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A detailed Monte Carlo simulation of energy reemission processes upon irradiation of gold 2-
14 nm nanoparticles by photons with energies near the 2s, 2p12, and 2psz2 ionization thresholds is
performed. The spectra of secondary electrons and photons emitted by the nanoparticle after
photoionization of one of its atoms are calculated. At an incident photon energy of 12.0 to
14.5 keV, a nanoparticle with a diameter of 10 nm emits 5.0-6.9 electrons whose energies are
sufficient for ionizing or exciting water molecules surrounding the nanoparticle. The number of
such electrons slowly decreases with increasing nanoparticle diameter; simultaneously, the num-
ber of low-energy electrons emitted by the nanoparticle increases.
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Introduction

The decay of a vacancy in the inner elec-
tron subshell of an ionized atom is usually a
cascade of successive radiative and non-
radiative transitions that is going on until a
stable ionic state is reached. In heavy atoms,
the cascade decay of deep vacancies can in-
clude a fairly large number of non-radiative
transitions (Auger, Coster—Kronig, and su-
per-Coster—Kronig processes) with electron
emission. For example, during the decay of
vacancies in the 2s, 2pi2, and 2ps;2 subshells
of the singly gold ion Au*, the average num-
ber of emitted electrons is 10.2, 8.0, and 8.2,
respectively [1, 2]. As shown in [3], most of
the energy acquired by an atom in the act of
primary photoionization is then reemitted
into the surrounding medium with secondary
cascade-produced electrons and photons. In
particular, upon the decay of vacancies in the
2s, 2p12, and 2ps2 subshells of Au, the cas-
cade photons carry away 29.3%, 38.8%, and
30.4% of the energy of the primarily ab-
sorbed photon, and cascade electrons, 64.3%,
57.2%, and 65.1%. Only 4-6.5% of the ener-
gy remains stored in the final ions after cas-
cade relaxation.

The electrons emitted during the cascade
decay of inner vacancies of high-Z atoms
usually have energies up to 15 keV. Their

mean inelastic mean free paths in water is
about 1-10 nm. Due to this, and to large pho-
toionization cross section of inner subshells
of heavy atoms, radiosensitizers based on
metal nanoparticles (NPs), especially gold
NP, are intensively studied in the radiothera-
py of oncological diseases [4, 5]. Targeted
delivery of radiosensitizer-NPs into cancer
cells followed by hard X-ray irradiation leads
to enhancement of absorbed dose inside the
tumor tissue at a lower exposure, which al-
lows minimizing radiation damage to healthy
tissues.

In this work, Monte Carlo (MC) simula-
tion of the irradiation of gold nanoparticles
with diameters of 2 to 14 nm by photons with
energies near the ionization thresholds of 2s,
2p1i2, and 2ps2 Au subshell is performed. The
spectra of photons and electrons emitted by
nanoparticles, as well as the average energies
re-emitted by nanoparticles, are calculated.

Method of calculation

A detailed description of the MC simula-
tion method used in this work is given in [6],
where energy re-emission by photon-
irradiated iron nanoparticles has been stud-
ied. A brief description of this method is giv-
en below.
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Each simulation consists of a great num-
ber of similar numerical experiments, or MC
runs. Each MC run begins with the random
choice of the site of initial ionization of the
gold atom inside the NP and a random choice
of the ionized subshell based on the calculat-
ed partial photoionization cross sections.
Primary photoionization produces a photoe-
lectron with a known energy and direction of
motion, and a vacancy in the ionized atom,
which is analyzed to see if its cascade decay
is possible. If the decay of the vacancy is
possible, then the procedure for simulation of
vacancy cascade decay is initiated. As a re-
sult of the cascade relaxation, secondary pho-
tons and electrons are emitted, which, to-
gether with the photoelectron, are added to
the list of secondary particles for further
tracking of their propagation inside the NP
and the inelastic processes they cause.

The interaction of photons and electrons
with atoms of the NP is considered as a set of
elementary acts of interaction of individual
photons and electrons with individual atoms.
The most probable processes in the consid-
ered energy range are taken into account: for
photons, photoionization of atoms, and for
electrons, elastic scattering by atoms and ion-
ization of atoms by an electron impact. In the
acts of secondary ionization, the ejected elec-
trons are added to the monitoring list of sec-
ondary particles and the decays of vacancies
(if they are possible) are simulated. The MC
run ends when all secondary particles have
left the NP and/or their energies have become
less than the minimum ionization threshold.
After all MC runs, the accumulated results
are statistically processed.

Results and discussion

Fig. 1 shows the spectra of electrons emit-
ted by the 10 nm gold NP after photoioniza-
tion of one of its atoms by a photon with the
energy hvo under and over ionization thresh-
olds I(nl;) of 2s12 (bottom panel), 2p12 (Mid-
dle panel), and 2ps (top panel). It can be
seen that most of the electrons emitted by the
NP have energies up to 2.0-2.5 keV. For ex-
ample, upon absorption of one photon with

an energy of 14.5 keV (over 2s12 threshold),
the NP emits on average 19.8 electrons, of
which 18.8 have energies up to 2.5 keV.
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Fig. 1. Spectra of electrons emitted by 10 nm gold NP
after photoionization of one of its atoms by photon
with energy hvp

Fig. 2 shows the energies emitted by a
10 nm gold NP after photoionization of one
of its atoms at various incident photon ener-
gies.
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Fig. 2. Energy reemitted to the medium by 10 nm gold
NP with all escaping electrons and photons

Fig. 3 shows calculated average number
of electrons emitted by gold NPs of different
sizes upon absorption of one photon with the
energy of 14.5keV. Up triangles represent
the numbers of high-energy electrons (energy
> 7.3 eV) that are able to ionize or excite wa-
ter molecules surrounding the nanoparticle.
The number of such electrons slowly de-
creases from 6.4 to 5.6 as the nanoparticle
diameter increases from 2 to 14 nm. The rea-
son for this is an increase in the average
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number of secondary electron-impact ioniza-
tion events in which high-energy electron
lose their energy while travelling from the
volume of the NP to its surface. For the same
reason, the number of low-energy electrons
emitted by the NP with energies less than
7.3 eV (down triangles in Fig. 3) increases
with NP diameter. A large number of low-
energy electrons emitted by the NP is due to
asymmetric energy sharing by two final state
electrons in electron impact ionization
events. One of them, usually called the
knocked out, carries away only a small part
of the shared energy, and the other, the scat-
tered one, a larger part.
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Fig. 3. Average number of electrons emitted by the
gold NP after its photoionization by a photon with
energy hvo = 14.5 keV (over Au2s threshold) at vari-
ous nanoparticle diameters. Up triangles are high-
energy electrons that can ionize or excite water mole-
cules surrounding the nanoparticle, down triangles are
low-energy electrons that are unable to cause ioniza-
tion, circles are all electrons

It should be noted that low-energy elec-
trons produced in large quantities may play a
significant role in radiotherapy causing the
DNA strand breaks through a dissociative
electron attachment mechanism [7, 8].

Conclusion

A detailed MC simulation of the processes
occurring in the gold NP nanoparticle under
irradiation with photons with energies near
the Au2s, Au2piz, and Au2pssz thresholds is
performed. The spectra of electrons and pho-
tons emitted by the nanoparticle are calculat-

ed. It is shown that the NPs reemit most of
the acquired energy into the environment
with secondary electrons and photons. The
results of this study are relevant for the de-
velopment of strategies in radiotherapy when
using gold NPs as radiosensitizers.

Acknowledgement

This study was supported be the Russian
Science Foundation (project N 22-72-00042,
https://rscf.ru/project/22-72-00042/).

References

1. Chaynikov A.P., Kochur A.G., Dudenko A.l., Pe-
trov 1.D., Yavna V.A. Final ion charge spectra upon
cascade decay of inner-shell vacancies in atomic
Au. Physica Scripta 2023; 98: 025406.

2.YaitnukoB A.I1., Kouyp A.T., lynenko A.U., SIBHa
BA Binusuue JOIIOJIHUTCIIBHBIX MOHOIIOJIBHBIX
BI)I6pOCOB QJICKTPOHOB Ha 3apsa0BBIC CIICKTPBLI KO-
HCYHBIX MOHOB IPU KaCKaJHOM pacrajac 3JICKTPOH-
HBIX BaKaHCHHM B aTome 3oyiota. Onmukxa u cnek-
mpockonus 2023; 131(4): 563-572.

3.Chaynikov A.P., Kochur A.G., Dudenko A.l.,
Yavna V.A. Cascade energy reemission after inner-
shell ionization of atomic gold. Role of photo- and
cascade-produced electrons in radiosensitization us-
ing gold-containing agents. Journal of Quantitative
Spectroscopy and Radiative Transfer 2023; 302:
108561.

4.Liu Y., Zhang P. Li F. Jin X,, Li, J., Chen, W., Li Q.
Metal-based NanoEnhancers for future radiothera-
py: radiosensitizing and synergistic effects on tumor
cells. Theranostics 2018; 8(7): 1824-1849.

5.Li W.B., Stangl S., Klapproth A., Shevtsov M.,
Hernandez A., Kimm M.A., et al. Application of
High-Z Gold Nanoparticles in Targeted Cancer Ra-
diotherapy — Pharmacokinetic Modeling, Monte
Carlo Simulation and Radiobiological Effect Mod-
eling. Cancers 2021; 13(21): 5370.

6. Chaynikov, A.P., Kochur A.G., Yavna V.A. Radio-
sensitization with iron nanoparticles under 10-800
Ry photon irradiation: Monte Carlo simulation of
particle-to-medium energy transfer. Radiation Ef-
fects and Defects in Solids 2022; 177(7-8): 814-
833.

7.Fabrikant I.1., Eden S., Mason N.J., Fedor J. Recent
progress in dissociative electron attachment: From
Diatomics to Biomolecules. Advances in Atomic,
Molecular, and Optical Physics 2017; 66: 545-657.

8. Martin F., Burrow P.D., Cai Z., Cloutier P., Hunting
D., Sanche L. DNA Strand Breaks Induced by 0-4
eV Electrons: The Role of Shape Resonances. Phys-
ical Review Letters 2004; 93(6): 068101.

15-1 Meacoynapoonas xongpepenyus « Bzaumooeticmsue uznyuenuii ¢ meepovim menomy, 26-29 cenmsops 2023 e., Munck, berapyco
15th International Conference “Interaction of Radiation with Solids”, September 26-29, 2023, Minsk, Belarus

129



