Intercomparison of low-energy electron transport calculations by different Monte Carlo track-structure simulation codes
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Abstract
Objective. To evaluate the uncertainty of physical features of low-energy electron transport in liquid water due to the use of different Monte Carlo track-structure (MCTS) codes. 
Approach. Several MCTS codes developed specifically for liquid water, namely, Geant4-DNA, PHITS-TS, RITRACKS, NASIC, and PARTRAC are used to calculate the electronic stopping power, the pathlength and absorption ranges, the dose-point-kernel, and the frequency-mean () and dose-mean () lineal energy for electron energies from 20 eV to 100 keV. Results from MCNP6’s single-event mode, which correspond to unit-density scaled water vapor, are also included for comparison. All the examined codes adopt similar electron transport methodologies but different cross section models and datasets. Data from ICRU Report 90 were used to benchmark the medium- to high-energy performance of the codes. The uncertainty of each calculated quantity was evaluated by the relative standard deviation () and the maximum relative difference ().   
Main Results. For energies above ~1 keV, the  and  among the MCTS codes for liquid water are, on average, between 5‒25% and 20‒100%, respectively. At lower energies, and especially below 100 eV, the differences are significantly higher with the  reaching up to ~70% and the  up to ~700%. The MCNP6 results are comparable to those of the liquid water codes, except for energies below 0.1‒1 keV and/or nanometer targets where differences may reach (or exceed) ~100%. Fairly good agreement with the ICRU data is found with the average deviation between 1‒16% and the maximum deviation between 3‒20%, with the exact values depending on the particular code.  
Significance: Due to the lack of experimental data, our understanding of electron transport in liquid water is practically limited by the dispersion of the results of MCTS codes. The present results reveal significant differences among MCTS codes at low energies, especially below ~100 eV, potentially compromising the accuracy of DNA damage simulations where such electrons play a key role. The present work highlights the need for further development of the physics models used in MCTS codes to reduce the uncertainties associated with low-energy electron transport calculations in liquid water. 
 


1. Introduction
It is well recognized that the biological effects of ionizing radiation are initiated by its action in micro- to nano-meter-sized targets, corresponding to sensitive (sub) cellular structures, such as chromosomes, nucleosomes, and the DNA double helix (ICRU 1983, ICRU 2023). At this spatial scale, the effects of radiation depend upon the stochastic aspects of its interaction with matter. Therefore, Monte Carlo (MC) codes for liquid water medium, which perform stochastic simulation of radiation transport, are currently the workhorse of theoretical micro- and nano-dosimetrty and radiobiology (Dingfelder 2006, Nikjoo et al 2016, Chatzipapas et al 2020 Baiocco et al 2022). 
Essentially all types of ionizing radiation, including photons, protons, alpha particles and heavier ions, deposit energy and induce biological effects largely via interactions of secondary electrons, especially low-energy ones (NCRP 2018). The simulation of electron transport using the MC method is generally classified as either condensed history (CH) or track structure (TS). TS simulations employ interaction cross sections for the most important physical processes (i.e., electronic excitations and ionizations) to enable the transport of electrons collision-by-collision down to eV energies. The TS approach offers spatial resolution at the atomic or molecular level and, therefore, is well-suited for quantifying radiation action from the micro- down to the nano-meter scale (Nikjoo et al 1998, Dingfelder 2012). However, due to the large number of interactions that must be simulated for each radiation track, TS simulations are generally computationally intensive and are mostly limited to electron transport at low to medium energies (approximately up to ~10‒100 keV). Several MCTS codes for liquid water have been developed worldwide over the last 40 years (ICRU 2023). In particular, PARTRAC (Friedland et al 2011a), RITRACKS (Plante and Cucinotta 2011), and NASIC (Li et al 2015) are three MCTS codes that extend to both the chemical and biological stage of radiation action (Friedland et al 2011, Friedland and Kundrat 2013, Friedland et al 2017, Plante et al 2019, Plante et al 2024, Li et al 2015). In general, all MCTS codes share very similar transport algorithms but may greatly differ in the interaction cross sections. Due to the huge effort required for the development of suitable cross section datasets and their strong material-dependence (especially at low energies), most TS codes for radiobiological applications are commonly developed for a single medium, namely, liquid water, which is commonly used as a surrogate for biological media. Important contributions of TS simulations to our understanding of radiation action in cells include the quantification of the complexity of DNA damage for different radiation qualities at a level of detail which is well beyond current experimental capabilities (Goodhead 1994, Nikjoo et al 1999, 2001, Friedland et al 2011b, Plante et al 2024, Goodhead and Weinfeld 2024), and the recognition of electron “track-ends” as a high-LET (linear-energy-transfer) component, which is present in any radiation field (Nikjoo and Goodhead 1991, Michael and O’Neill 2000, Hill 2018, Goodhead 2021). 
CH simulations, on the other hand, transport electrons along artificial steps whereby the overall effect of a large number of interactions contained within the step is treated via multiple-scattering models. The latter have a weak material dependence, so their application to different media is straightforward. Another crucial advantage of this approach is that the number of simulation steps per radiation track is much reduced, which shortens the simulation time, thus facilitating the simulation of radiation transport to higher energies and macroscopic volumes. The shortcoming of the CH approach is that multiple-scattering models have a low energy limit of application at ~1 keV, which renders this approach unsuitable for mechanistic radiobiological studies at the DNA level. The important role of TS simulations to radiobiological modeling, along with the fact that TS codes are not publicly available, has led some CH codes, like Geant4 (Agostinelli et al 2003, Allison et al 2006, Apostolakis et al 2009, Allison et al 2016), PHITS (Sato et al 2024), and MCNP (Hughes 2014), to extend their functionality to the microscopic domain by enabling TS simulations of electron transport down to eV energies. Thus, by switching between CH and TS simulations, both macro- and micro-scopic calculations can be performed seamlessly. In particular, the TS versions of Geant4 and PHITS, namely, Geant4-DNA (Incerti et al 2010a, Incerti et al 2010b, Incerti et al 2018, Bernal et al 2015 Kyriakou et al 2022) and PHITS-ETS (Matsuya et al 2022), contain interaction cross section developed specifically for liquid water while also including functionalities for simulating radiation damage at the (sub) cellular and DNA level (Tang et al 2019, Sakata et al 2020, Sakata et al 2021, Matsuya et al 2022, Sato et al 2024). On the other hand, MCNP’s single-event mode, namely, MCNP6 (Rising et al 2023, Kulesza et al 2022), allows micro- and nano-dosimetry calculations in unit-density scaled water vapor (Di Maria et al 2017, Lillhök et al 2022). Because of their availability, popularity, and wide range of applications, Geant4-DNA, PHITS-ETS, and MCNP6 are also included in the present study. 
A well-known problem in the development of TS codes for liquid water is the lack of direct experimental data for the interaction cross sections. Thus, TS codes for liquid water mainly depend on (semi) theoretical cross section models. This is in sharp contrast to gas-phase media (including water vapor) where experimental measurements of interaction cross sections are generally available over a broad energy range, thus facilitating the development of empirical or semi-empirical cross section models down to the eV scale. This is the reason why, historically, TS simulations for liquid water were based on unit-density scaled water-vapor cross sections (Uehara et al 1999). This practice is nowadays largely abandoned owing, firstly, to the recognition that the effects of the condensed-phase on the interaction cross sections are non-linear, especially at low energies which are of most interest in MCTS studies and, secondly, to the availability of experimental data for the dielectric function (DF), or the energy loss function (ELF), of liquid water, which may be used to calculate inelastic cross sections from first-principles within the PWBA (Fano 1963, Inokuti 1971). Presently, calculations of inelastic cross sections for condensed media, like liquid water, using optical-data models of the DF (or ELF) are considered the state-of-the-art (Fernandez-Varea 1998, Dingfelder et al 1998, Emfietzoglou et al 2005, Fernandez-Varea et al 2005, Salvat et al 2009, Wiklund et al. 2011, Tanuma et al 2011, Dingfelder 2014, Nikjoo et al 2016, Garcia-Molina et al 2017, De Vera and Garcia-Molina 2019, De Vera et al 2021). However, the extension of these calculations down to ~10 eV is particularly challenging given the general restrictions of the PWBA and the additional approximations in the optical-data models. In fact, it has been consistently reported in the literature that, although differences among calculated inelastic cross sections for liquid water developed by different optical-data models remain moderate (~10-30%) down to about a few hundred eV, they increase rapidly at lower energies, especially below ~100 eV (Emfietzoglou and Nikjoo 2005, 2007, Dingfelder et al 2008, Emfietzoglou et al 2012, Emfietzoglou et al 2017b). Despite their promise, more elaborate models of the DF or ELF of liquid water or ab-initio calculation of cross sections, have so far limited application to MCTS studies (Champion et al 2011, Emfietzoglou et al 2013, 2017a, Nguyen-Truong 2015, 2018, Koval et al 2022). 
The aim of this study is to evaluate the uncertainty of electron transport calculations in liquid water in the energy range from 20 eV to 100 keV, due to the use of different MCTS codes. To that end, we present a systematic comparison of several state-of-the-art MCTS codes, namely, Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC, and MCNP6 in terms of the electronic stopping power, the pathlength and absorption ranges, the dose point kernel (DPK), and the microdosimetric quantities frequency-mean and dose-mean lineal energy. Apart from the MCNP6 code, which corresponds to unit-density scaled water vapor due to its atomic cross sections, the other MCTS codes employ inelastic cross section models and datasets developed specifically for liquid water. The dispersion of the physical quantities calculated was evaluated in terms of the relative standard deviation () and the maximum relative difference (). 

2. Materials and Methods
2.1. Cross sections for electron transport
In contrast to CH codes, which differ (sometimes crucially) in their transport methodology, MCTS codes adopt almost identical methodologies for simulating electron transport. This methodology is essentially based on the random sampling of interaction variables, such as the distance-to-the-next-interaction (collision-free path), the scattering angle, and the energy loss (if any), from the differential and integrated cross sections for elastic and inelastic scattering. So, the essential difference among MCTS codes is not the transport methodology, but the various interaction cross sections which, in general, may be empirical, semi-empirical, or (semi) theoretical and calculated analytically or by interpolation from look-up tables. In addition, for TS applications, it is necessary to simulate, along with the primary electron, the transport of all generations of secondary electrons. Thus, cross sections for all the individual inelastic channels (i.e., excitation levels and ionization shells) must also be provided. In Table 1, we present the different cross section inputs of the MCTS codes used in this work.  

Table 1. Key cross section features of the codes included in this study (for more details about each code, see the cited references in the main text). 
	     Cross section

Code

	
Ionization
	
Electronic excitation
	
Elastic
	
Comments

	GEANT4-DNA (option 4, recommended)
	· Extended-Drude DF model based on Heller’s optical data
· K-shell from BEAX
· PWBA cross sections with Mott style exchange
· Non-PWBA Coulomb low-energy corrections
	· Similar to ionizations but w/o exchange
	· Screened Rutherford cross section formula with screening parameter based on water vapor data
	· Condensed-phase effects included via DF
· Modelled DF with 5 ionization shells and 5 excitation levels (no plasmon)
· DF adjusted to sum-rules
· No condensed-phase effects in elastic cross sections

	PHITS-ETS
	· Ashley’s ELF model based on Heller’s optical data
· PWBA cross sections with Mott style exchange

	· Similar to ionizations but w/o exchange
	· Screened Rutherford cross section formula with Molliere’s screening parameter
	· Condensed-phase effects included via ELF
· Modelled ELF with 5 ionization shells and 5 excitation levels (no plasmon)
· ELF adjusted to sum-rules
· No condensed-phase effects in elastic cross sections

	RITRACKS
	· For energies <50 keV: Rudd’s cross section formula with parameters for liquid water
· For energies >50 keV: Seltzer’s cross section formula with parameters for water vapor
	· Kutcher-Green formula
	· For energies <200 eV: experimental data for water vapor 
· For energies >200 eV: Screened Rutherford cross section formula 
	· Condensed-phase effects included via Rudd’s parametrization
· 5 ionization shells, 2 excitation levels, and Plasmon
· No condensed-phase effects in elastic cross sections

	PARTRAC
	· Extended-Drude DF model based on Heller’s optical data and early Hayashi data
· K-shell from hydrogenic model
· For energies <5 keV: PWBA cross sections with Mott style exchange
· For energies >5 keV: BDA cross sections with Møller style exchange
· Empirical non-PWBA low-energy corrections
	· Same as ionizations but w/o exchange 
	· Atomic phase-shift calculations <1 keV
· NIST atomic data >1 keV
	· Condensed-phase effects included via DF
· Modelled DF with 5 ionization shells and 5 excitation levels (no plasmon)
· Used sum rules and other physical quantities to adjust DF
· No condensed-phase effects in elastic cross sections

	NASIC
	
	
	
	

	MCNP6.3
(Single event mode)
	· ACE cross section data Tables with specific reference to ERPDATA14

	· Not explicitly modeled
· Energy loss included via stopping power (total minus ionizations)
	· ACE elastic data Tables
	· 5 ionization shells, no discrete excitation levels
· Accuracy at low energies is limited by ACE data
· No condensed-phase effects


DF: Dielectric Function; ELF: Energy Loss Function; PWBA: Plane Wave Born Approximation; BEAX: Binary Encounter Approximation with Exchange; BEB: Binary Encounter Bethe; BDA: Bethe Dipole Approximation

2.2. Stopping power
The stopping power () of the medium for a charged particle of kinetic energy  quantifies the average energy loss () per unit path length () and consists of three contributions, namely, the energy loss to ionizations and electronic excitations (electronic stopping power, ), the energy loss to bremsstrahlung photons (radiative stopping power, ), and the energy loss in elastic scattering by the nucleus (nuclear stopping power, ). For electrons,  is negligible (regardless of the medium), and  becomes sizeable only at high energies (practically above ~1 MeV) in liquid water (ICRU 2014). So, for the energy range of interest in the present work (10 eV – 100 keV), only  is important. The connection between  and the inelastic cross sections used in a MCTS code takes one of the following forms, Eq. (1a) or (1b), depending on whether the energy transfer in electronic excitations is sampled from the differential excitation cross section (similar to ionizations) or takes a fixed-value for each particular transition, respectively: 
 

or


where  is the density of targets (here water molecules),  is the electronic excitation energy of the -th transition,  and   are the minimum and maximum energy transfer in an inelastic interaction (which are generally different for each channel), respectively, and  is the single differential cross section (per water molecule and energy interval). As indicated in Table 1, the cross sections in Eq. (1) may be either calculated directly by a particular cross section formula (as in RITRACKS) or obtained by suitable integrations of the DF (as in Geant4-DNA, NASIC, and PARTRAC) or the ELF (as in PITS-ETS). Neglecting possible systematic uncertainties in the transport algorithm, the expectation value of  deduced from MCTS simulations is equivalent to the value calculated by Eq. (1) using the same set of electronic excitation and ionization cross sections used in the simulation. Note that  is independent of the elastic scattering cross section. Also, since  relates to the energy loss of the primary particle (of a given energy), secondary electrons do not need to be transported when  is determined by MCTS simulations. 
The calculation of  by the PHITS-ETS code is made analytically since Ashley’s ELF model yields an analytic expression for Eq. (1a). In the other MCTS codes (including MCNP6), is determined according to one of the following approaches. In what may be called the “track-segment” approach, the primary particles are allowed to travel a fixed path length () and the energy loss () due to ionizations and electronic excitations is recorded. From the defining relation:  follows that, as long as  is short enough so the condition  is satisfied, the electronic stopping power () may be computed from:



where  is the energy loss of the -th primary particle due to ionizations and electronic excitations along , and  is the total number of simulated primary particles. At high electron energies (MeV),  may be several times the inelastic mean free path (IMFP), and still satisfy the condition . However, at low electron energies (sub-keV), owing to the rapid variation of the IMFP with , it becomes difficult to satisfy the condition  for a fixed . Importantly, at energies below ~100‒300 eV, the energy loss at a single inelastic interaction may be comparable to , so  should be small enough to ensure that no more than one collision takes place (i.e.,  should be of the order of IMFP). So, at low electron energies, the track-segment approach is both inconvenient (too many zeros are scored due to small ) and error-prone (the condition  may be violated). Τhe track-segment approach is used by the MCNP6 code. 
In the “frozen-velocity” approach, the primary particle is allowed to travel with fixed velocity () along a finite path length () that is long enough so that a large number of ionizations and electronic excitations take place. Then, the electronic stopping power is simply computed from:



where  is the energy transfer in the -th inelastic interaction (ionization or electronic excitation),  is the total number of inelastic interactions along , and  is the total energy transfer along . The advantage of the frozen-velocity approach, Eq. (3), over the track-segment approach, Eq. (2), is that it is equally efficient for both high and low electron energies, owing to the condition of constant  along the simulated path length. Note that the statistical uncertainty in this approach depends on the total number of simulated inelastic interactions (). Τhe frozen velocity approach, Eq. (3), is used by the Geant4-DNA code (via its spower example). An alternative implementation is to reduce the simulated path length  (and, as a corollary, the number of collisions ) but simulate a larger number (>1) of primary particles. In this case, Eq. (3) must be averaged over the number of primary particles. This implementation has the advantage that the simulation of primary particles can be done in parallel, thus reducing the computational time. This implementation is used by the RITRACKS code.
In the “first-collision” approach, the primary particles are killed after their first (inelastic) collision. Then, the electronic stopping power is computed from:
 


where  is the energy transfer in the first inelastic collision by -th primary particle,  is the path length travelled by the -th primary particle until its first inelastic collision,  is the total number of simulated primary particles,  is the average energy transfer in a single inelastic collision, and the IMFP corresponds to the average path length traveled by the primary particle until its first inelastic collision (both  and IMFP depend on ). The “first-collision” approach is used by the PARTRAC code. 

2.3. Pathlength range
The pathlength range () is defined as the average (curvilinear) distance travelled in the medium by a primary particle of initial kinetic energy until its energy falls below the transport cutoff energy  (unless otherwise stated, ). The calculation of  by MCTS simulation is based on the following expression:



where  is the vector that connects two successive interactions with Cartesian coordinates  and ,  is the total number of interactions experienced by the -th primary particle until its energy falls below the transport cutoff energy (), and  is the total number of simulated primary particle tracks. For electrons, the calculation of  by MCTS simulation is independent of the elastic scattering cross sections used in the simulation (similar to the electronic stopping power). 
A closely related quantity to , is the continuous-slowing-down-approximation (csda) range () defined by:
 


where  and  are the initial and final energies, respectively, of the primary electron. Contrary to , which can only be determined via MCTS simulation (and it is the quantity calculated in the present work),  can be calculated from  via Eq. (6). Assuming that the  entering Eq. (6) is determined from exactly the same set of inelastic cross sections used in the simulation, the calculated  (via Eq. (6)) becomes equal to the simulated , if energy-loss straggling is neglected and  (see Eqs (5) and (6)). It should be noted that, since MCTS simulations include (by default) energy-loss straggling,  may be somewhat different than ; however, in practice, this difference is only noticeable at very low electron energies. ICRU (ICRU 1984, 2014)] tabulates  values determined by Eq. (6) with  calculated from Bethe’s formula. However, due to the limitations of Bethe’s formula below 1 keV, ICRU sets  in Eq. (6), and the residual range (from  down to ) is estimated very roughly by using a linear interpolation between )  to ), assuming that . Thus, the following expression is used by ICRU (ICRU 1984, 2016):



2.4. Absorption range
Due to their relatively low mass, electrons exhibit highly tortuous trajectories within matter. The elastic scattering of electrons by the atomic nuclei of the medium is the main cause of their tortuous path as the angular deflections by inelastic collisions have, overall, a much smaller effect. As noted above,  and  are not influenced by elastic scattering and depend solely upon the electronic stopping power, i.e., the ionization and electronic excitation cross sections. A related quantity, which is sensitive to the elastic scattering cross section, is the absorption range () (also called penetration range), which is defined as the average (rectilinear) distance between the initial and final points of the primary electron’s trajectory:



where ,  are the initial and final point vectors, respectively, and  is the total number of simulated primary particle tracks. The final point corresponds to the last inelastic interaction, which causes the energy of the primary electron to fall below the transport cutoff energy (). 

2.5. Dose-Point-Kernel
A useful dosimetric concept is the dose-point-kernel (DPK), which is defined as the distribution of absorbed dose around an isotropic point source in an infinite and homogeneous medium (ICRU 2021). Then, the DPK is radially symmetric and varies only as a function of distance () from the source. Depending on the application, there exist several different (almost equivalent) mathematical descriptions of the DPK. In the present work, the DPK, , is expressed in the same units used for the stopping power:

                                                                                                                                                  

where  is the average energy (per primary electron) that is imparted in an infinitesimally thin spherical shell of thickness  at a radius  from the initial point of the primary’s electron trajectory. In MCTS simulations, the calculation of  by Eq. (9) is approximated by a histogram over discrete radial bins corresponding to radial shell with inner radius  and outer radius  ():



where  is the energy imparted in the -th spherical shell due to ionizations and electronic excitations (including residual energy of sub-cutoff electrons) by the -th primary electron, and  is the total number of simulated primary electron tracks. The  distribution is characterized by a (Bragg-type) peak, the height of which is denoted as  and its radial distance is referred to as the peak depth, . Contrary to all the previous quantities (, , , ), the evaluation of  by MCTS simulation requires that both the primary and all secondary electrons are included in the simulation.

2.6. Lineal energy
In microdosimetry, radiation quality is often described via the stochastic quantity lineal energy,  (ICRU 2023). By definition,  refers to a single primary particle track for which at least one inelastic interaction occurs inside the target volume and is obtained as follows:



where  is the energy imparted by the -th inelastic interaction in the considered target volume of mean chord length ,  is the total number of inelastic interactions that take place inside the target volume, and  is the energy imparted to the target by the primary particle track.  shares the same dimensions with LET (linear energy transfer) and is often interpreted as its stochastic analogue. Assuming that the target volume is a sphere and considering chords from straight lines intersecting the sphere originate from uniformly distributed random points in space and isotropically distributed directions (μ-randomness), then,  with  being the sphere’s diameter (ICRU 2023). Similar to , the evaluation of  by MCTS simulation requires that both the primary and all secondary electrons are included in the simulation. 
In practice, radiation quality is commonly linked to the frequency-mean () and the dose-mean () lineal energy, defined as follows (ICRU 2023):

                                                                                                                                                                   

                                                                                                                                                           

where  is the probability density function, i.e.,  is the probability of finding  in the interval . 
The evaluation of  by MCTS simulations is commonly based on two approaches. In the uniform sampling approach, an irradiated volume is defined, large enough to enclose the entire particle track (i.e., all the inelastic interactions of both the primary electron and all secondary electrons, until the energies of all electrons fall below ), and the target sphere is uniformly and randomly placed inside that larger volume. Then, the lineal energy for the -th particle track () as well as the  and  are calculated by:  





where ,  are as defined in Eq. (11),  is the number of inelastic interactions inside the target volume from the -th primary particle track, and  is the total number of simulated primary particle tracks. A drawback of the uniform sampling approach is that it is computationally inefficient because, too often, the target sphere may not contain any inelastic interaction, i.e.,  in Eq. (14), and should be discarded. In other words, the sampling efficiency defined as the ratio of successes (spheres sampled with ) to the total number of spheres sampled may be significantly less than one, especially for small targets and/or high particle energies. The uniform sampling approach is used by the PHITS-ETS and MCNP6 codes. 
An alternative approach is the weighted sampling approach, whereby an inelastic interaction point from the entire particle track is randomly selected, and the target sphere is placed randomly within a distance smaller or equal to . The advantage of the weighted sampling approach is that the sampling efficiency is exactly one, since every sphere sampled will contain at least one inelastic interaction, i.e.,  always. In this approach,  and  are calculated using the following expressions:  





where  is given by Eq. (14),  is the total number of simulated primary particle tracks, and  is the weighted probability distribution function defined by: 



where the weighting factor for the th track is defined as = with  being the total number of inelastic interaction points in the track and  being the number of inelastic interaction points inside the target. As noted, this approach ensures that, for all , . The weighted sampling approach is used by the Geant4-DNA (via its microyz example), RITRACKS, and PARTRAC codes.

2.7. Data analysis
In the analysis of the results, we distinguish between the five MCTS codes which use inelastic cross sections developed specifically for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6 code which uses atomic cross sections that pertain to water vapor (scaled to unit-density in this study). 
The dispersion of the electron transport quantities calculated by the five MCTS codes of liquid water is evaluated in terms of the relative standard deviation () and the maximum relative difference (). The  is defined as:

 

where  is the value of the quantity  determined by the th code, and  is the average value of the quantity  determined by the five MCTS codes. The  calculated by Eq. (20) is a measure of the relative uncertainty (in %) of the quantity  due to the use of different MCTS code. The  is defined as:

 

where  and  with  being the value of the physical quantity  determined by the th MCTS code. The  calculated by Eq. (21) is a measure of the maximum difference (in %) of the quantity  that may be observed between the five MCTS codes. Since all the quantities studied vary with electron energy (i.e., ), so do the  and the .  
Ιn order to assess the performance of the MCNP6 code as a MCTS code for liquid water, the absolute difference between MCNP6 and the “average” result of the five MCTS codes of liquid water was also evaluated for each quantity  according to: 

                                                                                            (22) 

3. Results
3.1. Stopping power data
In the upper panel of Figure 1, we present simulated values for the electronic stopping power () of liquid water for electrons with energies from 20 eV to 100 keV for the five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6, which corresponds to unit-density water vapor. The calculation of  by the different codes is described in section 2.3. The dispersion of the  values (bottom panel) from the five MCTS codes is presented in the form of  and , along with the relative absolute difference between MCNP6 and the average  of the five MCTS codes.
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Περιγραφή που δημιουργήθηκε αυτόματα]

Figure 1. Upper panel: The electronic stopping power () of liquid water for electrons in the energy range from 20 eV to 100 keV evaluated by five MCTS codes for liquid water, namely, Geant4-DNA (red boxes), PHITS-ETS (blue dots), RITRACKS (purple diamonds), NASIC (green triangles), and PARTRAC (orange crosses) as well as by the MCNP6 code (magenta pluses), which corresponds to unit-density water vapor. See the main text (section 2.2) for details on the method of evaluation of . The inset depicts the same data in a log-log plot. Bottom panel: The relative standard deviation () and the maximum relative difference () of the  values of the five MCTS codes, as well as the relative absolute difference between MCNP6 and the average value of the five MCTS codes. 

3.2. Pathlength range data
In the upper panel of Figure 2, we present simulated values of the pathlength range () of electrons in liquid water, for initial electron energies () from 20 eV to 100 keV, calculated by the five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor. The calculations of  are based on Eq. (5) with . In the bottom panel of Figure 2, the dispersion of the  values from the five MCTS codes is presented in the form of  and , along with the relative absolute difference between MCNP6 and the average  of the five MCTS codes. The reason for the steep fall (from 300% to 10%) of the MCNP6 vs. <MCTS> at 50 eV (bottom panel in Figure 2) is not clear and corresponds to the change of slope of MCNP6’s  curve (upper panel in Figure 2) in the 50‒60 eV interval. In general, the  results of MCNP6 below about 100 eV were particularly unstable.
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Figure 2. Upper panel: The pathlength range () of electrons in liquid water in the energy range from 20 eV to 100 keV evaluated by five MCTS codes for liquid water, namely, Geant4-DNA (red boxes), PHITS-ETS (blue dots), RITRACKS (purple diamonds), NASIC (green triangles), and PARTRAC (orange crosses) as well as by the MCNP6 code (magenta pluses), which corresponds to unit-density water vapor. See the main text (section 2.3) for details on the method of evaluation of . Bottom panel: The relative standard deviation () and the maximum relative difference () of the  values of the five MCTS codes, as well as the relative absolute difference between MCNP6 and the average value of the five MCTS codes.    
 

3.3. Absorption range data
In the upper panel of Figure 3, we present simulated values of the electron absorption range () in liquid water for initial electron energies () from 20 eV to 100 keV, calculated by the five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC), and the MCNP6 code, which corresponds to unit-density water vapor. The calculations of are based on Eq. (8) with .  In the bottom panel of Figure 3, the dispersion of the  values from the five MCTS codes is presented in the form of  and , along with the relative difference between MCNP6 and the average  of the five MCTS codes. Similar to Figure 2, there is a steep fall (from 2000% to 400%) of the MCNP6 vs. <MCTS> at 50 eV (bottom panel in Figure 3), which corresponds to the change of slope of MCNP6’s  curve (upper panel in Figure 3) in the 50‒60 eV interval. The instability of MCNP6 for  below about 100 eV (see above), has also been noticed for .
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Figure 3. Upper panel: The absorption range () of electrons in liquid water in the energy range from 20 eV to 100 keV evaluated by five MCTS codes for liquid water, namely, Geant4-DNA (red boxes), PHITS-ETS (blue dots), RITRACKS (purple diamonds), NASIC (green triangles), and PARTRAC (orange crosses) as well as by the MCNP6 code (magenta pluses), which corresponds to unit-density water vapor. See the main text (section 2.4) for details on the method of evaluation of . Bottom panel: The relative standard deviation () and the maximum relative difference () of the  values of the five MCTS codes, as well as the relative absolute difference between MCNP6 and the average value of the five MCTS codes.    
 

3.4. Dose-Point-Kernel data
The DPK distribution as a function of radial distance, , is presented in Figure 4 for different initial electron energies (0.1, 0.5, 1, 10, 100 keV). The calculations of  are based on Eq. (10) with  for both the primary and all secondary electrons (except for MCNP6’s 100 keV data, which were obtained with  for increased computing efficiency). Results are presented for five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor. Although the shape of the DPK profile is similar for all codes, the peak height () and peak depth () vary among the codes. Note that the PHITS-ETS results at 100 keV are underneath the NASIC and MCNP6 curves, so they are not visible. 
  

[image: ]

Figure 4. Dose-point-kernel (DPK) distributions, , for electrons in liquid water for different initial electron energies (0.1, 0.5, 1, 10, 100 keV) evaluated by five MCTS codes for liquid water, namely, Geant4-DNA (red boxes), PHITS-ETS (blue dots), RITRACKS (purple diamonds), NASIC (green triangles), and PARTRAC (orange crosses) as well as by the MCNP6 code (magenta pluses), which corresponds to unit-density water vapor. See the main text (section 2.5) for details on the method of evaluation of .  
In Figure 5, the dispersion of the  (upper panel) and  (bottom panel) values from the five MCTS codes is presented in the form of  and , along with the relative absolute differences between MCNP6 and the average  and  of the five MCTS codes.
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Figure 5. Upper panel: The relative standard deviation () and the maximum relative difference () of DPK’s peak-height () values of the five MCTS liquid water codes (Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC) as well as the relative absolute difference between MCNP6 (corresponding to unit-density water vapor) and the average value of the five MCTS liquid water codes. Bottom panel: Same as upper panel but for DPK’s peak-depth ().    

3.5. Lineal energy data
The microdosimetric quantities ​ and  for initial electron energies () from 20 eV to 100 keV, calculated by the five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor, are presented in Figures 6 and 7, respectively. The calculations of ​ and  are based on either the uniform sampling approach, Eqs (14)-(16), or the weighted sampling approach, Eqs (17)-(19) as indicated in section 2.6. Results are shown for spherical water targets of 2, 10, 100, and 1000 nm diameter. Note that MCNP6 results for the 2 nm sphere are limited up to 2 keV, for the 10 nm up to 5 keV, for the 100 nm up to 20 keV, and for the 1000 nm up to 50 keV. This is because the MCNP6 data are obtained with uniform sampling that becomes very time-consuming for small targets and high energies. The simulation efficiency had to be improved by increasing the electron transport cut-off from 10 eV to 15 eV, although the  and  increase somewhat due to this. Still, data for higher energies were not possible to obtain within a reasonable time. 
In Figure 8, the dispersion of the ​ (upper panel) and  (bottom panel) values from the five MCTS codes is depicted in the form of  and , along with the relative absolute difference between MCNP6 and the average ​ and ​ of the five MCTS codes. The steep increase from 150 to 350% in the  of ​ for the 10 nm sphere between 0.1-1 keV (upper panel in Figure 8) is caused by the difference between the NASIC and PARTRAC codes (left bottom panel in Figure 6).
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Figure 6. The frequency-mean lineal energy () of electrons in liquid water spheres of different diameter (2, 10, 100, 1000 nm) in the energy range from 20 eV to 100 keV evaluated by five MCTS codes for liquid water, namely, Geant4-DNA (red boxes), PHITS-ETS (blue dots), RITRACKS (purple diamonds), NASIC (green triangles), and PARTRAC (orange crosses) as well as by the MCNP6 code (magenta pluses), which corresponds to unit-density water vapor. See the main text (section 2.6) for details on the method of evaluation of . Note that the MCNP6 results cover a limited energy range and are obtained with a 15 eV (instead of 10 eV) electron transport cutoff. 
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Figure 7. Same as in Fig. 6 for the dose-mean lineal energy ().
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Figure 8. The relative standard deviation () and the maximum relative difference () of the  and  values of the five MCTS codes for liquid water (Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC) as well as the relative absolute difference between MCNP6 (corresponding to unit-density water vapor) and the average values of the five MCTS codes. Note that the MCNP6 vs. MCTS comparison covers a limited energy range (see text).     

3.6. Summary of results
The results depicted in Figures 1‒8 are summarized in Figure 9 (MCNP6 excluded) which presents, for each examined quantity (, , , , ,​, ​), the average  (upper panel) and the average  (bottom panel) over the electron energy intervals (in keV): (0.01, 0.1], (0.1, 1], (1, 10], and (10, 100]. This representation reveals more clearly the energy regime(s) where the dispersion (or uncertainty) in the calculated quantities is higher (or lower). Note that, due to the averaging procedure (within each energy interval), it is expected that for particular electron energies the  and/or  may be larger than depicted in Figure 9, as can be confirmed by observing Figures 1‒8.

[image: Εικόνα που περιέχει κείμενο, στιγμιότυπο οθόνης, διάγραμμα, πολυχρωμία

Περιγραφή που δημιουργήθηκε αυτόματα]

Figure 9. Upper panel: The relative standard deviation () of the examined quantities, namely, the electronic stopping power (), pathlength range (), absorption range (), DPK peak-height (), DPK peak-depth (), frequency-mean lineal energy (), and dose-mean lineal energy (), evaluated by the five MCTS codes for liquid water (Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC) are averaged over the energy intervals (in keV): (0.01, 0.1], (0.1-1], (1, 10], (10, 100]. Bottom panel: Same as upper panel but for the maximum relative difference ().


3.7. Comparison with ICRU
A commonly used benchmark for the electronic stopping-power () is provided by Bethe’s stopping-power formula. The latter underlines the recommended values published in various ICRU Reports (ICRU 1984,1992,1997,2014). The important outcome of Bethe’s theory is that, for sufficiently high-energy electrons (above ~1‒10 keV),  can be calculated analytically without explicit knowledge of the ionization and electronic excitation cross sections entering Eq. (1). In Figure 10, the results for  of the five MCTS codes for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor, are compared against ICRU’s most recent values (ICRU 2014). The comparison is limited to the 1‒100 keV energy range, since ICRU does not provide  values for electrons below 1 keV due to the inherent limitations of the Bethe formula. According to ICRU Report 90 (ICRU 2014), for low-Z materials, the  values calculated by the Bethe formula have an uncertainty of 1.5‒5% for , 1‒1.5% for , and 0.5‒1% for . 
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Figure 10. Percentage difference of the electronic stopping power () of liquid water for electrons evaluated by the five MCTS codes for liquid water (Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor, against ICRU’s recommended values (ICRU 2014). See the main text (section 2.2) for details on the methods of evaluation of .

Similarly, the pathlength () is commonly benchmarked against the continuous-slowing-down-approximation range () evaluated by Eq. (6). ICRU provides  data calculated by Eq. (7) for electron energies above 1 keV (ICRU 2014). Due to the low-energy interpolation of  (from 1 keV down to 0 eV) in Eq. (7), the accuracy of ICRU’s  calculations deteriorates when the residual  at 1 keV is a significant fraction of the total  (see section 2.3). Thus, ICRU’s  values for electron energies below a few keV should be considered qualitative. For this reason, the comparison of Figure 11 is limited to energies above 10 keV, where ICRU’s  value may be considered reliable with an uncertainty similar to , i.e., at the 1‒5% level. 
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Figure 11. Percentage difference of the pathlength range () of electrons in liquid water evaluated by the five MCTS codes for liquid water (Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, PARTRAC) and the MCNP6 code, which corresponds to unit-density water vapor, against ICRU’s values for the continuous-slowing-down-approximation range () (ICRU 2014). See the main text (section 2.3) for details on the methods of evaluation of  and .

4. Discussion
The comparison of the electronic stopping power () and pathlength range () in Figures 1 and 2 reflects differences in the inelastic cross sections (for ionization and electronic excitation) used by the codes, since elastic collisions do not influence the calculation of either  or . The dispersion of the  and  values (quantified by the  and ) of the five MCTS codes for liquid water is rather constant above 1‒10 keV but increases rapidly at lower energies. Specifically, the  is about 5‒10% for energies above a few keV and reaches ~100% at sub-100 eV energies. As expected, the  is larger than the ; however, it exhibits a similar trend, i.e., it is almost constant at about 20‒30% above a few keV but increases up to ~700% at sub-100 eV energies. The results regarding the absorption range,  (see Figure 3), share similar trends to the results of , despite the fact that  depends also on the elastic cross sections. It is evident from the above results that our understanding of some of the most fundamental electron transport quantities, like , , and , are particularly uncertain (by ~100% or more) at low energies, especially below 100 eV. In regards to , , and , the difference between MCNP6, which corresponds to unit-density water vapor, and the average prediction of the five MCTS codes for liquid water is up to 10% above 1‒10 keV but increases up to ~1000% at sub-100 eV energies. These very large differences at low energies could be attributed to phase-effects (liquid versus gaseous water at same density) in the interaction cross sections used by MCNP6 and the liquid water codes. However, for the  in particular, the MCNP6 calculations are based on the track-segment approach which may also introduce some systematic uncertainties at low energies (see section 2.2). 
	Contrary to the above quantities (, , and ) which depend upon the transport of the primary electron, the DPK distribution, , depends also on the secondary electron spectra. Although the shape of the DPK profiles is very similar among all the codes examined (see Figure 4), differences in both the peak height () and the peak depth () are evident. A quantification of these differences (see Figures 5) reveals that, overall, the dispersion of  and  values among the five MCTS codes are rather moderate between 0.5‒100 keV with the  being up to 15% and the  up to 40%. However, for the 100 eV electron energy, the  increases to 25% () and 30% (), and the  to 70% () and 150% (). Similarly, the difference between MCNP6 and the average  and  of the five MCTS codes is only up to 15% between 0.5‒100 keV, but increases to 70% () and 35% () for the 100 eV electron energy. 
[bookmark: _Hlk197985378]	Concerning the microdosimetric quantities ( and ​) (see Figures 6 and 7), significant differences are observed among the five MCTS codes for liquid water with the  being up to 40% and the  up to 100‒400% (see Figure 8). In general, the dispersion of  is smaller than for . Interestingly, and perhaps contrary to expectation, the dispersion of  and  shows a weak dependence on sphere diameter. On the other hand, the difference between the MCNP6 code and the average values of the five MCTS codes exhibits a strong dependence on sphere size (see Figure 8). For example, for the larger spheres (i.e., 100 and 1000 nm), the  and  values of the MCNP6 code are comparable to those of the five MCTS codes, with the difference being similar to the corresponding , whereas for the smaller spheres (i.e., 2 and 10 nm), MCNP6 overestimates the predictions of the five MCTS codes, with the difference being now comparable to the corresponding . The influence of the different electron transport cut-off used in the MCNP6 calculations (15 eV instead of 10 eV) can of course not be neglected, although not quantified in this work.
	The  and  for each of the examined quantities (i.e., , , , , , , and ) averaged over the energy intervals shown in Figure 9, reveal that the dispersion of the results of the five MCTS codes is almost steady for energies above 100 eV but exhibits (for all the examined quantities) an upward shift at the sub-100 eV energy interval where the  increases to ~25‒65% and the  to ~70‒700%; the exact value depends upon the particular quantity. It is worth noting that, even at the “high” energy interval (10‒100 keV), both the  and  remain sizeable, i.e., varying between ~5‒20% and ~20‒70%, respectively.
A useful benchmarking for the performance of MCTS codes at moderate-high electron energies (>1 keV) is offered by the ICRU data for the  and . The ICRU data for  are based on calculations using the Bethe formula and are considered accurate to within 1 to 5%; specifically, the reported uncertainty by ICRU is 1.5‒5% for  and 1‒1.5% for  (ICRU 2014). The ICRU data for  are based on calculations using Eq. (6). The uncertainty of ICRU’s  values is difficult to estimate but it may be considered similar to ICRU’s  values, as long as the electron energy is well above 1 keV (see sections 2.3 and 3.8). Based on the results shown in Figure 10, the average (and maximum) deviation of the examined codes from ICRU’s  values from 1 to 100 keV is: 1.7% (4.0%) for Geant4-DNA, 2.1% (3.8%) for MCNP6, 5.0% (10.7%) for RITRACKS, 5.5% (7.8%) for PHITS-ETS, 9.8% (16.1%) for NASIC, and 15.7% (20.1%) for PARTRAC. The corresponding average deviation from ICRU’s  values from 10 to 100 keV is: 0.7% (2.7%) for Geant4-DNA, 3.1% (5.4%) for MCNP6, 6.4% (10.7%) for RITRACKS, 7.8% (8.9%) for PHITS-ETS, 8.4% (10.1%) for NASIC, and 12.4% (13.1%) for PARTRAC (see Figure 11). Thus, all codes are in good agreement with the ICRU data for  and . However, this finding should be interpreted with caution, since the consistency of a code with ICRU data, which cover energies above 1‒10 keV, does not guarantee its good performance at lower energies, especially below 100 eV.    

5. Conclusion
Electron transport calculations by five MCTS codes, which have been developed specifically for liquid water (i.e., Geant4-DNA, PHITS-ETS, RITRACKS, NASIC, and PARTRAC), revealed that, for electron energies above 1‒10 keV the dispersion of the results is moderate (on average ~20‒30%) but increases rapidly at sub-100 eV energies where differences between codes may reach ~100‒1000%. This level of uncertainty, due to the use of different MCTS codes, compromises our understanding of radiation-induced effects at the nanometer scale (including radiochemical yields, DNA damage, etc.), where low-energy electrons (mostly below ~100 eV) play a key role. The results by the MCNP6 code, which correspond to unit-density water vapor, are comparable to those of the MCTS liquid water codes, except for energies below 0.1‒1 keV and/or nanometer targets where differences may reach (or exceed) ~100%. The results clearly indicate that efforts to further develop the physics models for liquid water used in MCTS codes and reduce the uncertainties associated with low-energy electron transport calculations in liquid water are still well-justified and should be given due priority.
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