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Development and validation 
of proton track‑structure model 
applicable to arbitrary materials
Tatsuhiko Ogawa*, Yuho Hirata, Yusuke Matsuya & Takeshi Kai

A novel transport algorithm performing proton track-structure calculations in arbitrary materials was 
developed. Unlike conventional algorithms, which are based on the dielectric function of the target 
material, our algorithm uses a total stopping power formula and single-differential cross sections 
of secondary electron production. The former was used to simulate energy dissipation of incident 
protons and the latter was used to consider secondary electron production. In this algorithm, the 
incident proton was transmitted freely in matter until the proton produced a secondary electron. The 
corresponding ionising energy loss was calculated as the sum of the ionisation energy and the kinetic 
energy of the secondary electron whereas the non-ionising energy loss was obtained by subtracting 
the ionising energy loss from the total stopping power. The most remarkable attribute of this model is 
its applicability to arbitrary materials, i.e. the model utilises the total stopping power and the single-
differential cross sections for secondary electron production rather than the material-specific dielectric 
functions. Benchmarking of the stopping range, radial dose distribution, secondary electron energy 
spectra in liquid water, and lineal energy in tissue-equivalent gas, against the experimental data 
taken from literature agreed well. This indicated the accuracy of the present model even for materials 
other than liquid water. Regarding microscopic energy deposition, this model will be a robust tool for 
analysing the irradiation effects of cells, semiconductors and detectors.

As tools for predicting the macroscopic behaviour of radiation, general-purpose radiation transport codes are 
used in various domains of radiation application1–10. The microscopic resolution of these codes has recently 
been improved using track-structure calculations11, where charged particle transport is calculated with explicit 
consideration for every projectile-target reaction. Conventionally, the simulation of charged particles is based 
on the condensed history method. In this method, the charged particles are transported in matter with energy 
depositing along the particle track until the particle interacts with a nucleus or reaches material boundary. The 
microscopic details of energy deposition are disregarded in this method. In contrast, track-structure calculations 
use cross sections to explicitly simulate each energy deposition reaction attributed to atomic interaction. These 
calculations can therefore achieve sub-micron spatial resolution and sub-keV energy resolution. Owing to these 
attributes, track-structure models have been developed worldwide12–30 and have been applied in various fields, 
such as radiation biology31–33, radiation medicine34–36, chemical impact of radiation37,38, detector physics39–41 
and semiconductor technologies17,42.

Cross section data on atomic reactions between the primary particle and target atoms, which are based on 
the dielectric function of the target material43, is an essential ingredient of track-structure calculations. However, 
except for liquid water44, the dielectric function has not been measured over a wide frequency range. In addition, 
reliable theoretical methods which can globally predict the dielectric function of arbitrary materials have yet to 
be reported. Conventional track-structure models are almost exclusively20 applicable to liquid water. Moreover, 
demand has risen in various fields (e.g. DNA for radiation biology, luminescence materials, ionising gases for 
detector physics and Si for semiconductor applications) for track-structure calculation models applicable to 
materials other than liquid water. To expand the applicability of these models to new materials, an innovative 
approach that requires no dielectric function data is necessary.

A model capable of simulating the track-structure in arbitrary materials of commonly used charged particles 
is required. Electrons are one of the most important particles and a study has suggested that an electron track-
structure algorithm developed for liquid water can be applied to other materials by scaling the cross sections by 
the electron density10. Conventional models are fairly effective in performing electron track-structure calcula-
tions for materials other than liquid water. The proton is the second-most commonly used charged particle and 
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secondary electron production by protons is material dependent, as indicated by Rudd45. Therefore, the devel-
opment of a track-structure calculation model for protons applicable in arbitrary materials is highly desirable.

In this study, a track-structure calculation algorithm for protons is developed by combining a systematic 
formula of the total stopping power with that of the secondary electron energy distribution. The stopping range, 
secondary electron energy distribution, and radial dose distribution in liquid water calculated by the developed 
model (Ion Track Structure model for Arbitrary Radiation and Targets, referred to as ITSART hereafter) were 
compared with corresponding measurement data taken from the literature. This comparison revealed that the 
developed model can perform accurate track-structure calculations without using dielectric functions. ITSART 
was then used to calculate the microscopic energy distribution in a tissue-equivalent gas (a gas composed of 
54.7% C3H8 , 39.7% CO2 and 5.6% N2 in molar ratio, hereafter TEG). The distribution was compared with the 
measurement data. The good agreement realised indicates the validity of ITSART for materials other than liquid 
water.

Method
Theory of our track‑structure calculation model.  The interaction of incident protons and the target 
material consists of an ionising interaction and a non-ionising interaction. The latter involves excitation (e.g. 
phonon, vibration and rotation), and elastic scattering, whereas the former involves ionisation. In our model, 
ionisation was simulated on the basis of a cross section systematic formula proposed by Rudd45. The ionisa-
tion cross sections of electrons in each shell of the target molecules were calculated using the Rudd’s formula. 
By combining the calculated cross sections with a random number, 4-dimensional coordinates (x, y, z, time) 
and the source shell of the electron were determined. Rudd’s formula provides the ionisation cross section and 
the secondary electron energy distribution; hence, the ejected secondary electron energy was also sampled. 
Furthermore, the emission angle of the electron and the momentum of the projectile after the reaction were 
determined by energy and momentum conservation. Usually, the conservation of momentum and energy was 
satisfied between the projectile and the secondary electron but conservation of longitudinal momentum was 
unattainable when the electron was ejected at a very forward angle. In this case, the remainder of momentum 
(typically on the order of 0.1 MeV/c) was given to the target atom. The average ionisation energy loss of the 
incident particle was also calculated using the cross section of each target electron shell and the secondary 
electron energy distribution (the calculation procedure is explained in a subsequent section). All the secondary 
electrons were transported further by the electron track-structure model of PHITS19,46 (hereafter referred to as 
ETS-mode). Even for targets other than liquid water, this model is applicable owing to the scaling of cross sec-
tions by the electron density10.

ITSART uses the secondary electron production cross section and the total stopping power of the projectiles, 
which comprises the non-ionisation energy loss and ionising energy loss, to calculate the energy loss of the 
projectile. To avoid double counting of the ionising energy loss, the non-ionisation energy loss was calculated 
by subtracting the average ionisation energy loss (calculated above) from the total stopping power. This energy 
dissipation balance calculation referred to as the restricted stopping power calculation (see Fig. 1) worked as a 
bypass for simulating ion transport without knowledge of the non-ionising reaction cross-sections.

A free flight path length dL of proton with kinetic energy Ep was determined by ionisation cross section,

where r is a uniform random number from 0 to 1 and �ion is the macroscopic ionising reaction cross section. 
Given that Stot(E) is the total stopping power of proton with kinetic energy E, the total energy loss in this path 
dEtot with length dL is given as;

The right hand side of Eq. (2) consists of two components,

where εnon  is the mean energy loss induced by non-ionising reactions, �non is the macroscopic non-ionising 
reaction cross section, and εion  is the mean energy loss resulting from ionising reactions. Here εnon and �non 
comprise non-ionising reaction channels and are expressed as follows;

where n is the atomic density and σnon,j(E) is the microscopic cross section of the j-th non-ionising reaction 
channel associated with loss of kinetic energy E.

In contrast, εion  and �ion are broken down to contributions from electron shells and can be expressed as 
follows;
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where εi is the ionisation energy of the i-th electron shell, and σion,i(E) is the microscopic cross section of elec-
trons in the i-th electron shell that produces a secondary electron of kinetic energy E calculated from Rudd’s 
formula.

The energy deposited directly by incident protons (i.e. not by secondary electrons) along the trajectory was 
the sum of the non-ionisation energy loss and ionisation potential, underlined in Fig. 1. From Eqs. (3)–(5), this 
quantity is expressed as follows;

where dEtot was calculated from ATIMA and σion,i(E, (Ep)) was calculated from Rudd’s formula. The projectile 
kinetic energy at C 1 in Fig. 1 was calculated as follows;

where EA1 is the projectile kinetic energy at A 1 . Since the ionisation potential εi was taken from literature, this 
value can be calculated using the above-mentioned formulae and database.

The energy directly deposited by primary protons does not include the kinetic energy of secondary electrons 
[as expressed in Eq. (6)], but the kinetic energy was later deposited by the electrons. The reduction in the primary 
ion energy before secondary electron production [see Eq. (7)] represents the non-ionising energy loss, which 
neglects the energy loss induced by this production. However, the proton loses its energy in a stochastic man-
ner, owing to the subsequent secondary electron production (as depicted in Fig. 1 as steps from C 1 to D 1 and 
from C 2 to D 2 ). Given that the secondary electron was ejected from I-th electron shell with kinetic energy E′,

Eventually, the energy loss averaged along the projectile track agrees with the energy dissipation calculated by 
ATIMA. Calculations of the non-ionising energy loss in this manner correspond to non-explicit treatment of 
these loss events. This shortcoming of ITSART had no effects on the simulation of relevant quantities because 
these events occurred only along the particle trajectory as illustrated in the subsequent section.

Occasionally, the energy at point C1 exceeded that at point A1 because the energy dissipation associated with 
continuous slowing down and the average ionisation energy loss were calculated from independent formulae, 
ATIMA and Rudd’s formula, respectively. Nevertheless, regardless of the free path length, the energy at the end 
of a free path was always lower than that at the beginning, owing to the large energy reduction induced by the 
ionisation potential.

The ionisation potential data of elements and some compounds ( NH2 , CH3 , C2H2 , C2H6 , C6H6 , NH3 , CH4 , 
C2H4 , H2O , CO2 , SF6 , ( CH3)2NH and TeF6 ) was taken from literature45,47. Ionisation potentials of the constituent 
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Figure 1.   Diagram of showing the restricted energy loss calculation. In each free path, the projectile energy 
decreases based on the stopping power and secondary electron production cross sections.
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elements were used if the chemical form of the target compound was unspecified or the ionisation potential 
of the compound was unavailable. As explained later, the cross sections depends mainly on the electrons of 
the outermost shell. Therefore the binding energy of valence electrons is important for accurate prediction 
of molecular cross sections and substitutive use of element’s ionisation potential may cause overestimation of 
cross sections. The parameters of Rudd’s formula ( A1 , A2 , B1 , B2 , C1 , C2 , D1 , D2 and E1 in Table 1 of the Rudd’s 
publication45, hereafter referred to as Rudd’s parameters) were given for the outermost shells of He, Ne, Ar, Kr, 
H2 , O2 , H2O , CO2 and CH4 and for the inner shells48. The total and single-differential secondary electron pro-
duction cross sections of Fe, for example, were calculated in this manner. For this calculation, the cross sections 
of the electrons in the K, M and L shells were calculated by using the ionisation potential of the respective K, L 
and M shell electrons of Fe and Rudd’s parameters for inner shell electrons. In addition, the cross section of two 
electrons in the N shell was calculated by using the ionisation potential of N shell electrons occurring in Fe and 
Rudd’s parameters of Kr with an outermost occupied N shell. The cross sections calculated by Rudd’s formula 
are inversely proportional to the cubic of ionisation potential; hence the contribution of the inner shells to the 
cross section was substantially smaller than that of the outermost shell. Therefore, in this case, the cross section 
of Fe depends mainly on the N-shell electrons.

Although our model neglects coherent scattering by crystalline materials, and the effect of molecular bonds 
with ionisation potential or Rudd’s parameters are unknown, this approach is more robust than the conventional 
models. Figure 2 shows a typical proton track-structure calculation performed by our model and conventional 
transport calculation based on the continuous slowing-down model for 100 histories.

Benchmarking calculation.  For benchmarking, ITSART was implemented in the general-purpose radia-
tion transport code PHITS (Particle and Heavy Ion Transport code System). The transport of electrons, posi-
trons and photons, as well as the scoring of particle track and energy deposition were performed using the cor-
responding functions of PHITS. Further details of the calculation setup are presented below.

(a) Secondary electron production single-differential cross section
A liquid water or He target of (density: 1024 atoms/cm3 and thickness: 10 nm) was exposed to a projectile 

pencil beam. In the target, the electrons recoiled directly by protons were scored at the time of reaction and those 
scattered by other electrons were disregarded. The results were averaged over 104–105 primary particle histories.

(b) Stopping range
A proton beam was directed toward a 500-cm-thick target of liquid water. The longitudinal coordinate of the 

protons was scored when the protons reached a transport threshold energy of 1 eV. In other words, the projected 
range (rather than the total path length) was scored. The coordinate was characterised by a finite distribution, 
which represents longitudinal straggling; hence, the mean coordinate was calculated. The results were averaged 
over 102–103 primary particle histories.

(c) Radial dose distribution
A cylindrical liquid water target with density of 1 g/cm3 was exposed to a proton beam directed perpendicular 

to the centre of the top surface. The range of secondary electrons was unknown a-priori and the energy deposi-
tion depth profile was unimportant; hence, the cylinder (radius: 100 cm and thickness: 100 nm) was fabricated 
from completely reflective bottom and top surfaces. The radial dose distribution in infinite cylinder was scored 
by scoring the energy deposition inside this thin cylinder as a function of the radius. To focus on the energy 
deposition by the projectile at the incident energy, the projectiles were cut off when they lost 0.1% of kinetic 
energy. Secondary electrons and their electron cascade were transported down to 1 eV.

(d) Lineal energy distribution
The lineal energy (one of microdosimetric quantities49, which characterises the energy deposition by the 

radiation) distributions in spheres of diameter R was calculated. For this calculation, a cubic target with side 
179× R was filled with spheres (each of diameter R) composed of liquid water or TEG with density of 1 g/cm3 . 
The target was fabricated with completely reflective surfaces to prevent electron escape from the target and 
properly calculate the lineal energy in the spheres close to the target surfaces. The projectile protons were started 
from one of the cubic target surfaces with a random incidence angle (from 0 to 30 degrees) with respect to the 
target surface. The protons were transported inside the target via the production of secondary electrons until 
they were cut off losing 0.5% of kinetic energy. For every projectile, the energy deposition in each sphere was 
scored and divided by the mean chord length ( R× 2/3) in order to obtain the lineal energy.

Figure 2.   Energy deposition of 1 MeV proton in Si for 100 histories calculated by ITSART and those calculated 
by conventional continuous slowing-down model.
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Results and discussion
To verify the performance of ITSART, the secondary electron production single-differential cross section, stop-
ping range, radial dose distribution and lineal energy distribution were calculated. Figure 3a compares single-
differential He(p,p’e− ) cross sections for protons with energy of 100, 400 and 1000 keV50. These examples show 
that secondary electrons produced by incident protons are accurately reproduced by our model. The calculation 
for noble gases should be particularly accurate because these calculations involve no molecular or crystalline 
structures, which are neglected by our model. Figure 3b and c compare single-differential H2O(p,e

− ) cross sec-
tions for protons of 15, 100, 500, 1500, and 4200 keV. As discussed in the literature51, the dip of the measured 
spectra below 10 eV in Fig. 3c is attributed to the deterioration of detection efficiency, therefore this disagree-
ment is meaningless. The high energy tail above 200 eV of the energy spectrum for 15 keV protons in Fig. 3a is 
an artefact attributed to detector background noise as explained by the authors52. Our calculation is reasonable 
because the authors even state that the energy spectrum should fall exponentially as a function of energy. The 
peak just above 500 eV represents Auger electrons produced by K-shell ionisation. The reproduction of these 
electrons requires molecule-specific Auger electron energy and strength and is therefore beyond the scope of 
this model. Aside from above peaks and artefacts, the uncertainty of experimental data is 11%. The magnitude 
and slope of the cross sections calculated by our model concur with the experimental data.

Figure 4 shows the range of protons in liquid water6,53,54,56–61. Although the stopping power calculated by 
ATIMA was modulated by the restricted stopping power algorithm, the calculated range concurs with literature 
data. The modulation of the stopping power by the algorithm occurs in every electron emission; hence, the 
modulation effect accumulates as the proton travels in the material. Therefore, the good agreement realised for 
high-energy protons indicates that the modulation cancels out in the macroscopic scale.

Figure 5a shows the radial distribution of energy deposited by a 1 MeV proton beam. RITRACKS Ver. 3.1, 
released in 2016, was used to simulate the energy deposited in a water target with thickness 100 nm bombarded 
by each projectile. To score energy deposition with consideration for electronic equilibrium despite the finite 
target thickness, RITRACKS simulates secondary electrons until they are thermalised. The calculation by ITSART 
supplemented by ETS-mode, which simulates the transport of produced secondary electrons to outer regions, 
successfully reproduced the corresponding experimental data12,18,62–68. This comparison also suggests that the 
calculation by other codes is generally accurate except for Waligorski’s formula, which underestimates the dose 
by one order of magnitude at most. Around 100 nm of radius, LIon Track andChunxiang’s calculated data are 
higher than the others. Experimental data is not available at 100 nm but they overestimate the dose already at 
49 nm. Therefore, the codes including ITSART are probably more accurate around 100 nm. That is, the radial 
distribution of energy deposited by 10 MeV protons (see Fig. 5b) indicates the validity of our model at high 
energies. No experimental data are available at this energy but the radial distribution calculated by our model 

Figure 3.   Measured and calculated single-differential secondary electron production cross section.
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is consistent with other calculation data. As the general trend, the radial distributions are characterised by a 
hump within 10 nm. This shape can be explained by the energy dependence of the electron range. The range 
of electrons increases with increasing electron kinetic energy. However, for energy ranging from 3 to 300 eV, 
the range (20 nm) is barely dependent on the energy69 and electrons are ejected forward with respect to the 
projectile. Therefore, the energy deposition is concentrated in a region within a radius of 20 nm, which is often 
called a track core.

The above comparisons (except for Fig. 3a) showed that, similar to other track-structure codes, our model can 
simulate the track structure of protons in liquid water. To confirm the advantage of our model, its performance 
in TEG was verified. Figure 6a and b show the lineal energy distribution of 30 MeV protons in 1.0 g/cm3 TEG 
split into spheres with a diameters 360 nm and 1440 nm, respectively. In the experiment, the lineal energy was 
integrated by impact parameter from 0 to 1800 nm to represent that integrated over infinite impact parameter 
range. Note that y and f(y) denote the lineal energy and the probability density of y, respectively. As previously 
reported71, the sharp decrease in measured y × f (y) at the lower ends is an artefact resulting from the detection 
lower limit and therefore the discrepancies below this limit are meaningless. The dotted and dashed curves show 
the fractions of y × f (y) attributed to protons and electrons, respectively. Theoretically, the maximum lineal 
energy of the primary particle is equal to the linear energy transfer multiplied by 1.5 (this product is 2.9 keV/µ m 
for 30 MeV protons). Therefore, secondary electrons must be considered in explanations of the lineal energy 
distribution beyond 2.9 keV/µ m. The contribution of protons is noticeably lower than that of electrons. For 
example, focusing on y = 10 keV/µ m, the lineal energy directly attributed to protons is no more than 2.9 keV/µ m 
and the rest ( ≥ 7.1 keV/µ m) comes from electrons. In fact, Fig. 6a indicates that only 2× 10−3 of y× f(y) out of 
the total 2× 10−2 comes from protons at 10 keV/µm.

Figure 4.   Measured and calculated stopping range of protons in liquid water6,53–61. The inset is linear-linear plot 
in the energy range from 0 to 1000 keV.

Figure 5.   Measured and calculated radial distribution of energy deposited by 1 and 10 MeV protons in liquid 
water12,18,55,62–68,70.
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These tendencies indicate that the good agreement between the experiment and the calculation results from 
the accurate treatment of energetic secondary electron production events. Particularly, high lineal energy events 
are caused by energetic secondary electrons produced in an upstream sphere depositing its energy in the down-
stream spheres. In Fig. 6b, y× f(y) decreased above 3 keV/µ m because the range of electrons is shorter than that 
required for penetrating the 1440-µm-diameter spheres and transferring the energy of secondary electrons to 
neighbouring cells. In other words, the energy lost by proton is deposited generally within the sphere.

To backup above analysis, the track structures of 200 protons starting at 30 MeV are shown in Fig. 7. As dis-
cussed elsewhere72, the secondary electron buildup occurs in the first 10 nm, which is negligibly thin compared 
to the size of the spheres. Several prominent secondary electron emissions are seen but the majority of secondary 
electrons remains in 30 nm as discussed concerning Fig. 5. These facts show that low energy secondary electrons 
are in equilibrium in the scale of 30 nm but the energetic secondary electrons are not even in the scale of 1µ m. 
These facts well explain the presence of high y component in Fig. 6a which represents the probabilistic emission 
of energetic secondary electrons. The triangular y× f(y) spectrum in Fig. 6b represents charged particle balance 
being equilibrated in the scale of 1440 nm.

Table 1.   yD calculated from y distributions plotted in Fig. 6.

360 nm 1440 nm 1440 nm ( ≤ 10 keV/µm)

Experiment 7.49 7.43 4.07

ITSART(TEG) 7.56 4.28 4.09

ITSART(H2O) 7.17 3.95 3.88

Figure 6.   Measured and calculated lineal energy distribution of 30 MeV protons in TEG71.

Figure 7.   Track structure of 200 protons with initial energy of 30 MeV.
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In Fig. 6a, the peak of the lineal energy occurred at approximately 1.3 keV/µ m whereas the stopping power of 
the 30 MeV proton calculated by ATIMA was 1.9 keV/µ m. This comparison indicates that the energy correspond-
ing to 0.6 keV/µ m was transferred to neighbouring cells by secondary electrons. The rest was deposited directly 
by protons or deposited by secondary electrons with range short enough to be stopped in the same sphere. The 
difference of 0.6 keV/µ m, fairly reproduced by our model, symbolically shows the effects of secondary electrons 
on the lineal energy. To compare y distributions, one of the best indices is yD . Table 1 shows yD of y distributions 
plotted in Fig. 6. As explained by Tsuda et al.71,73, y above 10 keV/µ m in Fig. 6b is an artefact attributed to struc-
tural materials such as the cathode wire. Therefore yD was calculated by integrating y× f(y) below 10 keV/µ m 
to exclude the contribution from the artefact. This suggests that yD calculated by ITSART assuming TEG target 
agrees with experiment within 1%. It is also illustrated that the consideration for the actual target composition 
is important since yD calculated assuming water target is systematically underestimated in both cases.

As explained in the “Methods2” section, compared with the conventional track-structure models based 
on dielectric functions, our model lacks explicit event-by-event treatment of non-ionising reactions. How-
ever, the above benchmark results illustrated that this has no effect on the important quantities required for 
micro-dosimetric calculations. The secondary electron energy spectra are irrelevant to non-ionisation events. 
The range calculation depends on the non-ionising energy loss. Nevertheless, the particle range calculated by 
ATIMA modulated to avoid double counting of ionisation energy loss agrees with ATIMA because the effects 
of the modulation are cancelled out along the trajectory. The radial dose distribution is also insensitive to non-
ionising reactions because these reactions occur only along the track core. Explicit treatment of non-ionising 
reactions may affect lineal energy calculations but non-ionising reactions occurred extremely frequently such 
that a diameter of 360 nm (see Fig. 6a) was too long to view the discrete nature of these reactions. Based on the 
above verification, the accuracy and the versatility of ITSART were illustrated.

Conclusion
In this study, a track-structure model applicable to any material was developed on the basis of stopping power 
systematics and a secondary electron energy distribution systematic formula. Despite the perturbation induced 
by stochastic secondary electron production, the calculated stopping range in liquid water agreed well with 
literature data, owing to the use of a restricted stopping power calculation algorithm. The calculated radial dose 
distribution in liquid water also agreed with the literature data indicating the accuracy of the secondary electron 
double-differential distribution and secondary electron transport by ETS-mode in downstream. A good agree-
ment between the calculated lineal energy spectrum and the measurement data was realised by applying this 
model to the energy deposition of protons in TEG. This fact illustrates the validity of our model for materials 
other than liquid water.

Our model can perform track-structure calculations for arbitrary materials without knowledge of the dielec-
tric function associated with the target material. These results revealed that the drawback of this approach, 
i.e. the implicit treatment of non-ionisation loss, has no effect on the above calculations. This versatile track-
structure model is useful for calculating the microscopic energy deposition for materials other than liquid water. 
This model is useful for various domains (such as soft-error analysis, radiation biology, radiation therapy, and 
detector physics) of research. ITSART, the track-structure calculation method developed in this study, has been 
extended for heavy ions by scaling the cross section taking into account for the effective charge of the projectile 
and implemented into PHITS Version 3.25 and later.

Received: 20 July 2021; Accepted: 3 November 2021

References
	 1.	 Goorley, T. et al. Initial MCNP6 release overview. Nucl. Technol. 180, 298–315 (2012).
	 2.	 Bassler, N. et al. SHIELD-HIT12A—a Monte Carlo particle transport program for ion therapy research. J. Phys. Conf. Ser. 489, 

012004 (2014).
	 3.	 Hansen, D. C., Luhr, A., Sobolevsky, N. & Bassler, N. Optimizing SHIELD-HIT for carbon ion treatment. Phys. Med. Biol. 57, 2393 

(2012).
	 4.	 Böhlen, T. et al. The FLUKA code: Developments and challenges for high energy and medical applications. Nucl. Data Sheets 120, 

211–214 (2014).
	 5.	 Ferrari, A., Sala, P. R., Fasso, A. & Ranft, J. FLUKA: A Multi-particle Transport Code (program Version 2005) (CERN, Geneva, 2005). 

https://​cds.​cern.​ch/​record/​898301.
	 6.	 Ziegler, J. F., Ziegler, M. & Biersack, J. SRIM–The stopping and range of ions in matter. Nucl. Instrum. Methods Phys. Res. Sect. B 

Beam Interact. Mater. Atoms 268, 1818–1823 (2010).
	 7.	 Mokhov, N. V. Status of mars code. Tech. Rep., Fermi National Accelerator Lab., Batavia, IL (US) (2003).
	 8.	 Hirayama, H. et al. The egs5 code system. Tech. Rep., United States. Department of Energy (2005).
	 9.	 Agostinelli, S. et al. Geant4-a simulation toolkit. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 

506, 250–303 (2003).
	10.	 Sato, T. et al. Features of particle and heavy ion transport code system (phits) version 3.02. J. Nucl. Sci. Technol. 55, 684–690. https://​

doi.​org/​10.​1080/​00223​131.​2017.​14198​90 (2018).
	11.	 Incerti, S., Douglass, M., Penfold, S., Guatelli, S. & Bezak, E. Review of Geant4-DNA applications for micro and nanoscale simula-

tions. Physica Med. 32, 1187–1200 (2016).
	12.	 Nikjoo, H., Uehara, S. & Emfietzoglou, D. Interaction of Radiation with Matter (CRC Press, Boca Raton, 2012).
	13.	 Zaider, M., Brenner, D. J. & Wilson, W. E. The applications of track calculations to radiobiology I. Monte Carlo simulation of proton 

tracks. Radiat. Res. 95, 231–247. https://​doi.​org/​10.​2307/​35762​52 (1983).
	14.	 Conte, V., Colautti, P., Grosswendt, B., Moro, D. & Nardo, L. D. Track structure of light ions: Experiments and simulations. New 

J. Phys. 14, 093010. https://​doi.​org/​10.​1088/​1367-​2630/​14/9/​093010 (2012).
	15.	 Dingfelder, M. Track-structure simulations for charged particles. Health Phys. 103, 590–5 (2012).

https://cds.cern.ch/record/898301
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.2307/3576252
https://doi.org/10.1088/1367-2630/14/9/093010


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:24401  | https://doi.org/10.1038/s41598-021-01822-1

www.nature.com/scientificreports/

	16.	 Fernández-Varea, J. M. et al. Limitations (and merits) of penelope as a track-structure code. Int. J. Radiat. Biol. 88, 66–70. https://​
doi.​org/​10.​3109/​09553​002.​2011.​598209 (2012).

	17.	 Valentin, A., Raine, M., Sauvestre, J.-E., Gaillardin, M. & Paillet, P. Geant4 physics processes for microdosimetry simulation: Very 
low energy electromagnetic models for electrons in silicon. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 
288, 66–73 (2012).

	18.	 Plante, I. & Cucinotta, F. A. Monte-Carlo Simulation of Ionizing Radiation Tracks, Applications of Monte Carlo Methods in Biology, 
Medicine and Other Fields of Science (2011). http://​www.​intec​hopen.​com/​books/​appli​catio​ns-​of-​monte-​carlo-​metho​ds-​in-​biolo​
gy-​medic​ine-​and-​other-​fields-​of-​scien​ce/​monte-​carlo-​simul​ation-​of-​ioniz​ing-​radia​tion-​tracks.

	19.	 Kai, T., Yokoya, A., Ukai, M., Fujii, K. & Watanabe, R. Thermal equilibrium and prehydration processes of electrons injected into 
liquid water calculated by dynamic Monte Carlo method. Radiat. Phys. Chem. 115, 1–5 (2015).

	20.	 Fernández-Varea, J., Liljequist, D., Csillag, S., Räty, R. & Salvat, F. Monte Carlo simulation of 0.1–100 kev electron and positron 
transport in solids using optical data and partial wave methods. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. 
Atoms 108, 35–50 (1996).

	21.	 Ito, A. Calculation of double strand break probability of DNA for low LET radiations based on track structure analysis. In Nuclear 
and Atomic Data for Radiotherapy and Related Radiobiology (1987).

	22.	 Uehara, S., Nikjoo, H. & Goodhead, D. T. Cross-sections for water vapour for the Monte Carlo electron track structure code from 
10 eV to the MeV region. Phys. Med. Biol. 38, 1841–1858. https://​doi.​org/​10.​1088/​0031-​9155/​38/​12/​010 (1993).

	23.	 Emfietzoglou, D., Karava, K., Papamichael, G. & Moscovitch, M. Monte Carlo simulation of the energy loss of low-energy electrons 
in liquid water. Phys. Med. Biol. 48, 2355 (2003).

	24.	 Turner, J. et al. Physical and chemical development of electron tracks in liquid water. Radiat. Res. 96, 437–449 (1983).
	25.	 Friedland, W., Jacob, P., Bernhardt, P., Paretzke, H. G. & Dingfelder, M. Simulation of DNA damage after proton irradiation. Radiat. 

Res. 159, 401–410 (2003).
	26.	 Wilson, W., Miller, J., Lynch, D., Lewis, R. & Batdorf, M. Analysis of low-energy electron track structure in liquid water. Radiat. 

Res. 161, 591–596 (2004).
	27.	 Cobut, V., Cirioni, L. & Patau, J. Accurate transport simulation of electron tracks in the energy range 1 keV–4 MeV. Nucl. Instrum. 

Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 215, 57–68 (2004).
	28.	 Chatterjee, A. & Holley, W. R. Computer simulation of initial events in the biochemical mechanisms of DNA damage. Adv. Radiat. 

Biol. 17, 181–226 (1993).
	29.	 Lappa, A., Bigildeev, E., Burmistrov, D. & Vasilyev, O. Trion code for radiation action calculations and its application in microdo-

simetry and radiobiology. Radiat. Environ. Biophys. 32, 1–19 (1993).
	30.	 Tomita, H., Kai, M., Kusama, T. & Ito, A. Monte Carlo simulation of physicochemical processes of liquid water radiolysis. Radiat. 

Environ. Biophys. 36, 105–116 (1997).
	31.	 Kiefer, J. & Straaten, H. A model of ion track structure based on classical collision dynamics (radiobiology application). Phys. Med. 

Biol. 31, 1201–1209 (1986).
	32.	 Goodhead, D. et al. Track structure approaches to the interpretation of radiation effects on DNA. Radiat. Prot. Dosim. 52, 217–224 

(1994).
	33.	 Nikjoo, H., Emfietzoglou, D., Watanabe, R. & Uehara, S. Can Monte Carlo track structure codes reveal reaction mechanism in 

DNA damage and improve radiation therapy?. Radiat. Phys. Chem. 77, 1270–1279 (2008).
	34.	 Kraft, G., Scholz, M. & Bechthold, U. Tumor therapy and track structure. Radiat. Environ. Biophys. 38, 229–237. https://​doi.​org/​

10.​1007/​s0041​10050​163 (1999).
	35.	 Elsässer, T., Cunrath, R., Krämer, M. & Scholz, M. Impact of track structure calculations on biological treatment planning in ion 

radiotherapy. New J. Phys. 10, 075005 (2008).
	36.	 Nikjoo, H., O′neill, P., Terrissol, M. & Goodhead, D. Quantitative modelling of DNA damage using Monte Carlo track structure 

method. Radiat. Environ. Biophys. 38, 31–38 (1999).
	37.	 Toulemonde, M., Trautmann, C., Balanzat, E., Hjort, K. & Weidinger, A. Track formation and fabrication of nanostructures with 

MeV-ion beams. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 216, 1–8 (2004).
	38.	 Ohno, S., Furukawa, K., Taguchi, M., Kojima, T. & Watanabe, H. An ion-track structure model based on experimental measure-

ments and its application to calculate radiolysis yields. Radiat. Phys. Chem. 60, 259–262 (2001).
	39.	 Edmund, J. M., Andersen, C. E. & Greilich, S. A track structure model of optically stimulated luminescence from Al2O3 : C irradi-

ated with 10–60 MeV protons. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 262, 261–275 (2007).
	40.	 Parisi, A., Van Hoey, O., MVan Hoeygret, P. & Vanhavere, F. Microdosimetric modeling of the relative luminescence efficiency of 

LiF:Mg, Cu, P (MCP) detectors exposed to charged particles. Radiat. Prot. Dosim. 183, 72–176 (2018).
	41.	 Ogawa, T., Yamaki, T. & Sato, T. Analysis of scintillation light intensity by microscopic radiation transport calculation and Forster 

quenching model. PLOS ONE 13, 1–19. https://​doi.​org/​10.​1371/​journ​al.​pone.​02020​11 (2018).
	42.	 Akkerman, A., Barak, J. & Emfietzoglou, D. Ion and electron track-structure and its effects in silicon: Model and calculations. 

Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 227, 319–336 (2005).
	43.	 Ashley, J. Energy loss rate and inelastic mean free path of low-energy electrons and positrons in condensed matter. J. Electron 

Spectrosc. Relat. Phenom. 50, 323–334 (1990).
	44.	 Yada, H., Nagai, M. & Tanaka, K. Origin of the fast relaxation component of water and heavy water revealed by terahertz time-

domain attenuated total reflection spectroscopy. Chem. Phys. Lett. 464, 166–170 (2008).
	45.	 Rudd, M. E. Differential cross sections for secondary electron production by proton impact. Phys. Rev. A 38, 6129–6137. https://​

doi.​org/​10.​1103/​PhysR​evA.​38.​6129 (1988).
	46.	 Matsuya, Y. et al. Modeling of yield estimation for DNA strand breaks based on Monte Carlo simulations of electron track structure 

in liquid water. J. Appl. Phys. 126, 124701 (2019).
	47.	 Carlson, T. 1:Atomic Binding Energies for Each Subshell for Elements Z = 1–106 (Springer, Berlin, 2013).
	48.	 Rudd, M. E., Kim, Y.-K., Madison, D. H. & Gallagher, J. W. Electron production in proton collisions: Total cross sections. Rev. 

Mod. Phys. 57, 965 (1985).
	49.	 ICRU. Microdosimetry (1983).
	50.	 Rudd, M., Toburen, L. & Stolterfoht, N. Differential cross sections for ejection of electrons from helium by protons. At. Data Nucl. 

Data Tables 18, 413–432 (1976).
	51.	 Wilson, W. E., Miller, J. H., Toburen, L. H. & Manson, S. T. Differential cross sections for ionization of methane, ammonia, and 

water vapor by high velocity ions. J. Chem. Phys. 80, 5631–5638. https://​doi.​org/​10.​1063/1.​446628 (1984).
	52.	 Bolorizadeh, M. A. & Rudd, M. E. Angular and energy dependence of cross sections for ejection of electrons from water vapor. II. 

15–150-keV proton impact. Phys. Rev. A 33, 888–892 (1986).
	53.	 Vivier, A. & Lopez, G. Dosimex 2.0-radiation protection codes now available to everyone. In Rayonnements Ionisants, Techniques 

de Mesures et de Protection 27–36 (2016).
	54.	 Uehara, S. & Nikjoo, H. Monte Carlo track structure code for low-energy alpha-particles in water. J. Phys. Chem. B 106, 11051–

11063 (2002).
	55.	 Matsuya, Y. et al. Verification of kurbuc-based ion track structure mode for proton and carbon ions in the phits code. Phys. Med. 

Biol. 66, 06NT02 (2021).

https://doi.org/10.3109/09553002.2011.598209
https://doi.org/10.3109/09553002.2011.598209
http://www.intechopen.com/books/applications-of-monte-carlo-methods-in-biology-medicine-and-other-fields-of-science/monte-carlo-simulation-of-ionizing-radiation-tracks
http://www.intechopen.com/books/applications-of-monte-carlo-methods-in-biology-medicine-and-other-fields-of-science/monte-carlo-simulation-of-ionizing-radiation-tracks
https://doi.org/10.1088/0031-9155/38/12/010
https://doi.org/10.1007/s004110050163
https://doi.org/10.1007/s004110050163
https://doi.org/10.1371/journal.pone.0202011
https://doi.org/10.1103/PhysRevA.38.6129
https://doi.org/10.1103/PhysRevA.38.6129
https://doi.org/10.1063/1.446628


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:24401  | https://doi.org/10.1038/s41598-021-01822-1

www.nature.com/scientificreports/

	56.	 Tran, H. et al. Modeling proton and alpha elastic scattering in liquid water in Geant4-DNA. Nucl. Instrum. Methods Phys. Res. Sect. 
B Beam Interact. Mater. Atoms 343, 132–137 (2015).

	57.	 Krim, M. et al. Method for range calculation based on empirical models of proton in liquid water: Validation study using Monte-
Carlo method and ICRU data. Int. J. Sc. Eng. Res. 8, 728–735 (2017).

	58.	 Berger, M. J. et al. Report 49. J. Int. Comm. Radiat. Units Meas.https://​doi.​org/​10.​1093/​jicru/​os25.2.​Repor​t49 (2016).
	59.	 Report 16. J. Int. Comm. Radiat. Units Meas. os9, NP–NP (2016). https://​doi.​org/​10.​1093/​jicru/​os9.1.​Repor​t16. https://​acade​mic.​

oup.​com/​jicru/​artic​le-​pdf/​os9/1/​NP/​95877​92/​jicru​os9-​NP.​pdf.
	60.	 Matsuya, Y. et al. Verification of KURBUC-based ion track structure mode for proton and carbon ions in the PHITS code. Phys. 

Med. Biol. 66, 06NT02. https://​doi.​org/​10.​1088/​1361-​6560/​abe65e (2021).
	61.	 Liamsuwan, T., Uehara, S., Emfietzoglou, D. & Nikjoo, H. Physical and biophysical properties of proton tracks of energies 1 keV 

to 300 MeV in water. Int. J. Radiat. Biol. 87, 141–160. https://​doi.​org/​10.​3109/​09553​002.​2010.​518204 (2011).
	62.	 Waligórski, M., Hamm, R. & Katz, R. The radial distribution of dose around the path of a heavy ion in liquid water. Int. J. Radiat. 

Appl. Instrum. Part D Nucl. Tracks Radiat. Meas. 11, 309–319 (1986).
	63.	 Wingate, C. L. & Baum, J. W. Measured radial distributions of dose and LET for alpha and proton beams in hydrogen and tissue-

equivalent gas. Radiat. Res. 65, 1–19. https://​doi.​org/​10.​2307/​35742​82 (1976).
	64.	 Bäckström, G., Galassi, M. E., Tilly, N., Ahnesjö, A. & Fernández-Varea, J. M. Track structure of protons and other light ions in 

liquid water: Applications of the LIonTrack code at the nanometer scale. Med. Phys. 40, 064101 (2013).
	65.	 Wiklund, K., Fernández-Varea, J. M. & Lind, B. K. A Monte Carlo program for the analysis of low-energy electron tracks in liquid 

water. Phys. Med. Biol. 56, 1985 (2011).
	66.	 Emfietzoglou, D., Nikjoo, H., Papamichael, G. & Pathak, A. Proton beam profiling in soft biological matter by detailed Monte 

Carlo simulation. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 249, 670–672 (2006).
	67.	 Scholz, M. & Kraft, G. Track structure and the calculation of biological effects of heavy charged particles. Adv. Space Res. 18, 5–14 

(1996).
	68.	 Incerti, S. et al. Simulating radial dose of ion tracks in liquid water simulated with Geant4-DNA: A comparative study. Nucl. 

Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 333, 92–98 (2014).
	69.	 Berger, M. J. et al. Report 37. J. Int. Comm. Radiat. Units Meas.https://​doi.​org/​10.​1093/​jicru/​os19.2.​Repor​t37 (2016).
	70.	 Chunxiang, Z., Dunn, D. & Katz, R. Radial distribution of dose and cross-sections for the inactivation of dry enzymes and viruses. 

Radiat. Prot. Dosim. 13, 215–218. https://​doi.​org/​10.​1093/​rpd/​13.1-​4.​215 (1985).
	71.	 Tsuda, S., Sato, T. & Ogawa, T. Measurement of the stochastic radial dose distribution for a 30-MeV proton beam using a wall-less 

tissue-equivalent proportional counter. Radiat. Prot. Dosim. 168, 190–196. https://​doi.​org/​10.​1093/​rpd/​ncv285 (2015).
	72.	 Ogawa, T., Ishikawa, N. & Kai, T. Depth profiles of energy deposition near incident surface irradiated with swift heavy ions. Nucl. 

Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 461, 272–275 (2019).
	73.	 Tsuda, S. et al. Analysis of the effect of structural materials in a wall-less tissue-equivalent proportional counter irradiated by 290 

MeV u1 carbon beam. Radiat. Prot. Dosim. 143, 450–454. https://​doi.​org/​10.​1093/​rpd/​ncq536 (2010).

Acknowledgements
We express gratitude to Dr. Daiki Satoh of the Japan Atomic Energy Agency for technical support for using the 
cluster computer with which all the Monte-Carlo simulations reported in this paper were performed.

Author contributions
T.K., Y.H, and Y.M. analysed the formulae and found benchmarking data, T.O. coded and performed calculation. 
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1093/jicru/os25.2.Report49
https://doi.org/10.1093/jicru/os9.1.Report16
https://academic.oup.com/jicru/article-pdf/os9/1/NP/9587792/jicruos9-NP.pdf
https://academic.oup.com/jicru/article-pdf/os9/1/NP/9587792/jicruos9-NP.pdf
https://doi.org/10.1088/1361-6560/abe65e
https://doi.org/10.3109/09553002.2010.518204
https://doi.org/10.2307/3574282
https://doi.org/10.1093/jicru/os19.2.Report37
https://doi.org/10.1093/rpd/13.1-4.215
https://doi.org/10.1093/rpd/ncv285
https://doi.org/10.1093/rpd/ncq536
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

