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Abstract. Monte Carlo method was used to simulate secondary ionization processes and energy absorption
in water around gold nanoparticles with diameters ranging from 2 to 100 nm after photoionization by
photons with energies in the range of 20 to 80 keV. The spectra of secondary photons and electrons
emitted by nanoparticles arising from cascade decay of inner vacancies in ionized gold atoms were
calculated. The average energies re-emitted by nanoparticles by secondary photons and electrons were
calculated as functions of nanoparticle diameter, as well as radial dependencies of local absorbed dose
in water near the surface of nanoparticles of various diameters. It is shown that the nanoparticle re-emits
most of the energy of absorbed primary photons with photoelectrons and Auger electrons. The greatest
contribution to the number of secondary ionization events and absorbed dose near the nanoparticle surface
comes from Auger electrons formed as a result of cascade relaxation of vacancies in the inner electron

shells of gold atom:s.

DOI: 10.31857/5004445102408e054

1. INTRODUCTION

Currently, radiosensitizers based on metallic
nanoparticles (NPs) are being intensively studied
inphotontherapyofoncologicaldiseases[1—3]. Delivery
of nanoparticles directly to tumor tissue followed by
hard X-ray irradiation allows to significantly increase
the absorbed dose inside the tumor and minimize
radiation damage to healthy tissues.

The physical basis of the effect of radiosensitizers
based on metal nanoparticles with high atomic
numbers is as follows. First, due to the fact that
the photoionization cross-section increases with
atomic number, the introduction of nanoparticles
containing heavy atoms into the tumor leads
to an increased probability of photon absorption
within the tumor. Second, during photoionization
of nanoparticle atoms by hard ray radiation, the inner
shells of nanoparticle atoms are predominantly
ionized, and the decay of vacancies in them isa cascade
of sequential radiative and non-radiative transitions.
As shown in studies [4—6] using the example
of vacancy decay in K- and L-shells of Fe, Ag and Au
atoms, a significant number of Auger electrons with
energies from 10 eV to 15 keV are emitted, which,
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together with the photoelectron, carry away most
of the energy of the initially absorbed photon. Third,
the inelastic mean free path of Auger electrons
in water and biological tissues ranges from 1 to 10 nm.
As a result, Auger electrons emitted by an ionized
nanoparticle possess high stopping power and can
produce numerous secondary ionization events
in the immediate vicinity of the nanoparticle surface
within the cancer cell causing radiolysis of water
molecules and formation of reactive oxygen species
leading to oxidative stress and cancer cell death.

When  developing  radiosensitizers  based
on nanoparticles, it is necessary to have quantitative
information about the energy spectra of photons
and electrons emitted by them, about the number
and spatial distribution of secondary ionization
events they cause and the energy absorbed in these
events, as well as to know the dependence of these
characteristics on the composition and size
of nanoparticles and on the energy of primary
photons.  Since experimental determination
of these characteristics on a nanometer scale inside
the cell is hardly possible, the traditional approach
to solving this problem is computer simulation
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using the Monte Carlo method. A good review
on the application of the Monte Carlo method
for modeling radiosensitization processes using
metallic nanoparticles is given in [7].

Currently, there are well-established
and comprehensively tested software packages
for Monte Carlo simulation of ionizing radiation
interaction with matter, such as Geant4-DNA
[8, 9] and PENELOPE [10]. However, it should
be noted that the cascade decay processes
of inner-shell vacancies, which play a major role
in the radiosensitization mechanism, are described
rather crudely in these software packages. The key
characteristics in describing the cascade relaxation
of electron vacancies in atoms are the partial widths
and energies of radiative and non-radiative transitions.
Geant4-DNA and PENELOPE use partial widths
and transition energies from the EADL library [11],
which presents data for transitions from electronic
configurations with a single vacancy. At the same time,
the cascade decay of a deep vacancy in a heavy atom can
consist of a large number of non-radiative transitions.
For example, as a result of the decay of a 2s -vacancy
in a Au* ion an average of 9.2 clectrons are emitted
[12]. Thus, many cascade transitions during the decay
of inner vacancies occur in multi-hole electronic
configurations. As shown in [13—15], using transition
energies from single-hole configurations to describe
cascade decays of deep vacancies leads to erroneous
accounting of energetically forbidden non-radiative
transitions, significant distortion of decay trees, and,
consequently, substantial errors in the calculated
characteristics of vacancy cascade decays.

On the other hand, there are currently well-
developed methods for describing vacancy cascade
decays in isolated atoms (see [13] and References
therein). In [16, 17], a method was developed
for describing vacancy cascade decay processes
by construction and analysis of the decay tree.
In this method, the transition energy is calculated
as the difference between the average total energies
of the initial and final multi-hole configurations
ofthe transition, and the possible overlap of multiplets
of initial and final configurations is taken into account
using the method of global characteristics of atomic
spectra [18]. Additionally, in [16, 17], a simple
and sufficiently accurate method was proposed
for accounting for the influence of electronic
configuration on partial transition widths.

The method of constructing and analyzing
the decay tree was applied in [6, 12, 13, 19] to describe
the decay of vacancies in the inner shells of an isolated
gold atom. In [12, 13], the charge spectra of final gold
ions formed as a result of cascade decays of inner
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vacancies in various subshells were calculated. In [6,
19], the spectra of photons and electrons emitted
during the cascade relaxation of vacancies were
calculated, the average energies re-emitted by the gold
atom with photons and electrons were determined,
and the dependencies of re-emitted energies
on the primary photon energy ionizing the gold atom
were calculated in the range from 0.01 to 10° keV.

The approximations proposed in [16, 17]
for calculating energies and partial transition widths
in describing the cascade decay of vacancies were
subsequently implemented in the Monte Carlo
algorithm for simulating the effects of ionizing
radiation on matter [20—23].

In [22], Monte Carlo method was used
to calculate the spectra of photons and electrons
emitted by isolated iron nanoparticles with diameters
from 2 to 130 nm upon absorption of photons with
energies up to 11 keV. The energies absorbed by
the nanoparticle and re-emitted into the surrounding
medium with secondary photons and electrons were
determined. It was established that when the energy
of primary photons is below the ionization threshold
of the K-shell of Fe atom, most of the absorbed
photon energy is re-emitted by the nanoparticle with
secondary electrons (primarily photo- and Auger
electrons) with energy sufficient for ionization
of water molecules. When the energy of primary
photonsisabovethe K-threshold, asignificant portion
of energy is carried away from the nanoparticle
by 2p — ls-photon, emitted with high probability
at the first step of 1s-vacancy decay in the iron atom.
With increasing nanoparticle diameter, the number
of low-energy electrons emitted with energies up
to 10 eV increases. They are formed in secondary
ionization events by electron impact of iron atoms
inside the nanoparticle. Such low-energy electrons
are not capable of ionizing tissue molecules
surrounding the nanoparticle but can lead to DNA
molecule destruction through the mechanism
of dissociative electron attachment [24].

In [23], Monte Carlo simulating of energy
dissipation in water during cascade decays of inner-
shell vacancies in iron ion Fe* located in water was
performed. The dependencies of absorbed dose
on the distance from iron ion were calculated.
It was established that the decay of a single Fels-
vacancy induces on average 232 acts of secondary
ionization of water molecules by electron impact,
in which approximately 3274 eV is absorbed, and 18
acts of secondary photoionization, in which 256 eV
is absorbed.

In this work, the Monte Carlo method
implemented in [20—23] is applied to study energy
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absorption processes occurring in water near
the surface of a gold nanoparticle irradiated with
photons having energies from 20 to 80 keV. The aim
of this work is to calculate the radial distribution
of secondary ionization events and absorbed dose
depending on the energy of primary photons
and nanoparticle diameter.

2. METHOD OF CALCULATION

Simulation of photon and electron interaction
processes with atoms is perfomed in a spherical
interaction zone with a radius of R, = 100 um,
which is approximately 10 times larger than
the characteristic linear size of cancer cells.
At the center of the interaction zone, there is a gold
nanoparticle with a diameter D,, ranging from 2
to 100 nm, and the space outside the nanoparticle
is filled with water (Fig. 1). The nanoparticle
and water are considered in the approximation
of non-interacting atoms. The volume concentration
of gold atoms in the nanoparticle equals
N, = 5.90 - 102 cm~3 corresponding to the density
ofssolid gold 19.3 g/cm?.The concentrations of oxygen
and hydrogen atoms in water, n, = 3.34 - 102 cm™
and ny = 2n,, correspond to liquid water with
a density of 1 g/cm?.

Each Monte Carlo test begins with photoionization
of one of the nanoparticle atoms by a photon with
energy hv. The location of initial photoionization
is randomly selected assuming equal probability
of photon absorption at any point inside the
nanoparticle, since the mean free path of incident
photons is many times larger than the NP diameter.
The selection of the ionized n/;-subshell of the gold

Fig. 1.
experiment. Black solid line — primary photon incident
on the nanoparticle, red solid lines — tracks of secondary
electrons, green dashed lines — secondary photons

Scheme illustrating the Monte Carlo
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atom is performed using a random number generator
based on partial photoionization cross sections. As
a result of primary photoionization, a photoelectron
is produced, which is added to the list of secondary
electrons for further simulation of its track
in the interaction zone, and a vacancy is created
in the nl-subshell of the ionized atom. Then,
the procedure for simulating the cascade decay
of the formed vacancy is initiated.

2.1. Simulating of vacancy cascade decay

Let C© be the initial electronic configuration
of an ionized gold atom with a vacancy
in the n/-subshell. At the first decay step, all
energetically and symmetrically allowed radiative
and non-radiative (Auger, Coster-Kronig, and
super-Coster-Kronig) transitions from configuration
C® to configurations CV are analyzed. For each
allowed transition C© — C((xl), partial widths
F(C(O) — C((Zl)) are calculated and relative
probabilities y(C® — C(g})), also called branching
ratios, are determined:

rc? - c)

© _, Dy’
E/ rc” —c,’)
(2%

wC? — )= (1)

After that using a random number generator
based on the calculated branching ratios (1), one
of the possible transitions c® C((xl) is selected,
and the photon (in case of radiative transition) or
electron (in case of non-radiative transition) emitted
as a result of the selected transition is added to the list
of secondary photons and electrons for further
tracking of their propagation.

If the configuration Cél) formed as a result
of the first decay step has vacancies in inner
subshells, the cascade decay modeling continues.
Transitions filling each of the inner vacancies present
in configuration C((xl) are analyzed, and partial
widths and branching ratios are calculated for all
allowed transitions. Then, based on the calculated
branching ratios, one of the transitions C((xl) — P
is randomly selected, and the photon or electron
emitted as a result of the transition is added to the list
of analyzed secondary particles.

The modeling of vacancy cascade decay continues
until a transition is selected after another step that
leads to the formation of a stable ionic configuration
where all vacancies are located in the outermost
subshell.

The energies of cascade transitions are calculated
as the differences between the average energies
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of the initial and final ionic configurations
of the transition, pre-calculated in the Pauli-Fock
approximation [25, 26], taking into account spin-orbital
splitting. The multiplet structure of levels caused by
electrostatic interaction of electrons is approximately
accounted by using the method of global characteristics
of atomic spectra [18]. In the case of closely-lying-
in-energy configurations, to account for multiplet
overlap, the energy and partial width of the transition
are adjusted, as described in detail in [13]. In total,
to model the cascade decays of vacancies in the gold
atom, it was necessary to optimize 86,592 different
multi-hole ionic configurations.

To calculate the partial widths of radiative
and non-radiative transitions, the radial parts
of atomic orbitals calculated in the Pauli-Fock
approximation are used. The approximation
proposed in [16, 17] is used, which allows relatively
simple and acceptably accurate calculation
of transition widths in arbitrary ionic configurations
containing an arbitrary number of vacancies
in different subshells. A detailed description
of the procedure for calculating partial widths
of transitions in arbitrary multi-hole configurations
is given in [13, 23]. Also, [13] provides calculated
partial widths of radiative and non-radiative
transitions in a gold atom with one vacancy.

2.2. Simulating the propagation of secondary photons
and electrons

After completing the simulation of the cascade
decay of a vacancy in the initially ionized gold atom
within the NP, the simulation of secondary photons
and electrons propagation begins. The propagation
of secondary particles in the interaction zone
is considered in the pair collision approximation,
within which the interaction of the considered
particle with matter represents a set of sequential
interaction acts between the particle and individual
atoms of the substance [27]. Between two such
consecutive acts of interaction (emission, absorption,
or scattering), the particle (photon or electron)
moves in a straight line. The particle's free path s
is generated based on the mean free path A:

s = —\In(E), (2)

where £ is the value of a random variable with uniform
lawintheinterval (0;1). The mean free path ofaparticle
in matter is calculated based on the interaction cross
sections of the considered particle with medium
atoms ¢, and atomic concentrations #,:
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If the considered particle is inside the NP, then
its mean free path is calculated based on interaction
cross sections with Au atom (in the denominator
of formula (3) stands n,,,04,), and if the particle
is in water, then based on interaction cross-sections
with atoms H and O (in the denominator stands
nyoy + hoop). If as a result of a random length free
path s the particle crosses the NP boundary moving
from NP to water or vice versa, then the intersection
point of the particle trajectory with the NP surface
is determined. Then from this point, a new step
is made in the same direction, but with a random
length s’, calculated based on the particle interaction
cross sections with atoms of the area into which
the particle had moved.

In this work, we consider the photoionization
of a gold NP by photons with energy up to 80 keV,
which is less than the ionization potential of gold
atom's ls-shell, [1,,,,~8l keV. Therefore,
the deepest vacancy that can form in an atoms
of gold as a result of primary photoionization,
is a vacancy in the 2s-subshell, whose ionization
potential equals /,,,, ~ 14.4 keV. Consequently,
the maximum energy of secondary photons formed
as a result of vacancy decay in NP atoms does not
exceed 14.3 keV. In this energy range, for both
gold and water, the photoionization cross section
exceeds the coherent and Compton scattering
cross sections by 1—3 orders of magnitude.
Therefore, when modeling the propagation
of secondary photons in the interaction zone,
we neglect coherent and Compton scattering
and only consider photoionization processes.
Thus, a photon emitted during vacancy decay
is either absorbed by one of the atoms within
the interaction zone (in the NP or in water) or
leaves the zone. In the case of photon absorption
inside the zone, based on partial photoionization
cross sections, using a random number generator,
the choice of the ionized atom (O or H for photon
absorption in water) and the ionized subshell
is made. In the case of inner subshell ionization
of Au or O atoms, the above-described procedure
for modeling cascade vacancy relaxation
is initiated, and the photons and/or electrons
emitted during this process are added to the list
of secondary particles for further analysis.

The partial cross sections of photoionization
for gold, oxygen, and hydrogen atoms used
in modeling the propagation of secondary photons
were calculated in the dipole approximation
using Pauli-Fock wave functions in [6] for Au
and [23] for O and H, and are in good agreement
with data from other authors. Here we present
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the total photoionization cross section of the gold
atom (Fig. 2) and the total photoionization cross
section of the water molecule (Fig. 3) calculated
as the sum of photoionization cross sections
of hydrogen and oxygen atoms, 0y, = 20y + O,

in comparison with cross sections from the NIST
SRD 126 database [28] for photoionization
processes and for coherent and Compton scattering.

When simulating the propagation of secondary
electrons, two types of processes are considered: elastic
scatteringofanelectrononanatomandatomionization
by electron impact. The total cross section of electron
interaction with an atom a (a = Au,O,H) at electron
kinetic energy t consists of the elastic scattering cross
section and impact ionization cross section,

O_Z)t(t) — O'ZlaSt(l‘) + O_Zmiz(t)

The ionization cross section of an atom a by
electron impact, in turn, consists of partial ionization
cross sections of all its #/-subshells,

o) = o)
nl

If after a free path with a random length
calculated using formula (2) with total cross sections
o (1), the electron remains in the interaction zone
(m NP or in water), then using a random number
generator, an atom with which the electron collided
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Fig. 2. Cross sections of photon interaction with Au
atom. Solid line — total photoionization cross section,
calculated in [6] and used in this work. NIST SRD
126 database data [28]: circles — photoionization
cross section, dashed line — coherent scattering cross
section, dotted line — Compton scattering cross
section. Vertical dotted lines mark Au ionization
distribution
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is selected (O or H if the electron experienced
a collision in water), and then the type of event
that occurred (elastic scattering or ionization of any
atomic subshell) is selected.

In case of selecting elastic scattering, using
differential with respect to the polar scattermg angle v
elastic scattering cross sections do® as’(t v)/dv a new
direction of electron motion is randomly selected.

In the case of selecting the ionization process
of the nl-subshell of atom a by electron impact
based on the differential with respect to the energy
of the ejected electron € cross section of ionization
of the given subshell doy’f(t,€)/de a random
selection of energy of the ejected electron ¢
is performed, and the energy of the scattered electron
decreases:

where/, 11sthe ionization potential ofthe n/-subshell
of atom a. Further, based on the law of conservation
of momentum, the new direction of motion
of the scattered electron and the direction of motion
of the ejected electron are determined. The vacancy
formed as a result of ionization in the n/-subshell
of atom « is analyzed for the possibility of its decay,
and if the decay is possible, then the procedure for its
simulation is initiated.
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Fig. 3. Photon — water molecule interaction cross-sections.
Solid line — total photoionization cross section calculated
in [23] as the sum of photoionization cross sections
of hydrogen and oxygen atoms and used in this work. NIST
SRD 126 database data [28]: circles — photoionization cross
section, dashed line — coherent scattering cross section,
dotted line — Compton scattering cross section. Vertical
dotted lines mark the ionization thresholds of O and H
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Differential do'*(t,v)/dy and total ¢%° (1)
cross sections of elastic electron scattering on atoms
Au, O and H at electron energy f< 50 eV were
calculated in the partial wave approximation [29]
using the radial parts of the scattered electron
wave functions calculated in the Pauli—Fock
approximation. At electron energy ¢ > 50 €V, elastic
scattering cross sections from the NIST SRD 64
electronic database [30] are used in the simulations.

The ionization cross sections of atoms Au, O
and H by electron impact during the simulation
were calculated using the semi-empirical binary-
encounter Bethe (BEB) approximation [31].
For electron energies above 10 keV, a relativistic
modification of the BEB approximation was used
[32]. The partial and total ionization cross sections
of atoms by electron impact calculated in this
approximation are presented in Fig. 4 for Au atom
and in Fig. 5 for atoms H and O in comparison with
theoretical and experimental results of other authors
[31, 33—36]. Also, Fig. 5 shows the electron impact
ionization cross section of the water molecule,
calculated in the independent atom approximation
as the sum of ionization cross sections of individual
H and O atoms, oy,6° = 203" + 05"*. As can be
seen, the impact ionization cross section of the H,O
molecule obtained in this way is in good agreement
with the calculation results of Hwanget al. [37], where
the BEB approximation [31] was used to calculate
the ionization cross sections of molecular orbitals
of molecule H,O, and with the experimental data
of Bolorizadeh and Rudd [38].

Fig. 6 shows the mean free paths of photons
insolid gold and liquid water. The solid lines represent

10°4 e on Au 4

10° 4

-
o
sl

Electron-impact ionization cross section (Mb)

10 102 10° 104 10°
Incident electron energy (eV)

Fig. 4. Partial and total cross sections of Au atom ionization
by electron impact, calculated in the binary-encounter
Bethe approximation
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the mean free paths calculated considering only
photoionization processes using the photoionization
cross sections of atoms Au, O and H used
in the simulations. The circles in Fig. 6 show the
mean free paths of photons obtained from mass
attenuation coefficients from the NIST SRD 8§
database[39]takingintoaccountbothphotoionization
processes and coherent and Compton scattering
of photons. A slight difference between our results
and data [39] is observed for water (Fig. 6b)
at photon energies above 15 keV, which is due to our
neglect of Compton scattering. However, as noted
above, since secondary photons with energies above
14.3 keV are not generated during simulations, this
cannot significantly affect the simulation results.

Fig. 7 shows the dependencies of the mean
inelastic (due to impact ionization processes)
electron free path in solid gold and liquid water
on electron energy, using ionization cross sections
of atoms Au, O and H by electron impact in the BEB
approximation, which are used in the simulation
of the propagation of secondary electrons. For both
water and gold, good agreement with results from
other authors [40—47] is observed.
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Fig. 5. Electron impact ionization cross sections for H

atom (upper panel), O atom (middle panel), and water
molecule (lower panel)
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Fig. 6. Mean free paths of photons in solid gold (a)
and in liquid water (b). Solid lines are calculations based
on photoionization cross sections of atoms Au, O, and H
[23], which are used in this work. Circles represent
calculations based on mass attenuation coefficients from
NIST SRD 8 database [39] accounting for coherent
and Compton scattering

The simulation of secondary electron
propagation within the interaction zone during
a single Monte Carlo test continues until each
electron either leaves the zone, or until its energy
becomes insufficient for ionization of H and O
atoms (the minimum threshold energy for electrons
equals the ionization potential of the hydrogen
atom [y, = 13.6 eV). After running a large number
of tests (in this work, each Monte Carlo experiment
consisted of 10° tests), the calculated characteristics
are averaged over all trials, i.e., they represent mean
values per one primary photon absorbed by the NP.

2.3. Calculated Characteristics

As a result of the simulation, spectra of photons
and electrons emitted by the gold NP into
the surrounding aqueous medium are calculated.
The energy scale is divided into equal intervals
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of 10 eV width, for each of which the simulation
determines the average number of particles (photons
or electrons) with energy within this interval,
emitted by the NP as a result of one primary
photoionization act.

To study the spatial distribution of secondary
ionization acts occurring within the interaction
zone and the energy absorbed in these acts,
the spherical interaction zone is divided into
concentric spherical layers with thickness of Ar =1
nm centered at the zone's center and the NP
center, see Fig. 1. As a result of the simulation,
for each i sphercal layer bounded by the spheres
with radii r, —Ar/2 and r, + Ar/2 , the average
number of secondary ionization acts of atoms by
electron impact AN {;’,’m-z (r;) and the average number
of secondary photoionization acts ANi’;f,?z’ (r;) are
determined.

In each ionization act, the ionized atom absorbs
a certain amount of energy. The energy absorbed by
the atom as a result of ionization and subsequent
decay of the formed vacancy (in case of ionization
of one of the atom's inner subshells) is calculated
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as the difference between the ionization potential
of the ionized subshell and the total energy of all
photons and/or electrons emitted during the vacancy
decay. During simulation, for each i™ spherical
layer, the average energies absorbed by atoms
in it due to electron impact 101’11Z3.t101’l acts A abs(’")
and photoionization acts AE?! (r;) are determined.

The dependence of the local absorbed dose
in water on the distance from the center of NP
is calculated as

el+phot
D(r) = abs—(r) 4)
: pPAV(r;)
where
AEG P () = AEg, (1) + AELY (1)

is the total energy absorbed inside the i spherical
layer as a result of secondary ionization of atoms
by electron impact and secondary photoionization,
pAV (r.) is the mass of the /" spherical layer, p is water
density, AV (r;) is the volume of the spherical layer.

Besides AN&.,;.(r;) and AN £ (r;) for individual
water layers, the number of secondary water
ionization acts by electron impact mmz(r)
and the number of secondary photoionization acts
NP "’(r) occurring inside a sphere of radius r,

lO}’llfl el hot
and the absorbed energies £ bs(r) and EP" (r):

abs

) _ [
Nlimiz (r = Z ANteomz
R <r<r
NP
B = Y AELG),
RNP<r<r
hot _ hot
Nzlo)n?z (r) = Z ANllo)n?z (i‘)
R <r<r
NP
Ep'(r) = 30 AERT(),
R <r<r
NP ®)]

where R, is the NP radius.

3. RESULTS AND DISCUSSION

When using gold NPs as radiosensitizers
in photon therapy, one of the important questions
is choosing the energy of incident photons at which
maximum increase in the absorbed dose inside
the tumor is achieved. To select the optimal energy
of incident photons, as a first approximation,
one can use the ratio of mass energy absorption
coefficients in water containing gold NPs
and in pure water:

Wl () + (1w, ity (V)
g2 (V)

k(hv) = (6)

where ,uen and ﬂAu are mass energy absorption

coefficients in water and gold (4, represents
the relative portion of photon energy that transforms
into charged particle energy in the process
of the interaction of photons and secondary particles
with substance atoms in a layer with unit mass per unit
area [48]), and w,, is the relative mass fraction of gold
in water. Fig. 8 shows the dependence of coefficient
k on the energy of incident photons Av calculated
using mass energy absorption coefficients from NIST
SRD 126 database [28], at w,, = 1%. As can be
seen, the highest value of absorption enhancement
coefficient k is achieved at photon energy = 40 keV
and is about 2.6.

Using the method described in section 2, Monte
Carlo simulations were performed for processes
occurring as a result of absorption of a single 40 keV
photon by gold NPs of various diameters (from 2
to 100 nm).

Fig. 9 shows the spectra of secondary electrons
and photons emitted by gold nanoparticles with
diameters of 2, 20, and 50 nm after absorption
of a 40 keV photon. In the electron spectrum
(Fig. 9a), on the low-energy side of each diagram line
corresponding to photo- or Auger electrons, there
is a "tail" caused by energy losses of photo- and Auger
electrons inside the NP due to secondary inelastic
processes. As the NP diameter increases, the average
number of inelastic scattering events experienced
by photo- and Auger electrons inside the NP
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Fig. 8. Dependence of the ratio of mass energy absorption
coefficients in water with gold NPs and in pure water (6)
on the energy of incident photons at relative mass content
of gold 1%
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before escaping increases, resulting in decreased
intensity of diagram lines and increased area under
the continuous "tail" on the low-energy side.

In the photon spectrum (Fig. 9b), with
increasing NP diameter, a noticeable decrease
in intensity is observed only in the low-energy
region of the spectrum, from 50 to 200 eV. In this
energy region, the mean free path of photons in solid
gold (Fig. 6a) varies in the range from 9 to 88 nm,
therefore the probability of photon absorption of such
energy inside a gold NP with a diameter of several
tens of nanometers is quite high. In the high-energy
region of the spectrum, 8.4—13.8 keV, the mean free
path of photons in gold is in the range of 2.9—7.1 um,
which greatly exceeds the NP dimensions. Therefore,
the intensity of the photon spectrum in this energy
region practically does not depend on the NP diameter.

Table 1 presents the calculated average values
of various integral characteristics at primary photon
energy of 40 keV depending on the gold NP diameter.
With increasing NP diameter from 2 to 100 nm,
the energy absorbed by NP increases from 0.64
to 3.16 keV. Most of the absorbed photon energy is re-
emitted by NP with electrons whose energy is sufficient
to ionize water molecules surrounding the NP.
With increasing NP diameter, due to the increase
in the number of inelastic electron scattering events
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inside the NP, there is a decrease in the average
number of such electrons from 6.71 at Dy, =2 nm
to 0.32 at D,,=100nm and their average total
from 35.99 to 32.88 keV respectively. For the same
reason, with increasing NP diameter, the number
of low-energy electrons (incapable of ionizing water
molecules)emitted by the NP increases.

Fig. 10 shows the calculated radial distributions
of absorbed dose in water (4) near the surface of gold
NPs with diameters of 2, 20, and 50 nm when
the NP absorbs one photon with energy of 40 keV.
The highest value of local absorbed dose is observed
in immediate proximity to the NP surface. With
increasing distance from the NP center, the absorbed
dose decreases quite rapidly, remaining, however, up
to distances of 160—180 nm higher than the typical
therapeutic value. With increasing NP diameter,
the dose absorbed near its surface decreases,
but at distances from the NP center greater than
200 nm, the radial distributions of the absorbed dose
for the NPs of different diameters become practically
identical. Along with the results of this work, symbols
in Fig. 10 show Monte Carlo simulation results
[49] using the Geant4-DNA software package [8].
For the NPs with diameters of 20 and 50 nm, our
results are in good agreement with [49]. However,
for the 2 nm diameter NP at distances from its

Table 1. Average values of various integral characteristics during absorption of a 40 keV photon by gold nanoparticles

of different diameters

Nanoparticle diameter, nm

Calculated value 5 10 20 = 100
Energy absorbed by NP, keV 0.64 | 1.00 | 1.42 | 2.36 | 3.16
Number of photons emitted by NP 2.28 | 2.04 | 1.77 1.29 | 0.87
Energy re-emitted by NP with photons, keV 332 | 3.26 | 3.27 | 3.24 | 3.20
Number of electrons emitted by NP with energy sufficient to ionize water 671 | 430 | 294 | 123 | 0.32
molecules ' ’ ’ ’ ’
Energy re-emitted by NP with electrons capable of ionizing water 35.99 | 35.56 | 34.99 | 33.84 | 32.88
molecules, keV
Number of low-energy electrons emitted by NP with energy insufficient 14 | 544 102 206 294
to ionize water molecules ' ’
Energy re-emitted by NP with low-energy electrons unable to ionize water 005 | 018 | 031 | 056 | 076
molecules, keV ’ ’ ’ ’ ’
Energy absorbed in water due to secondary photoionization events, keV 215 | 212 | 2.09 | 2.02 | 196
Energy absorbed in water due to secondary electron impact ionization 26.03 | 25.71 | 25.30 | 24.45 | 23.74
events, keV ) ’ ’ ’ ’
Number of low-energy electrons formed in the interaction zone with energy 2007 | 2023 | 2039 | 2076 | 2108
insufficient to ionize water molecules
Energy of low-energy electrons formed in the interaction zone, keV 827 | 830 | 8.29 | 826 | 8.23
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Fig. 9. Calculated spectra of electrons (a) and photons
(b) emitted by gold nanoparticles with diameters of 2, 20,
and 50 nm as a result of absorption of a 40 keV photon

center greater than 20 nm, our calculation results
are on average 20% less than those of [49].

From the above results, it follows that with
the same mass content of nanoparticles inside tumor
tissue, to achieve the highest number of secondary
electrons emitted by them which are capable
of ionizing water molecules, and the highest value
of absorbed dose around the NP, NPs of small sizes
should be used.

Toinvestigate the dependence ofthe characteristics
considered above on the energy of primary photons,
the simulations were performed for a 10 nm diameter
NP at primary photon energies from 20 to 80 keV
(between the thresholds of /7, , =14.4keV and

Aul = 8lkeV).

Fig. 11 shows the number of secondary acts
of water molecules ionization by electron impact

Nl.‘f)[niz(r) (Fig. 11a) and secondary photoionization

N Phot (r) (Fig. 11b) depending on the radius

ioniz

of the sphere r within which they occur (5),

of spherical regions Rsealt and R;Z;"’, within which 95%
of the maximum number of secondary ionization
acts by electron impact and photoionization occur,

the numbers of secondary ionization acts in these

regions and Nl.‘;zfzt (RPM9"), as well as the energies

absorbed in these E% (R )and EZ (RA").

The increase in the number of electron impact
ionizations of water molecules N fO;iz(Rseét) and
the radius Rsealt of the region where they occur, with
increasing energy of ionizing NP photons, is due
to the increase in energy of the photoelectron
formed as a result of primary photoionization of one
of the NP atoms. In each act of secondary ionization
of O and H atoms of water molecules by electron
impact, the photoelectron loses only a small portion
of its energy. Therefore, with increasing photoelectron
energy, the number of secondary ionization events
it can produce before its deceleration increases, i.e.,
until its energy becomes insufficient for water molecule
ionization. As a result, and due to the increase
in the inelastic mean free path of electrons in water
(Fig. 7b), the average distance that a photoelectron can
travel from the NP before its deceleration increases.

To illustrate this, we performed additional
simulation that did not account for the photoelectron
formed during primary photoionization of the NP.
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Fig. 11. Dependencies of the number of secondary water
ionization events by electron impact (@) and the number
of secondary photoionization events (b) on the radius
of the sphere within which they occur, at various energies
of the primary photon absorbed by a 10 nm diameter
gold NP

This allowed separating the contributions
of photo- and Auger electrons emitted by the NP
to the total number of secondary photoionization
events. Fig. 12 shows the dependencies of secondary
water ionization events AN ¢ (r) inside spherical

onig

layers with thickness of A»=1 nm induced by
photo- and Auger electrons at different energies
of primary photons. As can be seen, near the NP
surface, the greatest contribution to the number
of ionization processes comes from Auger electrons
emitted by the NP, while far from the NP — from
the photoelectron. Moreover, with increasing energy
of primary photons, the distances interval where
the photoelectron contribution dominates becomes
wider and shifts further from the NP center.

At the energies of primary photons under
consideration, [, ,  <hv <[, , the main
processes of primary photoionization of NP atoms
are the ionization of 2s-, 2p, ,- and 2p, ,-subshells
of the Au atom, therefore the Auger electrons emitted
by NP are formed mainly as a result of the cascade
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Fig. 12. Numbers of secondary water ionization events
by electron impact inside spherical layers with thickness
of Ar =1 nm depending on the distance from the NP
center at different energy of primary photons ionizing
a 10 nm diameter gold NP

decays of these initial vacancies. With increasing energy
of primary photons in the range from 20 to 80 keV,
the relative probability of photoionization of the
2s-subshell of Au atom increases from 0.18 to 0.38,
while the relative probabilities of photoionization ofand
2p, ,-subshells decrease from 0.24 to 0.19 and from
0.34 to 0.20 respectively. As a result, the spectrum
of Auger electrons emitted by NP changes, the average
number of emitted Auger electrons and their average
carried-away energy increases [6]. These changes lead
to a relatively small increase in the number of secondary
water ionization acts produced by Auger electrons, but,
as can be seen in Fig. 12, practically do not affect their
spatial distribution.

Regarding the acts of secondary photoionization
ofwater, their mainsource isnot the photons emitted by
NP, but secondary photons formed in water as a result
of radiative L, L,,-transitions in oxygen atoms ionized
by electron impact. The energy of OL,L,;-photon
equals 17.2 eV, which is sufficient for ionization



192

CHAYNIKOV et al.

Table 2. Radii of spherical regions R¢ and RP"! , within which the number of secondary ionization acts by electron

sat sat

impact and the number of secondary photoionization acts reach saturation, numbers of ionization acts N ¢ (Rselt)

and N P (RP1") and respective absorbed energies E

ioniz a

el (Relt) and EP1 (RP!!Y at different primary photon energies

hv, ionliogiil%lg asi16 nm gold abs Sa abs sat
v | Rwm | NELRT) | B (R kv | RZ | NZIOURE | EROf (RO v
20 5.71 767 10.86 5.70 62 0.88
30 12.00 1245 17.65 11.99 102 1.45
40 20.17 1722 24.42 20.14 142 2.02
50 30.24 2197 31.16 30.18 182 2.59
60 42.36 2674 37.95 42.28 222 3.16
70 56.23 3152 44.73 56.12 263 3.74
80 72.22 3623 51.43 72.10 303 4.31

of the hydrogen atom and 2p-subshell of oxygen atom.
The mean free path of a photon with such energy
in water is approximately 16.6 nm (Fig. 6b), therefore
it will be absorbed with high probability not far from
the atom by which it was emitted, and the number
of secondary photoionization acts produced by
OL,L,;-photons will be equal to the number
of ionization acts of 2s -subshell of oxygen atoms
by electron impact [23]. In this regard, presented
in Fig. 116 dependencies of the number of secondary
photoionization events N f;ﬁj’; (r) on the radius
of the sphere within which they occur practically
repeat in shape the corresponding dependencies
of the number of secondary ionization events by

electron impact Nl.eolniz(r) for the same primary

photon energy values (Fig. 11a). Therefore, the radii
of spherical regions Rfé, and R (Table 2) practically

sat
coincide, and the ratio of the number of secondary

ionization events by electron impact to the number
of secondary photoionization events does not depend
on the energy of primary photons and equals

N

ioniz

(RS)/NEWH(RDI) 2 12.

ioniz \"‘sat

However, it should be noted that in the spectrum
of photons emitted by gold NPs (Fig. 9b4), there
are photons emitted as a result of radiative LX-
transitions during the decay of vacancies in the L-shell
of initially ionized gold atoms. The average number
of these photons per one primary photoionization
is about 0.28, and the average energy per photon
is 10.7 keV. At this energy, the mean free path
of photons in water (Fig. 6b) is approximately 2.9
mm, which is significantly larger than the interaction
zone radius R = (.1 mm, therefore these photons
are likely to leave the interaction zone.

Note that the above results are obtained per
one primary photon absorbed by the nanoparticle
and correspond to processes occurring on the scale
of just one or several cells. However, in application
to photon therapy, the question of the absorbed
dose on a larger scale is also important — the dose
absorbed inside the entire tumor, given its size,
depth of location, concentration of introduced NPs,
and characteristics of the incident X-ray beam.
Monte Carlo calculations of this kind were carried
out in [50, 51].

4. CONCLUSIONS

The results obtained in this work can be useful
in developing methods of photon therapy using gold
NPsasradiosensitizers. The presented results indicate
that in the case of targeted delivery of NPs directly
to cancer cell nuclei, it is more advantageous to use
NPs of small diameter to achieve maximum radiation
damage near NP surfaces. When choosing the energy
of primary photons, along with the traditional
requirement of achieving maximum increase
in absorbed dose inside the tumor, it is necessary
to consider the spatial distribution of secondary
ionization acts produced by photoelectrons near
the NP surface (Fig. 12). For example, it makes
sense to choose the energy of primary photons
slightly above the ionization threshold of the L,-shell
of Au atom, so that the regions of ionization damage
produced by photo- and Auger electrons coincide.
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