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ARTICLE INFO ABSTRACT

Gold Nanoparticles (GNPs) have recently gained a lot of attention due to their potential benefit to improve the
efficacy of X-ray radiotherapy. Owing to their high atomic number, GNPs are able to absorb higher quantities of
incident radiation with respect to the surrounding tissue, producing, in particular, photoelectrons and low en-
ergy Auger electrons. These additional low energy electrons increase the local energy deposition in the region
surrounding the GNP. Monte Carlo simulations play a key role in the investigation of GNP radio-enhancement
and it is widely recognised that track structure physics models are the state-of-the-art for nano-scale studies.

In 2016, we have developed track structure physics models for the Geant4-DNA toolkit allowing electron
transport for microscopic bulk gold (Geant4 DNA_AU_2016) and we have recently improved them in the low
energy domain (Geant4_ DNA_AU_2018).

In this paper, we report the benchmarking of these newly developed physics models when calculating the
physical dose and the Dose Enhancement Factor (DEF) around a GNP. We demonstrate that
Geant4_DNA_AU_2018 models give similar azimuthal distribution of two dimensional absorbed dose around a
single GNP, but result in larger absorbed dose and DEF than Geant4 DNA_AU_2016 models. In parallel, we
investigated the performance of a newly developed multiple scattering model in Geant4 based on the Goudsmit-
Saunderson (GS) model, when used together with the electromagnetic physics models with the Geant4
Livermore condensed-history approach. Our results show that the GS model does not affect the results of the
simulations when studying GNP radio-enhancement with a condensed-history approach.
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1. Introduction

Gold Nanoparticles (GNPs) have recently attracted significant at-
tention due to their potential benefit of improving the efficacy of X-ray
radiotherapy [1-7]. Owing to their high atomic number, the GNPs are
able to absorb higher quantities of incident radiation with respect to the
surrounding tissue, producing photoelectrons, low energy Auger elec-
trons and fluorescence X-rays [8-10]. Due to the additional production
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of (mainly) low energy electrons, the local energy deposition also in-
creases in the region surrounding the GNP (although secondary photons
deliver the energy to more peripheral region). The dose enhancement is
more evident in the case of low energy (kilovoltage) X-ray fields, as the
result of a higher photoelectric cross section which translates into an
enhanced production of secondary electrons.

Monte Carlo (MC) simulations are extensively used to evaluate the
benefit of GNPs in X-ray radiotherapy treatment. In this context,
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previous MC simulation studies have explored the GNP radio-en-
hancement using condensed-history models [11,12] for electron trans-
port [13-23]. However, in general, in the case of water for example,
such condensed history models are suitable only for macroscopic vo-
lumes in higher energy ranges (e.g. with linear dimensions larger than
few hundred nanometers at 10 keV) [24-29].

The track structure approach [30] is recognised as the state-of-the-
art for nanometer scale MC studies because of its higher accuracy in the
description of physical interactions [26]. Very few MC simulation codes
(e.g. TRAX [31]), so far, have succeeded to develop track structure
models which allow the simulation of electron transport in nanometer
scale volumes of gold.

In 2016, the Geant4-DNA [32-34] — a low energy extension of the
MC simulation toolkit Geant4 [35-37] — has been equipped with track
structure physics models for electron transport suitable to microscopic
bulk gold (hereafter called the “Geant4 DNA_AU_2016”) models [38].
The Geant4 DNA_AU_2016 models which simulate all physical inter-
actions step-by-step (discrete approach), have demonstrated higher
backscattering effect in microscopic bulk gold (down to a linear size of a
few tens of nanometers) with respect to the low energy and condensed-
history Livermore and Penelope physics models available in Geant4
[39]. However, the stopping power calculated by means of the
Geant4_ DNA_AU_2016 models is much higher than the theoretical
prediction based on the dielectric theory [40]. Based on this, it was
decided to improve the Geant4 DNA_AU_2016 models with more so-
phisticated physics models. As an activity of the Geant4-DNA colla-
boration, we have recently improved the Geant4_DNA_AU_2016 models
in the non-relativistic energy range (below 10keV) based on the di-
electric theory, which is currently the most reliable approach for
stopping power calculations at the low energy domain.

In this paper, we show the impact of these newly developed inelastic
scattering models based on the dielectric theory (hereafter called the
“Geant4_DNA_AU_2018”) models on the dose calculation in the region
surrounding a GNP with nanometer-size diameter. The
Geant4_DNA_AU_2018 models are compared to the Livermore models
(hereafter called the “Geant4 _Livermore”) [41] and the Geant4 D-
NA_AU_2016 models in terms of (1) secondary particle production
yields in a GNP and (2) absorbed dose around a GNP by secondary
particles only.

In this work, we also have evaluated the impact of an alternative
multiple scattering model based on the Goudsmit-Saunderson (GS)
approach, recently included in Geant4 [42]. The GS model is then
coupled to the Geant4_Livermore physics models for the simulation of
electromagnetic interactions.

2. Materials and methods

The aim of this work is to investigate the impact of the recently
developed discrete physics models (Geant4 DNA_AU_2018) in GNP
absorbed dose enhancement, in comparison to

e Geant4_Livermore condensed history approach (Geant4_Livermore)
with the default multiple scattering model (Urban model).

o Geant4 Livermore with the GS model.

® Previous Geant4-DNA discrete gold models (Geant4_DNA_AU_2016).

In this section, we briefly describe the newly developed
Geant4_DNA_AU_2018 (Section 2.1), the Geant4_DNA_AU_2016 and the
Geant4_Livermore models (Section 2.2), before describing the simula-
tion set-up (Section 2.3).

2.1. New electron physics models in gold based on the dieletric theory
Geant4_DNA_AU_2018 models simulate electron transport in the

low energy range (below 10keV), taking into account elastic and in-
elastic scattering processes based on the dielectric theory.
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To calculate cross sections and deflection angle of elastic scattering,
full partial wave elastic scattering calculations are performed using the
ELSEPA code [43] for solid state targets. Below 10 MeV, the total/dif-
ferential cross sections are calculated based on the Muffin-tin approx-
imation [44], and above that energy, the differential cross sections are
calculated based on the free atom approximation with fixed total cross
sections. At such high energy, the uncertainties in the calculation of the
cross sections using the Muffin-tin approximation because of truncation
and round-off error can not be neglected.

The inelastic processes involve the ionisation, the excitation and the
plasmon excitation processes below 10 keV incident electron energy. In
addition, we use an inelastic process model for bremsstrahlung which
already exists in Geant4 [41]. The key quantity in the calculation of
inelastic cross sections in condensed media is the energy loss function
(ELF), Im[-1/e(E, q)], defined as the imaginary part of the reciprocal
dielectric function, ¢ (E, q), with E, q being the energy- and momentum-
transfer, respectively [45]. At the optical limit (zero q) the ELF corre-
sponds to the absorption spectrum of the material. The latter includes
contributions from both outer- and inner- shells which, to a good ap-
proximation, can be considered independently due to their large energy
difference [46]. The outer-shells (here the O, P, and N shells of Au) with
binding energies in the sub-keV energy range are influenced by solid-
state effects so their contribution to the ELF is determined by fitting the
available experimental optical data for solid gold using the extended
Drude dielectric response function [47]. The favorable analytic prop-
erties of this model have been reviewed elsewhere [45]. Specifically,
extension of Im[—1/¢(E, ¢ = 0)] to non-zero g can be conveniently
made through dispersion relations of the Drude coefficients. Here we
adopt a quadratic energy-momentum relation which has the correct
limiting behavior at high-q (Bethe ridge) while retaining the simple
analytic properties of the model. The inner-shells (here the K, L, and M
shells of Au) with binding energies well above 1keV exhibit mostly
atomic properties, therefore, their contribution to the ELF is determined
by the hydrogenic generalized oscillator strength (HGOS) having g-
dependence built into the model [48,49]. Analytical expressions of
HGOS for each subshell are obtained from [50]. Then, the ELF of the
material takes the form:

inner

df (W + B;,
+ 8723 Ry*N Z LW+ B9 q),

(W + B) dw

outer _1
ELF(E, = Al _
®= 2 Jm[zD<W+B-,q)]

@

where «, is the Bohr radius (0.529 A), Ry is the Rydberg constant
(13.6eV), N is the atomic density, ¢p, is the Drude dielectric response
function, A; is the weighted-strength of the jth inelastic channel, and
with W the kinetic energy of the secondary electrons (W = 0 for ex-
citations) and B; the binding energy of the jth subshell. Overall, 18
ionisation subshells (outer: P1, 01, 02, 03, 04, 05, N1, N2, N3, N4-N5,
N6, N7; inner: K1, L1, L2-L3, M1, M2-M3, M4-M5) with binding en-
ergies taken from the EADL database [51], one plasmon excitation
channel (~35eV), and two excitation channels were considered in our
model. Subshells with binding energies very close to each other were
merged to a single subshell, e.g., N4 and N5, L2 and L3, M2 and M3,
and M4 and M5.

The Drude model parameters for each inelastic channel (transition
energy, damping coefficient, and weighted-strength) can be obtained
from the authors upon request. For the partitioning of the ELF to the
individual channels we made use of a recently developed algorithm
[52]. The self-consistency of our ELF model was confirmed by the f-sum
rule which was fulfilled to better than 1%. Another important con-
sistency check is the calculation of the mean excitation energy (or I-
value) of the material which is defined by [45].
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Fig. 1. The energy-loss-function (ELF) of gold at the optical limit (zero mo-
mentum transfer). Our ELF model of Eq. (1) is compared against experimental
data for solid gold [54] and NIST’s atomic gold calculations [55].

Substituting our model ELF from Eq. (1) into Eq. (2) resulted in an I-
value in almost exact agreement (within 0.1%) with the ICRU Report 49
[53] value of I = 790 eV. In Fig. 1 we present a comparison of our ELF
model against the available data at the optical limit (g = 0). Specifi-
cally, the outer-shell ELF is compared against the experimental data for
solid gold included in Palik’s database [54] whereas the inner-shell ELF
is compared against the atomic calculations of the FFAST database [55]
of NIST which pertain to gaseous gold. From Eq. (1) we can then cal-
culate the differential inelastic cross section for the ionisation and
plasmon channels using the Born approximation expression [45]:

fq+1m[— ! ]dq,
q- e(E, q) 3)

where T is the electron kinetic energy and g, = V2m (VT + VT — E)
with m being the electron rest mass. At this stage of development our
model neglects exchange-correlation corrections to the dielectric func-
tion and low-energy corrections to the Born approximation [56,57].
Such corrections are known to be important for very low energy elec-
trons (below ~100eV) and can be considered (to the expense of sig-
nificant computational complexity) along the lines proposed by Em-
fietzoglou and co-workers [58].

As a characteristic functionality of the models, secondary electrons
from de-excitation process of plasmon excitation are also considered.
The energy-transfer is released as kinetic energy of a secondary electron
if accompanied with sufficiently high momentum transfer above a cri-
tical value (of the order of the Landau cutoff).

o __1 1
dE ~ maoNT

2.2. Alternative models to describe electron interactions in gold in Geant4

To investigate their impact, the Geant4 DNA_AU_2018 models are
compared to three alternative physics models in gold, available in
Geant4; the Geant4_ DNA_AU_2016 models and the Geant4_Livermore
with either the default multiple scattering or the GS model.

The Geant4 DNA_AU_2016 models include the elastic scattering,
electronic excitation, plasmon excitation, ionisation and brems-
strahlung. In the 2016 set, each physics model has been implemented as
a discrete model [38]. For elastic scattering full partial wave calcula-
tions are performed using the ELSEPA code for solid state [43] (same
approach as Geant4 DNA_AU_2018). To calculate inelastic cross sec-
tions, instead of having a consistent, unique approach such as the one
provided by the Geant4_DNA_AU_2018 models, we have combined four
different physics models. This approach was chosen as the only one
available in the literature before developing the self-consistent ap-
proach based on the dielectric function [31]. For the excitation process,
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the four single electron excitation channels have been obtained from a
combination of experimental data and theoretical calculations [59,60].
The plasmon cross sections and associated energy loss are calculated by
means of the theoretical approach by Quinn [61]. The Geant4 D-
NA_AU_2018 models consider plasmon excitation as well as production
of secondary electrons from de-excitation, whereas the Geant4 D-
NA_AU_2016 models only consider plasmon excitation. Ionisation pro-
cesses were calculated using a modified Relativistic Binary Encounter
Bethe Vriens (RBEBV) model [62] with empirical corrections [63,64].
Following the ionisation process, Auger electrons and fluorescence
photons are simulated including the full relaxation cascade [65,66].
Atomic state parameters, such as the binding and kinetic energies of
orbital electrons, were also taken from EADL [51] and used within the
RBEBV and the atomic de-excitation models. For the bremsstrahlung
emission process, the existing G4SeltzerBergerModel [67] was adopted.
Geant4_DNA_AU_2016 models have been shown to produce acceptable
results for electrons across the energy range from 10 eV to 1 GeV in both
macroscopic and microscopic gold volumes [38,39].

The Geant4 Livermore physics models have been widely used to
describe particle interactions in NPs and are typically considered to be
valid between 250 eV and 1 GeV. The Geant4_Livermore physics models
allow transport of particles down to 10 eV although the models are not
well validated below 250 eV. Very recently, the GS multiple scattering
model has been developed in Geant4 and shows better accuracy when
deriving backscattering coefficients in bulk gold. In all of the alternative
physics approaches considered in this work, Geant4_Livermore photon
physics models were adopted to describe photon transport. A secondary
particle production cut and transport low energy cut of 1 eV were ap-
plied to all the Geant4_Livermore simulations.

2.3. Simulation configuration

To investigate the performance of the newly developed
Geant4_DNA_AU_2018 electron transport models in GNP radio-en-
hancement, the energy deposition surrounding a GNP was calculated
using the simulation set-up shown in the left panel of Fig. 2. The same
configuration was used in previous work to investigate the performance
of the Geant4 DNA_AU_2016 models [39].

A 100 nm diameter spherical GNP is set in a 200 cm diameter sphere
of liquid water. Monoenergetic 10 keV electrons are incident from the
left side of the hemispherical surface of the GNP towards the right di-
rection. The incident positions of the electrons are randomly chosen
uniformly at the GNP surface, and all incident electrons are killed when
these particles leave the GNP. Only secondary particles are propagated
in the surrounding water. The one dimensional and two dimensional
absorbed doses (in a 10 nm thick scoring plane formed by the nano-
particle center and the primary electron direction as shown in the right
panel of Fig. 2) by all these secondary particles are scored in order to
calculate their effect in the dose enhancement around the GNP. The
spectra of the secondary particles generated in the GNP and eventually
leaving it have been scored as well. Such physical quantities have been
calculated using the different Geant4 physics models (Geant4_Li-
vermore, Geant4 Livermore with GS multiple scattering model,
Geant4_ DNA_AU 2016 and Geant4 DNA_AU_2018 models).

To quantify the impact of the new physics models on GNP radio-
enhancement, a simulation was performed in the same geometrical
setup substituting the GNP with a water NP (WNP). The dose en-
hancement has been defined as the dose enhancement factor (DEF)
which is the ratio Dosegnp/Dosewnp, Where Dosegnp and Dosewnp are
calculated in the presence of the GNP and WNP, respectively.

The yield enhancement factor (YEF) has been also defined to quantify
the enhancement of the secondary particles yield per incident particle.
The YEF is equal to Yieldgnp/Yieldwnp, where Yieldgnp and Yieldwnp are
the secondary particle yields calculated with the GNP and WNP, re-
spectively. The DEF and the YEF have been calculated with the alter-
native physics models Geant4 DNA_AU_2018, Geant4 DNA_AU_2016,
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2D dose sampling plane

Fig. 2. Left: Incident electrons (shown as solid green arrows) are injected from the hemispherical surface (shown as dashed green) on the left side of the GNP (shown
as yellow) with diameter ¢, = 100 nm. All incident electrons are killed when leaving the GNP (shown as red cross). Secondary particles (shown as dashed arrows)

can leave the GNP and enter the surrounding liquid water medium (shown as blue) with diameter ¢,,,,,,

to calculate the two dimensional dose around the GNP.

Geant4_Livermore with and without GS.

In terms of particle transport in the water medium surrounding the
GNP and the WNP, the default Geant4-DNA physics constructor
(G4EmDNAPhysics) was used in Geant4 (v10.4.p02). For the Livermore
approach, the maximum step size was limited inside both the GNP and
the WNP to half of the GNP radius. Regardless which physics models are
used in the simulations, all particles are simulated down to 10 eV in the
NP, corresponding to the transfer limit of the Geant4 DNA_AU_2018
models and the Geant4 DNA_AU_2016 models. The simulation consists
of 3 x 10® electrons.

3. Results and discussion

Fig. 3 shows the results concerning the secondary particle field
generated in the NPs (top plots) and reaching the NP surface (bottom
plots). The left plots show the energy spectra of the secondary particles
originated in the NPs, the central panels the YEF. The right panels show
the ratio of the YEF (YEEyodel/ YEFGeants_DNA_AU_2018) When using the
Geant4_DNA_AU_2018 models as base line for comparison. To note that

= 200 cm. Right: The position of 10 nm thick sampling plane

the ratio of the YEF is equal to the ratio of the secondary particle yields.

In all figures, in the case of the Geant4 Livermore approach, the
results obtained with the GS model almost overlap with those obtained
with the Urban multiple scattering model.

The YEF inside the GNP is overall enhanced by a factor of ten up to
5keV, then increases to 10? for both the Geant4 Livermore and the
Geant4_ DNA_AU_ 2016 models. However, in the case of the
Geant4_DNA_AU_2018 models, the YEF increases from 1 to 10° with the
increase of the secondary particle energy. In this energy range electrons
dominate the secondary radiation field [68]. These differences in the
YEF mainly come from the differences in the inelastic cross sections of
the ionisation process. Below 20 eV, the total ionisation cross section of
the Geant4_ DNA_AU_2018 models is ten times smaller than that of the
Geant4_DNA_AU_2016 models and the Geant4_Livermore models. The
dielectric approach used in the Geant4_DNA_AU_2018 models explicitly
includes screening effects (condensed-phase) whereas the RBEBV ap-
proach used in Geant4 DNA_AU 2016 is essentially an atomic model
mostly suitable for isolated atoms (gas phase). Screening effects are
known to reduce the ionisation cross sections, which is the reason why
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Fig. 3. The different Geant4 models for gold are compared, when a GNP with radius equal to 50 nm is irradiated with 10 keV electrons. Top left: secondary particle
yield generated inside the GNP. Top center: YEF in the GNP with respect to the WNP. Top right: YEF ratio in the GNP with the Geant4 DNA_AU_2018 models as
baseline. Bottom left: number of secondary particles reaching the GNP surface. Bottom center: YEF at the GNP surface with respect to an equivalent WNP surface.
Bottom right: YEF ratio at the GNP surface with the Geant4 DNA_AU_2018 models as baseline.
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these cross sections for solids are smaller than the ones for gases (for the
same material). Because of the smaller ionization cross section, the
2018 models provide smaller number of secondary electrons which is
the main reason for the smaller YEF inside the GNP for these models.
With increasing secondary particle energy, the bremsstrahlung process
(the corresponding model is commonly used in all physics models) is
becoming dominant. Hence, around 1 keV, the YEF of all models are
getting closer to each other. In addition, in the Geant4 DNA_AU_2018
models, secondary electrons are produced by means of the relaxation
process of plasmon de-excitation. This unique feature is the cause of
high YEF at high secondary energy, particularly above 5keV. Instead,
both in Geant4_DNA_AU_2016 and Geant4_Livermore models, only the
bremsstrahlung model produces photons above 5keV [68]. We note
that, close to the transport low energy limit (10eV), the Geant4_Li-
vermore models generate many electrons (as shown as a peak around
10 eV in the bottom panels of Fig. 3) and less photons by fluorescence
(as shown as negative spikes in the right bottom panel of Fig. 3). As
shown in the top panels of Fig. 3, even the Geant4_Livermore models
generate a similar number of secondary particles compared to the
Geant4_DNA_AU_2016 models inside the GNP. At the surface, Gean-
t4_Livermore models provide larger number of secondary particles
compared to the Geant4_DNA_AU_2016 models, although the stopping
power of the Geant4 Livermore models is almost same as for
Geant4_DNA_AU_2016 above a few hundreds of eV [38]. This indicates
that the Geant4_Livermore models predict a smaller energy loss in such
a microscopic gold volume.

Results on the energy spectra of secondary particles leaving the GNP
are shown in the bottom panels of Fig. 3. The edge at 10 eV is due to the
low energy particle transport limit of the models. Across the secondary
energy range up to 5keV, the Geant4 DNA_AU_2018 models produce a
YEF which is globally between the values calculated by means of the
Geant4_Livermore and the Geant4 DNA_AU_2016 models. The stopping
power of the Geant4_ DNA_AU_2018 models is significantly smaller than
the one of the Geant4 Livermore and Geant4 DNA_AU_2016 models
below 100 eV, because of the small cross sections of inelastic processes.
This small stopping power allows the transport of low energy particles
to relatively longer distances. As a result, the YEF at the GNP surface
calculated by means of the Geant4_DNA_AU_2018 models has a similar
trend to the other approaches under consideration in this secondary
particle energy range. Above secondary particle energy of a few tens of
eV, all gold physics models show a YEF larger than 1. The increase of
secondary particles leaving the GNP translates in an enhancement of
absorbed dose around the GNP. This is the basis of GNP radio-en-
hancement.

Fig. 4 shows the absorbed dose around the GNP. Similarly to Fig. 3,
in the case of the Geant4_Livermore models, the results obtained with
the GS model almost overlap with the results obtained using the Urban
multiple scattering model.

An inflection point occurs near 1 um for the Geant4_Livermore models
and Geant4 DNA AU 2016 models, at 3um for Geant4 DNA AU 2018
models, corresponding to the maximal distance travelled by secondary
electrons in water. As explained before, the Geant4 DNA_AU_2018 models
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provide secondary electrons even above 5keV, translating to larger tra-
velled distances. Beyond the inflection distance, energy continues to be
deposited mainly by secondary photons. In this case Geant4_ DNA_AU_2018
show very similar results compared to Geant4 DNA AU_2016 models, al-
though DEF of the Geant4 DNA_AU_2018 models is up to 50 times higher
than the Geant4 DNA_AU_2016 models around 1 pm.

Close to the nanoparticle, within 350 nm from the GNP center, the
Geant4_DNA_AU_2018 models produce a 40-80% higher DEF than the
Geant4_DNA_AU_2016 models because of a larger number of secondary
electrons emerging from the GNP (as shown in the bottom panels of
Fig. 3).

Compared to the Geant4 Livermore models, both the
Geant4 DNA_AU 2018 and Geant4 DNA_AU_2016 models show less
absorbed dose before the inflection point and more absorbed dose after
that, up to a distance of 100 pm. This follows from the observation that
dose and generation of secondary particles are linked.
Geant4_Livermore models generate a large number of electrons around
10eV but a smaller number of photons by means of the relaxation
process following ionisation as shown as negative spikes in the bottom
panels of Fig. 3. For distances bigger than 100 pm, energy is deposited
mainly by secondary photons which are generated from the brems-
strahlung process. Since we use the same bremsstrahlung model in all
physics models, the dose distributions are getting closer to each other.

In Fig. 5, the two-dimensional dose profile is considered in a 10 nm
thick cylindrical plane formed by the NP center and the incident elec-
tron direction (see the right panel of Fig. 2). It should be highlighted
that the Geant4_DNA_AU_2018 and Geant4_DNA_AU_2016 models are
indicating a significantly larger backward dose distribution compared
to Geant4_Livermore models due to a higher prediction of backscattered
electrons. This improvement on backscattering mainly derives from the
improvement of elastic scattering by means of the ELSEPA code and the
improvement of energy loss calculation in a microscopic volume using
discrete models. When the Geant4 DNA_AU 2018 and Geant4_D-
NA_AU_2016 models are compared, the azimuthal profile is very similar
but the absolute dose calculated by means of the Geant4 DNA_2018 is
higher. In this specific simulation set-up, when adopting the Gean-
t4_Livermore models, the GS model produces similar results in terms of
dose compared to the Urban multiple scattering.

4. Conclusion

The previously developed discrete physics models for gold
(Geant4_DNA_AU_2016) are able to predict better the impact of GNPs in
radiotherapy via Monte Carlo simulations when compared to Livermore
condensed-history models of Geant4, especially in terms of back-
scattering. Neverthless, such physics models have larger stopping power
with respect to theoretical predictions. As a part of this work, we have
developed new discrete physics models for gold (Geant4 DNA_AU_2018).
It is demonstrated that the Geant4_ DNA_AU_2018 models provide similar
azimuthal two dimensional absorbed dose around a single GNP, but re-
sult in an overall 40-80% larger absorbed dose (and DEF) than
Geant4_ DNA_AU_2016 models close to the nanoparticle (within 350 nm),
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Fig. 4. Left: Absorbed dose as calculated with the different physics approaches under investigation. The dose is determined as a function of distance from the NP
center in concentric shells; centre: DEF; right: Dosephysics_model/ DOS€geants_pNa_au_2018- The NP has a radius of 50 nm. The GNP is irradiated with 10keV electrons.
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Fig. 5. Top: Two dimensional dose produced by secondary particles in a 10 nm thick sampling plane, around the 100 nm diameter GNP. The GNP is irradiated with
10 keV monoenergetic electrons. Center: Two dimensional DEF. Bottom: Two dimensional dose ratio with the Geant4_ DNA_AU_2018 models as baseline. Left to right:
results obtained with Geant4 DNA_AU_2018, Geant4 DNA_AU_2016, Geant4 Livermore with GS model and with Urban multiple scattering model.

and up to 50 times larger around 1 pum.

We have also evaluated the impact on the results deriving from the
GS multiple scattering model which has been recently introduced in
Geant4 (available from Geant4 v10.5). The results of this work do not
show any noticeable difference in the calculation of GNP radio-en-
hancement when using the GS instead of the Urban model in a micro-
scopic gold volume.
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