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Abstract

Electron emission spectra of a thin gold foil after photon interaction were measured over the energy
range between 50 eV and 9500 eV to provide reference data for Monte Carlo radiation-transport
simulations. Experiments were performed with the HAXPES spectrometer at the PETRA IIT high-
brilliance beamline P22 at DESY (Hamburg, Germany) for photon energies just below and above each
of the gold L-edges, thatis, at 11.9 keV, 12.0 keV, 13.7 keV, 13.8 keV, 14.3 keV, and 14.4 keV. The data
were analyzed to obtain the absolute values of the particle radiance of the emitted electrons per
incident photon flux. Simulations of the experiment were performed using the Penelope and Geant4
Monte Carlo radiation-transport codes. Comparison of the measured and simulated results shows
good qualitative agreement. On an absolute scale, the experiments tend to produce higher electron
radiance values at the lower photon energies studied as well as at the higher photon energies for
electron energies below the energy of the Au L; photoelectron. This is attributed to the linear
polarization of the photon beam in the experiments, something which is not considered in the
simulation codes.

1. Introduction

The present work is the second part of a study aimed at providing experimental benchmark data for Monte Carlo
radiation-transport simulations of the radiation effects of gold nanoparticles (AuNPs). AuNPs have an excellent
biocompatibility and are intensively studied for use in radiotherapy [1-6] because in vitro and in vivo assays have
shown an increase in the biological effectiveness of ionizing radiation when AuNPs are present during
irradiation [5-9]. The increase in biological effectiveness is much greater than the increase in average absorbed
dose expected given the greater photoabsorption of gold compared to tissue material. This phenomenon is
generally attributed to alocal dose enhancement due to low-energy electrons from Auger cascades following
core—shell ionizations of gold atoms [ 10—12]. These electrons lead to an increased energy deposition in a range of
several 100 nm from the AuNP [10-15]. It has to date not been possible to measure this local energy deposition.

Numerical simulations with radiation transport Monte Carlo (MC) codes to determine this local dose
enhancement often deliver a wide range of results between different studies [16, 17]. In a recent code
intercomparison exercise [ 18, 19], the most pronounced differences between simulations were found in the
energy spectra of the emitted electrons. These discrepancies persisted in part even after correcting for deviations
of the simulation setups from the exercise definition [20].
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Atthe time the exercise was conducted, most codes used in the simulations did not contain cross section data
evaluated for low-energy electrons. Therefore, most exercise participants had to either use the energy cut-offs
implied by the range of energies in the evaluated electron data library (EEDL) [21], often referred to as the
Livermore database, or use empirical extrapolations to lower energies. Only one code used a newly developed
cross section dataset for electron interactions in gold at energies down to the ionization threshold, derived from
theoretical models [22]. In the meantime, cross sections for low-energy electron transport in gold have also
become publicly available in the Geant4-DNA code system [23-29].

The present project was started with the aim of providing experimental benchmark data for Monte Carlo
simulations of the radiation effects of AuNPs and thus indirectly for the electron cross section data implemented
in the codes. The motivation and background of the study, the experimental procedures and data analysis
methodology, as well as the results for the AuNP samples, were described in the first part of the paper [30]. In this
second part of the paper, comparisons of the measured data for gold (Au) foils with Monte Carlo simulations
using the Penelope code and Geant4-DNA are presented. The gold foil sample was included in the study because
it was expected to have a better signal-to-background ratio. It was also expected that the corresponding
simulations would be less demanding than for the AuNP samples. In the third part of the paper, the measured
data on AuNPs and Au foil will be used for benchmarking the ‘radial’ code [31]. A comparison of measured and
simulated results on AuNP samples and a will be presented in the fourth part of the paper.

2. Materials and methods

2.1. Experimental setup

The sample preparation and experimental procedure were described in detail in [30] and are only briefly
reported here. The measurements were performed at the PETRA IIT undulator beamline P22 at DESY
(Hamburg, Germany). The experimental setup is schematically shown in figure 1: A silicon double-crystal
monochromator disperses the radiation emitted from an undulator, thus providing quasi-monochromatic
synchrotron radiation with photon energies between 2.4 keV and 15 keV at a relative bandwidth of around

1.25 x 10~* and a photon flux on the order of 10> s ', The beamline is equipped with ahigh-resolution Hard
X-ray Photoelectron Spectroscopy (HAXPES) instrument, which can measure electrons with energies up to
about 10 keV [32]. The investigated samples were mounted on a 5-axis manipulator with three translational and
two rotational degrees of freedom [32].

The sample relevant to this work was a 100 nm thick gold foil attached to a 1 mm thick rectangular
aluminum support measuring 22 mm x 13 mm and having two 5 mm holes. This support was manufactured at
PTB (Braunschweig, Germany) and attached with double-sided carbon tape to a standard wedge-shaped copper
(Cu) sample holder from DESY (figure 2).

Electron emission spectra from the sample were measured for energies between 50 eV and 9500 eV in steps
of 1 eV. The measurements were made at 15° grazing incidence of the photon beam for six photon energies
slightly below and above each of the gold L-edges, that is, 11.9 keV, 12.0 keV, 13.7 keV, 13.8 keV, 14.3 keV, and
14.4 keV. The rationale for using these energies was the relevance of the Au L-shell Auger electrons for local dose
enhancement in the first few micrometers around a AuNP [30]. A 15° grazing-incidence angle was chosen to
achieve alarger irradiated area (and thus to a better signal-to-noise ratio).

The measured spectra were normalized to photon flux (measured with a monitor of calibrated response) and
corrected for the energy dependent transmission of the spectrometer to obtain the particle radiance of electrons
per incident photon, that is, the average number of electrons per energy interval, solid angle, and surface area.
The data analysis procedure was described in detail in the first part of the paper [30].

2.2.Monte Carlo simulations

The main simulations of emitted electron spectra were performed for all photon energies used in the
experiments with the 2018 release of the Monte Carlo radiation transport code Penelope [33]. Electron emission
of a gold foil by 14.4 keV photons was also simulated using Geant4 [34—36]. To obtain additional information to
facilitate the comparison of the simulation results with the experimental data, further simulations were
performed using Penelope 2006.

The use of Penelope and Geant4 for this study was motivated by the fact that the results initially obtained
with the two codes showed the largest differences in a recent code comparison for gold nanoparticles [20]. In
addition, Geant4 was the first general radiation-transport toolkit with alow-energy extension that allows for
track structure simulations [23-26], with cross sections for low-energy electron transport in gold recently added
[27-29]. Penelope has also been shown to have the capability to simulate track structures [37]. The reason for
performing the complementary studies with Penelope 2006 was that a ready-to-use code with the changes
described in section 2.2.3 was available from a previous study.
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®

Figure 1. (a) Schematic representation of the DESY P22 beamline with the HAXPES spectrometer. The leftmost element is the
undulator, which emits a beam of broadband synchrotron radiation (violet line) which is spectrally filtered by the double-crystal
monochromator (red-brown). The resulting narrowband photon beam (yellow line) is then focused with the mirrors (green, gray) to
the measurement position on the sample. The emitted electrons are detected with the hemispherical mirror analyzer. (b) shows a
close-up image of the region around the sample indicated by the dashed line in (a). The photon beam (yellow line) hits the sample
surface at a grazing angle of incidence of 15°. The electrons emitted from the sample (arrows) are detected within the acceptance angle
(boundaries indicated by dashed lines) of the spectrometer lens.

Figure 2. Photograph of the gold-foil sample used in the measurements. The 100 nm thick self-supporting gold foil was attached to an
aluminum support with two 5 mm apertures that was mounted on a DESY wedge-shaped copper sample holder.

2.2.1. Penelope 2018 simulations
The simulations with Penelope 2018 were performed using the PenEasy main code. Energy cuts of 50 eV were

applied for both photon and electron transport, and the four simulation parameters C,, C,, W,.and W, were set
equal to 0 to force a detailed instead of a condensed-history simulation. (C; and C, are the maximum average
angular deflection and the fractional energy loss, respectively, per condensed-history step. W, is the lower
energy cut for inelastic collisions and W, is the lower energy production limit for bremsstrahlung photons).
The geometrical setup is shown schematically in figure 3. The gold foil was modelled as a cuboid with
dimensions of 1 cm x 1 cm X 100 nm (green line). The photon source (red line) was defined as a cuboid of
10 pm height and a square cross section with 110 pm side length. The source was located at 1 cm from the
sample and emitted a parallel beam (yellow area) along the direction of its shortest dimension. The photon beam
passed a vacuum-filled ‘direction detector’ (not shown in the figure). Vacuum (implemented as hydrogen at a
mass density of 10~ '° gcm ™) was also the medium used for the photon source and the detector. The detector
(blue rectangle) was a cylinder with a height of 100 nm and a radius 0f 0.158384 c¢m (corresponding to a half
aperture angle of 9°), located at 1 cm distance from the sample in a direction perpendicular to the incident
photon beam. The history of the particles was terminated when they entered the detector.
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Figure 3. Schematic cross-sectional view of the geometrical setup of the simulations with Penelope 2018 (not to scale). The gray area
represents the world volume, the red line at the bottom represents the photon source, the yellow area represents the photon beam, the
green line represents the gold foil and the blue area represents the detector. Except for the gold foil, all components of the geometry
were filled with vacuum.

Figure 4. Schematic cross-sectional view of a portion of the simulation setup used with Geant4-DNA (not to scale). The light-gray
areas represents the vacuum-filled regions of the world volume, the red area represents the copper sample holder, the dark-gray area
represents the aluminum support, the gree line represents the gold foil, the yellow line represents the incident photon beam, and the
blue area represents the detector.

The simulations were performed for monoenergetic photons of the six energies used in the experiments in
two different runs. In one run, the simulation continued until the relative standard deviation averaged over all
energy bins was under 1.15%. This corresponded to a maximum number of about 2.83 x 10'° primary particle
histories per simulation. In the second (independent) run, the simulations were stopped after a CPU time of 5
days, during which between 1 x 10'"and 2 x 10" primary particle histories had been processed, depending on
the photon energy. The output of a simulation from the first run was the frequency density distribution of
electrons per primary particle for electron energies in the range from 50 eV to 9500 eV, divided into 1 eV energy
bins. In the second run, electron energies up to the photon energy were recorded, also in energy bins of 1 eV. The
two data sets were finally merged in the overlap region of the electron energies used in the experiments to
improve the statistics.
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2.2.2. Geant4-DNA simulations

The simulation was based on Geant4 version 10.7.1 [23—26] using the cross sections for track structure
simulation in gold, which were kindly provided by Sakata et al [27, 28] for use in this project before they became
publicly available in Geant4-DNA with version v11. In the simulations, the range cut was set to 0.1 nm for all
particle types, and production cut-off energies of 50 eV were used.

The simulation setup is shown schematically in figure 4. The world volume was a cube of 12 cm side length,
the gold foil was modeled as a cuboid of 17 mm x 22 mm x 100 nm and the detector as a cuboid of dimension
3 mm X 3 mm X 1 mm. In the simulation setup, the aluminum support of the gold foil and the copper sample
holder were also included in the geometry with the dimensions used in the experimental setup.

The center of the detector was located 44 mm from the intersection of the photon beam with the sample. The
radiation source was located 31 mm from this intersection and emitted photons of energy 14.4 keV in a parallel
beam with a circular cross section and a radius 0of 0.306 pm. The direction of the photon beam had a grazing
incidence angle of 15° with respect to the gold foil surface, and the short dimension of the detector was ina
direction perpendicular to the photon beam.

When an electron entered the detector, its energy was recorded, and the particle history was terminated. The
simulations were performed in batches and multithreaded mode for a total of 8 x 10° primary particles. The
output of the simulations was a list of the phase space data of the registered electrons, which were evaluated using
ROOT and a custom-build GDL [38] script to determine the frequency density per primary photon at 1 eV
intervals between 0 eV and 14400 eV electron energy.

2.2.3. Penelope 2006 simulations

The simulations with Penelope 2006 were performed with a variant of the ‘penmain’ program included in the
code distribution, which was modified in several ways. First, rather than using an external photon beam, the
primary photons were generated within the gold foil and forced to interact at their initial position. This position
was uniformly sampled within a parallelepiped defined by the intersection of a square cylinder with a cuboid.
The side length of the square cylinder was hard coded as 100 pim (which roughly corresponds to the photon
beam in the experiments). The cuboid had dimensions of 2 cm x 2 cm x 100 nm (corresponding to the
thickness of the gold foil). The axis of the cylinder passed through the center of the cuboid and was at an angle of
15° to the planes delimiting the cuboid in the direction of its smallest dimension. The initial direction of the
photons was along this axis, and the simulation geometry consisted only of the cuboid.

The second change in the program was to record the initial position when phase-space data of electrons
directly produced by a photon interaction was retrieved from the secondary particle stack. This information was
inherited by daughter particles of these electrons and their descendants.

The history of electrons crossing the surface of the foil was terminated after determining whether their
continued trajectory would intersect the circular entrance aperture of the electron spectrometer. Two different
distances between this aperture and the sample were considered, namely the focal length of the electron
spectrometer (54 mm) and the actual distance used in the experimental setup (46 mm). The size of the circle was
such as to give a half opening angle of 9° at the focal length.

The results of these simulations were frequency density distributions of electron energy in the energy range
between 50 eV and 14.4 keV in 1 eV intervals for the two distances between the sample and the aperture.
Additional output files were created listing the final energy for each detected electron along with the initial
energy and depth below the front surface of the gold layer. These simulations were performed for all six photon
energies. In a later modification, the simulation output (produced for 14.4 keV photons only) also included the
lateral offset (as seen from the spectrometer) of the point at which the electron left the foil from its initial
position. The purpose of this additional output was to assess the size of the secondary electron source and to
confirm that the different geometries used in the simulations could be corrected by scaling the solid angle
covered by the spectrometer entrance aperture.

2.3. Methodology of comparison between experiment and simulation
The quantity determined in the simulations is the frequency density distribution, meaning, the number of
electrons per primary photon and per electron energy interval emitted from the sample within the solid angle
subtended by the detector. The output of the experiments is the particle radiance of electrons per incident
photon, meaning the number of electrons per energy interval, solid angle, and surface area. To make the two
outcomes comparable on an absolute scale, the simulation results have to be converted into an estimate of
particle radiance.

A simple approach that gives the correct dimensions would be to divide the frequency density by the solid
angle of the detector and the surface area covered by the photon beam in the simulations. However, it must be
taken into account that the number of counted electrons in the simulations depends only slightly on the beam
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cross section, as long as this is negligibly small compared to the dimensions of the aperture representing the
detector. The reason for this is that the variation of the radiance with the angle § between emission direction and
the axis of the spectrometer is expected to be small when the angle of acceptance is not too large.

For isotropic emission, the radiance would vary with cos#, and for a half opening angle of 9°, the variation
between the center and the circumference of the aperture is about 1.2%. For a p-wave of photoelectrons
originating from an s shell, the dependence is cos* and leads to a maximum variation of about 2.4%. In the
experiments, the photon beam had a lateral extension (in one direction) of 200 pm. This elongation
corresponds to a range of angle of £1.15° for the Penelope 2018 simulations where the detector was closest to the
irradiated surface. Thus, the difference in the number of counted electrons is expected to be in the sub-percent
range when a different photon beam size is used, as in the Geant4 simulations.

A quantitative comparison must therefore consider for the simulation results the same value for photon
beam area A as in the experiments as well as the actual solid angle subtended by the detector in the simulations.
Following this rationale, the frequency density f, (E.) from the simulations was converted into the simulated
particle radiance, d’¢,/dA dE dS), according to equation (1).

d%.(E, d,?
_de(E) _ fA(E,) x (1)
dA dE d ApA,
where A, and d, are the area of the aperture and its distance from the irradiated sample surface in the
simulations.

3. Results and discussion

3.1. Measured electron spectra

The measurement results obtained for the Au foil sample are shown in figure 5, where the three panels on the left
show the dependence on the kinetic energy of the electrons and the three panels on the right show the
dependence on the binding energy. The three rows of plot panels correspond to measurements slightly below
and above the L3, L,, and L, absorption edges of gold, respectively. In figure 5(a), a sharp increase of the particle
radiance below 7.5 keV electron energy is seen for the spectrum at 12.0 keV photon energy as compared to

11.9 keV. This increase is due to the opening of additional Auger decay channels after the creation of a L; core
hole by photoabsorption. According to the Evaluated Atomic Data Library (EADL) [39], this core hole leads to
the emission of an L;MM, Auger electron with energies between about 5 keV and 7.5 keV with a probability of
almost 50%, and in about 17% of the cases a non-radiative filling of this hole produces Auger electrons with
energies above 7.5 keV. In addition, there is an approximate 31% probability of deexcitations by a radiative
transition producing a fluorescence photon [39].

Much smaller differences are seen after photoabsorption on the L,-shell (figures 5(b) and (e)). According to
the EADL, an L, vacancy is filled in 35% of cases by a radiative transition and in about a third of cases by emission
of an electron in the energy range between 7.5 keV and 9.5 keV, as can be seen in figure 5(b). For this shell, there
is already a probability of about 11% for the occurrence of Coster-Kronig (CK) transitions leading to the
emission of electrons with energies below 2 keV [39].

When the photon energy increases from just below to just above the L; absorption edge, only small changes
are seen in figures 5(c) and (f) with the logarithmic y-scale. For the L;-shell, 73% of the vacancies are filled by CK
transitions leading to energies of the emitted electrons of below 2.5 keV, and three quarters of them even have
energies below 250 eV [39]. In 7% of cases, a fluorescence photon is emitted, and in another 7% of cases an
Auger electron with energy exceeding 9.5 keV is emitted [39].

As can further be seen in the panels on the right side of figure 5, the photoemission spectrum of the Au foil
also contains a pronounced peak of Cu K photoelectrons. In addition, it was shown in the first part of the paper
that silver (Ag) L lines can also be detected in the energy region of the Au M-shell photoelectrons [30]. The
occurrence of such impurities is expected given the good alloyability of the three noble metals.

3.2. Comparison of measured and simulated spectra

The comparison of the measured particle radiance spectra with the particle radiance obtained from the
simulation results by applying equation (1) is shown in figure 6, where the different panels correspond to the
different photon energies. Larger deviations between experiment (blue circles) and simulation (yellow
diamonds) can be seen in figures 6(a) and (b) for the lowest two photon energies (11.9 keV and 12.0 keV), where
the experimental results are higher than the simulated data by about a factor of 2. In addition, the experimental
results are significantly lower in the first few hundred eV of electron energy in all panels. This suggests the
presence of a surface contamination layer that hinders the escape of low-energy electrons [40, 41] but
presumably has little effect on electrons with energies greater than 500 eV.
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Figure 5. Comparison of results for the particle radiance per photon flux of the 100-nm Au foil measured at an inicidence angle of 15°
plotted (a) to (c) against the electron kinetic energy and (d) to (f) against binding energy. In (a) and (d), the photon energies are below

(11.9 keV) and above (12.0 keV) the L; absorption edge of gold, in (b) and (e) below (13.7 keV) and above (13.8 keV) the L, edge, and
in (c) and (f) below (14.3 keV) and above (14.4 keV) the L, absorption edge.

As the photon energy increases, the difference between measured and simulated results generally decreases,
except for the very different shapes of the photoelectron and Auger electron peaks and except for the energy
region below the L-shell photoabsorption peaks. Moreover, the energies of the Auger peaks show significant
deviations between experiment and simulation, which is related to the fact that the energy values used in the
Penelope code come from the EADL, which differ from the values found experimentally, as already observed in
[30]. The reason is that the energy positions in the EADL were obtained for the case of sudden transitions, where
the binding energies of the electrons are assumed to be unchanged, whereas in reality some relaxation of the
excited system is expected during the short, but still non-zero, lifetime of the core vacancies.

The lifetime of the core vacancies is also the reason for the very different line shapes of the peaks observed in
the measurements compared to those obtained in the simulations. In the simulations, an infinitely sharp energy
peak is assumed for both the photoelectrons and the Auger and Coster-Kronig electrons, while in the
experiments the short lifetime of the core hole leads to a significant line broadening.

However, it should be noted that the agreement between experiment and simulations at higher photon
energies may be a coincidence, since the experimental results have an uncertainty as large as about 40% [30]. The
main contributions to this uncertainty come from the electron spectrometer transmission and the photon beam
size, which affect the data in the same way at different photon energies. The other contributions to the
experimental uncertainty total only about 6%. The variation of the difference between experiment and
simulations with photon energy is therefore far outside the experimental uncertainty.

3.3. Quantitative comparison
The different peak energies and line shapes make the comparison of simulation results and experimental data at
each electron energy meaningless. To quantitatively compare simulated and measured data, two different
approaches were followed. In the first approach, it was tested how well simulations and experiments agree when
the simulation results are modified to account for broadening due to finite core-hole lifetime and the
experimental resolution.

Figure 7 shows an example of this approach in the energy region around the Au M; photoelectron line for
11.9 keV photon energy. Figure 7(a) shows the experimental data together with the fit curve and the fitting

7



10P Publishing

Phys. Scr. 98 (2023) 055016 JBorbinha et al

2x10°7 2107

b
10 o (b) | 12 OkeV_15
o o=
E R
e :
> . !
~ 10 >
] @
3 3
;] :
3 . B
100 %
E-] w
H‘C:
2x10° T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 10
2x10°
10°4©@ o 13.7keV_15
- - 13.7 keV. -
" - -
o <
E £
E E
3 3
" =
2 g
3 k]
it w
2 b
ﬂ\-\: "“‘u
© ©
210" T T T T T ML | T T 2
0 1 2 3 4 5 6 7 8 9 10 10
2x10”° T T
1004 & 7 > 14.3keV_15 [ 14.4kev_15 I
- 14.3 keV = | =144 keV
o ' i —
E I £
E ¢ E
S I | | o > E
(] J % o
" L2 ~
3 : 3
o " =
o 10° w 3
k= 2
n{‘; ”‘1:
© ©
2x10* T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 10
E, lkeV E, IkeV

Figure 6. Comparison of results for the particle radiance per photon flux of the 100-nm Au foil measured at an inicidence angle of 15°
for photons with energies near the (a) and (b) L, (¢) and (d) L,, and (e) and (f) L; absorption edges of gold. The open blue circles
represent the experimental data and the yellow-filled symbols represent the simulation results obtained with Penelope 2018.

components considered: a main line representing the photoelectron peak (dot-dashed); a background with
(different) exponential slope below and above the photoelectron energy and a transition in the form of an error
function; and two additional peaks at lower energy (energy position indicated by the vertical dot-dashed lines).
The thick solid line is the sum of all components. The thin solid line is the sum of the background curve (dashed)
and the main line.

The main photoelectron line has been fitted by a Voigt profile, that is, by the convolution of a Lorentz (life-
time broadening) and a Gauss (instrumental broadening) curve. The full-width at half maximum (FWHM) of
the Gaussian profile was set to 1 eV, which corresponds to the bandwidth of the photon beam. The FWHM of
the Lorentz curve was obtained from the fitas 7.7 eV, corresponding to a life-time of about 0.5 fs. The two
additional peaks at 9090 eV and 9120 eV are very broad structures and have been fitted by Lorentz curves of
18 eV FWHM. This large linewidth indicates the possible presence of several peaks. However, their small
intensity, which is only slightly larger than the noise, hampers a more detailed analysis.

Figure 7(b) shows the comparison between the experimental data and the simulation results. In this enlarged
view (compared to figure 6(a)) it is evident that the simulation yields three pronounced peaks in this energy
range (larger diamonds), which are separated by 9 eV and 10 eV, respectively. These electrons are likely to have
undergone one or two collisions producing plasmons, which are modeled with a fixed energy in the simulations.

The long-dashed line in figure 7(b) is the convolution of the simulation results with the profile of the main
line obtained when fitting the experimental data (dot-dashed line in figure 7(a)). It is evident that taking account
of the broadening increases the similarity of the line shapes in the simulation to those observed experimentally.
However, the difference of a factor of about 2 on average remains. The short-dashed line is the convoluted curve
multiplied by a factor of 2, which brings the simulation results into agreement at higher energies. In the energy
range of the main peak and at lower energies, there are still discrepancies of the order of a factor of 2. This could
be related to the fact that linearly polarized radiation was used in the experiments, which was not taken into
account in the simulations.

The second approach to a quantitative analysis is illustrated in figure 8, which shows how several global
indicators vary with photon energy. For 14.4 keV, two data points are shown for each indicator, one from
Penelope 2018 and one from Geant4 (open symbols). The first two are the mean (black squares) and the median
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Figure 7. Comparison of the experimental data (blue circles) in the energy range of the Au M; photoelectron line (at 11.9 keV photon
energy) with (a) the results of a line fit (solid black line) and (b) with the Penelope 2018 simulation results (diamonds) and the curve
obtained by convolution of the simulation results with the profile of the main line, which is given by the dot-dashed curve in (a). (For
details see text).
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Figure 8. Mean and median of the point-by-point ratio of the simulation results to the experimental data, and ratios of the integrated
particle radiance and energy radiance from simulation to experiment. The error bars refer to the data points of the mean and indicate
the standard deviation of the point-by-point ratios. The dashed black line is merely a guide to the eye.

(red circles) of the point-by-point ratio of simulated and measured particle radiance. The error bars refer to the
data points of the mean and indicate the standard deviation of the ratios for all electron energies. The median is
expected to be a more robust estimator. However, only minor differences between the median and mean can
be seen.

The other data points represent the ratios between simulation and experiment for the integral of the particle
radiance (upward triangles) and of the energy-weighted particle radiance (downward triangles) over the energy
range between 50 eV and 9500 eV. (The integral was estimated by summing over all energy bins and multiplying
by the bin width.) The first quantity is the number of electrons emitted per area, solid angle and incident photon;
the second is the total energy transported by emitted electrons per area, solid angle and incident photon.
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Figure 9. Comparison of the Geant4 simulation results for 14.4 keV photon energy with the results obtained with Penelope (a) and
from the experiments (b). The experimental data and those from Penelope have been rebinned to match the 10 eV bin size of the
Geant4 data.

All the data shown in figure 8 seem to follow the dashed line that suggests a factor of about 2 variation
between the lowest and highest photon energies. This variation is smaller than the variation observed for AuNPs
in [30], where the ratio of the estimated total energy transported by emitted electrons per incident photon to the
photon energy was higher by a factor of 3 to 5 at 11.9 keV compared to 14.4. keV. This was explained in part by a
signal contribution from a Tougaard background of electrons produced in the copper sample holder [42, 43]
and in part by the anisotropic electron emission resulting from the polarization of the photon beam.

From the values given in the XCOM database [44], it can be estimated that the transmission of a 100-nm gold
foil at 15° grazing incidence is 95% for 11.9 keV and 87% at 12.0 keV photons. The latter is also the value for
photons of 13.8 keV and 14.4 keV. However, it is unlikely that the measurement on the gold foil also contains a
background of electrons released after photon interaction in the aluminum support or the copper sample
holder. Gold is a much stronger scatterer of electrons than carbon. Therefore, a background of electrons
generated in the sample holder can be expected to be at least an order of magnitude smaller in the Au foil sample
than in the AuNP sample, whose carbon foil substrate is only half as thick as the gold foil.

This is supported by the results of the Geant4 simulations, which took into account the presence of the
aluminum support and copper sample holder. The Geant4 simulation results are compared in figure 9(a) with
the data from the Penelope 2018 simulation and in figure 9(b) with the experimental values. To account for the
poor statistics of the Geant4 results, all data have been rebinned to 10 eV intervals.

The comparison shows generally good agreement of the Geant4 results with the other data. Significant
discrepancies from the Penelope results can be seen in figure 9(a) at electron energies below 1 keV and between
2.5keV and 3.5 keV. Discrepancies from the measurements can be seen in figure 9(b) between 2.5 keV and
4 keV. These latter discrepancies indicate that the Geant4 simulations predict a small Tougaard background
originating from Cu K photoelectrons, which was not found in the measurements. This is presumably due to the
fact that the gold foil in the experiments was not a parallel slab (figure 2), as assumed in the simulations. It is
therefore possible that the angle of incidence to the gold surface was slightly different from 15°. Here a smaller
angle would reduce the photon transmission of the foil and increase the yield of escaping electrons. In any case, a
contribution of electrons from the sample holder to the experimental results can be ruled out.

In contrast, the occurrence of electrons produced in the Au foil by interactions of fluorescence photons
generated in the Cu sample holder may not be negligible. The corresponding signal contribution was estimated
based on the linear photon attenuation coefficients of Au and Cu from the XCOM database [44]. The
fluorescence photon energies of Cu and the corresponding transition probabilities were obtained from the

10



10P Publishing

Phys. Scr. 98 (2023) 055016 J Borbinha et al

evaluated atomic data library (EADL) [39, 45]. The photon interaction cross sections for the M shells of Au were
taken from the database provided with the Penelope code [46].

CuK, photons occur with a probability of about 39% and have energies slightly above 8 keV. Cu Kz photons
have energies slightly below 9 keV and occur with a probability of about 5%. For the irradiation at 15° grazing
incidence, the estimated ratio of the flux of Cu K, and K fluorescence photons to the flux of photons from the
beamline was about 3 x 107> and 4 x 107%, respectively. This estimate is based on the assumption that the
fluorescence photons can produce detectable electrons over the central 10 mm? of the gold foil surface. The self-
absorption of the fluorescence photons in the Cu material was taken into account.

This additional photon flux leads to the production of Au M-shell photoelectrons with energies between
4.6 keV and 5.8 keV for CuK,, and between 5.6 keV and 6.8 keV for Cu K3 photons. The estimated ratio between
the peak intensity of these photoelectrons and that of those produced by the incident photons is between 0.7%
and 0.9% for the Au M, line and between 1.4% and 2.2% for the Au M; line. (The lower values apply to 11.9 keV
photon energy, the higher ones to 14.4 keV.) These values are negligibly small and explain why the
corresponding peaks are not seen in figure 6.

On the other hand, photon polarization could be an explanation for the variation by a factor of 2 found in
figure 8. The significantly higher experimental values compared to the simulations occur at the higher photon
energies for electron energies below the L-shell photoelectron peaks and for the two lowest photon energies in
the entire electron energy range (figure 6). This suggests that the occurrence of these higher values is related to
the fact that the experiments were performed with synchrotron radiation, which is linearly polarized.

It should be noted that this does not contradict the observation evident in figure 7(b) that multiplying the
convolution of the simulation data with the photoelectron line by a factor of 2 brings it into agreement with the
measured data at higher energies. The residual discrepancies between the short-dashed line in figure 7(b) and the
data represented by circles occur around the peak energy and for lower electron energies. The peak corresponds
to the M; photoelectron, meaning that there are at least two more photoelectron lines at energies outside the
energy range covered by both experiments and simulations. These electrons also produce a background that
scales with the intensity of the photoelectron peak. Therefore, polarization effects thatlead to increased
photoelectron peaks also mean a corresponding increase in the background originating from these electrons.

To avoid confusion, it should be noted that preliminary simulations using Penelope 2018 were performed
both with and without the Stokes parameters for photon polarization specified in the input files [33]. The results
of the two simulations differed only slightly, in the range of a few percent. The simulations leading to the results
shown in figure 6 were performed with Stokes parameters for 100% linear polarization. Inspection of the source
code revealed that the Stokes parameters are used for modeling the (elastic) photon scattering, but are not
considered for modelling the photoabsorption process, where the azimuthal angle of the photoelectron is
sampled from a uniform distribution between 0 and 2. Therefore, the major discrepancies between
measurements and simulations are attributed to polarization of the photon beam.

3.4.Relevance the results

The results of this study show that benchmarking MC simulations of emitted electron spectra with measured
data presents challenges beyond obtaining experimental data on an absolute scale and achieving good
simulation statistics. For the AuNP samples studied [30], the mass per area of gold was by about two orders of
magnitude lower than that of the gold foil.

Therefore, a standard approach in the MC simulation would require at least two orders of magnitude more
CPU time to achieve statistics comparable to those of the Au foil. And the statistics of the Au foil simulations
were already significantly worse than in the experimental data. This is explained by the fact that the number of
incident photons corresponding to an experimental spectrum was in the order of 10'°. For comparison, in the
simulations of the gold foil, the number of histories processed per CPU core amounted to about 10° per day. As
will be discussed in detail in the fourth part of the paper, sophisticated variance reduction methods need to be
applied in the AuNP sample simulations.

The measured data for the gold foil are still quite useful, as simulations for this ‘bulk-like’ system are
obviously easier to perform and can be used in studies for an initial test of the simulation setup and the
appropriate choice of simulation parameters, such as the interaction data (‘physics list’).

A caveat concerning the experimental data is their comparatively large measurement uncertainty. However,
amajor part of this uncertainty comes from in the transmission of the electron spectrometer and is thus
independent of the photon energy. Any better estimate of the ‘true’ transmission value would therefore affect the
data in the same way for all photon energies and all samples. This means that the difference between simulated
and measured results should be the same for both the Au foil and an AuNP sample. This provides an additional
benchmarking criterion.
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As pointed out in [30], the scatter of the results of simulations of AuNP radiation effects reported in the
literature is much larger than the uncertainties of the experimental results [16, 18, 19]. Thus, the fact that the
experimental dataset produced in this study is only for six photon energies and is subject to large uncertainties
does not seem to hinder its use as a benchmark. A table of the experimental results is therefore provided as
Supplement 1 to this article.

4, Conclusions

This work presented a quantitative comparison between measured and simulated energy spectra of electrons
emitted from a gold foil under irradiation with monochromatic photons of energies in the range of the Au
L-shells. To our knowledge, this is the first study of this kind. The use of absolute quantities rather than
(potentially rebinned) relative spectral distributions has yielded several interesting insights.

With respect to the absolute magnitude of the particle radiance of the electrons emitted in the solid angle
subtended by the electron spectrometer and of the energy transported by them, a pronounced dependence on
the photon energy was found for the difference between experimental and simulated results. This photon-
energy-dependent discrepancy can be attributed to the fact that the measurements were performed with linearly
polarized radiation, while photon polarization was not considered in the modelling of the photoelectric
absorption process in the simulations.

Furthermore, it was shown that convolving the simulation results with a function representing lifetime and
instrumental broadening yields a spectral shape comparable to that observed in the measurements. It could be
an interesting (and presumably easy to implement) extension of radiation-transport codes to include lifetime
broadening in the modelling of photoabsorption and incoherent scattering on inner shells and the ensuing de-
excitation of heavy elements. Modifying the photoelectric absorption models to account for photon polarization
also appears to be a straightforward improvement to the codes.

Itis understood that these details are not expected to result in significant changes in the assessment of
absorbed dose in sufficiently large scoring volumes, which is often the primary purpose of radiation transport
codes. However, they may be as relevant for track structure simulations as are cross sections for low-energy
electron transport. Although potential use cases generally do not involve synchrotron radiation, only
synchrotron radiation sources provide sufficiently high photon flux to perform benchmark experiments of the
kind presented here. Since such benchmark studies are an essential part of quality assurance for computational
dosimetry, it would be beneficial if the codes were able to simulate such experiments while taking account of
actual experimental conditions including photon beam polarization.

Acknowledgments

This work was funded by the German Research Foundation (DFG) under grant number 386872118. DESY
(Hamburg, Germany), a member of the Helmholtz Association HGF, is acknowledged for the provision of
experimental facilities. Parts of this research were carried out at PETRA 111, and the authors would like to thank
Christoph Schlueter, Andrei Hloskovsky and Patrick Lomker for their assistance in using beamline P22 with the
HAXPES setup. Beamtime was allocated for proposal I-20200068. Andreas Pausewang is acknowledged for his
support in the preparation of the beamtime and during the experiments. Florian Burger and Gert Lindner are
acknowledged for their assistance in running some of the simulations on the PTB high-performance computing
cluster, Leo Thomas for cross-checking the Geant4 simulations, Miriam Schwarze for useful discussions related
to these simulations, and Ronald Dunham for linguistic proofreading of the manuscript. The authors also thank
Dousatsu Sakata for early access to the low-energy cross sections for electron scattering in gold that allowed the
Geant4-DNA simulation to be performed prior to making the cross sections available to the public in

release v11.

Data availability statement

The data that support the findings of this study are included within the supplementary material.

Author contributions

HR: Methodology, Validation, Data Curation, Formal Analysis, Supervision, Visualization, Writing - Original
Draft, Writing - Review & Editing; JB, LFR, PH: Investigation, Writing - Review & Editing; HN: Investigation,
Supervision, Writing - Review & Editing; SDM, WYB: Supervision, Writing - Review & Editing.

12



10P Publishing

Phys. Scr. 98 (2023) 055016 JBorbinha et al

ORCIDiDs

Jorge Borbinha ® https: //orcid.org/0000-0003-1014-908X
Hans Rabus © https://orcid.org/0000-0001-7700-9845

References

[1] Mesbahi A 2010 A review on gold nanoparticles radiosensitization effect in radiation therapy of cancer Rep Pract Oncol Radiother 15
176-80
[2] Jain S, Hirst D G and O’Sullivan ] M 2012 Gold nanoparticles as novel agents for cancer therapy Br. J. Radiol. 85 10113
[3] Dorsey] F et al 2013 Gold nanoparticles in radiation research: potential applications for imaging and radiosensitization Transl. Cancer
Res. 228091
[4] Schuemann] etal2016 Roadmap to clinical use of gold nanoparticles for radiation sensitization International Journal of Radiation
Oncology BiologyPhysics 94 189-205
[5] CuiL, Her S, Borst G R, Bristow R G, Jaffray D A and Allen C 2017 Radiosensitization by gold nanoparticles: will they ever make it to the
clinic Radiother. Oncol. 124 34456
[6] Kuncic Z and Lacombe S 2018 Nanoparticle radio-enhancement: principles, progress and application to cancer treatment Phys. Med.
Biol. 63 02TRO1
[7] Hainfeld J F, Slatkin D N and Smilowitz H M 2004 The use of gold nanoparticles to enhance radiotherapy in mice Phys. Med. Biol. 49
N309-15
[8] Her S, Jaffray D A and Allen C 2017 Gold nanoparticles for applications in cancer radiotherapy: mechanisms and recent advancements
Adv. Drug Delivery Rev. 109 84101
[9] Bromma K, Cicon L, Beckham W and Chithrani D B 2020 Gold nanoparticle mediated radiation response among key cell components
of the tumour microenvironment for the advancement of cancer nanotechnology Sci. Rep. 10 120
[10] McMahon S etal2011 Biological consequences of nanoscale energy deposition near irradiated heavy atom nanoparticles Nat. Sci. Rep.
118
[11] McMahon SJ etal2011 Nanodosimetric effects of gold nanoparticles in megavoltage radiation therapy Radiother. Oncol. 100 412—6
[12] Butterworth KT, McMahon SJ, Currell F J and Prise K M 2012 Physical basis and biological mechanisms of gold nanoparticle
radiosensitization Nanoscale 4 48308
[13] Rabus H, Gargioni E, Li W, Nettelbeck H and Villagrasa C 2019 Determining dose enhancement factors of high-Z nanoparticles from
simulations where lateral secondary particle disequilibrium exists Phys. Med. Biol. 64 155016
[14] Rabus H, Gargioni E, Li W B, Nettelbeck H and Villagrasa C 2020 Corrigendum: determining dose enhancement factors of high-Z
nanoparticles from simulations where lateral secondary particle disequilibrium exists (2019 Phys. Med. Biol. 64 155016) Phys. Med.
Biol. 65159501
[15] Rabus H et al 2021 Intercomparison of Monte Carlo calculated dose enhancement ratios for gold nanoparticles irradiated by X-rays:
assessing the uncertainty and correct methodology for extended beams Phys. Medica 84 241-53
[16] MoradiF, Saraee KRE, Sani S F A and Bradley D A 2021 Metallic nanoparticle radiosensitization: the role of Monte Carlo simulations
towards progress Radiat. Phys. Chem. 180 109294
[17] Vlastou E, Diamantopoulos S and Efstathopoulos E P 2020 Monte Carlo studies in gold nanoparticles enhanced radiotherapy: the
impact of modelled parameters in dose enhancement Physica Med. 80 57—64
[18] LiW B eral2020 Intercomparison of dose enhancement ratio and secondary electron spectra for gold nanoparticles irradiated by
X-rays calculated using multiple Monte Carlo simulation codes Phys. Medica 69 147—-63
[19] LiW Beral2020 Corrigendum to ‘Intercomparison of dose enhancement ratio and secondary electron spectra for gold nanoparticles
irradiated by X-rays calculated using multiple Monte Carlo simulation codes’ [Phys. Med. 69 (2020) 147-163] Phys. Medica 80 383—8
[20] Rabus H et al 2021 Consistency checks of results from a Monte Carlo code intercomparison for emitted electron spectra and energy
deposition around a single gold nanoparticle irradiated by X-rays Radiat. Meas. 147 106637
[21] Perkins ST, Cullen D E and Seltzer SM 1991 Tables and graphs of electron-interaction cross sections from 10 eV to 100 GeV derived from
the LLNL evaluated electron data library (EEDL), Z = 1-100UCRL-50400 Vol.31Lawrence Livermore National Lab. (LLNL) (https://
doi.org/10.2172/5691165)
[22] Poignant F et al 2020 Theoretical derivation and benchmarking of cross sections for low-energy electron transport in gold The
European Physical Journal Plus 135 358
[23] IncertiS et al 2010 The Geant4-DNA project Int. J. Model Simul. Sci. Comput. 1 15778
[24] Incerti S etal 2010 Comparison of GEANT4 very low energy cross section models with experimental data in water Med. Phys. 37
4692-708
[25] Bernal M A et al 2015 Track structure modeling in liquid water: a review of the Geant4-DNA very low energy extension of the Geant4
Monte Carlo simulation toolkit Physica Med. 31 861-74
[26] Incerti$ etal 2018 Geant4-DNA example applications for track structure simulations in liquid water: a report from the Geant4-DNA
Project Med. Phys. 45 72239
[27] Sakata D etal2018 Geant4-DNA track-structure simulations for gold nanoparticles: the importance of electron discrete models in
nanometer volumes Med. Phys. 45 223042
[28] Sakata D etal2019 Electron track structure simulations in a gold nanoparticle using Geant4-DNA Physica Med. 63 98—104
[29] Kyriakou I, Emfietzoglou D and Incerti S 2022 Status and extension of the Geant4-DNA dielectric models for application to electron
transport Front. Phys. 9711317
[30] Rabus H, Hepperle P, Schlueter C, Hloskovsky A and Baek W'Y 2023 Phys. Scr. 98 accb14
[31] Salvat Fand Fernandez-Varea ] M 2019 Radial: a FORTRANsubroutine package for the solution of the radial Schrodinger and Dirac
wave equations Comput. Phys. Commun. 240 165-77
[32] Schlueter C etal2019 The new dedicated HAXPES beamline P22 at PETRAIII AIP Conf. Proc. 2054 040010
[33] Salvat F2019 PENELOPE-2018: a code system for Monte Carlo simulation of electron and photon transport (Paris: Nuclear Energy Agency
(NEA) of the Organisation for Economic Co-operation and Development (OECD)) NEA/MBDAYV /R 9789264489950 (https://doi.
org/10.1787/32da5043-en)
[34] Agostinelli S et al 2003 Geant4—a simulation toolkit Nucl. Instrum. Methods Phys. Res., Sect. A 506 250-303

13


https://orcid.org/0000-0003-1014-908X
https://orcid.org/0000-0003-1014-908X
https://orcid.org/0000-0003-1014-908X
https://orcid.org/0000-0003-1014-908X
https://orcid.org/0000-0001-7700-9845
https://orcid.org/0000-0001-7700-9845
https://orcid.org/0000-0001-7700-9845
https://orcid.org/0000-0001-7700-9845
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1016/j.rpor.2010.09.001
https://doi.org/10.1259/bjr/59448833
https://doi.org/10.1259/bjr/59448833
https://doi.org/10.1259/bjr/59448833
https://doi.org/10.3978/j.issn.2218-676X.2013.08.09
https://doi.org/10.3978/j.issn.2218-676X.2013.08.09
https://doi.org/10.3978/j.issn.2218-676X.2013.08.09
https://doi.org/10.1016/j.ijrobp.2015.09.032
https://doi.org/10.1016/j.ijrobp.2015.09.032
https://doi.org/10.1016/j.ijrobp.2015.09.032
https://doi.org/10.1016/j.radonc.2017.07.007
https://doi.org/10.1016/j.radonc.2017.07.007
https://doi.org/10.1016/j.radonc.2017.07.007
https://doi.org/10.1088/1361-6560/aa99ce
https://doi.org/10.1088/0031-9155/49/18/N03
https://doi.org/10.1088/0031-9155/49/18/N03
https://doi.org/10.1088/0031-9155/49/18/N03
https://doi.org/10.1088/0031-9155/49/18/N03
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.1016/j.addr.2015.12.012
https://doi.org/10.1038/s41598-020-68994-0
https://doi.org/10.1038/srep00018
https://doi.org/10.1016/j.radonc.2011.08.026
https://doi.org/10.1016/j.radonc.2011.08.026
https://doi.org/10.1016/j.radonc.2011.08.026
https://doi.org/10.1039/c2nr31227a
https://doi.org/10.1039/c2nr31227a
https://doi.org/10.1039/c2nr31227a
https://doi.org/10.1088/1361-6560/ab31d4
https://doi.org/10.1088/1361-6560/aba08a
https://doi.org/10.1016/j.ejmp.2021.03.005
https://doi.org/10.1016/j.ejmp.2021.03.005
https://doi.org/10.1016/j.ejmp.2021.03.005
https://doi.org/10.1016/j.radphyschem.2020.109294
https://doi.org/10.1016/j.ejmp.2020.09.022
https://doi.org/10.1016/j.ejmp.2020.09.022
https://doi.org/10.1016/j.ejmp.2020.09.022
https://doi.org/10.1016/j.ejmp.2019.12.011
https://doi.org/10.1016/j.ejmp.2019.12.011
https://doi.org/10.1016/j.ejmp.2019.12.011
https://doi.org/10.1016/j.ejmp.2020.10.008
https://doi.org/10.1016/j.ejmp.2020.10.008
https://doi.org/10.1016/j.ejmp.2020.10.008
https://doi.org/10.1016/j.radmeas.2021.106637
https://doi.org/10.2172/5691165
https://doi.org/10.2172/5691165
https://doi.org/10.1140/epjp/s13360-020-00354-3
https://doi.org/10.1142/S1793962310000122
https://doi.org/10.1142/S1793962310000122
https://doi.org/10.1142/S1793962310000122
https://doi.org/10.1118/1.3476457
https://doi.org/10.1118/1.3476457
https://doi.org/10.1118/1.3476457
https://doi.org/10.1118/1.3476457
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1002/mp.13048
https://doi.org/10.1002/mp.13048
https://doi.org/10.1002/mp.13048
https://doi.org/10.1002/mp.12827
https://doi.org/10.1002/mp.12827
https://doi.org/10.1002/mp.12827
https://doi.org/10.1016/j.ejmp.2019.05.023
https://doi.org/10.1016/j.ejmp.2019.05.023
https://doi.org/10.1016/j.ejmp.2019.05.023
https://doi.org/10.3389/fphy.2021.711317
https://doi.org/10.1088/1402-4896/accb14
https://doi.org/10.1016/j.cpc.2019.02.011
https://doi.org/10.1016/j.cpc.2019.02.011
https://doi.org/10.1016/j.cpc.2019.02.011
https://doi.org/10.1063/1.5084611
https://doi.org/10.1787/32da5043-en
https://doi.org/10.1787/32da5043-en
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8

10P Publishing

Phys. Scr. 98 (2023) 055016 JBorbinha et al

[35] Allison] etal 2006 Geant4 developments and applications IEEE Trans. Nucl. Sci. 53 270-8

[36] Allison] etal2016 Recent developments in Geant4 Nucl. Instrum. Methods Phys. Res., Sect. A 835 186225

[37] Bernal M A and Liendo J A 2009 An investigation on the capabilities of the PENELOPE MC code in nanodosimetry AIP Conf. Proc. 36
620-5

[38] Coulais A, Duvert G, Jung G, Arabas S, Flinois S and Lounis A § 2019 GDL - GNU Data Language 0.9.9 Astronomical Data Analysis
Software and Systems XX VII 523 365-8

[39] Perkins ST, Cullen D E, Chen M H, Rathkopf], Scofield J and Hubbell JH 1991 Tables and graphs of atomic subshell and relaxation data
derived from the LLNL evaluated atomic data library (EADL), Z = 1-—100UCRL-50400-Vol.30Lawrence Livermore National Lab.
(LLNL) (https://doi.org/10.2172/1012142)

[40] Henneken H, Scholze Fand Ulm G 1999 Absolute total electron yield of Au(111) and Cu(111) surfaces J. Electron. Spectrosc. Relat.
Phenom. 101-103 1019-24

[41] Henneken H, Scholze F and Ulm G 2000 Lack of proportionality of total electron yield and soft x-ray absorption coefficient J. Appl.
Phys. 87 257-68

[42] Tougaard S and Jorgensen B 1984 Inelastic background intensities in XPS spectra Surf. Sci. 143 482-94

[43] Tougaard S 1986 Quantitative non-destructive in-depth composition information from XPS Surf. Interface Anal. 8 257-60

[44] Berger M J etal 2010 XCOM: Photon Cross section Database version 1.5) Available at: http://physics.nist.gov/xcom (Gaithersburg,
MD: National Institute of Standards and Technology) (https://doi.org/10.18434/T48G6X)

[45] Cullen D E 2018 A survey of atomic binding energies for use EPICS2017. (Vienna: IAEA)

[46] SalvatF, Fernandez-Varea] M and Sempau ] 2006 Penelope-2006: a code system for Monte Carlo simulation of electron and photon
transport. (Paris: Nuclear Energy Agency (NEA) of the Organisation for Economic Co-operation and Development (OECD)) NEA No.
622292-64-02301-1

14


https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1118/1.3056457
https://doi.org/10.1118/1.3056457
https://doi.org/10.1118/1.3056457
https://doi.org/10.1118/1.3056457
https://doi.org/10.2172/1012142
https://doi.org/10.1016/S0368-2048(98)00384-3
https://doi.org/10.1016/S0368-2048(98)00384-3
https://doi.org/10.1016/S0368-2048(98)00384-3
https://doi.org/10.1016/S0368-2048(98)00384-3
https://doi.org/10.1016/S0368-2048(98)00384-3
https://doi.org/10.1063/1.371854
https://doi.org/10.1063/1.371854
https://doi.org/10.1063/1.371854
https://doi.org/10.1016/0039-6028(84)90554-5
https://doi.org/10.1016/0039-6028(84)90554-5
https://doi.org/10.1016/0039-6028(84)90554-5
https://doi.org/10.1002/sia.740080607
https://doi.org/10.1002/sia.740080607
https://doi.org/10.1002/sia.740080607
http://physics.nist.gov/xcom
https://doi.org/10.18434/T48G6X

	1. Introduction
	2. Materials and methods
	2.1. Experimental setup
	2.2. Monte Carlo simulations
	2.2.1. Penelope 2018 simulations
	2.2.2. Geant4-DNA simulations
	2.2.3. Penelope 2006 simulations

	2.3. Methodology of comparison between experiment and simulation

	3. Results and discussion
	3.1. Measured electron spectra
	3.2. Comparison of measured and simulated spectra
	3.3. Quantitative comparison
	3.4. Relevance the results

	4. Conclusions
	Acknowledgments
	Data availability statement
	Author contributions
	References



