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Description of reactive oxygen species when
an external radiation is applied to intracellular
water and compound system (cisplatin and
silica nanoparticle)

G. Lopez-Laurrabaquio, H. S. Cruz-Galindo, M. Moranchel y Rodriguez, J. M. Montejano-Carrizales, Jorge Naoki Dominguez Kondo

Abstract— It is important and valuable to study the generation of reactive oxygen species when applying external radiation with electrons which
energy is 5 keV to physical system: composite system and intracellular water. In order to do this, computer simulations of Monte Carlo (TOPAS-nBio
code) were used. For the study of generation of reactive species, this work focus was exclusively on the interaction between secondary radiation from
the composite system and intracellular water. This secondary radiation originates from the platinum atom and oxygens (from the composite system) the
influence being greater relative to platinum; which mainly consists of electrons called Auger. In this work, only the influence of these ionizing electrons in
intracellular water is considered, leading to the generation of reactive oxygen species. Furthermore, the interaction between the nanoparticle surface and
cisplatin was not taken into account.

Index Terms— Cisplatin, compound system, external radiation, intracellular water, nanoparticles, reactive oxygen species, TOPAS-nBio

code.

1 INTRODUCTION

CURRENTLY, nanoparticles have various applications, inclu-
ding bringing drugs to specific targets (e.g. cancerous tissues

[1]). It is called a composite system, which is made up of
cisplatin [2] and the silica nanoparticle (SiO2) [3]; It is important to
mention the interaction between the surface of the nanoparticle
and the drug since the latter will synergize and affect the apopto-
sis process efficiently when it is internalized in the cancer cell [1],
[4]. The composite system when deposited in the cancerous tissue,
is irradiated with electrons whose energy is 5 keV and knowing
that the platinum atom has a great value for the photoabsorption
cross-section and to a lesser degree for the oxygen atom. Giving
thus, different types of interactions and emission of various res-
ponses that are generated in the platinum atom, such as characte-
ristic X-ray emission, braking X-ray, photoelectron, Compton elec-
tron and Auger electron. The Auger electrons are produced from
a relaxation effect of excess energy in the atom after an electron
from the innermost layers (K, L, M, N) of the atom platinum [5]
has been ejected; these very low-energy, short-range electrons, less
than 200 nm in human tissue [6], penetrate and interact in intrace-
llular water.

Thus, the deposition of the energy of ionizing radiation
(Auger electrons) in intracellular water establishes the forma-
tion of reactive oxygen species (ROS). The reactive oxygen
species are broadly defined as oxygen-containing, reactive
chemical species. There are two types of ROS, those of free
radicals, which contain one or more unpaired electron(s) in
their outer molecular orbitals, and non-radical ROS, which do
not have unpaired electron(s) but are chemically reactive and
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can be converted to radical ROS. A free radical can be defined
as an atom o molecule containing one or more unpaired elec-
trons in valency shell or outer orbital and is capable of inde-
pendent existence. The odd number of electron(s) of a free
radical makes it unstable, short lived and highly reactive. Be-
cause of their high reactivity, they can pull out electrons from
other compounds to attain stability. Thus, the attacked mole-
cule loses its electron and becomes a free radical itself, begin-
ning a chain reaction cascade which finally damages the living
cell [7].

One application of the above methodology is Auger thera-
py. It is a form of radiation therapy for cancer treatment that
relies on a large number of low-energy electrons (emitted by
the Auger effect) to damage cancer cells, rather than the high-
energy radiation used in traditional radiation therapy. Similar
to other forms of radiation therapy, Auger therapy relies on
radiation-induced damage to cancer cells (particularly deoxy-
ribonucleic acid, DNA damage) to stop cell division, tumor
growth, tumor metastasis and destroy cancer cells. It differs
from other types of radiation therapy in that the electrons emi-
tted through the Auger effect (Auger electrons) are released in
large quantities with low kinetic energy. Due to their low
energy, these electrons damage cells in a very short range: less
than the size of a single cell, on the order of nanometers. This
very short-range energy delivery enables highly targeted the-
rapies, as the radiation-emitting nuclide is required to be
within the cell to cause damage to its nucleus.

However, this is a technical challenge; in Auger therapies
they must enter your cellular targets to be most effective. In
Auger therapies, which consist of small molecules, capable of
entering the cells of interest and binding to specific subcellular
components, and they contain one (or more) heavy atoms ca-
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pable of emitting Auger electrons by radioactive decay or ex-
ternal excitation.

In our paper, the internalization of the molecule (cisplatin)
will not be considered, but it will simply be on the surface of
the cell.

This work simulates the production of reactive oxygen spe-
cies generated when Auger electrons react with intracellular
water. To do this, the TOPAS-nBio [8] code was used, which
was efficient in quantifying the amount of ROS as a function
of time and the energy spectrum of the Auger electrons. The
reactive species e,q solvated electron, OH* hydroxyl radical, H
Hydrogen, H;O* hydronium, H; di-hydrogen, hydroxide ion,
H,0O, hydrogen peroxide, O, di-oxygen, O, superoxide anion
radical, HO,* hydroperoxide radical, and e.q + H* solvate elec-
tron plus hydrogen can be obtained; Some simulations of these
reactive species were obtained by depositing the energy of the
Auger electrons and by reacting in the intracellular water as a
function of time will be discussed.

Intracelullar water was modeled as a very large spherical
volume of water compared to the composite system (SiO; na-
noparticle + cisplatin), the cisplatin-surface interaction of the
nanoparticle was not considered, nor was the radiation gene-
rated from the oxygen atoms taken into account (from nano-
particle and cisplatin). It should be mentioned that the simula-
tion with the TOPAS-nBio code can be carried out with va-
rious sources of ionizing radiation, for different geometries
and materials, thus showing its versatility and effectiveness,
see Appendix A. This work is divided as follows: in Sec. 2, the
formation of reactive oxygen species (ROS); Sec. 3, geometric
design of the physical system and simulation (TOPAS-nBio);
in Sec. 4, the results and their discussion are presented; Section
5 presents the conclusions. In Appendix A, the Monte Carlo
computational simulation (TOPAS-nBio code) is presented.
Finally, in Appendix B, some simulations of some other reac-
tive oxygen species are shown.

2 FORMATION OF REACTIVE OXYGEN SPECIES (ROS)

The deposition of the energy of ionizing radiation (Auger elec-
trons) in intracellular water, leads to the formation of ROS. As
a result of the radiolysis of water, the biological effects are
derived, to a large extent, from the action of ionizing radiation
on water molecules due, on the one hand, to its high presence
in living beings, and on the other, to the fact of exercising its
function as a solvent for other molecules or macromolecules in
the biological system where important chemical reactions take
place.

The action of radiation on water (radiolysis of water, a pro-
cess that occurs between 102 and 10 seconds) is a sum of
complex processes that can be simplified in two stages: the
molecular decomposition of water and the formation of free
radicals.

First, incident radiation by ionizing water molecules can
produce an ion HO* (water cation) and a free electron, see the
chemical reaction (1). This electron is called anaqueous electron
because it is very slow since almost all the energy has been
invested in tearing it from the molecule. The ion H,O* is very
unstable and rapidly decomposes into an H* (hydrogen ca-
tion) and a radical OH* (hydroxyl radical), see the chemical
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reaction (2). The aqueous electron can react with other organic
molecules or with a second molecule of water producing H*
radicals (hydrogen radical) and hydroxyl ions OH, see the
chemical reaction (3). The radicals H* and OH* are neutral
molecules with great chemical reactivity since they have an
unpaired electron that, with very little effort, will tend to crea-
te bonds and steal atoms from other molecules that in the
worst case could be functional bio-molecules such like pro-
teins or nucleotides.

H;O + radiation — H,O*+e"

@)
@)
®)

H,O*—H* + OH*
HO + e — H,O-— H" + OH-

The molecules H,O* and H,O, are the cation and anion of wa-
ter, respectively. Hydroxyl ions, OH, and free protons, H*,
being particles with opposite charges, are not dangerous be-
cause they attract and neutralize, forming new water molecu-
les. Neutral radical molecules, H* and OH*, are dangerous
because they will drift in the cellular environment until they
affect a molecule of biological importance. The asterisk, *, in
these and other radicals indicates that they are molecules that
have a significant excess of energy. Furthermore, the radical
OH?* has a useful life of 10 seconds and, once formed, oxidi-
zes almost instantly any molecule that is nearby [11].

The H* and OH* can recombine to form other free radicals
or compounds with similar behavior, for example, recombina-
tion

OH*+ OH* — HO», 4)
forming hydrogen peroxide or oxygenated water, toxic at the
cellular level; in addition to recombination

H*+ O,— HOy', @)
where the hydroperoxide radical is generated, an equally toxic
compound that binds with another molecule of the same class
can also form hydrogen peroxide.

Other free radicals can be formed, known as organic free
radicals, which share with the precedents the fact that their
excess energy can be transferred to the molecules, in particular
to deoxyribonucleic acid (DNA), and break their chemical
bonds. These organic free radicals are formed only when
oxygen molecules are present [11].

There is also the possibility of forming free radicals with
the alone excitation induced from the radiation on a water
molecule, see the chemical reaction (6). The phenomena that
occur when the water molecule is excited are not well known,
but theoretically its dissociation into H* and OH* radicals is
possible. In one way or another, radicals are formed that do
not have paired electrons, which makes them highly reactive,
either as oxidizing or reducing agents.

H;O + radiation — H,O"— H" + OH" (6)
Radicals are distributed heterogeneously along the path of
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the incident ionizing particles, depending on the linear energy
transfer of said particles. A good part of them are lost in neu-
tralizing reactions, combining as follows

H +H — H, 7)

H" + OH"— H,0. 8)

In the case that free radicals have been generated in the cell
nucleus, these propagate inside it, see chemical reactions (9)
and (10), having the ability to attack DNA strands.

HO+ H — H, + OH"

OH’ + OH" — H,0.. (10)

3 GEOMETRIC DESIGN OF THE PHYSICAL SYSTEM AND
SIMULATION (TOPAS-NBIO)

When ionizing radiation strikes human tissue, the greatest
probability of interaction is with water molecules, producing
the so-called water radiolysis. Dissociative processes such as
H;0 + OH¥, (100% Probability), OH + H (65% Probability) and
H,O + AE (35% Probability, relaxation) occur within intracellu-
lar water as product of radiolysis. These processes can genera-
te different chemical species depending on the physical pro-
cess, considering up to five internal atomic orbital levels of the
atoms/molecules where the radiation occurs. In the chemical
part of the simulation of water radiolysis (from 1 ps to 1 ps)
the Brownian Movement Theory is used, which requires diffu-
sion constants [8].

>

>

>

Incident electron

flux of 5 keV energy

Figure 1. The cisplatin molecule (green color) and the trajectories of the
energy deposition of the Auger electrons (red color) are shown, also the
cell (blue color) where the reactive oxygen species are generated is indi-
cated. (For clarity the figure shows a single cisplatin molecule and the
cell).

For this study, secondary radiation is used, that occurs in
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the platinum atom, specifically the Auger electrons generated
by applying external radiation (electrons with an energy of 5
keV) to the physical system shown in Figure 1. The generated
Auger electrons conform an energy spectrum of the order of
eV to some keV, with an average energy of approximately
1967 eV [12]. The most energetic Auger electron emission co-
mes from the innermost layers of platinum, which will stron-
gly ionize the medium of interest; however, many others will
have little influence on the interaction medium due to its low
energy. The reactive oxygen species that will be produced in
the medium of interest were simulated with Auger electrons
with energies of 1955, 1957, 1960, 1967, and 1988 eV, of said
spectrum.

For the geometry of the simulation (using TOPAS-nBio co-
de), A sphere with a diameter of 10 pm will be considered,
and be filled with water, which will simulate a human cell
(biological molecule). The isotropic source (Auger electrons
from the platinum atom) will be located 3 nm from the cell
surface, which 3 nm de radio sphere that simulates being a
cisplatin molecule. The dose deposited in the biological mole-
cule is determined per emitted particle (Auger electron), un-
derstanding that not all particles will affect the cell, see Figure
1 for more detail on the simulation geometry. The choice of
liquid water is due to the lack of effective sections for specific
biological materials in Geant4-DNA / TOPAS-nBio. Now, for
the radiation source, it is considered (a) to simulate the indi-
rect effect of cisplatin on the human cell, Auger electrons of
1,955 keV - 1,988 keV generated from the center of cisplatin
with isotropic moment were considered; (b) monoenergetic
spectra and a flat energy spectrum (same probability of occu-
rrence) were considered for each Auger electron energy; (c) to
avoid increasing the computing time, the direct interaction of
the cisplatin molecule with external radiation was not simula-
ted, it was considered that cisplatin is continuously emitting
Auger electrons. Finally, for chemical considerations, the fo-
llowing was taken into account: (a) the effect of oxygen on the
calculated G values was not considered; (b) neither was any
chemical solvent taken into account, which can affect H* and
OH¥ radicals, or any other molecule of water; (c) since we are
interested in damage to the human cell, only free radicals were
generated within the human cell, even though these are also
generated outside of it.

The Auger electrons are generated from the center of an orb
(cisplatin molecule) or a world of 3 nm of radio whose surface
is in contact with the surface of another orb (the human cell);
all in a universe of 12 pm in diameter, large enough to contain
both the cell and the cisplatin-source. Calculations were made
to obtain the G value (number of reactive species per 100 eV of
deposited energy), of reactive oxygen species produced inside
the cell, due to the interaction of electrons when traveling in-
side the biological molecule. It is relevant to note the differen-
ces in size between the two different orbs, which are shown in
Figure 1. Due to the independence of events (trajectories or
histories of ionizing particles), with this simulation, a finite
number of cisplatins can be placed (orbs) covering the biologi-
cal molecule.
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3 RESULTS AND DISCUSSION.

The interaction of the Auger electrons with the cell, and in
general with matter, takes place by means of elastic and inelas-
tic collisions. Following the trajectory of each Auger electron,
its energy loss in the medium and the effects it causes can be
quantified, in our case, the amount of ROS produced inside
the aerobic cell (the spherical volume of water and whose
diameter is 10 pm).

It is very interesting to visualize how the aerobic cell, in a
natural way, generates the hydroxyl radical, which is lethal for
cellular structures, for example, DNA and proteins. The
oxygen molecule can be described as bi-radical since it has two
unpaired electrons, each located in a different m* anti-bonding
orbital. This is the most stable state of oxygen and is called the
ground state. The oxygen in its ground state, despite being a
powerful oxidant, is not very reactive. The reactivity that
would be expected in the oxygen molecule in its ground state
is reduced due to the parallel directions of the spins of its two
unpaired electrons. If oxygen tries to oxidize another atom or
non-radical molecule by accepting a pair of electrons, they
must have parallel spins to couple in the vacant spaces of the
* orbitals. According to the Pauli exclusion principle, the
spins of the electrons in an atomic or molecular orbital must
have opposite directions. This fact, therefore, imposes a res-
triction on oxygen oxidation reactions. Although in principle,
spin restriction seems advantageous for aerobic organisms,
because it slows down oxygen reactions, it creates a situation
in which the transfer of an electron can occur, thus allowing
the formation of a free radical [13].

The reactivity of molecular oxygen can be increased by spin
inversion (through an energy impulse originated by the diffe-
rent biological pigments when they absorb light of a certain
wavelength) from one of the electrons of their external orbitals
to form the singlet oxygens, or for its sequential and univalent
reduction to produce oxygen free radical intermediates, see
Figures 2 and 3, respectively. Thus, giving rise to the genera-
tion of oxygen species that occur in biological systems: O, su-
peroxide anion radical; HO»* hydroperoxyl radical; H,O:
hydrogen peroxide; OH* hydroxyl radical; RO radical alkoxy;
ROO* peroxy radical; '"AgO; delta singlet oxygen; O, molecular
oxygen [13].

The generation of the hydroxyl radical occurs through the
Haber-Weiss reaction (13), which results from the balance of
two reactions (11) and (12), reaction (12) is the Fenton reaction,
which requires a transition metal [11], [13].

T 1
| R

1

Figure 2. Arrangement of the electrons in the * anti-bonding oxygen orbi-
tals.

Molecular oxygen (O,)

Delta singlet oxygen
(*Ag0s)

Sigma singlet oxygen
(*Zg"02)

45
€ e +2H" e +H" e+ H*
(o) 0; H:0: \ OH* H,O
HO

Figure 3. Sequential and univalent reduction of molecular oxygen.
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Figure 4. Generation of hydrogen peroxide (H,O;) as a function of time
and energy of Auger electrons.

. Oy + Fe¥* — O, + Fe2r 11)
Fe?* + H,0, — Fe¥* — OH-+ OH" (12)
Oy + H,0,— O, + OH- + OH" (13)

The hydroxyl radical is a highly reactive species that can
react with any biological molecule at a rate of 107- 10
mol/sec; their half-life and radius of action are therefore ex-
tremely short,10? sec and 30x10 '°m, respectively [13].

Returning to our simulations of reactive oxygen species
through the TOPAS-nBio code, the following simulations of
some of these reactive species will be discussed.

In Fig. 4, it is observed that at the beginning of the produc-
tion of the hydrogen peroxide, H,O,, there is a small percenta-
ge of this species, however, when the production time is 10* ps
(= 10 ns) its concentration rises considerably, above 80% of its
saturation; this happens for the 5 different energies (1955,
1957, 1960, 1967 and 1988 eV) used in the simulation. From
this time on, the production growth of this species remains
constant. It is evident that in a relatively short interval (nano-
seconds) it grows rapidly (from the point of view of chemical
processes, which are from 10°¢ up to a few seconds), in an ex-
ponential way.

Now, in Fig. 5, the production of the hydroxyl radical, OH¥,
which has an inverse behavior to that of hydrogen peroxide, is
shown. Where it is observed that its production decay of this
radical is approximately 80% in a time of nanoseconds [13].
This last result shows that the hydroxyl radical "existence"
time is around a few nanoseconds, which is in agreement with
its half-life, as previously expressed. Since this radical is
highly reactive and interacts with molecules "close" to it, in-
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cluding proteins or DNA. (It is important to mention that in all
our results the percentage statistical error remained below 5%,
with a maximum of 4.37% that was obtained for the aqueous
electrons.)

-~ 1.955 keV
1.957 keV
1.960 keV
1.967 keV
1.988 keV

10 10 101

Figure 5. Production of oxygen species, especially the hydroxyl radical
(OHX) as a function of time and the energy of the Auger electrons.

Our interest in these two reactive species, H,O, and OH¥, is
due to the fact that in our next work, cisplatin and some atoms
of one species, transition metals, will be deposited on the sur-
face of the SiO, nanoparticles; when these two elements are
internalized in the cell, to increase the number of OH* radicals,
and to analyze a possible therapy against cancer through reac-
tive oxygen species, in particular with OH*[7].

This kind of work has been studied before using mitochon-
dria with the outer membrane coated in gold nanoparticles
(GNP). In most cases [10] the goal was to identify dose enhan-
cement effects, which correlates with direct DNA damage, but
also the radiosensitivization of cells which cannot be explai-
ned with dose enhancements alone according to experimental
results [14], such effects are often attributed to dose heteroge-
neity on length scales of hundreds of nanometers [hence in
this work we show the possible effect on indirect DNA dama-
ge by analyzing the chemical output of the cisplatin molecule].

Our results are the premise to deeply understand the re-
sults when nanoparticles carry drugs to cancer tissues, and it
is applied radiation (radiotherapy) [6]. Regarding the area of
the nanocomposites, it will be analyzed whether the radiation
will increase or decrease the interaction between cisplatin and
the surface of the nanoparticle and thus study the influence on
the apoptosis process, in our next works.

3 CONCLUSIONS

We present new theoretical results through simulations ca-
rried out with the TOPAS-nBio code, which is an "efficient,
effective, and versatile" version of Monte Carlo methods for
numerical calculations in the deposition of energy in intrace-
llular water. In the use of Monte Carlo simulations for the
transport of radiation, we always seek to obtain a percentage
of statistical uncertainty of less than 5%. This allows us to have
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a simple, clear, and correct interpretation of the underlying
physics and biology in the generation of reactive oxygen spe-
cies. The interaction of cisplatin and the surface of the nano-
particle was not considered in this work. However, there were
results that coincide with the experimental ones, for example,
the half-life of the hydroxyl radical.

It is important to analyze the generation of the hydrogen
peroxide (H2O,) and that of the hydroxyl radical (OH*) becau-
se, in our next works, we will use transition metal ions (inside
the cell) for Haber-Weiss and Fenton reactions (used H>O5).
That results in an excess of hydroxyl radicals, which are lethal
for proteins, lipids, and deoxyribonucleic acid. Also, it is inter-
esting to note that this analysis is carried out on a simplified
real physical system and even so there are results that agree
with the experimental data [11], [13]

It is suggestive to note that both reactive species, hydrogen
peroxide and hydroxyl radical, seem to be linked, and, at the
same time, to be complementary. They have a similar way of
generation in the aerobic cell when they are naturally genera-
ted, as well as when receive external radiation. This could lead
us to think that there is an inherent and necessary mechanism
for the existence of these two reactive oxygen species. Also, it
could indicate something about how reactive oxygen species
behave in their generation and their interaction with organe-
lles of the aerobic cell.

We have used the TOPAS-nBio code in cell biology, which
is rarely used in this field. We researched to understand the
underlying mechanisms of the action of Auger electrons to
generate reactive oxygen species in cells, and this knowledge
will be used in investigations of damage to cancer cells. The
simulation of the physical and chemical aspects, in combina-
tion with representations of the extra / intra-cellular biological
systems, obtained an adequate description of the deposition
phenomena of the energy of the studied ionizing radiation and
subsequent phenomena, production of ROS, comparable with
experimental biological results.

Appendix A: Monte Carlo Computational Simulation
(TOPAS-nBio code)

Monte Carlo simulation is the best alternative available today
to solve the problem of radiation transport in the matter when
dealing with complex geometries, such as those found in va-
rious medical applications using ionizing radiation. The Mon-
te Carlo simulation process assumes that the particles follow
rectilinear paths at a constant speed between two consecutive
interactions in the medium. GEANT4 is a free software packa-
ge made up of tools that can be used to accurately simulate the
passage of particles through matter using Monte Carlo Simu-
lation.

The TOPAS-nBio code includes and extends the Geant4 si-
mulation toolkit to make advanced Monte Carlo simulation
for all forms of irradiation easier to work with. At TOPAS-
nBio you can model physics, dosimetry, and radiotherapy
treatments with Linear Particle Accelerators (LINAC) for me-
dical use, gamma treatment heads, radionuclide therapy,
computed tomography imaging patient geometry (CT), Single
Photon Emission Computed Tomography (SPECT) and Posi-
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tron Emission Tomography (PET), physics and dosimetry in
all kinds of radiotherapeutic treatments with beams of elec-
tromagnetic radiation and/or in the form of particles (elec-
trons, protons, neutrons, etc. ), save and reproduce the phase
space, provide advanced four-dimensional (4D) graphics,
among other peculiarities.

TOPAS-nBio users can configure pre-built components
(such as mechanical elements, patient geometry, intracellular
systems, nanoparticles, and even the DNA macromolecule) to
simulate a wide variety of radiation therapies without the re-
quired knowledge of the Geant4 simulation toolkit underlying
or any programming language. Additionally, the code inclu-
des a security approach to prevent users from making pro-
gramming mistakes.

In summary, this code has the following characteristics:

1) Preserve the underlying Geant4 code.

2) It offers all the capabilities of Geant4 in terms of speed,
precision, and flexibility.

3) Offers underlying physics compared to experimental re-
sults.

4) Support users who have limited or no programming ex-
perience.

TOPAS-nBio offers options to quantify absorbed dose in
any specific medium or material (through braking radiation
conversion), creep, surface current, electric charge, linear
energy transfer (LET), etc., all with a calculation of statistical
uncertainties. For further details on the use of this code in de-
termining the radiolysis of water in aqueous media and its
application in Medical Physics, see [15] and [16].

Appendix B. Some Simulations of Reactive Oxygen
Species.

In this appendix B, some simulations of some other reactive
oxygen species are shown.
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Figure 6. Production of oxygen species, in this case the hydronium
ion (H30") as function of the time and the energy of the Auger electrons.
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Figure 7. Generation of oxygen species, of hidroperoxyl (HO,") as function
of the time and the energy of the Auger electrons.
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Figure 8. Generation of oxygen species, of hydrogen radical plus one
aqueous electron ( H*+ e,q ) as function of the time and the energy of the
Auger electrons.
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Figure 9. Production of oxygen species, in this case the dihydrogen (H,)
as function of the time and the energy of the Auger electrons.
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Figure 13. Generation of oxygen species, of aqueous electron (eaq) as
function of the time and the energy of the Auger electrons.

Figure 10. Generation of oxygen species, of superoxide anion radical (Oy
1) as function of the time and the energy of the Auger electrons.
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Figure 14. Production of oxygen species, in this case the hydrogen radi-
cal (H*) as function of the time and the energy of the Auger electrons.

Figure 11. Production of oxygen species, in this case the oxygen (O;) as

function of the time and the energy of the Auger electrons.
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