an ion). Such collective excitations are known as plasmons [40, 41].

When considering electron, photon and ion collisions with metal clusters and NPs
as well as fullerenes, the delocalized valence electrons often play the most important
role in the formation of the cross sections of various collision processes. Plasmon
excitations appear as prominent resonances in the cross sections, and the position of
the resonance peak depends strongly on the type of a system [42—45]. Investigation
of electron collisions with metal clusters and fullerenes in a gas phase has led to
manifestation of the interference and diffraction phenomena [46-51], the role of
surface and volume plasmon excitations in the formation of electron energy loss
spectra [48—54], as well as the total inelastic scattering [48, 49], photoabsorption [55]
and photoionization cross sections [56, 57]. All these phenomena are described below
in this section.
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3.1 Diffraction of Fast Electrons on Atomic Clusters

The phenomenon of elastic scattering of fast electrons on metal clusters and fullerenes
appears because the ionic density distribution in a cluster is typically characterized by
arigid border. The presence of a surface in a cluster results in the specific oscillatory
behavior of the electron elastic scattering cross sections, which can be interpreted in
terms of electron diffraction by the cluster surface [48, 51]. The detailed theoretical
treatment of the diffraction phenomena arising in electron scattering on metal clusters
and fullerenes was given in Refs. [48-50]. Experimentally, diffraction in electron
elastic scattering cross sections on gas-phase fullerenes was observed for the first
time in Ref. [51].

Let us explain the physical nature of the diffraction phenomena arising in elastic
electron—cluster scattering. For the sake of simplicity, we consider atomic clusters
as spherically symmetric systems with a uniform electron density distribution; this
model is well applicable, e.g., to highly-symmetric ‘magic’-number metal clusters
or carbon fullerenes. The cross section of elastic scattering of a fast electron on a
cluster in the first Born approximation (see, e.g., Ref. [58]) reads as (in this chapter
we use the atomic system of units, me = |e] = h = 1):

do 4

o = q—4F<q>2 : (1)
P2

Here, F(g) is the form-factor of the cluster, g = |p> — p1| is the momentum transfer,
with p;, p; being the momenta of the electron in the initial and the final state,
respectively, and d €2, denotes the differentiation over the solid angle of the scattered
electron. The magnitude of ¢ is related to the scattering angle § = p; p> < 1 rad
via:

7> =Pt +p3 — 2pipacosf = 2p7(1 — cos ) ~ pi6” . ©)

The form factor of the target, F'(g), can be expressed as product of the form factor
of the atomic concentration, n(q), and the form factor of a single atom, Fa (g):

F(q) = Fa(q) )_ % = Fa(q) n(q) 3)
j

where the summation is performed over all coordinates, r;, of all atoms in the cluster.
The applicability of this approximation has been examined in Ref. [51] for metal
clusters and fullerenes.

The form factor of the atomic concentration, n(q), depends on the geometry of
the cluster. In the case of the metal cluster, assuming a homogeneous distribution of
atoms in the volume of the cluster of the radius R, one derives

, “4)

n(g) = 3N [sin (gR)  cos (qR)} _ sy 1R

(gR)? (gR)? gR
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where j; (gR) is the spherical Bessel function of the first order and N is the number
of atoms in the cluster [48]. The simplest approximation for the description of a
fullerene is to assume that carbon atoms are uniformly distributed on the surface of
a sphere of the radius R. In this case, one derives

sin(gR)

oR &)

n(q) =N

This form-factor oscillates with the period ¢ = 27/R < 1. These oscillations form
the diffraction pattern of the differential cross section (1) which possesses a series
of diffraction maxima and minima whose positions are mainly determined by the
radius of the target.

Figure 1 presents the dependence of the cross section do/d£2;,, on the scattering
angle 0 for elastic collision of a 809-eV electron with the Cg¢ fullerene [51]. The figure
shows that the cross section possesses a series of diffraction maxima and minima.
Experimental data points obtained in Ref. [51] in the two sets of measurements
are illustrated by open and closed circles. The cross section dependence obtained
theoretically is shown by a solid curve. Experimental data have been normalized to
the theoretical cross section at the second diffraction maximum (6 = 5°). Figure 1
shows quite a good agreement of the experimental and the theoretical results in
position of the first and the second maxima. The entire pattern of the differential
cross section obtained theoretically is very similar to that measured in experiment.

In the vicinity of the diffraction maxima at 6 < 10° the cross section greatly
exceeds the elastic scattering cross section on the equivalent number of isolated atoms
because of the coherent interaction of the projectile electron with the fullerene sphere.
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Fig.1 Experimental (symbols) and theoretical (solid curve) angular dependencies of the differential
elastic scattering cross section in collision of a 809 eV electron with the Cgp molecule. Symbols
correspond to the two independent sets of measurements. Dashed curve is the cross section for the
mixture containing 60 % of Cg( and 40 % of equivalent isolated carbon atoms. The figure is adapted
from Ref. [51] with editorial modifications
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In the region 6 > 10°, where g > 1, the projectile electron scatters on individual
carbon atoms of the fullerene rather than on the entire molecule. Therefore diffraction
features of the cross section in the region # < 10° are much more pronounced than
in the region 6 > 10°.

In the region 6 < 10°, where ¢ < 1, the theoretical cross section has zeros while
the experimental one does not. The presence of zeros at g &~ mk/R < 1 where k
is integer, in the theoretical curve is the consequence of the coherent scattering of
electron on the fullerene sphere.! However, in experiment, zeros in the cross section
can disappear because of the presence of carbon atoms or some other impurities
in the gas cell. Figure 1 also shows the differential cross section for the mixture
containing 60 % of Cgy and 40 % of isolated carbon atoms (the dashed curve). The
differential electron elastic scattering cross section on single carbon atoms does not
have diffraction oscillations and thus it forms the smooth background removing
zeroes in the angular dependence of the cross section.

3.2 Inelastic Scattering of Electrons on Atomic Clusters

Plasmon excitations in metal clusters and fullerenes have been intensively studied
during the past several decades, see, e.g., Refs. [40, 59—66]. They were observed
in photoabsorption experiments with metal clusters [42, 43] and in photoionization
studies with fullerenes [44, 67-70].

In the photoionization experiments, only the dipole plasmon excitation mode (the
angular momentum / = 1) can be effectively probed [71, 72]. Electron collective
modes with higher angular momenta can be studied in the fast electron—cluster colli-
sions if the scattering angle of the electron is large enough [48—51]. Dipole plasmon
resonances of the same physical nature as in the case of the photoabsorption or
photoionization dominate the electron energy loss spectrum (EELS) if the scatter-
ing angle of the electron, and thus its transferred momentum, is sufficiently small.
With increasing scattering angle plasmon excitations with higher angular momenta
become more probable. The actual number of multipoles coming into play depends
on the cluster size.

In the process of inelastic scattering the projectile electron undergoes the transition
from the initial electron state (g1, p;) to the final state (¢;, p,) which is accompanied
by the ionization (or, excitation) of a target from the initial state i with the energy ¢;
to the final state f with &.

UIn the region > 10°, where g > 1, the process of elastic scattering on the fullerene shell with the
subsequent excitation of surface multipole plasmons becomes dominating. This process is described
by the formulas of the second Born approximation which was used to correct the calculated cross
section at large values of transferred momentum.
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The matrix element, M, which defines the amplitude of the inelastic scattering is

given by
M=(f2]> L
’ a |r_ra| 7
1

=Z/@“m@mm——wmmwﬁwmwn 6)

|I'—l‘a|

where {r,} =r;...ry are the position vectors of the delocalized electrons in the
target, r is the position vector of the projectile, ¢§+) (r) and wé_)(r) stand for the
initial- and the final state wave functions of the projectile, respectively. Superscripts
(+) and (—) indicate that asymptotic behavior of the wave functions is ‘plane wave
+ outgoing spherical wave’ and ‘plane wave + incoming wave’, respectively.
The matrix element can be written as follows:
i > ; (N

= [ sl iy
g (2m)
where q = p; — p» is the transferred momentum.

If the velocity of a projectile is high and significantly exceeds the characteris-
tic velocities of delocalized electrons in the target, the first Born approximation
is applicable [48]. Within this approximation the initial and the final states of the
incident electron can be described by plane waves:

z eldTa
a

Py =P, @) =P ®)

Then, the amplitude of the process reduces to

4 .
M:?@Zwm

i> . )
q=p1—Pp2

The magnitude ¢ is related to the scattering angle as g ~ p?6? under the assumption
that the energy loss w = €1 — ¢ is small, w < € (which implies p; & p,) and the
scattering angle is small, § < 1 rad.
Performing the multipole expansion of the exponential factors in (9) (see, e.g.,
Ref. [73]), one obtains:
i > , (10)

M = 4x le Y;,,(q) <f Z (bl(ra)Ylm(ra)
Im a
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where the notation

]1(6]7”)

Gi(r) = 4m (1)

is introduced and j; is a spherical Bessel function of the order /.
Let us consider a general expression for the cross section of the scattering process:

=_5(wﬁ—w)22| (2 )3 dpy . (12)

pol;  pol;

Here w; = ¢f — ¢, the sign Zpol denotes the summation over the projection of

the final state f orbital momentum, whereas Z ol, denotes the averaging over the
projections of the initial state orbital momentum, and dpy is the density of final states
of the target.

Substituting the scattering amplitude (10) into Eq. (12), one derives the doubly
differential cross section:

_Ip /
dEQdez - ™ P1 Z ‘<

Vim(€) = ¢1(r)Yim (r) (14)

5(wﬁ —w)dpr, (13)

Z Vin(ra) | i

where

is the multipolar potential of the fast projectile, d£2,, denotes the differentiation over
the solid angle of the scattered electron and sign f dpy means the summation over
the final states (which includes the summation over the discrete spectrum and the
integration over the continuous spectrum).

3.3 Plasmon Resonance Approximation

An effective tool for evaluation of the contribution of plasmon excitations to the
excitation and ionization spectra of different atomic clusters and NPs is based on the
plasmon resonance approximation (PRA) [48, 50, 55, 72]. This approach postulates
that the dominating contribution to the cross section in the vicinity of the plasmon
resonance frequency comes from collective electron excitations, while single-particle
effects give a much smaller contribution. Hence, one can neglect single-particle
excitations when calculating the matrix element in Egs. (12) and (13). During the past
decades, this approach has provided a clear physical explanation of the resonant-like
structures in photoionization spectra [55, 57, 74] and differential inelastic scattering
cross sections [48, 50, 53, 54, 74-76] of small metallic clusters and nanoparticles,
as well as carbon fullerenes by the photon, electron and ion impact. It was also
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applied [55, 77-79] to describe the dynamic response of alkali and noble metal
clusters in the processes of radiative electron capture, polarization bremsstrahlung,
and multiphoton excitation.

According to Kubo linear response theory [48, 80], the integral on the right-hand
side of Eq. (13) can be related to the variation of electron density caused by an
external electric field, and the following substitution can be performed:

”ngm»Z

Here, §p;(w, g; r) is the density variation due to the exposure of the system to the
multipolar potential V;,,(r). In a general case, this variation depends on the transferred
energy w, transferred momentum ¢ and the position vector r.

Using (15) in (13), the doubly differential cross section acquires the form

1
0ws —w)dpr — — Im/ Vi ()opi(w, g; r)dr . (15)
T

d2 1 p2
= Im| 7, 16
dsgd.sz 2 )2 Z m[ 1w, q)] (16)

where

bM@=Z/%®MMmML (17)

In the general case, an atomic cluster can be considered as a spherically symmet-
ric system where the charge is distributed homogeneously between two concentric
spheres. The width of a spherical shell is defined as AR = R, — R; where R}, R, are
the inner and the outer radii of the system, respectively. The equilibrium electron
density distribution py(r) is expressed via the number N, of delocalized electrons
and the system’s volume V:

_ N./V forRi <r <R,
o= { 0 if otherwise . (18)
The volume of the spherical shell reads as
4 4
V= ;T(R3 R?) - ?ﬂRg(l — 53) , (19)

where ¢ = R|/R, < 1 is the ratio of the inner to the outer radii. Such a “jellium”-
shell representation has been successfully utilized for the description of plasmon
formation in carbon fullerenes [53, 54, 57] and fullerene-like hollow gold clusters
(see Ref. [75] and Sect.4). For such a geometry, the density variation can be written
in the following form

Spi(r) = 5p (MO —RNORy — 1) + 0. 8(r —R) + 06(r —Ry),  (20)
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Fig. 2 Left panel: Representation of a target system (e.g., a fullerene) as a spherical shell of a
width AR = R, — R;. Variation of the surface charge densities, (12 and the volume charge den-
sity, 6p™, is also shown. Right panel: Representation of the symmetric (a) and the antisymmetric
(b) modes of the surface plasmon. The figure is adapted from Ref. [72] with minor editorial modi-
fications

where § pl(v) (r) describes the volume density variation arising inside the shell, and
01(1’2) are variations of the surface charge densities at the inner and the outer surfaces
of the shell, respectively (see the left panel of Fig.2). In this expression, & (x) and
d(x) are the Heaviside step function and the delta-function, respectively. The volume
density variation causes the formation of the volume plasmon, while the variations
of the surface densities correspond to two surface plasmon modes, the so-called
symmetric and antisymmetric ones. In the symmetric mode the charge densities of
the two surfaces oscillate in phase, while in the antisymmetric mode they are out of
phase (see the right panel of Fig. 2). The volume plasmon appears due to compression
of the electron density inside the volume of the shell, therefore it does not interfere
with either of the surface plasmon modes [72]. The formation of the volume plasmon
in the electron impact ionization of metal clusters and carbon fullerenes was revealed
in Refs. [52-54]. The model accounting for the contribution of different plasmon
modes was successfully utilized to describe the experimentally observed variation
of the electron energy loss spectra of Cg in collision with fast electrons [53, 54].

The spherical-shell model defined by Eqgs. (18) and (19) is applicable for any
spherically symmetric system with an arbitrary value of the ratio . Supposing £ = 0
(i.e., Ry — 0), one obtains a model of a metallic cluster/NP. As a result, the system
is treated not as a “jellium” hull but as a full sphere, where the electron density is
uniformly distributed inside the sphere of aradius R [49, 52]. In this case, the electron
density variation on the surface and in the volume of the cluster or NP leads to the
formation of the surface (symmetric mode) and the volume plasmon, respectively,
while the antisymmetric surface plasmon mode does not contribute to the cross
section. A detailed explanation of this phenomenon can be found in Ref. [72].

Presenting the multipole variation of the electron density, ép;(w, g; r), as a sum
of three contributions (see Eq. (20)), using the explicit expression for the multipolar
potential V,,(r) (see Egs. (11) and (14)), and performing some algebraic transforma-
tions, one comes to the formula for the differential inelastic scattering cross section
with no damping of plasmon oscillations [72]:
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pEa. 2 2 e

d’o _ 2R P2y Z[W,% Vilg)  wi Su(g) n w3, 521(61)]
derd$2,,  7wqtp w? — w[% w2 —wp  w?—wy

1

In this expression, w), is the volume plasmon frequency associated with the ground-
state electron density py of N, electrons,

3N,
wp=v4ﬁpo=‘/r}7 (22)
2 — I

and wy;, wy; are the frequencies of the two surface plasmon modes of multipolarity /:

1 1/2w
=1 —V1+4a+D2) £ j=1,2 23
W (:F21+1J+<+>§ ) 75 U ) (23)

where ‘—’ and ‘4’ stand for the symmetric (j = 1) and antisymmetric (j = 2) mode,
respectively. The volume plasmon frequency, w,, is independent of [ as it follows
from Eq. (22). Functions V;(g), S1;(g) and Sy;(q) are the diffraction factors depend-
ing on the transferred momentum ¢q. They determine the relative significance of the
multipole plasmon modes in various ranges of the projectile’s scattering angles. The
dominant contribution of different multipole modes results in a significant angular
dependence for the differential electron energy loss spectrum [54]. Explicit expres-
sions for these functions are given in Ref. [72].

Plasmons decay from the collective excitation mode to the incoherent sum of
single-electron excitations; therefore, it is essential to account for the damping of
plasmon oscillations. This can be done by introducing the finite widths, FI(V) and Fj,(s)
(G = 1, 2) of the volume and surface plasmon resonances, respectively, and making
the following substitutions in the right-hand side of Eq. (21):

1 1
2 2 7 2 ()
w? — wy w? — wy Hiwly
1 1 24)
e .
Ww—wp W — w2 iwn

The final formula for the differential inelastic scattering cross section which
accounts for three plasmons and with damping included is:

d’o d?e™ d?gtsv d?g®)
= + + ,
de,d$2y, de,d2p,  derd$2,,  derd$2y,

(25)
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where
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The cross section d>c/de,d 2, can also be written in terms of the energy loss w =

€] — &2 = Ae of the incident projectile of energy ;. Integration of d>c/dAe ds2,,
over the solid angle leads to the single differential cross section:

Gmax

do d?o 27 d?o
9 _ [ag, - gdg— " @7)
dAe dAed$2,, pip2 dAe ds2,,

Gmin

As follows from the expressions presented above, the PRA relies on a few parame-
ters, which include the oscillator strength of the plasmon excitation, position of the
plasmon resonance peak and its width. The choice of these parameters can be justi-
fied by comparing the model-based spectra either with experimental data or with the
results of more advanced calculations. Note that values of the plasmon width cannot
be obtained directly on the basis of the utilized model. A precise calculation of the
widths can be performed by analyzing the decay of the collective excitation mode
into the incoherent sum of single-electron excitations. This process should be con-
sidered within the quantum-mechanical framework [52] and cannot be treated within
the classical physics framework, as the PRA does. In Ref. [52], such an analysis was
made to obtain the values of the surface and the volume plasmon width for a Nay
cluster. This analysis is discussed in the following section.

3.4 Contribution of the Surface and Volume Plasmon
Excitations to the formation of Electron Energy Loss
Spectra of Metal Clusters

Damping of the plasmon oscillations is related to the decay of the collective electron
excitations to the single-particle ones similar to the mechanism of Landau damping in
infinite electron gas. Frequencies of the surface plasmon excitations in neutral metal
clusters lie in the vicinity of the ionization threshold. For instance, in small sodium
clusters, they are below the ionization potential, and single-particle excitations in the
vicinity of the surface plasmon resonance have therefore the discrete spectrum. In this
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case, the width of a surface plasmon excitation caused by the Landau damping should
be treated as the width of the distribution of the oscillator strengths in the vicinity
of the resonance. The problem of the formation of the surface plasmon resonance
widths in clusters was studied in a number of works [52, 81-83].

The resonance frequencies of volume plasmon excitations in metal clusters are
typically located above the ionization threshold. This means that the volume plas-
mon excitations are quasi-stable and have the real channel of the Landau damping
leading to the ionization of the cluster [52]. Thus, the process of inelastic scattering
in the region of transferred energies above the ionization threshold can be described
as follows. The projectile particle induces the oscillations of the electron density in
the cluster; in turn, they cause oscillations of the electric field which result in the
ionization of the cluster. The similar scenario takes place with damping of the sur-
face plasmon resonances in fullerenes [84], which also decay via the autoionization
channel.

The differential cross section of the electron inelastic scattering on metal clusters
obtained in the PRA with accounting for both surface and volume excitations [52]
reads as:

d? 4R 2w
z 7 Z(zz+ 1% (gR) R 5 (28
dszd.sz Tq (W2 — w2 + w? (FI(S))
2R w2 w F(V)
+ =2 Z(21+1) bl
™q p1 (w2 — wp2)2 +w2(1'*l )

2
[ GR) — jir1(gR)ji- 1(qR)—q—le+1(qR)Jl(qR)i|

where w, = +/3N./R? is the volume plasmon resonance frequency and w; =
A1/21 + 1)wp is the frequency of a surface plasmon excitation with the angular
momentum /, FZ(V) and FI(S) are the corresponding widths. The cross section (28) is
similar to the expression obtained in Ref. [85] for electron scattering on small metal
particles by means of classical electrodynamics.

According to Ref. [52], the width of the surface plasmon resonance in the PRA
is equal to:

2
5(&)1 —Eu + 51/)7 (29)

)| v
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e _ ‘ )
! @1+ DR Z <d’f

where ¢ (r) = 3, [(*/R)'OR — r) + (R/r)+V0(r — R)] Y1, (n). Note that the
same expression was obtained in earlier studies [81, 82] using other methods. Eval-
uation of the expression (29) for sufficiently large clusters leads to the well-known
result for the Landau damping of the surface plasmon oscillations, Fl(s) = 3] vg/R,
where vr is the velocity of the cluster electrons on the Fermi surface [82].
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In the PRA, one can also determine the autoionization width of the volume plas-
mon resonance [52], which is equal to:

2
82w, 2| ‘(wﬂ @?V)(r)’wu> 5wy — &, + £,)dp

G(V) — > %P R : : _ . ’ (30)
R ji(qR) — jis1(qR)ji-1 (gR) — ji+1(qR)ji(gR)

where <pl(v) r=>, [jl(qr) —Jji(gR) (r/R)l] O(R — r)Y},,(n). The summation is per-
formed over the occupied single-electron states v and the integration is performed
over the electronic states y of the continuous spectrum.

The projectile particle excites simultaneously numerous modes of the volume
plasmon. The sum of the potentials of all the modes gives the resulting potential
<p;v) (r). It is essential that all normal modes of the volume plasmon have the same
resonance frequency wy, but the excitation probability for these modes depends on
the kinematics of collision. This leads to the dependence of the volume plasmon
potential gol(v) (r) upon the transferred momentum. The oscillations of the volume
plasmon potential result in the ionization of the cluster, which probability and the
volume plasmon resonance width depend on transferred momentum g. However, the
numerical analysis [52] showed that the dependence of FZ(V) on q is rather weak in the
region of ¢ < 1, where collective electron oscillations mainly take place. Therefore,
the volume plasmon resonance width with the given / can be approximated by the
limiting value following from Eq. (30) at ¢ = 0:

2 2
rv = @i+ 5)”;% Z/ W“ S(wp —eu+e)dp. (31)

& o= 1)

Figure 3 shows the dependence of the autoionization width Fl(v) on the transferred
momentum ¢ for the volume plasmon modes, which provide significant contribution
to the EELS. The width of the dipole, quadrupole and octupole volume plasmon
resonances has been calculated according to Eq. (30). The transferred momentum g
plays the role of the wave vector for the volume plasmon excitations. All three plas-
mon modes have the similar dependence of FZ(V) upon g. The width grows slowly in
the region of small g and it decreases rapidly at larger ¢. In the latter region, the prob-
ability of volume plasmon excitation by the incoming electron is correspondingly
reduced. Note that the wave length of a collective electron oscillation should be larger
than the inter-electronic distance in the cluster, i.e. plasmon wave vector should be
smaller than the Fermi momentum of cluster electrons. In the region g < 0.5, where
the latter condition is fulfilled, the dependence of FI(V) upon ¢ is rather weak, and
the resonance width can be approximated by the following values: Fl(v) >~ 0.5wp,
Fz(v) >~ 0.3wp, and F3(V) 2~ 0.23wy. Contrary to surface plasmons, the autoionization
width of a volume plasmon decreases with the growth of the angular momentum.

Figure4 shows the EELS of a sodium Nayg cluster in collision with a 50-eV
electron at the scattering angle 6 = 9°. The figure illustrates the region of transferred
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Fig.3 Autoionization width I“I(V) of the dipole (I = 1), quadrupole (/ = 2) and the octupole (/ = 3)
volume plasmon excitations as a function of transferred momentum ¢. The figure is adapted from
Ref. [52] with editorial modifications
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Fig. 4 Differential cross section d2o/ de,d$2p, as a function of the transferred energy w calculated
for the collision of a 50 eV electron with a Nayg cluster for the scattering angle 6 = 9° [52]. Solid
lines represent the RPAE results (see the text for further details). Contributions of the surface and
the volume plasmons calculated in the PRA (28) are shown by dashed and dotted lines, respectively.
Dashed-dotted line represents the sum of these two contributions

energy above the ionization potential, w > 3.3 eV, where volume plasmon modes
become significant. Solid curves illustrate the spectrum calculated using the random
phase approximation with exchange (RPAE) method [49, 71]—an ab initio method
which takes into account many-electron correlations in a many-particle system. In
Fig.4, the thick curve corresponds to the total EELS calculated with RPAE, while
thin curves show various partial contributions corresponding to different angular
momenta (I = 0to4). These curves are marked by numbers. The partial contribution
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to the EELS with [/ < 3 have the broad maximum in the vicinity of w >~ 5.1 eV.
Comparison of the EELS calculated within the ab initio RPAE approach and the
PRA (dash-dotted curve) confirms that idea that the peculiarity in the EELS in the
vicinity of w ~ 5 eV is connected with the volume plasmon excitation. Figure4
demonstrates that collective excitations provide dominating contribution to the total
EELS determining its pattern.

3.5 Polarization Effects in Low-Energy
Electron—Cluster Collisions

In the previous section, we have mainly focused on the collisions of fast electrons
with metal clusters and fullerenes. When considering low-energy electron—cluster
collisions, i.e., when the velocity of the projectile is lower or comparable with char-
acteristic velocities of the delocalized cluster electrons, polarization effects come into
play [71]. In Ref. [48], on the basis of the Born theory of electron—cluster collisions,
it was shown that electron collisions with metal clusters in the region of collision
energies below 3-5 eV should be treated as slow, while for fullerenes, the region
extends up to 30 eV.

In the low-energy electron—cluster collisions the role of the cluster polarization
and exchange-correlation effects increases dramatically. The polarization potential
of electron—cluster interaction sometimes changes completely the qualitative picture
of the collision. For instance, this takes place when considering low-energy electron
elastic scattering on metal clusters. In this case, the resonant structures can appear
in the energy dependence of the electron elastic scattering cross section due to the
presence of the bound or quasi-bound states in the system [86, 87].

During the past decades, considerable attention has been devoted, both experi-
mentally and theoretically, to the problem of electron attachment to metal clusters
and fullerenes. The electron attachment process is one of the mechanisms which
leads to the negative cluster ion formation in gases and plasmas and thus it attracts
the interest of numerous researchers. Low-energy electron—fullerene scattering was
studied in Refs. [88-91]. For metal clusters, the electron attachment problem has
been the subject of the intensive experimental [92—-96] and theoretical [77, 97-100]
investigations. Below, this problem is discussed in more details.

The very simple picture of attachment is described in many textbooks (see, e.g.,
Ref. [101]). Let us assume that there exists a Langevin attractive potential of the
form

(0%
V() =——

2r4 (32)

outside the cluster radius. The constant « is the static polarizability of the cluster.
One can then show that there is an orbiting cross section,

2120 12
U:< ) , (33)
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which sets an upper limit bound to the attachment cross section (the so-called
Langevin limit). Here, ¢ is the kinetic energy of the projectile electron. This simple
treatment, if valid, would explain the behavior of the cross section in the vicinity of
the threshold.

It is known that metal clusters possess a high polarizability (see, e.g., Ref. [59]);
hence, large capture cross sections are anticipated. However, simple attempts to
account for attachment by using the static polarizability o are not in accordance with
observations [93]. The great weakness of the Langevin model is the treatment of «
as an approximate constant. In fact, it possesses a complicated energy dependence
due to the dynamical polarizability of the metallic cluster.

The possibility of resonances in the capture cross section was considered theo-
retically in Refs. [77, 97]. It was demonstrated that low-energy electrons can excite
a collective plasmon resonance within the metal cluster in the electron attachment
process as a result of a strong dipole deformation of the charge density of the cluster.
Later this idea was commented in the context of the measurements performed in
Ref. [92], although no clear evidence of the resonant behavior was found. The total
inelastic scattering cross sections measured in Ref. [92] included attachment as only
one of several possible contributing channels.

The resonant electron attachment mechanism was called in Refs. [77, 97] a “polar-
izational capture” in analogy with the similar mechanism known in the theory of
bremsstrahlung (see, e.g., Ref. [79] and references therein). An important conse-
quence of the polarization mechanism is that the low-energy electron falls into the
target and the probability of this process is enhanced. Since the process as a whole
is resonant, the enhancement is greatest for energies rather close to the plasmon
resonance in the dynamic polarizability of the cluster.

In the attachment process, the electron loses its excess energy. Emission of the
photon via the polarizational mechanism, is one of the possible channels of the energy
loss [63, 77, 78, 97, 98, 102, 103]. The energy of the electron can also be transferred
to the excitations of the ionic background of the cluster [104], which may lead to
increase of its vibrations and final fragmentation. In spite of the significant physi-
cal difference between various channels of the electron energy loss, they have one
important common feature: the energy is transferred to the system via the plasmon
excitation. Therefore, calculating the total electron attachment cross section includ-
ing all possible channels of the electron energy loss in the system, one obtains [98,
99] qualitatively similar dependence of the cross section as it was obtained initially
for the radiative channel of electron energy loss [77].

In Ref. [77] the attachment cross section has been calculated within the jellium
model in a scheme which holds best if the kinetic energy of the electrons is some-
what higher than the energy of the resonance. Also, it was assumed that the attached
ion is created in the ground state. As a useful step in simplifying the calculation, a
Kramers-Kronig transformation procedure was introduced to compute the polariz-
ability from the absorption coefficient, thereby circumventing the need for full ab
initio calculations. Within this approximate scheme, it was found [77, 97] that the
resonant attachment cross section dominates over the non-resonant one by a factor
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of about 10°~10* near resonance, and is therefore a very significant pathway for
electrons of low enough energy.

In Refs. [98, 99], the earlier theoretical work on attachment was extended by
including the following improvements: (a) all possible channels of the electron attach-
ment were included and the total cross section of the process was calculated rather
than analyzing a particular single channel; no assumption that the system can only
return to its ground state had been made; (b) theoretical approximation was used
to treat electron energies not only in the resonance region, but also throughout the
range of interest; (c) an RPAE calculation of the dynamical polarizability was per-
formed along with the corresponding electron attachment cross sections on the basis
of the consistent many-body theory with the use of the Hartree-Fock jellium model
wave function; (d) calculations were performed for both neutral and charged clus-
ter targets; (e) the polarization effect on the incoming particle as well as collective
excitations of different multipolarity in the target electron system were taken into
account; (f) Dyson’s equation was used to reduce the problem of the interaction of an
extra electron with a many-electron target system to a quasi-single-particle problem
in a similar way as it was done for negative atomic ions calculations [105].

An example of such a calculation is shown in Fig.5a. This plot represents the
total and partial electron capture cross sections calculated for neutral potassium Kg
cluster. The inset demonstrates the photoabsorption spectrum of Kg. In Ref. [99] this
calculation was performed in various approximations outlined above. It was found
that the resonance pattern in the electron capture cross section for the Kg cluster
turns out to be similar in various approaches, although for some other sodium and
potassium clusters it is more sensitive to the approximations made [99]. The plasmon
resonance in the electron capture cross section is shifted on the value of energy of
the attached electron as compared to the photoabsorption case shown in the inset.

Experimental evidence for the resonance enhancement of the cross sections of
electron attachment process has been obtained in Ref. [94]. The experimental points
from the cited paper are shown in Fig. 5b. Comparison of the two panels of Fig.5
indicates the reasonable agreement between the predictions of theory and the exper-
imental results. However, more precise measurements would be desirable to resolve
the more detailed structures in the electron attachment cross sections.

The plasmon resonance enhanced mechanism of electron attachment consid-
ered above is typical for metal clusters rather than for carbon fullerenes. Although
fullerenes have many similarities in the properties with metal clusters and also possess
the plasmon resonances, the energies of these resonances are much higher (~7 eV
and ~20 eV) and thus cannot be reached at low kinetic energies of the projectile
electron.

3.6 Relaxation of Electronic Excitations in Metal Clusters

As described above, the plasmon resonances in metal clusters may lie below the
ionization thresholds, i.e., in the region of the discrete spectrum of electron excita-
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tions [61]. This fact rises an interesting physical problem about the eigenwidths of
these electronic excitations which possess large oscillator strengths and form the plas-
mon resonances. Knowledge of these widths is necessary for the complete description
of the electron energy loss spectra, electron attachment, polarization bremsstrahlung
and photoabsorption cross sections in the vicinity of the plasmon resonances and the
description of their dependence on the cluster temperature. The dependence of the
plasmon resonance photoabsorption patterns of metal clusters on temperature has
been studied experimentally in Ref. [106].

In metal clusters, the origination of the electron excitation widths is mainly con-
nected with the dynamics of the ionic cluster core [104, 107-112]. Let us focus
on the influence of the dynamics of ions on the motion of delocalized electrons in
metal clusters and discuss it on the basis of the dynamic jellium model suggested in
Ref. [107] and developed further in Refs. [104, 113]. This model generalizes the sta-
tic jellium model [114—116] which treats the ionic background of an atomic cluster
as frozen by taking into account vibrations of the ionic background near the equilib-
rium point. The dynamic jellium model treats simultaneously the vibration modes
of the ionic jellium background, the quantized electron motion and the interaction
between the electronic and the ionic subsystems. In Ref. [107], the dynamic jellium
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model was applied for a consistent description of the physical phenomena arising
from the oscillatory dynamics of ions.

An important example of the effect, originating from the interaction of the ionic
vibrations with delocalized electrons, is the broadening of electron excitation lines.
The interest to the problem of the electron excitation linewidths formation in metal
clusters was stimulated by numerous experimental data on photoabsorption spec-
tra, most of which were addressed to the region of dipole plasmon resonances
[40, 59, 62].

The dynamic jellium model [107] allows one to calculate widths of the electron
excitations in metal clusters caused by the dynamics of ions and their temperature
dependence accounting for the two mechanisms of the electron excitation line broad-
ening, namely, an adiabatic and a non-adiabatic (or dynamic) ones.

The adiabatic mechanism is connected with the averaging of the electron excita-
tion spectrum over the temperature fluctuations of the ionic background in a cluster.
This phenomenon has also been studied in a number of papers [104, 107—112]. The
adiabatic linewidth is equal to

41n2 2
I = cth
ms2 2kgT

Here m and £2 are the mass and frequency corresponding to the generalized oscillatory
mode considered, T is the cluster temperature, kg is the Bolzmann constant, and

A
Vn n

. (34)
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‘Vm’ is the matrix element of the electron phonon coupling, calculated for surface

and volume cluster vibration modes in Ref. [104].

The mechanism of non-adiabatic electron excitation line broadening has been
considered for the first time in Refs. [104, 107]. This mechanism originates from the
real multiphonon transitions between the excited electron energy levels. Therefore,
the dynamic linewidths characterize the real lifetimes of the electronic excitations in
a cluster.

According to Ref. [107], the probability of a multiphonon transition from an
excited cluster state with electronic and phononic quantum numbers n and N to all
possible states (n/, N') is equal to
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Here H,y, is the half-distance between the electron energy levels €,(g) and €, (g) in
the tangent point,

v(@o) = /2 [ = 25@N —1— 1) + 5] /28 (36)

is the ion velocity in the tangent point, which is expressed via the number of emitted
phonons [ = N’ — N, where N’ and N are the phonon numbers, and the parameter
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distance between the turning points and the tangent point, being equal to
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where Z, = (I — §)/~/2S. The expression for ¢, is the same, but the parameter Z,
is equal to Zy = (I + S)//2S.

The adiabatic broadening mechanism explains the temperature dependence of the
photoabsorption spectra in the vicinity of the plasmon resonance via the coupling of
the dipole excitations in a cluster with the quadrupole deformation of the cluster sur-
face. The photoabsorption spectra were calculated within the framework of deformed
jellium model using either the plasmon pole approximation [108, 109] or the local
density approximation [110-112, 117, 118]. In Ref. [112], the octupole deformation
of the cluster surface was taken into account. It was demonstrated that the octupole
deformation increases the Landau damping as a result of breaking the selection rule,
leading to a mixture of the dipole and the quadrupole electronic excitations. Via this
mechanism, the octupole deformations of the cluster surface provide the dominating
contribution to the thermal broadening of electron excitation lines in small metal
clusters.

In Refs. [104, 107] both the adiabatic and non-adiabatic linewidths of electron
excitations in the vicinity of the plasmon resonance caused by coupling of electrons
with various ionic vibration modes have been calculated. The behavior of the adia-
batic and non-adiabatic linewidths as a function of temperature is shown in Fig. 6. The
non-adiabatic linewidths characterize the real lifetimes of cluster electron excitations.
Naturally, the non-adiabatic widths turn out to be much smaller than the adiabatic
ones due to the slow motion of ions in the cluster. However, the adiabatic linewidths
do not completely mask the non-adiabatic ones because the two types of widths
manifest themselves differently. The adiabatic broadening determines the pattern of
the photoabsorption spectrum in the linear regime. The non-adiabatic linewidths are
important for the processes, in which the real lifetime of electron excitations and the
electron-ion energy transfer are essential. The information about the non-adiabatic
electron-phonon interactions in clusters is necessary for the description of elec-
tron inelastic scattering on clusters [48—50, 52], including the processes of electron
attachment [77, 98, 99], the non-linear photo-absorption and bremsstrahlung [63, 78,
97, 102], the problem of cluster stability and fission. The non-adiabatic linewidths
determined by the probability of multiphonon transitions are also essential for the
treatment of the relaxation of electronic excitations in clusters and the energy transfer
from the excited electrons to ions, which occurs after the impact- or photoexcitation
of the cluster.
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Fig. 6 Panel a shows temperature dependence of the adiabatic linewidth I”, calculated according
to (34) for the dipole electron excitation with the energy w, = 3.013 eV in the Nayg cluster. Dashed
curves labeled as 1, 2 and 3 show the adiabatic width corresponding to the electron coupling with
the three first volume vibration modes, respectively. Dashed-dotted curve shows the adiabatic width
arising from the electron coupling with surface vibrations of the cluster. Solid curve shows the total
adiabatic linewidth. Panel b shows temperature dependence of the non-adiabatic width calculated
according to Eq. (35) for the dipole excitation with the energy w, = 3.013 eV in the Nayg cluster.
The figures are adapted from Refs. [104, 107] with minor editorial modifications

In Refs. [104, 107] the role of the volume and the surface vibrations of the ionic
cluster core in the formation of the electron excitation linewidths was investigated.
It was demonstrated that the volume and surface vibrations provide comparable
contributions to the adiabatic linewidths, but the surface vibrations are much more
essential for the non-adiabatic multiphonon transitions than the volume ones.
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4 Collective Electron Excitations as a Source of Strong
Low-Energy Electron Emission from Metal
Nanoparticles

As described in the previous section, an important mechanism of ionization or exci-
tation of metallic clusters and NPs, as well as some other nanoscale systems, relies
on the formation of plasmons—collective excitations of delocalized valence elec-
trons that are induced by an external electric field [40, 41]. These excitations appear
as prominent resonances in the ionization/excitation spectra of various atomic and
molecular clusters, and the position of the resonance peak depends strongly on the
type of a system. In the case of metallic nanosystems, a typical energy of the plas-
mon excitations is about several electronvolts, so the resonance peak is located in
the vicinity of the ionization threshold [42, 43].

In the recent Monte Carlo simulation [33], the authors included the contribution
of plasmon excitations when calculating the spectra of electron emission from metal
NPs under proton impact. However, having accounted for the volume plasmon only,
they concluded that the plasmon excitation does not play an important role in the
process of electron emission, contributing much less to the overall cross sections
than individual excitations. On the contrary, the recent studies [74, 75] revealed that
a significant increase in the number of emitted electrons due to irradiation of noble
metal NPs by fast protons comes from the two distinct types of collective electron
effects, namely excitation of delocalized valence electrons in a NP (plasmons) and
that of d electrons in individual atoms (atomic giant resonances).

The contribution of the plasmon excitations was evaluated by means of the
PRA (see Sect.3.3). In Ref. [75], parameters of the utilized model approach were
justified by calculating photoabsorption spectra of several three-dimensional gold
clusters. The PRA-based spectra were compared with those obtained by means
of a more advanced method, namely by time-dependent density-functional theory
(TDDFT) [119]. To evaluate the contribution of individual atomic excitations, an
analytical expression was introduced, which relates the cross section of photoion-
ization with that of inelastic scattering in the dipole approximation. In Ref. [74],
this methodology was applied for different metal NPs, which have been proposed as
sensitizers in radiation therapy applications.

4.1 Collective Electron Excitations in Gold Clusters Under
Photon Impact

Figure 7a presents the photoabsorption spectra of the Aujg, Auyg, Aus, and Augp
clusters calculated by means of TDDFT for the photon energy up to 60 eV [74, 75].
The spectra, having a similar profile, are characterized by a low-energy peak located
below 10 eV and by a broad feature with a maximum at about 25 eV. The analysis
performed in Refs. [74, 75] has revealed that the high-energy feature is the atomic
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giant resonance formed due to the excitation of electrons in the 5d atomic shell. The
integration of the oscillator strength from 20.2 eV (ionization threshold of the 5d
shell in a single atom of gold) up to 57.2 eV (the 5p shell ionization threshold [120]),
indicated that about eight localized d-electrons contribute to the excitation of the 5d
shell forming the broad peak in the spectrum.

The low-energy peak is due to the plasmon-type excitation, which involves some
fraction of s and d electrons delocalized over the whole cluster. The delocalization
comes from a partial hybridization of the 6s and 5d atomic shells. Figure 7b shows
the TDDFT-based photoabsorption spectrum of a highly-symmetric icosahedral Aus;
cluster with the diameter of about 0.9 nm (thin solid curve). The results of the calcu-
lation are compared to the X-ray absorption data for atomic gold [120], multiplied
by the number of atoms in the cluster. The integration of the spectrum of Aus, up to
11.2 eV, that is the energy at which the first dip after the resonance peak is observed in
the TDDFT spectrum, revealed that about 1.5 electrons from each atom contribute to
the collective plasmon-type excitation. On the basis of this analysis, it was stated [74,
75] that the total photoabsorption spectra of gold clusters in the energy region up to
60 eV can be approximated by the sum of the plasmon contribution and that of the
5d electron excitations in individual atoms, o, ~ o + 054.
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4.2 Collective Electron Excitations in Small Gold
Nanoparticles Under Charge Particle Impact

Similar to the photoionization, the two distinct types of collective electron excitations
appear in the process of charge particle impact ionization. The single differential
inelastic scattering cross section of a fast projectile in collision with a cluster/NP is
then given by
do N dop  doy
dAe  dAe ' dAe’

(38)

where Ac = 1 — ¢; is the energy loss of the incident projectile of energy ¢, p;
and p, are the initial and the final momenta of the projectile, and 2, is its solid
angle. The cross sections dop; and doy; denote the contributions of the plasmon and
individual atomic excitations, respectively.

The contribution of the plasmon excitations to the ionization cross section has
been described by means of PRA. In this approach, the double differential cross
section d’o/dAe d€2,, for a spherical NP is defined as a sum of the surface (s)
and the volume (v) plasmon terms, which are constructed as a sum over different
multipole contributions corresponding to different values of the angular momentum /
(see Sect.3.3):

dZO_(s) wl(S)Z n(s)
— X
2 2
dAsds2,, ; (wz _ w[(S)Z) + wg(rl(s))

(39)
Re® wﬁ rl“)

dAzds2, Y
€ P2 l(w _wp) +w(1—})

Here w® = \/I[/Q2I + 1) w, is the frequency of the surface plasmon of the multi-
polarity /, w, = /3N./R? is the volume plasmon frequency, and the quantities Fz(i)
(i = s, v) are the corresponding widths. Only the dipole (I = 1), quadrupole (I = 2)
and octupole (I = 3) terms were taken into account in this analysis. Excitations with
larger [ have a single-particle rather than a collective nature [71], thus not contribut-
ing to the plasmon formation. The cross sections (39) were obtained within the first
Born approximation which is applicable for the collision of a NP with a fast heavy
projectile.

As mentioned above, the PRA relies on a few parameters, which include the
oscillator strength of the plasmon excitation, position of the peak and its width. In
the dipole case, these were validated by fitting the TDDFT-based spectra of several
three-dimensional gold clusters to those calculated within the model approach (see
Sect.4.1).

Figure 8a shows the cross section dop/dAe calculated for a 1 nm gold NP irra-
diated by fast protons of different incident energies as indicated. The figure demon-
strates that the amplitude and the shape of the plasmon resonance depend strongly on
the kinetic energy of the projectile. At high velocities, the dipole contribution dom-
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inates over the higher multipole contributions, since the dipole potential decreases
slower at large distances than the higher multipole potentials. Figure 8b illustrates
the contribution of different plasmon modes to the spectrum of a I nm gold NP irra-
diated by a 1 MeV proton. The main contribution to the cross section in the region
of low-energy transfer comes from the surface plasmon, which exceeds that of the
volume plasmon by more than an order of magnitude. Thus, the leading mechanism
of low-energy electron production by gold NPs is related to the surface plasmon
which has not been accounted for in the Monte Carlo simulations [33].

The d electrons in the atoms of noble metals play a dominant role at the excitation
energies from approximately 20 to 60 eV (see Fig. 7 for the case of gold). For distant
collisions, i.e., when the impact parameter exceeds the radius R, of the atomic shell,
the ionization spectra of the gold atoms are dominated by the dipole term [58].
Comparison of the cross sections of photoionization, ¢, and the dipole term of
inelastic scattering, do,/dAe, calculated in the Born approximation, leads to the
following expression [74, 75]:

dow _ ia7 In (%) , (40)

dAe  Twv? w
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where w = €] — &, is the energy transfer and v; is the projectile velocity. Equa-
tion (40), obtained within the so-called “logarithmic approximation”, assumes that
the main contribution to the cross section do,/d Ae comes from the region of large
distances, Ry, < r < v;/w. This relation has the logarithmic accuracy which implies
that the logarithmic term dominates the cross section while all non-logarithmic
terms are neglected [79]. Making an estimate for the gold atoms, it was assumed
that w &~ 1 a.u. which corresponds to the maximum of the 54 giant resonance
in gold [120], v; &~ 6.3 a.u. for a 1 MeV proton, and the electron shell radius
Rs4(Au) =~ 2 a.u. The interaction of the incident projectile with the NP leads to
the formation of a giant resonance not in all atoms of the system but only in those
located within the impact parameter interval from 7, =~ Rsg tO Fmax = v1/w. This
estimate indicates that the 5d giant resonance is formed in about one third of atoms
of the NP.

To quantify the production of secondary electrons in collision with the NPs, the
cross section do/dAe (38) is redefined as a function of the kinetic energy E of the
electrons: E = Ae — I, where I, is the ionization threshold of the system. The cross
section do/dE can be related to the probability to produce N electrons with kinetic
energy within the interval dE, emitted from a segment dx of the trajectory, via [16]:

ENE)  do

—— 0 =n—, (41)
dxdE dE

where 7 is the atomic density of the target.

Figure 9 shows the relative enhancement of the electron yield from a 1 nm gold
NP compared to an equivalent volume of pure water. The data for the gold NP have
been normalized to the spectrum for liquid water [121]. The dashed line shows the
contribution of the plasmon excitations to the electron yield, while the dash-dotted
line presents the contribution from the atomic 54 giant resonance, estimated using

Fig. 9 Electron yield 60
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Eq. (40). Making this estimate, we have assumed that the ionization cross sections of
individual atoms are dominated by the dipole excitation. Contribution of quadrupole
and higher multipole terms will lead to an increase in the number of emitted electrons
but their relative contribution will be not as large as that from the dipole excitation.
Accounting for the plasmon contribution leads to a significant additional increase
in the number of 1-5 eV emitted electrons as compared to the pure water. Due to
the collective electron excitations arising in the 1 nm gold NP, it can thus produce
up to 50 times larger number of the low-energy electrons comparing to the equivalent
volume of pure water medium. The enhancement of the secondary electron yield may
increase the number of hydroxyl radicals [15] which recombinate with each other to
form more stable hydrogen peroxide H,O, [122]. The latter can propagate for large
distances inside the cell and deliver damage to the DNA in the cell nucleus even if the
NPs are localized in other cell compartments [25]. Thereby, the results of the analysis
performed in Refs. [74, 75] have indicated that the decay of the collective electron
excitations in gold NPs is an important mechanism of enhancement of the yield of
secondary species. However, more investigation is needed to acquire the complete
understanding of all physical and chemical processes involved into the process of
radiosensitization due to the NPs.

4.3 Electron Production by Different Metal Nanoparticles

A similar analysis was performed for other metal systems, which are of current
interest for cancer treatment with sensitizing NPs. The electron production due to
collective electron excitations in small NPs composed of gold, platinum, silver, and
gadolinium was analyzed in Ref. [74]. Figure 10 presents the number of electrons
per unit length per unit energy produced via the plasmon excitation mechanism by
the 1 nm spherical metal NPs due to 1 MeV proton irradiation. Comparative analysis
of the spectra demonstrates that the number of low-energy electrons (with the kinetic
energy of about a few eV) produced due to the plasmon excitations in the noble metal
NPs is about one order of magnitude higher than that by liquid water.

The low electron yield from the gadolinium NP, as compared to the noble metal
targets, is explained by the density effects (the atomic density of Gd is about two
times smaller than that of the studied noble metals) as well as by the lower plasmon
frequency. The maximum of the plasmon resonance peak in the gadolinium NP
(4.1 eV) is located below the ionization potential of the system (~5.0 eV) [123]. In
the case of noble metal NPs, the plasmon peak maxima are in the range between 5.5
and 6.0 eV, being in the vicinity of the ionization thresholds. Therefore, the plasmon
decay in noble metal NPs results in the more intense electron emission as compared
to the gadolinium NP. In the latter case, the plasmon will mostly decay into the
single-electron excitations, which can lead to the vibration of the ionic core as a
result of the electron-phonon coupling (see Sect. 3.6).

Similar to the case of gold shown in Fig. 9, we have estimated the total number of
electrons produced due to the collective excitations in the metal NPs by accounting for
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the contribution of excitations in individual atoms. Figure 11 demonstrates the relative
enhancement of the electron yield from the considered NPs as compared to pure
water. This quantity was obtained by summing up the contribution of the plasmons
and individual atomic excitations. Contrary to the noble metals, the Gd atom has
a single electron in the 5d shell. Thus, there is no atomic giant resonance in the
ionization spectrum of Gd in the 20-60 eV range, and the spectrum is characterized
by anarrow peak at w & 1.2 a.u., formed due to ionization of the 5p shell. The dashed
lines present the contribution of the atomic giant resonances (5d in Au and Pt, and
4d in Ag) as well as the total 5p 4 5d contribution in Gd, estimated using Eq. (40).
The solid line is the sum of the excitations in individual atoms and the plasmons. The
significant yield enhancement arises in those nanoparticles whose constituent atoms
possess the giant resonance, contrary to case of gadolinium which has a single 5d
electron.



268 A. Verkhovtsev et al.

The presented results demonstrate that accounting for the plasmon contribution
leads to a significant increase of the 1-10 eV electron yield. For higher electron
energies (of a few tens of eV), the main contribution to the electron yield arises from
the atomic giant resonance associated with the collective excitation of outer-shell
d electrons in individual atoms of a NP. As a result of these effects, the number
of the low-energy electrons generated by small noble metal NPs (especially, those
composed of gold and platinum) significantly exceeds that produced by an equivalent
volume of liquid water representing a biological medium.

4.4 Analysis of Different Kinematic Conditions
Jor Charged-Particle Impact

The evolution of the contribution of the plasmon and the giant resonance mecha-
nisms at different kinematic conditions, namely for different projectile velocities
and for the NPs of different sizes, was analyzed in Ref. [75]. It was demonstrated
that the plasmon contribution to the low-energy (of about 1-10 eV) electron yield
from the gold NP can exceed significantly that due to the atomic giant resonance with
decreasing the projectile’s energy. Indeed, as follows from Eq. (40), ate; = 0.1 MeV
(v; = 2.00073 a.u.), the dipole term of the 5d inelastic scattering cross section is
strongly suppressed, as the In(v; /wRs,) term approaches zero. In this case, the yield
of electrons with kinetic energy below 5 eV due to the plasmon excitation exceeds
that due to the 54 atomic excitation by the factor of about 10° [75]. This analysis
demonstrated that the plasmon mechanism dominates the low-energy electron emis-
sion when the incident energy is close to that of an ion in the vicinity of the Bragg
peak.

Figure 12 presents the electron yield from the solid gold NPs of different size
irradiated by the 1 and 0.1 MeV protons. Metal NPs of this size range were studied
recently in relation to the radiotherapies with charged ions [5, 25]. At certain condi-
tions, the contribution of the plasmon excitations saturates, so that larger NPs emit
a smaller number of electrons via the plasmon damping mechanism. It was shown
previously [48] that the dipole mode of the plasmon excitations arising in a NP gives
the dominating contribution to the ionization cross section when the characteristic
collision distance exceeds significantly the NP size, v;/w > D/2, where D is the
NP diameter. At large collision distances, the dipole contribution dominates over
the higher multipole contributions. Terms with higher / become significant only in
the case when the collision distances become comparable with the cluster size. This
means that for a given incident energy the plasmon mechanism of electron produc-
tion will be efficient for relatively small NPs, while the dipole plasmon mode will be
suppressed for larger D. A small increase in the number of 5 eV electrons produced
by larger NPs as compared to the smaller ones is the result of an increased role of
the volume plasmon due to the increased volume/surface ratio. A similar scenario
holds for other incident velocities [75].
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S Enhanced Low-Energy Electron Production by Carbon
Nanoparticles

As it was outlined throughout this chapter, excitation of plasmons by an external
electric field is a characteristic feature of not only metallic but also, to some extent, of
carbon nanoscale systems. For instance, it is well established that plasmon excitations
dominate the spectra of photon- and charge-particle impact ionization of fullerenes
and polycyclic aromatic hydrocarbons [44, 45, 51, 53, 57, 124, 125].

A recent work [76] presented the spectra of secondary electrons ejected from a
carbon NP composed of fullerite, a crystalline form of Cg fullerene, irradiated by fast
protons. It was demonstrated that the decay of plasmons excited in carbon NPs also
enhances the production of low-energy secondary electrons in a biological medium.
The contribution of plasmon excitations to the electron production was evaluated by
means of the PRA, and the results of these calculations were compared to the model
calculations based on the dielectric formalism [121] and Monte Carlo simulations,
carried out for pure water medium and for the medium with an embedded NP.

Figure 13 presents the relative enhancement of the electron yield from a 50nm
carbon NP as compared to the equivalent volume of water due to irradiation with
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1 MeV protons. The enhancement was calculated by comparing the contribution of
the plasmon excitations to the electron yield from pure water calculated by means
of the dielectric formalism (dashed line) and Monte Carlo simulations (symbols).
Depending on the data to be chosen as a reference, the collective electron excitations
result in 2-3 times greater number of emitted 10 eV electrons as compared to the case
of water. This effect is less pronounced than the enhancement done by small noble
metal NPs which can produce up to 15-20 times greater number of electrons via the
plasmon decay mechanism as compared to water (see Sect.4.3). On the other hand,
this enhancement results in an excessive emission of the very low-energy electrons of
about a few eV, while the carbon-based NP can enhance the yield of more energetic
electrons. On this basis, an idea was proposed [76] about considering novel metal-
organic sensitizing NPs, where collective excitations will arise in both parts of the
system. A proper choice of the constituents may allow for tuning the position of
the resonance peaks in the ionization spectra of such systems and, subsequently, for
covering a broader kinetic energy spectrum of electrons emitted from such NPs.

6 Conclusions

We presented an overview of theoretical and computational studies of physical phe-
nomena related to the formation and the decay of collective electron excitations in
atomic clusters and nanoparticles. These phenomena have a common physical nature
and manifest themselves in collision with photons and charged projectiles like elec-
trons, protons or heavier ions. We also made a brief overview of recent Monte Carlo-
based studies which have been devoted to the investigation of radiosensitization and
dose enhancement effects for proton irradiation combined with metal nanoparticles
which are of current interest for radiation therapy applications. Because of a lack
of the description of collective electron effects in most of Monte Carlo simulations,
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many important physical phenomena may be missing. In the presented overview, we
emphasized the role of collective electron excitations in various collision processes
with atomic clusters and nanoparticles. An accurate description of these phenomena
may lead to a better and more complete understanding of the physical picture related
to the nanoscale mechanisms of radiation damage in the presence of nanoagents.
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