
HAL Id: hal-03811358
https://hal.science/hal-03811358

Submitted on 13 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Intercomparison of nanodosimetric distributions in
nitrogen simulated with Geant4 and PTra track

structure codes
Marcin Pietrzak, Heidi Nettelbeck, Yann Perrot, Carmen Villagrasa,

Aleksandr Bancer, Marion Bug, Sebastien Incerti

To cite this version:
Marcin Pietrzak, Heidi Nettelbeck, Yann Perrot, Carmen Villagrasa, Aleksandr Bancer, et al.. In-
tercomparison of nanodosimetric distributions in nitrogen simulated with Geant4 and PTra track
structure codes. Physica Medica, 2022, 102, pp.103-109. �10.1016/j.ejmp.2022.09.003�. �hal-03811358�

https://hal.science/hal-03811358
https://hal.archives-ouvertes.fr


Intercomparison of nanodosimetric distributions in nitrogen simulated with Geant4
and PTra track structure codes

Marcin Pietrzak a,e,∗, Heidi Nettelbeckb,e, Yann Perrot c,e,f, Carmen Villagrasa c,e,f, Aleksandr Bancer a,e, Marion
Bug b,e, Sebastien Incerti d,f

a National Centre for Nuclear Research (NCBJ), Andrzeja Sołtana 7, 05400 Otwock, Poland
b Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany

c Institut de Radioprotection et de Sûreté Nucléaire (IRSN), 31 avenue de la Division Leclerc, 92260 Fontenay-Aux-Roses, France
dUniversité de Bordeaux, CNRS, LP2I Bordeaux, UMR 5797, 19 Chemin du Solarium, 33170 Gradignan, France
eEuropean Radiation Dosimetry Group e.V. (Eurados), Ingolstädter Landstrasse 1, Neuherberg, 85764, Germany

f Geant4-DNA collaboration

Abstract

To facilitate the use of Geant4-DNA for radiation transport simulations in micro- and nanodosimeters, which are phys-
ically operated with tissue-equivalent gases such as nitrogen (and propane), this work aims to extend the cross section
data available in Geant4-DNA to include those of nitrogen for electron energies ranging from 1 MeV down to the ionisa-
tion threshold. To achieve this, interaction cross section data for nitrogen that have been used with the in-house PTB
PTra track structure code have been implemented in the current state-of-the-art Geant4-DNA simulation toolkit. An
intercomparison has been performed between the two codes to validate this implementation. To quantify the agreement
between the cross section models for nitrogen adopted in PTra and those implemented in Geant4-DNA, the simulation
results of both codes were analysed using three physical parameters describing the ionisation cluster size distribution
(ICSD): mean ionisation cluster size, variance of the cluster size and the probability to obtain a single ionisation within
the target. Statistical analysis of the results indicate that the interaction cross section models for nitrogen used in PTra
(elastic scattering, impact ionisations and electronic excitations) have been successfully implemented in Geant4-DNA. In
addition, simulated ICSDs were compared to those measured with the Jet Counter nanodosimeter for energies between
100 and 2000 eV. For greater energies, the ICRP data for LET and particle range were used as a reference. The modified
Geant4-DNA code and data successfully passed all these benchmarks fulfilling the requirement for their public release
in the next version of the Geant4 toolkit.

Keywords: nanodosimetry, Geant4-DNA, particle track structure, ionising radiation, Monte Carlo simulation, electron
cross sections

1. Introduction

Fundamental knowledge of the mechanisms driving ion-
ising radiation interactions with biological targets is the
key to answer many questions that persist in the field of
radiation protection, particularly for medical applications.
Being able to adapt current approaches for dosimetry to
novel radiation therapy treatments, such as hadronther-
apy, BNCT (boron neutron capture therapy) or the use of
metal nanoparticles as radiosensitisers [1], as well as ad-
dressing questions related to exposure at very low doses
(where only stochastic effects are expected), are just some
of the research challenges that would benefit from such
knowledge.

Whilst achieving a complete picture of how biological
effects are induced by ionising radiation might be seen as
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a long-term goal, significant experimental and computa-
tional research conducted during the last decades have ad-
vanced our understanding of the different processes leading
to radiation-induced effects. In this context, Monte Carlo
(MC) track structure codes [2, 3] are a powerful means to
simulate, on an event-by-event basis, the detailed pattern
of radiation interactions (on the nanometer scale) with in-
dividual intracellular molecules, which are at the origin
of these effects. For that purpose, track structure codes
include the interaction cross sections needed to transport
electrons down to energies of a few eV. While this method
may be controversial for charged particles with kinetic en-
ergies lower than 1 keV [4], it has been argued [5] that sta-
tistical results obtained with MC track structure codes do
provide a good approximation of multiple quantum scat-
tering down to electron energies in the order of 10 eV.

Generally, track structure codes aim to include cross
sections for calculating the probability of interactions that
lead to energy deposition in condensed matter. In the case
of low-energy charged particles, the interaction probability

Preprint submitted to Physica Medica September 30, 2022

https://orcid.org/0000-0002-8337-1098
https://orcid.org/0000-0001-9043-5857
https://orcid.org/0000-0002-1738-8019
https://orcid.org/0000-0002-6223-3120
https://orcid.org/0000-0003-4795-8438
https://orcid.org/0000-0002-0619-2053
https://orcid.org/0000-0002-8337-1098


not only depends on the atomic composition of the target,
but also on its aggregation state (i.e. gas, liquid or solid).
Hence, there is an additional complexity to obtain interac-
tion cross sections experimentally. For liquid water, which
is considered one of the most abundant components of bi-
ological materials, few experimental cross sections exist
[6, 7]. Nevertheless, most track structure codes for radio-
biological modelling use liquid water as a surrogate for all
biological target materials, such as the cell nucleus or DNA
[8, 9].

Existing experimental approaches, however, cannot
provide any measurable quantities describing particle track
structure on the nanometric scale in liquid water. Even the
use of low-pressure water vapour in experimental setups is
challenging. Thus, the most common experimental ap-
proach is to use more inert gases like nitrogen or propane.
For example, microdosimeters often use tissue-equivalent
gases comprising a mixture of propane, nitrogen and car-
bon dioxide, while nanodosimeters are usually operated
with nitrogen or propane [10].

MC tools capable of simulating such experiments are
not only scarce, but also challenging to develop and im-
plement. In the case of nitrogen, one of the most tested
MC track structure codes is the PTra code developed at
PTB [11–13]. The code has been successfully applied to
simulate experiments, in particular, those performed using
three different nanodosimeters using nitrogen or propane
as a target gas [12, 14–19].

Written in FORTRAN, the PTra code provides a rudi-
mentary interface regarding the target and beam geom-
etry. Only simple geometries can be easily implemented
and anything more complicated demands careful changes
in many of the subroutines, which is prone to human er-
ror. One solution is to implement appropriate cross section
models for these gases in a more contemporary and open
source MC toolkit such as Geant4 [20], which provides
a more versatile interface for defining beam and detector
geometries. Furthermore, the widespread use of Geant4
compared to the PTra code would enable the simulation
tools based on such cross-section data to be available to
more scientific users.

The Geant4-DNA collaboration therefore initiated a
new activity to implement interaction cross section data
of materials other than liquid water for track structure
simulations. This began with four DNA-substitute materi-
als tetrahydrofuran (THF), trimethyl phosphate, (TMP),
purine (Pu) and pyrimidine (Py), which were already im-
plemented in PTra [13], and has been furthered in this
work with the inclusion of nitrogen. In future releases, it
is planned to also include cross section data for propane.
For this purpose, specific model classes were designed and
implemented in the Geant4-DNA extension of the Geant4
code (i.e. in the Geant4DNAPTB model classes) [9, 21–
23]. Currently, these publicly available models can be used
to perform track structure simulations in the four DNA-
substitute materials mentioned above, as demonstrated in
the Geant4 “ICSD” user example [9, 24].

In this work, we validate the inclusion of appropriate
cross section models for nitrogen in Geant4-DNA prior to
its public release. Using these newly implemented data,
the ability of the modified Geant4-DNA toolkit to simu-
late certain physical track-structure quantities is bench-
marked against the PTra code in which the cross sections
were first implemented. Physical track structure quan-
tities relevant to nanodosimetry, such as the ionisation
cluster size distribution (ICSD), were simulated with both
Geant4-DNA and PTra using identical cross section data.
In the course of comparing the transport methods and
models adopted in both codes, some minor bugs were cor-
rected in the PTra code. A validity check of the simu-
lation results (obtained with the new cross section data)
was carried out by benchmarking the simulated electronic
stopping power and range in nitrogen with corresponding
ICRU and NIST data [25] for energies greater than 10
keV. For energies less than 10 keV, the comparison was
made against a model presented by Gümüş [26]. In this
low energy range, simulated ICSDs were also compared
to those obtained experimentally (in nitrogen) by Bancer
(aka Bantsar) et al. using the Jet Counter nanodosimeter
at NCBJ [27]. The good agreement between Geant4-DNA
and PTra codes for simulated quantities such as ICSDs as
well as experimental results and published data on stop-
ping power and range values satisfies the requirement for
their release in the Geant4 code. Furthermore, it facilitates
the next stage of this work, which is the implementation
in the same model classes of interaction cross section data
for propane.

In a broader context, this work is aligned with the
Geant4 developers’ initiative to provide a well-documented
and tested open source MC tool for a variety of med-
ical physics applications, from radiation quality studies
through radiobiology to patient treatment with radiother-
apy [28].

2. Materials and methods

2.1. Physical processes and models for nitrogen electron
interactions

With the aim of validating the implementation of ni-
trogen cross sections in Geant4-DNA classes, this study
compares the performance of the MC track structure codes
Geant4 (version 10.06.p01) and PTra (versions V10/08 and
V22/04) using identical interaction cross section data for
nitrogen. The key features of the cross section models are
extensively described by Grosswendt and Waibel [11] with
further amendments in [12, 13]. An overview of these mod-
els is given in Table 1 and a brief description is provided
in the subsequent sections.

In the case of Geant4-DNA, the cross sections were im-
plemented in the form of lookup tables so that they can be
easily replaced, if needed, in a future revised version of the
code. For example, it is planned to introduce an alterna-
tive elastic scattering model for nitrogen based on recent
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Table 1: Summary of the models used to calculate interaction cross sections in nitrogen, which were obtained from PTra and then implemented
in Geant4-DNA.

Interaction
type

Cross section type Models

Impact
ionisation

Total (including partial cross
sections for subshells)

Binary-Encounter-Bethe (BEB) model [29], except for K-shell
ionisation which uses one proposed by Casnati et al. [30].

Differential (production energy of
secondaries)

Breit-Wigner formula [31].

Doubly-differential (production
angle for given production
energy)

Berger’s kinematic model with an extension for low energies
[11]

Elastic
scattering

Total Fitted experimental data [11].

Differential (scattering angle) Modified Rutherford model with atomic screening corrections
[11].

Electronic
excitation

Total (including 29 partial cross
sections)

Formulas and cross section parameters based on Porter et al.
[32].

experimental data for electrons of energies ranging from
30 to 1000 eV once the experimental data is published.

In all simulations and calculations, an energy cut of
15.58 eV (i.e. the ionisation threshold of nitrogen) was
used for electron transport.

While interaction cross section models presented in Ta-
ble 1 are implemented in the PTra code, they are often not
used directly. Rather, lookup tables are generated in the
initialisation phase which are then used during the simu-
lation of track structure. The Geant4-DNA classes were
therefore designed to use pre-generated lookup tables with
an identical format as those used in the internal tables of
PTra. A different approach, however, was used to calcu-
late the production energy of secondaries (in the ionisation
model) and the calculation of the scattering angle (in the
elastic scattering model). In both cases, PTra uses formu-
las that directly describe particular models, while Geant4-
DNA uses pre-generated lookup tables based on these for-
mulas. This difference in code design allows the neces-
sary generalisation of Geant4-DNA to simulate a variety
of materials using different sources of cross section data,
often providing alternatives for the same material. This
dissimilarity between PTra and Geant4-DNA can lead to
residual differences in the simulation results obtained with
these codes.

2.1.1. Impact ionisation model
The Binary-Encounter-Bethe (BEB) model [33] with

the molecular orbital data from Hwang et al. [29] is used
for describing the electron impact ionisation processes in
nitrogen. The model provides partial ionisation cross sec-
tions for the four subshells with binding energies of 15.58
eV, 17.07 eV, 21.00 eV and 41.72 eV. With a binding energy
of 409.5 eV, the K-shell is treated separately according to
the empirical formula proposed by Casnati et al. [30]. The
energy of a secondary electron emitted after impact ioni-

sation is determined by the Breit-Wigner formula. [31].
For any given energy, the total ionisation cross section
should be the sum of the cross sections for all five sub-
shells. However, if the auto-ionisation process is activated,
as is the default behaviour in both codes, then the total
impact ionisation cross section is reduced by an amount
that is then added to the total excitation cross section.
This auto-ionisation process corresponds to an emission of
a secondary electron after the excitation of one or more
nitrogen shells. Therefore, the total emission of secondary
electrons produced either by ionisation or auto-ionisation
must be preserved in accordance with the total ionisation
yield. Compared to when it is inactivated, activation of
the auto-ionisation option can lead to small variations in
energy and angular distribution of secondary electrons.

2.1.2. Excitation model
In this model, there is no scattering (change in mo-

mentum direction) of incident electrons. The treatment of
electronic excitation processes is based on the formulas and
cross section parameters of Porter et al. [32]. To obtain
a better agreement with the experimental total scattering
cross sections, a few corrections and extensions have been
applied [12].

The auto-ionisation process is part of the excitation
model in both MC codes, where a probability of 50% auto-
ionisation is assumed if the excitation energy of a Ryd-
berg state is greater than the 15.58 eV ionisation threshold
for nitrogen. The secondary electrons produced by auto-
ionisation are emitted isotropically and their kinetic en-
ergy is calculated from the given excitation energy minus
the ionisation threshold.

2.1.3. Elastic scattering model
The treatment of elastic electron scattering is based on

integrated cross sections σel(T) obtained by experiments
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and on Rutherford’s differential cross sections (dσ/dΩ)el
with respect to the solid angle, which were modified to
take into account atomic screening effects [11].

2.2. Auger cascades and auto-ionisation
As mentioned above, PTra has the capability of simu-

lating auto-ionisation following an excitation as well as
Auger cascades after a K-shell ionisation of the target
molecule. While it is also possible to simulate Auger cas-
cades in Geant4-DNA, both codes have different imple-
mentations of the process, which may lead to differences
in the simulated results. Since the Auger cascade pro-
cess is independent of the cross section implementation
to be validated in this work, the Auger cascade model
was inactivated in both PTra and Geant4-DNA. The auto-
ionisation process, on the other hand, was incorporated in
the G4DNAPTBExcitationModel class in a similar man-
ner to that in PTra, and thus is included in the comparison
of simulated results obtained with both codes.

2.2.1. Modifications to the PTra code
Prior to implementing the physical models in Geant4-

DNA, the PTra code was updated to version V22/04. This
included some minor changes in an older version (V18/08)
of PTra that were necessary to perform simulations for the
intercomparison for specific target and beam geometries.
It was during this process that a few minor bugs in PTra
were identified and subsequently corrected, namely some
outdated physics constants (minor differences compared to
contemporary values), miscalculation of a few percent for
the total ionisation cross section due to omission of the
K-shell contribution in the summation (up to 100 keV of
electron energy, the K-shell contribution is less than 5%), a
mistake in the formula for production angles of secondary
electrons with energies below 200 eV. (Owing to the lim-
ited range and high elastic-scattering cross section of these
electrons, the exact angular spectrum during production
is of little importance.) The overall impact of these minor
bugs is only apparent during sensitive tests and, thus, in
most typical cases has little effect on the simulation re-
sults. Consequently, simulated results were compared for
the following versions of the codes:

1. PTra V22/04 (updated version of PTra V18/08);
2. Geant4-DNA (10.06.p01): including all cross sec-

tion data derived from models implemented in PTra
V22/04;

3. PTra V18/08: initial version of the PTra code used in
previous studies. Simulations were performed with
this version to determine the impact of the afore-
mentioned code upgrade on the results.

2.3. Simulated geometries and energies
To compare and validate the results of both codes, dif-

ferent combinations of simulation geometries and energies
were investigated, both with nitrogen target volumes of

density equal to 1 g/cm3 (i.e. liquid water density). The
world volumes in which these targets were placed were also
filled with nitrogen of density equal to 1 g/cm3. This den-
sity was chosen to enable the simulations to be performed
in target volumes of sizes equivalent to those of biological
targets, such as DNA constituents. In the first geome-
try, a cylindrical target 2.3 nm in diameter and 3.4 nm in
height (representing the typical dimensions of a DNA seg-
ment comprising 10 base pairs) was placed in the centre
of a 10×10×10 nm3 cubic world volume. The target was
irradiated with a pencil beam of monoenergetic electrons
originating on the side of the cylinder at half of its height.
This geometry is identical to the one used in the Geant4
“ICSD” example, which is already available for simulations
with DNA-substitute materials (i.e. THF, TMP, Pu and
Py). The objective of this work is to extend this ICSD
example (in a future Geant4 release) to include nitrogen
as a potential material.

In the second geometry, a spherical target of 8 nm in
diameter (representing the volume of a nucleosome) was
placed at the centre of a 20×20×20 nm3 cubic world. Both
the target and world were filled with nitrogen of density
equal to 1 g/cm3. The target was irradiated by an isotropic
source of monoenergetic electrons originating at the centre
of the sphere. The use of these two targets allows the in-
vestigation of different ICSDs in terms of mean values and
variances to cover all possible discrepancies that may arise
in the results obtained with the two codes. For both geo-
metrical setups, at least 107 primary electrons were simu-
lated for each initial kinetic energy: 20 eV, 30 eV, 50 eV,
70 eV, 100 eV, 150 eV, 200 eV, 300 eV, 400 eV, 500 eV, 600
eV, 800 eV, 1 keV, 2 keV, 3 keV, 5 keV, 10 keV, 20 keV, 50
keV, 100 keV, 200 keV, 500 keV and 1 MeV, which led to
results with statistical uncertainties of less than 1%.

2.4. Comparison with experimental data
Simulated ICSDs were also compared with those ob-

tained experimentally in order to benchmark the cross sec-
tion data implemented in both Geant4-DNA and PTra
codes. Measured ICSDs for low-energy monoenergetic
electron beams traversing a “nanometric” nitrogen target
are reported by Bancer et al. [27, 34]. The study includes a
detailed description of the Jet Counter nanodosimeter and
experimental setup used to carry out the measurements.

The most important aspects of the experimental setup
can be summarised as follows. The target in the Jet
Counter is created dynamically by a pulse-operated piezo-
electric valve that injects a jet of nitrogen gas to a interac-
tion chamber (IC). The IC volume is an open (bottomless)
cylinder, 10 mm in diameter and 10 mm in height. Fol-
lowing passage of the projectile, ions created within the IC
escape with the gas jet to a much larger vacuum chamber.
While neutral molecules dissipates within the chamber, an
electric field guides all ions to a single ion detector which
then counts them one-by-one. Thus, the entire IC region is
a sensitive volume of the detector, in which all ions created
inside are measured with a known detection efficiency.
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For each event, the target was irradiated with a sin-
gle pulse from the electron gun. The average number of
electrons per beam pulse was approximately one, but var-
ied slightly from experiment to experiment (see Table 2).
Despite the real number of electrons for any given event
being random, it was verified to obey a Poisson process.
This of course means that some events were blank shots
(no electron was emitted from the electron gun). In order
to compare these measurements with simulations, a Pois-
son probability distribution for the number of electrons
per each event was taken into account.

The nitrogen gas density within the nanodosimeter was
tuned to a value of 0.34 µg/cm3. Applying the scaling
procedure described by Grosswendt [35], this cylindrical
nitrogen volume could be scaled to a cylindrical water tar-
get of unit density (roughly 2.3 nm in both diameter and
height), which is equivalent in size to a short segment of
DNA. In both PTra and Geant4-DNA simulations, how-
ever, the target’s geometry and density were the same as
those used in the experiment.

2.5. Reference quantities
For comparison purposes, ICSD was chosen as the ba-

sic physical reference quantity as it is usually regarded as
one of the fundamental descriptors of the particle track
structure. It is for this reason that many papers in the
field of nanodosimetry are focused on this quantity and/or
its derivatives. Sensitive to different aspects of the ICSD
shape, the following three parameters of the ICSD were
therefore chosen for direct comparison: the mean ionisa-
tion cluster size M1 (i.e. first moment of the ICSD), which
reflects the total ionisation yield; the variance σ2 of the
cluster size, which is most sensitive to the distribution’s
tail; and the probability P1 to obtain a cluster size of one
(i.e. only a single ionisation in the target), which for the
geometries of interest was sensitive to both the production
and behaviour of secondary electrons. The latter can lead
to additional ionisations, thereby significantly lowering P1.
Of these nanodosimetric quantities, M1 is of most interest
as the other two are sensitive to subtle differences in the
shape of the ICSD.

The statistical uncertainty is always given as a stan-
dard deviation of a quantity. For M1 and σ2, the un-
certainty was calculated from the statistical properties of
ICSD from which the quantity is derived. For Pk (and P1

in particular), the standard deviation is the square root of
the number of counts of a given cluster size divided by the
total number of events.

3. Results and discussion

Figures 1 and 2 show the energy dependence of each
of the three above-mentioned quantities for PTra V22/04
and Geant4-DNA. These results should reflect the accu-
racy and suitability of the implemented physical models
in both codes. For both of the investigated geometries,
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Figure 1: Energy dependence of the three quantities M1, P1 and
σ2 obtained with the cylindrical geometry for equivalent simulations
performed using Geant4-DNA and PTra codes. The relative differ-
ence is shown in the bottom panel of the figure. Statistical uncer-
tainties are smaller than the symbol size in both panels.
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Figure 2: Energy dependence of three quantities M1, P1 and σ2

obtained with the spherical geometry for equivalent simulations per-
formed using Geant4-DNA and PTra codes. The relative difference
is shown in the bottom panel of the figure. Statistical uncertainties
are smaller than the symbol size in both panels.

there is a good agreement between the simulated results
for all three quantities (less than ∼1% and ∼3% difference
for the first and second geometries, respectively). This
not only verifies the correct implementation of nitrogen
cross sections in Geant4-DNA, but also suggests that the
transport in both track structure codes is equivalent. Any
residual (minor) discrepancies can be attributed to differ-
ences in the interpolation method of cross section values
used in each respective MC code.

In the current study, the cross section models obtained
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from PTra and implemented in Geant4-DNA were also val-
idated by calculating the stopping power and range of elec-
trons in nitrogen using equivalent implementation in both
codes (i.e. PTra V22/04 and Geant4-DNA). The results of
this comparison are shown in Figure 3 and 4, together with
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PTra codes compared with data from NIST ESTAR database [25]
and Gümüş model [26]. The relative difference between Geant4-DNA
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of the figure. Statistical uncertainties are smaller than the symbol
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equivalent simulations with Geant4-DNA and PTra codes compared
with data from NIST ESTAR database [25] and Gümüş model [26]
calculated using CSDA. The cutoff energy (i.e. when electron trans-
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data from the NIST ESTAR database [25] (based on ICRU
report 37 [36]) and Gümüş model [26]. The overestimation
of the stopping power and corresponding underestimation
of range is most likely related to the overestimation of im-
pact ionisation cross sections in the BEB model (in rela-
tion to the values recommended by Itikawa [37], which was
discussed by Bug et al. [13]). The substantial underesti-
mation of stopping power beyond 200 keV has little impact
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in most applications involving radiobiology or nano- and
microdosimetry. For example, in the case of a 230 MeV
proton beam, which is typically the maximum initial en-
ergy of clinical beams, less than 1% of secondary electrons
are produced with energies greater than 100 keV with an
average value of just a few keV.

Finally, to serve as a reference for previous studies per-
formed with earlier versions of the PTra code, we show the
influence of the modifications made to PTra in this work.
The overall impact of all bug fixes is shown in Figures 5
and 6, where the most significant differences are present for
high-energy electrons. This suggests that the bugs present
in older versions of the PTra code have little impact on any
previous results for heavy charged particles (protons and
alpha particles) since the upper energy limit of secondary
electrons produced by primary particles in these studies
was typically less than 10 keV.

3.1. Experimental validation
Figure 7 shows a comparison of the measured [27] and

simulated ICSDs in nitrogen. In the interest of readabil-
ity, only the simulation results obtained with Geant4-DNA
are shown. (All data points obtained with both PTra and
Geant4-DNA codes were found to overlap.) For the same
reason, only four energies are shown. Table 2 compares
the values of M1, P1 and σ2 for all available experimen-
tal data.In the presented simulation results, the ionisation
yield for 1 and 2 keV electron beams may be underesti-
mated due to the absence of Auger electron cascade con-
tributions. However, based on calculations with PTra, the
impact on M1 is in the order of 1% .
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Figure 7: Comparison of the simulated (empty symbols) and mea-
sured (full symbols) ionisation cluster size distributions for different
monoenergetic electron beams. The simulated cylindrical target ge-
ometry and density were identical to those adopted in the experiment
(i.e. diameter and height of approximately 2.3 nm and density of 0.34
µg/cm3. Statistical uncertainty is marked only for experimental val-
ues as for simulated it is smaller then the symbol size.

Table 2: Experimental (exp.) [27] and simulation (sim.) results for
the ICSD parameters M1, P1 and σ2 obtained from monoenergetic
electrons of energy E traversing a nitrogen target of 0.34 µg/cm2

thickness (i.e. equivalent geometry to that of the Jet Counter nan-
odosimeter). The beam intensity I is defined as the average number
of primary electrons per event. Statistical uncertainties of the last
digits are given in parentheses.
E [eV] I type M1 P1 σ2

100 1.75 exp. 0.796(4) 0.2870(21) 1.080(10)
sim. 0.7713(4) 0.27002(17) 1.0704(8)

200 1.19 exp. 0.708(4) 0.2444(18) 1.088(10)
sim. 0.7425(4) 0.20914(15) 1.3033(11)

300 1.02 exp. 0.542(4) 0.2133(18) 0.846(9)
sim. 0.5685(3) 0.18649(14) 1.0122(10)

500 0.93 exp. 0.366(3) 0.1750(15) 0.541(6)
sim. 0.3774(3) 0.16395(14) 0.6064(7)

1000 0.93 exp. 0.2221(21) 0.1317(14) 0.305(5)
sim. 0.23101(18) 0.13029(12) 0.3279(4)

2000 1.06 exp. 0.1470(17) 0.0995(12) 0.187(3)
sim. 0.15387(15) 0.10181(11) 0.2009(3)

4. Conclusion and further work

The results in this work indicate a successful imple-
mentation of interaction cross section models for nitro-
gen, namely elastic scattering, impact ionizations and elec-
tronic excitations, in the Geant4 toolkit. These cross sec-
tions are identical to those originally implemented in the
PTra code, which has been used extensively over the last
few decades to simulate nanodosimetric experiments. This
was shown in the comparison of three physical quantities
(M1, P1 and σ2) describing the ICSD. A comparison of the
energy dependence of these quantities with two different
target geometries using Geant4-DNA and PTra V22/04
(in Figures 1 and 2) showed a good agreement between
the codes. It can therefore be assumed that the transport
in both MC track structure codes is similar, thus verifying
a correct implementation of these cross section models for
nitrogen in Geant4-DNA. Furthermore, the good agree-
ment between the simulated stopping powers and ranges
as well as ICSDs for monoenergetic electrons over the en-
tire energy range also validates the use of these models in
both codes.

Hence, these nitrogen cross sections will be included in
the next release of the Geant4 code for public use. Fur-
ther work is planned to extend this data set to include
the implementation of appropriate cross section models
for propane, which is another tissue-equivalent gas often
chosen as the operating gas in micro- and nanodosimeters.
This inclusion of nitrogen and propane cross section data
in Geant4-DNA would not only improve the accuracy of
radiation transport simulations in these media, but also
increase the code’s versatility for applications particularly
within the micro- and nanodosimetry community.
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