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Sammanfattning på svenska 

Syftet med strålbehandling är att döda tumörceller och samtidigt minimera 

stråldosen till friska vävnader. Intresset för att använda joner inklusive 

protoner och koljoner vid cancerbehandling har ökat, på grund av de 

konforma dosfördelningar som kan åstadkommas, och även på grund av den 

ökade biologiska effektiviteten hos joner tyngre än protoner jämfört med 

konventionell foton-baserad strålningsterapi. Trots dessa fördelar föreligger 

svårigheter i jonterapi vad avser noggrannheten i dosbestämning på cellnivå 

och karakteriseringen av strålkvalité i mikroskopisk skala. På grund av den 

höga densiteten av växelverkningar längs jonspåret är inhomogenitet hos 

dosfördelning och spårparametrar på cellnivå av stort intresse för strålterapi 

med joner.  

Syftet med avhandlingen är att utveckla beräkningsverktyg för dosimetri 

hos jonspår på molekylär nivå. Metoder för detaljerad Monte Carlo-

simulering av spårstruktur har utvecklats för den fullständiga inbromsningen 

av protoner och koljoner i vatten, ett medium som nära liknar cellens inre 

miljö. I Artikel I har spårstrukturkoden KURBUC_proton utvidgats till att 

omfatta energier upp till 300 MeV, och täcker därmed hela det energiområde 

för protoner som används i strålterapi. Fysiska egenskaper och 

mikrodosimetriska parametrar hos simulerade protonspår undersöktes och 

jämfördes med experimentella data. Artiklarna II-V beskriver utvecklingen 

av spårstrukturkoder för den fullständiga inbromsningen av koljoner. I 

artiklarna II-IV har den så kallade Classical Trajectory Monte Carlo- 

(CTMC-) modellen utvecklats för beräkning av växelverkanstvärsnitt i 

vatten för låg- och medelenergetiska koljoner i samtliga förekommande 

laddningstillstånd (C
0
 till C

6
). I artikel V implementerades de beräknade 

tvärsnitten i en ny spårstrukturkod KURBUC_carbon för simulering av 

koljoner med energier 1-10
4
 keV/u i vatten, vilket möjligör studiet av 

spårparametrar hos koljoner i Braggtoppen.  

Avhandlingen och de publicerade artiklarna utgör ett bidrag till fysiken 

för joners växelverkan med materia samt erbjuder en ny och fullständig 

databas för tvärsnitt avseende elektronisk växelverkan mellan vatten och låg- 

och medelenergetiska koljoner i samtliga förekommande laddningstillstånd. 

Spårstrukturkoderna för protoner och koljoner utgör nya verktyg för 

biofysikaliska och mikrodosimetriska studier av spår på cellulär och 

subcellulär nivå, särskilt inom Bragg-toppen.  
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Abstract 

The goal of radiation therapy is to eradicate tumour cells while minimising 

radiation dose to healthy tissues. Ions including protons and carbon ions 

have gained increasing interest for cancer treatment. Advantages of ion beam 

therapy are conformal dose distribution, and for ions heavier than protons 

increased biological effectiveness in cell killing, compared to conventional 

radiation therapy using photons. Despite these advantages, fundamental 

problems in ion beam therapy include accuracy of dose determination at the 

cellular level, and characterisation of the radiation quality at the microscopic 

scale. Due to the high density of interactions along ion tracks, 

inhomogeneity of dose and track parameters at the cellular level is one of the 

major concerns for ion beam therapy.  

The aim of the thesis is to develop computational tools for dosimetry of 

ion tracks at the molecular level. Event-by-event Monte Carlo track structure 

(MCTS) simulations were developed for full-slowing-down tracks of protons 

and carbon ions in water representing cellular environment. In Paper I, the 

extension of the MCTS code KURBUC_proton was carried out to energies up 

to 300 MeV, covering the entire proton energy range used in radiation thera-

py. Physical properties and microdosimetry of proton tracks were investigat-

ed and benchmarked with the experimental data. Papers II-V describe the 

development of the MCTS code for full-slowing-down tracks of carbon ions. 

In Papers II-IV, the classical trajectory Monte Carlo (CTMC) model was 

developed for the calculation of interaction cross sections for low and inter-

mediate energy carbon projectiles of all charge states (C
0
 to C

6+
) in water. In 

Paper V, the calculated cross sections were implemented in a new MCTS 

code KURBUC_carbon simulating carbon ions of energies 1-10
4
 keV/u in 

water. This development allows the investigation of track parameters in the 

Bragg peak region of carbon ion beams.  

Publication of the thesis and the published papers make contribution to 

the physics of ion interactions in matter, and provide a new and complete 

database of electronic interaction cross sections for low and intermediate 

energy carbon projectiles of all charge states in water. The MCTS codes for 

protons and carbon ions provide new tools for biophysical study, including 

microdosimetry, of ion tracks at cellular and subcellular levels, in particular 

in the Bragg peak region of these ions. 
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Contribution to papers 

My contribution to the papers included in the thesis is as follows.  

For Paper I, I extended the track structure code KURBUC_proton for protons 

of energies up to 300 MeV, to cover the entire energy range of interest in 

proton therapy. I ran the simulations and microdosimetry calculations for 

protons of energies 1 keV/u–300 MeV/u in water, analysed physical and 

biophysical properties of the proton tracks, and wrote about 50% of the text 

in the paper.  

For Paper II, I developed a three-body classical trajectory Monte Carlo 

(CTMC) model for the calculations of cross sections for bare carbon ions 

(C
6+

) of energies 1 keV/u to 10 MeV/u in water. I wrote a FORTRAN77 pro-

gram for the CTMC calculations, calculated the cross sections, analysed 

these results in comparison with the experimental data, and wrote about 65% 

of the text of the paper.  

For Paper III, I extended the three-body CTMC model presented in Paper II 

for the calculations of cross sections for bare and dressed carbon projectiles 

(C
0
 to C

6+
) in the energy range 1 keV/u-10 MeV/u in water. I calculated the 

cross sections and stopping cross sections for carbon projectiles in water, 

analysed these results in comparison with the experimental data and other 

model calculations, and wrote about 70% of the text in the paper.  

For Paper IV, I developed a new CTMC model based on the model present-

ed in Papers II and III. The new model considered many-electron collision 

problem for carbon projectile impact on targets of water or neon. I wrote a 

FORTRAN77 program for the cross section calculations. I calculated the cross 

sections, equilibrium charge state distributions, and stopping cross sections 

for 1 keV/u-10 MeV/u carbon projectiles in water. I validated these results in 

comparison with the experimental data for electron emission spectra and 

total cross sections, analysed the contributions to the stopping cross sections 

by different carbon charge states, and wrote about 75% of the text in this 

paper.  

For Paper V, I developed the Monte Carlo track structure code KUR-

BUC_carbon for low and intermediate energy carbon projectiles in water. The 

cross sections implemented in the code are based on the calculations pre-

sented in Paper IV. I ran the simulations, and tested the reliability of the 
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code by comparing physical properties of the simulated tracks with the ex-

perimental data. Using the simulated tracks, I calculated depth dose distribu-

tions of carbon ions, constructed a spread out Bragg peak from these depth 

dose profiles, investigated spatial resolution effect of voxel size used for 

scoring track parameters under Bragg peaks of carbon ion beams, and wrote 

about 75% of the text in this paper. 
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1. Introduction 

The aim of radiation therapy is to eradicate tumour cells while sparing 

healthy tissues. This can be achieved by using radiation type and modality 

that provide a conformal dose distribution to the tumour volume, and have a 

sufficiently high efficiency in cell killing.  

Each type of radiation has a characteristic dose distribution (Figure 1). 

Dose by photons and electrons increases only in the first few centimetres of 

the penetration depth, and decreases gradually after reaching the maximum. 

In contrast, dose given by monoenergetic ions is relatively low in the 

entrance region, and increases steeply as ions are nearly stopped in the so-

called Bragg peak region (Figure 1). To treat an extended tumour volume, a 

spread out Bragg peak (SOBP) can be formed by varying energy of the ion 

beam, or replacing the range of ions with absorber material, as illustrated in 

Figure 1. Ions heavier than protons are also found to be more effective in cell 

killing than photons and electrons (IAEA 2008, Weyrather et al 1999, Ando 

and Kase 2009). 

Due to conformal dose distributions and potential increase of biological 

effectiveness of ions, beams of protons and carbon ions have gained 

increasing interest for treatment of deep seated tumours and those located 

close to sensitive organs (Scholz 2000, Suit et al 2003, Brahme 2004, Jäkel 

et al 2008). Biological effects induced by ions are characterised by physical 

and biological factors, including dose, dose rates, radiation quality, and 

biological systems (IAEA 2008). From a physical point of view, problems in 

ion beam therapy still exist regarding: (i) accuracy of dose determination in 

tumour and healthy cells during irradiation; and (ii) effective methods to 

characterise the radiation quality of ion beams. 

The sensitive target for ionising radiation is considered to be at the cell 

and DNA levels (Goodhead 1994, Nikjoo and Uehara 2003). Due to the high 

density of interactions along the ion track, inhomogeneity of dose to cells 

constituing an irradiated volume is one of the major concerns for ion beam 

therapy (Scholz and Kraft 1996). Dosimetry at a single cell level is required 

for an accurate assessment of dose delivered to cells. 

With respect to the radiation quality, the most common parameter to 

characterise radiation tracks is linear energy transfer (LET, or L ), defined 

as average energy loss of an ion per its path length, minus the sum of kinetic 

energies of all electrons released with kinetic energies in excess of   (ICRU 
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1998). LET is often used to express radiation quality in association with the 

relative biological effectiveness (RBE), quality factor (Q), and radiation 

weighting factor ( Rw ) of charged particles. The latter quantities account for 

efficiency of the radiation (IAEA 2008). LET is known to be inappropriate 

for characterising the radiation quality, because LET is an average 

macroscopic quantity, which does not take into account the stochastic nature 

of radiation interactions (Lindborg and Nikjoo 2011). For ions of the same 

LET, those with a higher nuclear charge are usually more energetic and more 

likely to produce delta rays with larger range, as shown in Figure 2.  

 
Figure 1. Depth dose profiles in water for particles of various radiation qualities 
(Uehara and Nikjoo, 2012, unpublished). Data for x-rays (dot-dashed line) and elec-
trons (dashed line) were generated by the code MCEP (Uehara 1986). Data for pro-
tons were generated by the Monte Carlo track structure code KURBUC_proton, taking 
into account energy deposited by projectile ions and secondary electrons, interac-
tion-by-interaction (Paper I). The spread out Bragg peak (SOBP) for protons (dotted 
line) was formed by superimposing monoenergetic proton beams of energies 100-
160 MeV (solid lines). 100 tracks were simulated for each proton energy. The Bragg 
peak of each monoenergetic proton beam corresponds to the dose maximum.  

 

Radiation quality characterisation can be also achieved using Monte Carlo 

(MC) simulations to describe radiation tracks (Nikjoo et al 2006, 2012). 

Different approaches and approximations of MC simulations have been used 

in radiation transport study: (i) In the condensed history (CH) Monte Carlo 

method, interactions within a predefined step length are grouped together, 
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describing energy loss at each step in an approximate fashion (Berger 1963, 

X-5 Monte Carlo Team 2003, Kawrakow et al 2011, Salvat et al 2011); (ii) 

The amorphous track simulation (1D simulation) uses an analytical expres-

sion to describe radial dose profiles of charged particles while neglecting a 

detailed description of secondary electron tracks (Scholz and Kraft 1996, 

Cucinotta et al 1999); (iii) The most fundamental description of a radiation 

field can be achieved using Monte Carlo track structure (MCTS) simula-

tions, describing radiation tracks, interaction-by-interaction, at atomic and 

molecular levels (3D simulation) (Nikjoo et al 2006). Time evolution of 

radical species produced in biological and water media can be included in 

MCTS simulations (4D simulation), to take into account indirect interactions 

of radiation (Uehara and Nikjoo 2006). 

 

Figure 2. Track segments (1 μm in length) of different ions with LET ~40 keV/μm. 
Tracks were simulated using the ion track structure code PITS99 (Wilson and Nikjoo 
1999), coupled with the electron track structure code KURBUC (Uehara et al 1993). 

 

The objective of this thesis is to develop Monte Carlo track structure sim-

ulations for full-slowing-down (FSD) tracks of protons and carbon ions in 

water representing cell and tissue environments. This development was 

aimed to provide an effective computational tool for ion dosimetry at a 
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single cell level, and for the assessment of radiation quality of proton and 

carbon ion beams at the microscopic scale. 

The simulations as developed in this work take into account the physical 

stage of water radiolysis (<10
-15

 s after the interaction). Chemical and 

biological events may take place following the physical events (Pimblott and 

LaVerne 1998, Frongillo et al 1998, Uehara and Nikjoo 2006), but they are 

beyond the scope of this work. In general, it is believed that the initial 

physical events are one of the determinants of biological effectiveness of 

radiation. Therefore, the simulations as developed facilitate the biophysical 

study of radiation track.  

In MCTS simulations, interactions of primary radiation and secondary 

electrons are followed interaction-by-interaction at atomic and molecular 

levels. The stochastic nature of radiation action is fully taken into account 

using interaction cross sections, associated with interaction probabilities. 

For ions and secondary electrons of interest in radiation therapy and 

biophysical study, energy depositions are mainly due to ionisations and 

excitations of target molecules. As ions slow down and approach the Bragg 

peak, interactions such as charge exchange (electron capture from the target 

and projectile electron loss) and elastic scattering become increasingly 

important. Energy depositions by these interactions may be non-negligible in 

tracks of low and intermediate energy ions. In particular, charge exchange 

reactions modifiy the charge state of projectile ions, leading to changes in 

the strength of subsequent interactions of the projectiles. 

As will often be referred to in this thesis, low and intermediate energy 

ions are defined as ions with kinetic energies in the range 1-25 keV/u and 

25-10
4
 keV/u, respectively (ICRU 2005). Projectile ions accompanied by 

bound electrons are denoted as dressed ions. 

Over the past 40 years, MCTS codes have been developed for electrons 

(Turner et al 1983, Terrissol and Beaudre 1990, Uehara et al 1993, 

Dingfelder et al 1998, Emfietzoglou et al 2006, Champion et al 2012), for 

track segments of ions (Zaider et al 1983, Paretzke 1987, Wilson and Nikjoo 

1999, Champion et al 2005), for FSD of protons 

(Uehara  et al 2001, Friedland  et al 2003, Nikjoo  et al 2008, Liamsuwan  et

 al 2011b), and for FSD of helium ions (Uehara and Nikjoo 2002, Friedland 

et al 2011). 

Simulations in the FSD mode follow interactions of primary ions and 

secondary electrons from start energies until they are stopped. Simulations of 

Bragg peaks in ions’ slowing down are only achievable in the FSD mode. 

FSD track structure simulations for ions heavier than helium were not 

available in the past, mainly due to scarcity of interaction cross sections and 

suitable models for low and intermediate energy ions in water and 

biomolecular targets. Ions in the low to intermediate energy range are of 

interest in therapeutic studies, because they characterise the Bragg peak 

region (Figure 1) where the tumour under treatment is to be located. It is 
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therefore important to develop model calculations of cross sections for these 

ions. 

This thesis is based on five original papers. In Paper I, the extension of 

the track structure code KURBUC_proton was carried out to energies up to 

300 MeV, covering the entire proton energy range used in radiation therapy. 

Physical properties and microdosimetry of proton tracks were investigated 

and benchmarked in comparison with the experimental data. For the 

development of the MCTS simulation for the FSD of carbon ions, the work 

was divided into two parts: The first part focussed on the development of a 

model calculation of interaction cross sections for low and intermediate 

energy carbon projectiles of all charge states (C
0
 to C

6+
) in water. For this 

purpose, a classical trajectory Monte Carlo (CTMC) model was developed 

(Papers II-IV). In the second part, the calculated cross sections were 

implemented in the new MCTS code KURBUC_carbon for simulating carbon 

projectiles of energies 1-10
4
 keV/u in water (Paper V).  

Paper I presented for the first time the simulation of the FSD of protons 

with energies covering the entire therapeutic energy range with the 

sensitivity at the molecular level. In Papers II-IV, the study of the physics of 

interactions of low and intermediate energy carbon ions made contribution to 

generate a complete database of electronic interaction cross sections, 

including those for the charge exchanges. The MCTS codes for protons and 

carbon ions provide the ability to characterise the radiation quality in the 

Bragg peak regions of proton and carbon ion beams (Papers I and V).  

In the following, Chapter 2 gives overview of interaction cross sections 

for electrons and ions, which are important for the development of the 

MCTS simulations. Chapter 3 describes the development of the CTMC 

model used for the calculations of cross sections for low and intermediate 

energy carbon projectiles in water. Chapter 4 explains the elements of the 

MCTS method, and the development of the MCTS codes KURBUC_proton 

and KURBUC_carbon. In Chapter 5, track parameters and macroscopic 

dosimetry of protons and carbon ions are investigated. Dosimetry at 

nanometre scales was investigated using the microdosimetry distributions 

and their averages, discussed in Chapter 6. The summary and outlook of the 

work is given in Chapter 7. 
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2. Interaction cross sections for electrons and 
ions 

Interaction cross section is associated with the interaction probability at a 

given condition (e.g., incident energy and medium). For the development of 

the Monte Carlo track structure (MCTS) simulations of ions, cross sections 

for ions and electrons are needed. Electrons contribute to energy depositions 

in the lateral direction relative to an ion’s path. In term of dose in an ion 

track, electron interactions outweigh interactions by the projectile ion (pri-

mary interactions) as the impact energy increases to above a few tens of 

keV/u (Uehara et al 2001)  

In radiation transport study, experimental cross sections are used for for-

mulation of analytical expressions, and for benchmarking model calcula-

tions. A set of cross sections implemented in an MCTS simulation should 

accurately produce track parameters such as stopping power, dose and range 

distributions, and W  value. 

For radiobiological study, the medium of interest is usually liquid water, 

as it constitutes ~80% of human cells. Due to scarcity of the experimental 

cross sections for liquid water, track calculations have been primarily based 

on cross sections of water vapour within a framework of a density scaling 

method (Zaider et al 1983, Paretzke 1987, Terrissol and Beaudre 1990, 

Uehara et al 1993, 2001, Nikjoo et al 2008). A treatise on interaction of ra-

diation with matter was recently published by Nikjoo  et al (2012). The 

book, in particular, provides a detailed discussion on inelastic scattering of 

charged particles in condensed media. 

Experimental cross sections for electron impact on water vapour have 

been summarised in (Itikawa and Mason 2005), and those for ion impact in 

(Rudd et al 1992, Toburen 1995, ICRU 1996). Most of the measurements for 

ions in water were carried out with proton and helium beams. For heavier 

ions, the database of the experimental cross sections is scarce for 

biologically relevant targets. Therefore, model calculations of cross sections 

for heavy ions are needed.  

In this work, the available experimental cross sections for electrons and 

protons were used for constructing the cross section database implemented 

in the MCTS simulations. For proton tracks, scaling methods and analytical 

formulas were also applied outside the range of the experimental data (Paper 

I). In the case of low to intermediate energy carbon projectiles (Paper V), a 
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classical trajectory Monte Carlo (CTMC) model was developed (Papers II-

IV), because the experimental data for carbon ions in water are scarce, and 

scaling methods tend to deteriorate at low energies. The development of the 

CTMC model is described in Chapter 3. 

This chapter gives overview of electron and ion interactions relevant to 

the development of the MCTS codes. The emphasis of this work is on ion 

interactions. Electron interactions have been investigated extensively in the 

past (Kim 1975a, Seltzer 1988, Toburen 1995, Uehara et al 1999, Itikawa 

and Mason 2005). Commonly used theoretical models for calculations of 

inelastic and elastic scattering cross sections for electrons and ions are de-

scribed. The regions of validity of these models are discussed. Thermody-

namical phase effects and the state of the art of cross section calculations for 

condensed water are given. 

2.1 Electron interactions 

Electron interactions with matter (or more specifically with water in the case 

presented here) can be grouped into elastic and inelastic scatterings.  

Elastic scattering occurs between an incident electron and a target nucle-

us. During elastic scattering, an electron is deflected from its incident path, 

but energy loss of the electron is negligibly small due to the small electron 

mass compared with a nuclear mass. The probability of elastic scattering 

increases as electron energy decreases. 

Energy loss of an electron takes place during inelastic scattering, 

including ionisation, excitation, and bremstrahlung. Ionisation and excitation 

lead to changes in the energy states of target electrons, while bremsstrahlung 

corresponds to radiative energy loss arising from deflection of an incident 

electron in electric field of a target nucleus.  

Bremstrahlung is important for electrons with energies much higher than 

10 MeV. The fractions of radiative to total energy loss were estimated to be 

~0.7, 8.7, and 53.1% for electrons with energies 1, 10, and 100 MeV in 

liquid water, respectively (ICRU 1984). Radiative energy loss was not in-

cluded in the current track structure development, because the electron ener-

gy range of interest was between 10 eV and 10 MeV (Uehara et al 1993). 

Reviews of elastic and inelastic scattering cross sections for electron 

impact have been published by Liljequist  et al (2012), Itika-

wa and Mason (2005), Salvat  et al (2005), and ICRU (1984). 
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2.2 Ion interactions 

Ion interactions can be categorised as electronic and nuclear interactions. A 

summary of these interactions are given in Table 1 and discussed in the fol-

lowing. 

2.2.1 Electronic interactions 

Electronic interactions are of particular interest in this work, including: (i) 

target ionisation, (ii) target excitation, (iii) electron capture from the target, 

(iv) electron loss from the projectile (projectile ionisation), and (v) 

simultaneous interactions of these events.  

Projectile ions (or neutrals) lose energy mainly during electronic 

interactions. In general, target ionisation is the major energy loss process. 

Electron capture and projectile electron loss lead to changes in the 

projectile’s charge state ( q ). Therefore, such events are denoted as charge 

exchange or charge transfer interactions. Charge exchange is important for 

track simulations, because the projectile’s charge state usually characterises 

the interaction strength. Moreover, due to projectile electron loss, high 

energy electrons can be emitted in the medium, contributing to energy 

deposition and spatial distribution of ion tracks. 

Ionisation and excitation can occur when incident energy and momentum 

are higher than the energy thresholds of given transitions – in general, 

covering the entire intermediate and high energy ranges of ions. As ions 

slow down to energy below ~1 MeV/u, charge exchange becomes 

increasingly important (Toburen 1995). For very low energy ions (<1 

keV/u), a chemical description for ion-target reactions is required. These 

ions have relatively short range of less than ~100 nm in water (ICRU 1993, 

Ziegler et al 2010), therefore they were assumed to be locally absorbed for 

the simulations developed in this work (see §4.2.1).  

For a system with many electrons involved in the collision, multiple 

electronic interactions may take place, including pure (direct) multiple target 

or projectile ionisations, pure multiple electron capture, target ionisation 

accompanied by electron capture (transfer ionisation), and simultaneous 

target and projectile ionisations (loss ionisation). Information about these 

interactions is scarce for water and biomolecular targets. Based on the 

experiments on ion-atom collisions, it is expected that multiple electronic 

interactions are not crucial for proton impact, but they may be non-negligible 

for heavier ions (Toburen 1995). 

In general, multiple electronic interactions are expected to gain in 

importance as the projectile’s charge increases (Toburen 1995), and as 

impact energy decreases (Stolterfoht et al 1997). For high energy ions, 

innershell ionisations can take place. If electrons from valence orbitals fill 
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the core vacancies, Auger electrons can be emitted as a relaxation process of 

the target molecule.  

The fraction of double electronic events relative to single target ionisation 

was found to maximise close to 100 keV/u for collisions of He
+
 with He 

(Forest et al 1995). The experimental study on He
+
 impact on rare gases of 

DuBois (1989) has suggested that transfer ionisation is the major multiple 

electronic event in the low energy region (10-30% of all electron emission 

events), while double target ionisation and loss ionisation are non-negligible 

in the intermediate energy region (~10-50% of all electron emissions from 

He and Ne atoms). In particular, loss ionisation tends to outweigh the pure 

projectile electron loss in the high energy region.  

For low and intermediate energy carbon ions studied in Papers II-V, the 

multiple electronic events were limited to double electronic interactions. 

2.2.2 Nuclear interactions 

Nuclear interactions occur between projectile and target nuclei. If kinetic 

energy of the collision system is conserved, the interaction is denoted elastic 

– in contrast to nuclear nonelastic interactions (ICRU 2000).  

Nuclear elastic scattering is important for low energy ions, leading to 

deflection of a projectile from its path. Therefore, they are important for 

spatial distribution of ion tracks. In general, energy loss due to elastic 

interactions is negligibly small, compared with energy loss through 

electronic interactions, except in the low energy region, e.g., for protons with 

energies <10 keV/u in water (Uehara et al 2001).  

As incident energy increases, nuclear nonelastic intereactions become 

increasingly important. The threshold for these interactions to occur is given 

by the Coulomb threshold CV  (ICRU 1983), 

 3/1
t

3/1
ptpCCM 96.0 AAZZVT   MeV, (1) 

corresponding to incident energies of 2-10 MeV for protons and carbon ions 

colliding with an oxygen atom constituting water, where CMT  is kinetic 

energy in the centre-of-mass (CM) system, pZ  and tZ  are the nuclear 

charges, and pA  and tA  are the mass numbers of the projectile and the 

target, respectively.  

In high energy proton beams, nuclear nonelastic reactions are responsible 

for removal of primary protons from the incident beam. The cross section for 

nuclear nonelastic interaction of a proton colliding with oxygen maximises 

at energy ~25-30 MeV, and reaches a plateau at high energies (>100 MeV) 

(ICRU 2000). Reaction products are secondary protons, neutrons, photons, 

and heavy recoils. Among dose contributions by secondaries, those by sec-
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ondary protons are most important (~10% of total dose), and mainly present 

in the plateau region. In the Bragg peak region, dose is primarily deposited 

by primary protons (Paganetti et al 2002). 

For high energy carbon ions, nuclear nonelastic scattering is more crucial 

than for protons, because more interaction channels are available. Nuclear 

reactions can lead to projectile and target fragmentations. Secondary parti-

cles produced by nuclear fragmentation can traverse the tissue equivalent 

medium beyond the Bragg peak of the ion beam, giving rise to the so-called 

fragment tail (Schardt et al 1996, Matsufuji et al 2003).  

In this thesis, nuclear nonelastic reactions were not taken into account in 

the track structure simulations, because electronic interactions are still the 

most important processes for energy deposition study at the microscopic 

scale, and otherwise a large database of nuclear reaction cross sections 

would be needed. Moreover, for low and intermediate energy carbon ions 

studied in this work, nuclear nonelastic events are expected to be insignifi-

cant. 

Table 1. Ion interactions with a water molecule. C
q+

 denotes the projectile ion (or 
neutrals) of any specie, and the italicised symbol C the change in the projectile’s 
energy. 

Interaction C
q+

 + H2O  

Pure single target ionisation C
q+

 + H2O
+ 

+ e
- 

Pure single electron capture  C
(q-1)+

 + H2O
+
 

Pure single projectile electron loss C
(q+1)+

 + H2O
 
+ e

- 

Target excitation C
q+

 + H2O* 

Pure double target ionisation  C
q+

 + H2O
2+ 

+ 2e
- 

Transfer ionisation C
(q-1)+

 + H2O
2+ 

+ e
- 

Loss ionisation
 
 C

(q+1)+
 + H2O

+ 
+ 2e

- 

Nuclear elastic scattering C
q+

 + H2O 

Nuclear nonelastic scattering Target and projectile fragments, and 

neutrons 

2.2.3 Two centre effect 

For ion track structure study, it is necessary to take into account emissions of 

secondary electrons due to primary interactions. Electron emission can be 

investigated using the “centres” concept (Stolterfoht et al 1997). A centre 

characterises final state interactions of active (interacting) electrons with 

target and projectile nuclei. During impact of low and intermediate energy 

ions, target and projectile nuclei simultaneously influence the electron emis-
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sion spectrum, leading to the so-called two centre effect (Fainstein et al 

1991, Stolterfoht et al 1997). The two centre effect arises from long range 

potential of a projectile ion. Outgoing electrons can move in continuum 

states of the projectile, leading to electron capture to continuum (ECC), or 

projectile electron loss to continuum (ELC).  

The two centre effect is characterised by enhancement of forward electron 

emission. Electron energy due to the two centre effect is expected to be close 

to the reduced energy of the ion, given by /T , where T  is the ion’s kinetic 

energy per atomic mass unit (amu), and   the proton-to-electron mass ratio 

(  1836). The ion’s reduced energy corresponds to the energy of an elec-

tron having the same speed as the projectile ion. The two centre effect is 

expected to be important when the projectile’s speed is sufficiently low 

( v≤3 a.u.) (Rudd et al 1992).  

2.3 Theoretical models for inelastic scattering cross 
sections 

2.3.1 Inelastic scattering cross sections for electron impact 

Inelastic scattering interactions for electron impact can be divided into soft 

and hard collisions, corresponding to interactions with small and large 

energy transfer, respectively. Soft collisions can be described using 

perturbative quantum mechanical (QM) calculations, including the first Born 

approximation (FBA) and Bethe theory. For hard collisions, classical theo-

ries such as the Rutherford formula and the binary encounter approximation 

(BEA) can be applied. For collisions with intermediate energy transfer, in-

terpolation between the two extreme cases has been introduced, e.g., using 

the Weizäcker-Williams method (Paul and Berger 1995). 

(i) First Born Approximation (FBA) and Bethe theory 

The FBA is a first order QM calculation, used for describing interactions of 

fast charged particles. The FBA is valid for electrons with relatively high 

speed ( pv ), compared with orbital velocities of bound electrons ( ev ), 

ep vv  . If the interaction is Coulombic, and the momentum transfer 

associated with the interaction is averaged over all atomic orientations, the 

differential cross section (DCS) in the FBA is reduced to the basic formula 

of the Bethe theory, given as (Inokuti 1971) 
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where EqEf d/),(d  is the generalised oscillator strength (GOS) of the 

medium, 0a  the Bohr radius (0.529·10
-10

 m), pZ  projectile’s charge ( 1p Z  

for electrons), T  kinetic energy of the incident electron ( 2
e2/1= vmT  in the 

nonrelativistic limit), em  the electron rest mass (9.1094·10
-31 

kg), R  the 

Rydberg energy (13.6 eV), E  energy transfer, and q  momentum transfer. 

The GOS is defined as 

22

2
0

),(),(
/

=
d

),(d
qEM

R

E
qE

qa

RE

E

qEf
 , 

(3) 

where ),( qE  is the dielectric response function (DRF) of the medium, 

2
),( qE  the molecular form factor for inelastic scattering, and 

2
),( qEM  

the matrix element characterising the transition probability. Taking into 

account electrons in the innermost shell, the Bethe theory is valid for 

1)137/(t Z  (ICRU 1984), where   is the ratio of the projectile’s speed 

to the speed of light. 

For soft collisions, the GOS (3) vanishes rapidly as q  increases. The 

GOS at zero momentum transfer (corresponding to the optical or dipole lim-

it) is reduced to the dipole oscillator strength ( Ef d/d ), and the cross section 

(2) in the dipole approximation can be written as (Inokuti 1971) 
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where )(Ec  is a function of energy transfer, and )/( TEO  the next higher 

order term in TE / . The first term in the bracket is identical for any charged 

particles of the same speed, while )/( TEO  is slightly mass dependent 

(Inokuti 1971). Also, the first term is proportional to photoabsorption cross 

section for photon energy E . By neglecting the higher order term, the cross 

section for electron impact can be scaled from the cross section for 

photoabsorption ( Ed/d ph ), given as (Kim 1975b) 

)/d(d4=/dd 2
0

2
ph EfRaE  , (5) 

where   is the fine structure constant (  = 1/137). 

For electron energies above ~10 keV, the relativistic kinematics for ener-

gy and momentum transfers is required. The Bethe formula in the relativistic 

limit reads (Inokuti 1971) 
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where c  is the speed of light. The term  22 )1ln(    takes into 

account interaction in the transversed direction relative to the momentum 

transfer vector, leading to increase of the cross section as electron energy 

increases (so-called relativistic rise).  

Based on the integral of eq. (6) (i.e., the total cross section), Ber-

ger and Wang (1988) proposed an empirical formula for excitation cross 

sections of water by electron impact, according to 
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Due to polarisation of atoms in a condensed medium, electromagnetic 

field acting on an incident electron is reduced (Inokuti and Smith 1982, 

ICRU 1984, Dingfelder et al 1998). This effect leads to decrease in inelastic 

scattering cross sections, the so-called the Fermi density effect. For noncon-

ducting media like water, the Fermi density effect is important at the relativ-

istic limit (ICRU 1984). 

(iii) Rutherford, Mott, and Møller formulas 

The Rutherford formula is derived classically based on a head-on collision 

between two free electrons (incident and target electrons). The target elec-

tron is assumed to be stationary prior to the collision, i.e., within the impulse 

approximation. The Rutherford cross section for an electron-electron colli-

sion is expressed as (Kim 1975b) 

22
p

2
0

Ruth 4

d

d










E

R

T

Za

E


. (8) 

For ionisation, primary and secondary electrons are indistinguishable, 

leading to electron exchange effect. It is common to label an electron with 

higher energy as the primary electron, and that with lower energy as the 

secondary electron. Therefore, the maximum energy of a secondary electron 

is 2/)( BT  , where B  is the electron binding energy of the medium.  

The electron exchange effect is taken into account for the Rutherford 

cross section in the context of the Mott formula at the nonrelativistic limit 

(Inokuti 1971, Kim 1975a),  
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and using the Møller formula at the relativistic limit (Møller 1932), 
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where   is the secondary electron energy, er  the classical electron radius 

( er  = 2.8179·10
-15

 m), 22
e

2 )/(= cmTTa  , and ab 1= . The electron 

exchange effect is described by the second and third terms of eqs. (9)-(10).  

(iv) Binary encounter approximation (BEA) 

In the BEA (Gryziński 1959, Vriens 1966), interaction between incident and 

target electrons is described as a collision between two free electrons, similar 

to the derivation of the Rutherford formula. However, in the BEA initial 

speed of a target electron is characterised by a distribution associated with 

the target molecule. Directions of velocity vectors of orbital electrons are 

assumed to be isotropically distributed.  

The BEA is a classical calculation, and valid for BE >> . The kinematic 

relationship in the BEA is described as (Vriens 1969, Inokuti 1971) 

ee =~ pqp  , and (11) 
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pq
 (12) 

where ep  is the initial momentum of the obital electron, e
~p  its final 

momentum, q  momentum transfer to the target electron, and E  energy 

transfer with 0E . Based on the last equality in eq. (12), the BEA is 

applicable only for electron emission angles ≤90° relative to the incident 

direction ( 0~
e pq ).  

The emission angle of a secondary electron ( ) in the BEA is obtained 

using the classical kinematics (Uehara et al 1993, Toburen 1995), 
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The scattering angle of an incident electron is calculated by switching the 

variable   with T  in eq. (13).  

The electron exchange effect can be taken into account in the BEA at the 

nonrelativistic limit, according to (Kim 1975b, ICRU 1996), 
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and at the relativistic limit, according to (Seltzer 1988)  
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(15) 

where U  is kinetic energy of the orbital electron, )/( 2
ecmT , and G  a 

factor resulting from averaging over an isotropic hydrogenic distribution of 

orbital electron velocities. 

2.3.2 Inelastic scattering cross sections for ion impact 

 (i) Classical or quantum mechanical calculations? 

In general, a classical calculation is valid if the characteristic dimension of 

the electron orbit exceeds the de Broglie wavelength associated with the 

relative motion of a collision system (Inokuti 1971). For a collision between 

a projectile ion and an active electron, the Bohr kappa criterion must be 

fulfilled (Sigmund 2004), 

1/2 p0p  vvZ , or 1002
pZT   keV/u, (16) 

where pZ  is the projectile’s charge, pv  the projectile’s velocity, 0v  the Bohr 

velocity, and T  kinetic energy of the projectile per amu. A relationship 

between pv  and T  is given by 

)keV/u(2.0p Tv   (atomic units, a.u.). (17) 
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Examples of the classical calculations for ion impact are the Rutherford 

formula, BEA, and classical trajectory Monte Carlo (CTMC) method. The 

Rutherford formula and BEA are projectile centre approximations. Both 

models neglect interactions between the active electron and the target nucle-

us. In contrast, the CTMC method is based on trajectory simulations of the 

screened projectile and target nuclei, and active electrons, taking into ac-

count the two centre effect. The CTMC method is described in Chapter 3. 

In QM treatment, calculations can be distinguished as perturbative and 

exact calculations. Commonly used perturbative calculations are the FBA 

(Inokuti 1971), and distorted wave methods (Belkic 1978, Crothers and 

McCann 1983). The FBA treats the projectile’s potential as perturbation to 

the collision system, while the initial and final state wave functions of active 

electrons are influenced only by the target’s potential (target centre approx-

imation). Electromagnetic field of the projectile can be additionally consid-

ered using distorted waves, describing active electrons as moving in contin-

uum states of the projectile. Therefore, distorted wave calculations are two 

centre approximations.  

If interactions of active electrons with projectile and target nuclei are 

treated as nonperturbative interactions, a wave function associated with the 

corresponding Hamiltonian1 is an exact solution for many-body problem. 

The exact QM calculation is the basis of the atomic and molecular orbital 

(AO and MO) close coupling methods (Kimura and Lane 1990). The coun-

terpart of AO and MO calculations in the classical theory is the CTMC 

method. 

Approximate energy regions of applicability of various theoretical models 

for ion impact are given in Table 2. By taking into account the initial orbital 

velocity of the active electron ( ev ), and the projectile’s and target’s charges, 

the regions of applicability of different model calculations can be 

generalised (Olson 2006), as presented in Figure 3. 

(ii) Rutherford formula 

The Rutherford formula is applicable for hard collisions ( B ), and for 

projectile’s reduced energy BT 10/   (ICRU 1996). The formula for ion 

impact is similar to that for electron impact, except that the electron’s kinetic 

energy T  in eq. (8) is replaced by the ion’s reduced energy /T .  

(iii) Binary encounter approximation (BEA) 

The BEA is applicable for hard collisions and for emissions of secondary 

electrons at intermediate angles. Small angle scatterings are associated with 

distant collisions, which are better described within a QM framework. 

                                                      
1 The Hamiltonian is the QM operator associated with total energy of the system.  
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Backward scatterings are not possible in the BEA due to the constraint of the 

classical kinematics, eq. (12). 

In the classical calculation, the energy spectrum of outgoing electrons 

peaks at  

   2cos/4 T  (18) 

where   is the electron emission angle relative to the incident direction of 

the projectile. The equality of (18) is obtained if the electron is initially free 

and at rest, and recoil of the target nucleus is negligible. A profile (spread 

out) of the BEA peak arises from the initial velocity distribution of bound 

target electrons. 

Singly differential cross section (SDCS) in electron energy for ion impact 

derived within the BEA is given as (Rudd et al 1992, ICRU 1996) 
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for   EEE , and 0/dd   for EE > , where 

UTTE )/(4/4=   , (19c) 

and UT  .  
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Table 2. Approximate regions of applicability of various theoretical models for ion 
impact cross sections. 

Theoretical model Energy range of applicability Assumption 

Rutherford formula BT 10/   Projectile centre 

Binary encounter ap-

proximation (BEA) 

BT 10/   Projectile centre 

Classical trajectory 

Monte Carlo (CTMC) 

method 

T
2
pZ 100 keV/u Target and projectile 

centres 

First Born approxima-

tion (FBA) 

T 500 keV/u Target centre 

Bethe theory T 1 MeV/u Target centre 

Distorted wave calcula-

tions 

T a few hundreds of keV/u  Target and projectile 

centres (using distorted 

waves) 

MO and AO close cou-

pling methods 

T 10 keV/u Target and projectile 

centres (exact calcula-

tions) 

 
Figure 3. Approximate regions of applicability of various theoretical models for ion 

impact cross sections (denoted by arrows): pZ  and tZ  are the projectile’s and the 

target’s charges; pv  and ev  are the projectile’s velocity and orbital velocity of the 

active electron, respectively. [Adapted from (Olson 2006)] 
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(iv) First Born approximation (FBA) 

In the FBA, a projectile is described using a plane wave in the entrance and 

exit channels. The initial state of the active electron is characterised by a 

stationary wave function, describing binding of the electron to the target 

nucleus. The final state wave function of the outgoing electron describes the 

electron as moving in a continuum state of the target molecule.  

The FBA is valid for soft collisions ( qp   and ET / ) for a 

projectile with relatively large momentum ( 1/0 pa ), where p  is the 

projectile’s initial momentum, and   the Planck constant divided by 2π 

(Rudd et al 1992). 

Since ions are much more massive than electrons, given the same velocity 

of an ion and electron the ion’s momentum is much larger than the electron’s 

momentum. Therefore, the FBA is applicable at a much lower reduced ener-

gy of ions than the corresponding energy limit for electron impact (Rudd et 

al 1992). 

A low energy limit for application of the FBA can be also given by the 

Sommerfeld criterion (Sigmund 2004), 

1/ p0p vvZ , or 252
pZT   keV/u, (20) 

where accuracy of the FBA is not necessarily precluded outside this energy 

range. 

(v) Bethe theory and semi-empirical models 

For sufficiently small momentum transfer (the dipole approximation), the 

FBA is reduced to the Bethe theory (4). In this case, cross sections for any 

charged particle of the same speed pv  are related to each other, according to  

2
22

2
11 / ZZ    (21) 

where 1  and 2  are the cross sections for the two charged particles, and 

1Z  and 2Z  their charges. The scaling formula (21) is useful for the 

calculation of cross sections for heavy charged particles, because most of the 

experimental cross sections relevant to radiobiological study were obtained 

for incident electrons or protons.  

The Bethe theory, eqs. (4) and (21), have facilitated the formulation of 

semi-empirical expressions for target ionisation and excitation. For instance, 

Rudd  et al (1992) proposed a formula for SDCS in electron energy for tar-

get ionisation, given by 
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where w/dd  approaches the Bethe cross section at a high energy limit, N  

is the number of electrons in the orbital, w  reduced electron energy 

( Bw /=  ),   electron energy, R  the Rydberg energy, B  orbital binding 

energy, )/(= BTv  , cw  cutoff energy for a proper dependence on electron 

energy, and 1F  and 2F  are fitting parameters. 

For target excitation, Miller and Green (1973) formulated a semi-

empirical formula for total cross sections (TCS) for proton impact on water 

using the experimental data for electron impact. The Miller and Green for-

mula reads 














TJ
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=)( t0

exc , (23) 

where 0 =10
-16 

cm
2
, W  is the threshold energy for a given transition, a  

and   are the fitting parameters for a high energy limit, and J and   are 

those for a low energy limit. 

The Rudd formula (22) was used in KURBUC_proton (Paper I), and the 

Miller and Green formula (23) was used in KURBUC_proton (Paper I) and 

KURBUC_carbon (Paper V). 

(vi) Continuum distorted wave (CDW) and continuum distorted wave-

eikonal initial state (CDW-EIS) methods 

The CDW (Belkic 1978) and CDW-EIS (Crothers and McCann 1983, Fain-

stein et al 1991) methods are valid for impact energies above the maximum 

in the ionisation cross section (a few hundreds of keV/u). Both methods de-

scribe the initial and final state wave functions of the active electron as being 

distorted by the projectile’s field.  

Both methods use the same final state wave function. For the entrance 

channel, the CDW method uses the exact form of a distorted wave, which 

was found to be improperly normalised (Crothers and McCann 1983). There-

fore, in the CDW-EIS approach, the initial state distorted wave function of 

the exact form is replaced by its asymptotic approximation (eikonal approx-

imation). This modification should be justified because soft collisions domi-

nate the total ionisation cross section (Stolterfoht et al 1997), and the nor-

malisation condition of the eikonal wave function is fulfilled. 
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Cross sections calculated using the CDW and CDW-EIS methods ap-

proach each other for fast projectiles, and converge to cross sections ob-

tained with the FBA at asymptotic projectile energy. 

(vii) Atomic orbital (AO) and molecular orbital (MO) close coupling 

methods 

In the AO and MO close coupling methods (Kimura and Lane 1990), elec-

tronic states of the collision system are described as a linear combination of 

basis wave functions, considering strong interactions between the target nu-

cleus and the electron, and those between the projectile and the electron. 

Close coupling calculations give accurate cross sections for ions with ener-

gies ranging from a few tens of eV to 10 keV/u. The number of required 

basis wave functions increases with impact energy. Thus, the close coupling 

method becomes computationally impractical for impact energies above ~10 

keV/u.  

2.3.3 Inelastic scattering cross sections of liquid water 

Most of the experimental cross sections of water were measured in the gas 

phase. By scaling the cross section of water vapour with the unit density of 

liquid water (  =1 g/cm
3
), the mean free path   in liquid water is estimated 

to 

)/( ANA , (24) 

where   is the total cross section of water vapour, AN  the Avogadro 

constant (6.0221·10
23 

mol
-1

), and A  the molar mass of the medium ( A=18 

g/mol
 
for water).  

The density scaling method (24) is justified for electron energies larger 

than 1 keV, where cross sections of gaseous and liquid water show good 

agreement (Emfietzoglou and Nikjoo 2005). For electron energies below 1 

keV, condensed phase effects are important, including long range polarisa-

tion, electron correlation, and changes in electron binding energies of the 

medium. Additionally, for perturbative calculations, low energy corrections 

must be taken into account.  

Inelastic scattering cross sections for charged particles in liquid water 

have been subjects of interest in radiation physics and radiation biology for 

many decades (Ritchie et al 1978, Hamm et al 1985, Dingfelder et al 1998, 

Emfietzoglou et al 2005). Most of the theoretical works on these subjects 

made use of the experimental dielectric response function (DRF) for photons 

within the framework of the FBA, eqs. (2)-(3). An ab initio QM calculation 

has been developed by Champion (2010). However, due to lack of the exper-
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imental cross sections of condensed water, benchmarking of a nonempirical 

calculation is still difficult. 

To calculate inelastic scattering cross sections for charged particles in liq-

uid water based on a dielectric response model, the energy loss function 

(ELF) of liquid water at the optical limit ( 0q ) is parameterised using a 

fitting function. The ELF is related to the DRF (3), ),( qE , according to  
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 , (25) 

where the indices Re  and Im  denote the real and imaginary parts of the 

DRF, respectively, and j  denotes an electronic transition of the medium. 

The real part of the DRF characterises screening and polarisation of the 

medium, while the imaginary part is associated with energy absorption. 

Drude type functions are commonly used for parameterising Re  and 

Im , as introduced by Ritchie  et al (1978). The obtained fitting parameters 

at 0q  are generalised for finite momentum transfer. This step is called 

dispersion model, usually done by defining the fitting parameters as 

functions of momentum transfer (Dingfelder et al 1998, Emfietzoglou and 

Nikjoo 2005).  

ELF with dependence on energy and momentum transfer are used in the 

Bethe formula (2). Corrections are needed for low energy particles, i.e., 

below a few hundreds of eV for electrons, and below ~500 keV/u for protons 

(Emfietzoglou et al 2005, Dingfelder et al 2000).  

Despite the importance of liquid water in radiobiological study, there are 

only two experimental data sets for the DRF of liquid water available. The 

first set is based on the vacuum ultraviolet (VUV) reflection measurement of 

Heller et al. (1974), and the second set was measured using inelastic x-ray 

scattering (IXS) spectroscopy by the Sendai group (Hayashi et al 2000, 

Watanabe et al 2000). 

The VUV reflection data cover the dipole limit ( 0q ) and energy trans-

fer up to 26 eV. The IXS data extend the energy loss spectra to energy trans-

fer up to 160 eV, and to finite momentum transfer up to 3.59 atomic units. 

The uncertainties of the IXS data were reported to be a few percents. 

Figure 4 shows the ELF at the optical limit ( 0q ) of water of different 

phases. The two optical data sets for liquid water are substantially different 

at energy transfer ~21 eV. The VUV reflection spectrum has a much higher 

peak than the peak observed in the IXS measurement. This difference leads 

to reduction of the electron mean free path by ~20% when using the reflec-

tion spectrum in the dielectric model, compared with the calculation based 

on the IXS data (Emfietzoglou and Nikjoo 2005). 
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The IXS data are considered to be more reliable, because the reflection 

spectrum may be influenced by intense absorption of water vapour at the 

temperature of the measurement of 1 °C (Hayashi et al 2000). Moreover, at 

80 K, where vapour should significantly disappear from the measurement 

setup, the reflection spectrum of ice (another form of condensed water) 

measured by Kobayashi (1983) show similarity to the optical spectrum of 

liquid water measured with the IXS spectroscopy (Hayashi et al 2000). 

As seen in Figure 4, differences between the ELF of water vapour and 

condensed water are at low energy transfers. In that region, the characteristic 

peaks of excitations observed in the spectrum of water vapour smear out in 

the measurements on liquid water. The absence of the excitation peaks in the 

liquid phase leads to increase in the ionisation efficiency of condensed water 

compared with that of water vapour. For liquid water at a high energy limit, 

the ionisation efficiency, defined as the ratio of the ionisation cross section 

to the total inelastic scattering cross section, was calculated to be ~94% (Em-

fietzoglou and Nikjoo 2005). The corresponding value for water vapour is 

~74% (Uehara et al 1993). 

The ELF calculated using the different dielectric models are also present-

ed in Figure 4. Discrepancies between the model calculations arise from: (i) 

the experimental ELF used for the modellings; (ii) numerical methods for the 

fittings; (iii) dispersion models for finite momentum transfer; and (iv) cor-

rections for low energy projectiles.  

Currently, only the Emfietzoglou-Cucinotta-Nikjoo (ECN) model made 

use of the IXS data, while the other dielectric models are based on the reflec-

tion spectrum, including the OREC model (Ritchie et al 1991) and the 

Dingfelder-GSF model (Dingfelder et al 1998). Therefore, the last two mod-

els give the higher peaks of the ELF than the spectrum calculated with the 

ECN model (shown in Figure 4). 

Recently, the experiments for electron emissions from amorphous ice 

foils after impact of protons and fluorine ions have been carried out, reported 

in (Dingfelder et al 2008, Toburen et al 2010). These data are useful for 

benchmarking the model calculations for condensed water. 
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Figure 4. Energy loss functions of water of different phases: The solid and open 
squares are the IXS data (Hayashi et al 2000) and reflection spectrum (Heller et al 
1974) of liquid water, respectively; The solid line is the ECN model (Emfietzoglou 
et al 2005), the long-dashed line the Dingfelder-GSF model (Dingfelder et al 1998), 
and the dot-dashed line the OREC model (Ritchie et al 1978). The open circles are 
the experimental data of water vapour (Chan et al 1993). [Adapted from (Em-
fietzoglou and Nikjoo 2005)] 

2.4 Theoretical models for elastic scattering cross 
sections 

2.4.1 Elastic scattering cross sections for electron impact 

Elastic scattering cross sections for electrons with energies larger than 300 

eV can be calculated using the screened Rutherford formula, and in the MeV 

energy region using the Born approximation. For lower energy electrons, 

both models fail to reproduce the experimental DCS (Brenner and Zaider 

1984). Therefore, fitting to the experimental data, or calculations using the 

partial wave analysis (PWA) should be applied for low energy electrons.  

Due to the importance of electron elastic scattering for spatial distribution 

of electron tracks, theoretical models for this interaction have been recently 

reviewed in (ICRU 2007, Liljequist et al 2012). The experimental cross sec-
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tions for elastic scattering for electrons in water vapour are summarised in 

(Itikawa and Mason 2005). More recent data are reported in (Khakoo et al 

2008, Silva et al 2008). 

(i) Screened Rutherford formula 

The screened Rutherford formula can be used for calculating DCS and TCS 

for electrons with energy larger than ~300 eV (Paretzke 1987). The formula 

is given as (Berger et al 1970, Paretzke 1987, Uehara et al 1993) 
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for TCS, where tZ  is effective nuclear charge of the target, and   a 

screening parameter taking into account screening of the target nucleus by its 

bound electrons. tZ  for water was estimated to be in the range 7-7.5. The 

value 42.7t Z  was used in the KURBUC_electron code (Uehara et al 1993). 

  can be determined using the theory of Molière (1947, 1948), given by 
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where e/ mT , and c  an adjustable constant chosen to reproduce the 

experimental cross sections. 

(ii) Born approximation 

For high energy electrons, the plane wave Born approximation (PWBA) can 

be used for the cross section calculation. DCS within the PWBA can be 

written as (Salvat et al 2005, Liljequist et al 2012) 

2
n

2

t
MR

R )(
)(

1)(
d

d

d

d






F

Z

F
R 














 (29) 

where d/d R  is the Rutherford formula for elastic scattering (Liljequist 

et al 2012),  
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)(MR R  the Mott screening factor taking into account electron spin effect, 

 2t/)(1 ZF   a correction factor for polarisation due to screening by 

bound electrons, and 
2

n )(F  a nuclear form factor correcting for diffraction 

of the electron wave at high energies (>10-20 MeV).  

(iii) Semi-empirical models 

For electron energies below 250 eV, Brenner and Zaider (1984) proposed a 

fitting function of the form  
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, (31) 

where the fitting parameters  ,  , and   are to be adjusted to the 

experimental data. The parameterisation (31) was used in the code MOCA 

(Paretzke 1987).  

Alternatively, least square fitting to the experimental DCS for electron 

energies below 1 keV was carried out for the code KURBUC_electron (Uehara 

et al 1993).  

 (iv) Partial wave analysis (PWA) 

In the PWA, electron elastic scattering is described with an optical model 

potential (Salvat et al 2005, Liljequist et al 2012), 

)(i)()()( abscpexst rWrVrVVrV  , (32) 

which takes into account: static potential of nuclei and electrons present in 

the collision, stV ; electron exchange potential, exV ; potential due to electron 

correlation (repulsive potential due to interaction between electrons), and 

polarisation of the medium, cpV  (electron correlation and polarisation are 

important for T < 10 keV); and inelastic absorption, absiW . 

The PWA is carried out by solving the Dirac equation (or Schrödinger 

equation in the nonrelativistic limit). The solution to the Dirac equation is 

developed into summation of partial wave series, and subsequently used for 

the calculation of scattering and spin-flip scattering amplitudes, )(f  and 

)(g , respectively. DCS of the PWA is given as (Salvat et al 2005)  
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The PWA for elastic scattering cross sections for electron impact has been 

discussed in (Salvat et al 2005, ICRU 2007, Liljequist et al 2012). The PWA 

becomes impractical for electron energies larger than ~5 MeV, because the 

calculation involves a large set of partial wave series (Salvat et al 2005). 

(v) Elastic scattering for electrons in condensed water 

Condensed phase effects may also influence elastic scattering for low energy 

electrons. The only measurement of total elastic scattering cross sections on 

condensed phase water was carried out by Michaud  et al (2003). These data 

are about two orders of magnitude smaller than the TCS for electron elastic 

scattering in water vapour, as shown in (Liljequist et al 2012).  

As discussed by Michaud  et al (2003), the discrepancy between the gas-

phase and ice data may arise from the fact that, the data on amorphous ice do 

not include the contribution of forward electron scattering, which is pro-

nounced for water vapour. Also, vibrational and rotational excitations may 

be included in the gas phase data, while these components were well sepa-

rated in the measurement with amorphous ice.  

It is to note that TCS for electron elastic scattering are usually evaluated 

by extrapolating the DCS to smaller and larger angles, outside the range of 

the measurements. Therefore, any uncertainty associated with the extrapola-

tions (especially to smaller angles) would increase the systematic uncertain-

ties of the integral cross sections (Itikawa and Mason 2005).  

Alternatively, an ab initio PWA for elastic scattering cross sections for 

electrons in liquid water was carried out by Champion  et al (2009). The 

PWA results were in the same order of magnitude as the experimental data 

on water vapour, meaning that they are ca. 2 orders of magnitude larger than 

the experimental data on amorphous ice. At present, the large difference 

between the elastic scattering cross sections of water vapour and amorphous 

ice remains not well understood (Liljequist et al 2012). 

2.4.2 Elastic scattering cross sections for ion impact 

Nuclear elastic scattering for low energy ions and neutrals can be described 

using the classical mechanics (Everhart et al 1955, Wilson et al 1977, ICRU 

1993). The classical calculation is valid when the de Broglie wave length of 

the incident atom ( p ) is negligibly small, compared with the collision 

diameter and screening length of the collision (Everhart et al 1955). 

The collision diameter ( b ) corresponds to the closest distance in a head-

on collision (without screening), given as 
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2

tp TeZZb  , (34) 

where CMT  is kinetic energy in the CM system. The screening length ( sr ) 

characterises the screened Coulomb potential between two atoms. In Papers I 

and V, a screened Coulomb potential of the form 
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was used, following Everhart  et al (1955), where )/( ss rrF  is a screening 

function. In Papers I and V, the Molière screening function (Molière 1948), 
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and a single atom screening function (ICRU 1993), 
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were chosen, where pZ  and tZ  are nuclear charges of the projectile and the 

target, respectively. Various sets of screening parameters iC  and ib  for eq. 

(36) have been investigated by Wilson  et al (1977).  

From the classical equation of motion in the central force potential, the 

scattering angle in the CM system ( CM ) can be written as (Everhart et al 

1955, Wilson et al 1977) 
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and DCS in scattering angle is calculated with  

CMCMCM d

d

sind

d



 pp



, (39) 



 

 29 

where p  is the impact parameter, r  the distance between two atoms, and 

minr  the closest distance between two atoms. minr  corresponds to the root of 

the square root in eq. (38).  

Equation (38) can be solved numerically by calculating the integands for 

pairs of s/ rp  and s/ rb  (Everhart et al 1955). The integration can be carried 

out for large and small angles. For small angles, a straight line trajectory of 

the incident particle can be assumed to simplify the exact integration.  

For high energy ions, e.g., protons with energies >10 MeV, the classical 

calculation, eqs. (34)-(39), was found to produce unrealistically tortuous 

tracks, which can be avoided by using the Mott scattering formula (Nikjoo et 

al 2008), given by (ICRU 1978) 
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where P  is the momentum of the projectile. 

The scattering angle in the CM system is converted to the projectile 

frame, using 
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where pm  and tm  are molar masses of the projectile and the target, 

respectively. 
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3. The classical trajectory Monte Carlo 
(CTMC) model for carbon projectile impact 

For the development of the Monte Carlo track structure (MCTS) simulation 

for full-slowing-down tracks of carbon ions in water, the classical trajectory 

Monte Carlo (CTMC) model was developed for the calculations of cross 

sections for carbon projectiles (C
0
 to C

6+
) of energies 1-10

4
 keV/u in water. 

The development of the CTMC model is presented in Papers II – IV.  

In this work, the three-body CTMC method (Abrines and Percival 1966, 

Olson and Salop 1977) was applied for the calculations of one-electron tran-

sition probabilities for target ionisation, electron capture, and projectile elec-

tron loss. Statistical methods were used for solving the many-electron prob-

lem involved in the collision between a carbon projectile and a water mole-

cule. The cross sections were calculated for: (i) pure single target ionisation 

(SI); (ii) pure single electron capture (SC); (iii) pure single projectile elec-

tron loss (SL); (iv) pure double target ionisation (DI); (v) transfer ionisation 

(TI); and (vi) loss ionisation (LI) (cf. Table 1). 

The CTMC method is based on simultaneous trajectory simulations of the 

collision partners, including the screened target and projectile nuclei, and 

active electrons. Active electrons are initially bound to the target nucleus or 

to the projectile nucleus. In principle, all electrons available in the collision 

system can be included in the trajectory simulation. However, the computa-

tional time increases drastically with an increasing number of collision part-

ners. Cross sections for dressed ions can be calculated by assigning a screen-

ing function to the projectile’s nuclear charge (Reinhold et al 1990).  

The CTMC method is attractive for low and intermediate energy ion im-

pact, because the method takes into account the two centre effect (see 

§2.2.3), and interactions between the collision partners are conveniently 

described with the classical Newtonian mechanics.  

Classical calculations are valid in the energy range where molecular 

effects (at low energy limit) and dipole interactions (at high energy limit) are 

not important (see Figure 3). Although the low energy limit has not been 

well studied in the literature, the CTMC approach has been used successfully 

for the cross section calculations for ions with energy 1 keV/u (Otranto and 

Olson 2008).  

Regarding the high energy limit, according to the Bohr kappa criterion 

(16), the CTMC method for bare carbon ions (C
6+

) are expected to be 
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applicable for projectile energies <3.6 MeV/u, and within a lower energy 

limit for lower charge carbon ions. By taking into account the equilibrium 

mean charge of the carbon projectile (see §5.1) and initial orbital velocity of 

the active electron ( ev ≥1.9 atomic units for water), the region of validity of 

the CTMC calculations may be extended up to several tens of MeV/u (cf. 

Figure 3).  

3.1 The three-body CTMC method 

Figure 5 shows the collision schemes used in the CTMC calculations. The 

projectile and target nuclei were assumed to be screened by their bound non-

interacting electrons (spectator electrons). The nucleus to which the active 

electron is bound is referred to as a “core”. The target core is associated with 

the target ionisation scheme (Figure 5a), and the projectile core with the 

projectile electron loss scheme (Figure 5b).  

Interactions between the three bodies were described using the Newtonian 

mechanics, given by 
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where im  is the mass of a particle i , ir  the position vector in the Cartesian 

coordinate system ),,( zyx , iv  the velocity vector, and )( iji rZ  the effective 

charge of i  with respect to the distance ijr  to another particle j . The 

calculation of the effective charge is described in §3.5.  

The CTMC calculations were carried out using the relative coordinates 

( 1R , 2R , 3R ), shown in Figure 5. The transformation of eq. (42) from the 

cartesian to relative coordinates is described in the Appendix A.  

Twelve differential equations ( 1R , 2R , and their time derivatives), eqs. 

(A. 1)-(A. 3), were integrated over time using the Runge-Kutta method with 

an adaptive step size (Press et al 1992). The time integration (so-called 

trajectory simulation) was carried out until the probability of interaction 

between the two screened nuclei was negligibly small. This time interval 

was at least 10
3
 atomic units for the intermediate energy projectiles, and at 

least 10
4
 atomic units for the low energy projectiles. 
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(a) 

 

(b) 

Figure 5. The collision schemes for the three-body CTMC calculations. The indices 
p , t , and e  denote the screened projectile nucleus, screened target nucleus, and 
active electron, respectively: (a) the target ionisation scheme, and (b) the projectile 
electron loss scheme. 
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3.2 Initial conditions for the trajectory simulation 

Prior to the trajectory simulation, initial phase spaces (positions and veloci-

ties) of the collision partners were set as follows, where t  refers to the 

screened target nucleus, p  the screened projectile nucleus, e  the active elec-

tron, and c  the target core or the projectile core (cf. Figure 5): 

 

 The centre of mass of the target molecule was stationary at the origin. In 

the ionisation scheme, 0ttee  rr mm , and 0ttee  vv mm ; 

 The initial position vector of the projectile was set to ),,0( 0p zb r , 

where b  is the impact parameter, and 0z  was set large enough to ensure 

that the starting position did not affect the resulting cross section. 0z  var-

ied from 10
3
 to 10

4
 atomic units for 10 MeV/u and 1 keV/u impact ener-

gies, respectively. A lower energy projectile is associated with a larger 

perturbation to the collision system, requiring a larger 0z ; 

 The initial velocity of the projectile was ),0,0( pp vv ; 

 The distance between the active electron and core ecr  was sampled from 

a phase space distribution (see §3.6); 

   cos,sinsin,cossinec2 rR , where   and   are the polar and 

azimuthal angles of the active electron relative to the core, respectively. 

  and   were randomly selected in the ranges [0,π] and [0,2π], respec-

tively; 

 The momentum ecp  of the active electron relative to the core was calcu-

lated from the energy conservation relationship, 

ec

ecc

ec

2
ec

ec

)(

2 r

rZp
E 


, 

(43) 

where ecE  is the electron energy relative to the core, and ec  the reduced 

mass of the active electron-core system. ecE  corresponds to the “nega-

tive” value bE , where bE  is electron binding energy of the target in 

the target ionisation scheme (Figure 5a), or the ionisation energy of the 

projectile in the projectile electron loss scheme (Figure 5b) (see the table 

1 of Paper IV). The velocity vector of the active electron relative to the 

core was calculated following the method of Olson and Salop (1977), ac-

cording to 
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where  ececcbecec /)(2 rrZEp   , )/( ceceec mmmm  , and 

  was randomly selected in the range [0,2π]; and 

 The impact parameter b  ranged from 0 to maxb , where at maxb  the prob-

ability of interaction between both screened nuclei was negligibly small. 

In the target ionisation scheme, maxb  ranged from 1 to 25 atomic units for 

the innermost to outermost shell electrons, respectively. In the projectile 

electron loss scheme, it was 10-20 atomic units. 

At the end of each trajectory simulation, energies of the active electron 

relative to the target and projectile nuclei ( etE  and epE , respectively) were 

obtained using eq. (43). The interaction type was selected as: 

 

 target or projectile ionization, if 0et E  and 0ep E ; 

 electron capture, if 0et E  and 0ep E ; or 

 The active electron remained bound to the core, if 0et E  and 0ep E  in 

the target ionisation scheme, or if 0et E  and 0ep E  in the projectile 

electron loss scheme. 

The probability of non-physical interactions ( etE  and epE  ≤ 0) was checked 

to be negligibly small, unless otherwise 0z  was increased and the trajectory 

was simulated for a longer time interval.  

For each impact parameter, ~10
4
 trajectories were simulated. The one-

electron transition probability of an interaction type R  was calculated from  

tot/ NNP RR  , (45) 

where RN  is the number of occurrence of R , and totN  the total number of 

simulated trajectories.  

The relative coordinates of the collision partners (Figure 5) were 

transformed to the cartesian coordinates, as described in the Appendix B. If 

active electrons were ejected from the core, emission angles of the electrons 

relative to the projectile’s incident direction, and the electron energies were 

recorded for the calculations of electron emission spectra.  
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3.3 Statistical methods for many-electron collision 

system 

The one-electron transition probabilities (45) were used for the cross section 

calculations. To take into account the many-electron collision system, of 

interest in this work, statistical methods were applied, including the inde-

pendent event model (IEVM) (Crothers and McCarroll 1987) and independ-

ent particle model (IPM) (McGuire and Weaver 1977), as presented in Paper 

IV. 

The IPM and IEVM assume that consecutive interactions are independ-

ent. In the IEVM, active electrons are assumed to be correlated, while the 

IPM completely neglects electron correlations.  

In the cases presented here, electron correlations refer to static correla-

tions, corresponding to changes in the two centre potential following elec-

tron removal events. Dynamic electron correlations, arising from interactions 

between active electrons or final state rearrangements, are not taken into 

account in the IPM or IEVM. Dynamic electron correlations are expected to 

be important for high energy ions, associated with weakly coupling systems 

(Ford and Reading 1991).  

As ionisation occurs mainly with valence electrons, which are sensitive to 

changes in the two centre potential, the modified IEVM introduced by 

Crothers and McCarroll (1987) was used for the calculation of cross sections 

for target ionisation and projectile ionisation.  

In contrast, electron capture is associated with strong forces between the 

active electron and projectile ion, expected to be weakly sensitive to static 

electron correlations. Therefore, the IPM was applied for the interactions 

involving at least an electron capture reaction, i.e., the pure single electron 

capture and transfer ionisation (cf. Table 1).  

Within the modified IEVM, the many-electron transition probabilities for 

removals of one and two electrons from the core were calculated from 
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respectively, where )m(  denotes the many-electron transition probability, 

LN  the number of electrons in the orbital L  (see the table 1 of Paper IV), b  

the impact parameter, and the factor c/1  takes into account the 

indistinguishability between electrons of the same orbital during a pure 

double electronic interaction ( 2c  for the pure interactions, or otherwise 
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1c ). R , 1R , and 2R  denote electron removal interactions, and the index 

n  labels the probability that the active electron remains bound to the core 

(corresponding to elastic scattering or excitation): cin 1 PPP   for the 

target ionisation scheme, and ln 1 PP   for the projectile electron loss 

scheme, where the indices i , c , and l  denote the target ionisation, electron 

capture, and projectile electron loss, respectively. For the double electronic 

interactions [eq. (46b)], both electrons were assumed to come from the same 

subshell. 

Within the IPM, the many-electron transition probabilities for single and 

double electron removals were calculated, according to 
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respectively. The first term in (47b) is assoicated with electron removals 

from a single orbital, and the second term with electron removals from two 

different orbitals.  

Taking into account all degrees of target (projectile) ionisation, the total 

probability for the target (projectile) ionisation, 
(m)

ionP , can be written as 
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(48) 

where k  is a degree of ionisation. The last approximation in eq. (48) is valid 

for small values of one-electron transition probabilities, e.g., the probabilities 

differential in electron energy   and emission angle  : )(i/l P  and 

),(i/l P . 

Table 3 gives a summary of the statistical model calculations for the 

many-electron transition probabilities.  
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3.4 Cross section calculations 

Total cross sections (TCS), singly differential cross sections (SDCS), and 

doubly differential cross sections (DDCS) were calculated using 

bbPb
i

iRiR   )(2
)m( , (49a) 
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respectively, where R  denotes the interaction type, ib  the i th impact 

parameter simulated, b  the differential impact parameter, and   the 

electron energy interval used for scoring electron energies.  

Partial cross sections (PCS) for target ionisation and PCS for electron 

capture were calculated by inserting the one-electron transition probability 

for each energy level into eq. (49a). The normalised PCS can be written as 


L

LLLP   
(50) 

Table 3. Model calculations for the many-electron transition probabilities. 

Interaction Model calculation 

Pure single target ionisation (SI) eq. (46a) 

Pure single electron capture (SC) eq. (47a) 

Pure single projectile electron loss 

(SL) 

eq. (46a) 

Pure double target ionisation (DI) eq. (46b) 

Transfer ionisation (TI) eq. (47b) 

Loss ionisation (LI) )()()(
(m)

SL
(m)

SI
(m)

LI bPbPbP   

One electron capture )()()(
(m)

TI
(m)

SC
(m)

1, bPbPbP qq 
 

One projectile electron loss  )()()(
(m)

LI
(m)

SL
(m)

1, bPbPbP qq 
 

Total electron emission 

)()()(2

)(2)()(

(m)
SL

(m)
TI

(m)
LI

(m)
DI

(m)
SI

(m)
emit

bPbPbP

bPbPbP




 

Electron emission spectra for the 

target ionisation or projectile 

ionisation 

eq. (48) 
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3.5 Effective charge of carbon projectiles and water 

The model potential )( enrV  proposed by Garvey et al. (1975) was used for 

the calculation of the effective charges of C
q+

 and H2O [see eqs. (42)-(43)], 

according to 

 

en

en
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r , (51b) 

1)(= 10  NZ , and 1)(= 10  NZ , (51c) 

where Z  is the bare charge of the nucleus n , N  the number of spectator 

electrons bound to n , and )( enr  the screening function parameterised with 

the screening parameters   and   (given in the table 2 of Paper IV). The 

screening parameters have been generalised for any atomic and ionic species 

of Z ≤ 54 (Garvey et al 1975). In the CTMC calculations, the water mole-

cule was described as a spherically symmetric atom, having the same bind-

ing energies as a water molecule (given in the table 1 of Paper IV), and the 

nuclear charge 10Z . 

Figure 6 shows the calculated effective charges of the water molecule and 

C
q+

, as used in the CTMC calculations. The effective charges of water for the 

two collision schemes were different, because the number of spectator elec-

trons in the target ionisation scheme was reduced by one ( N 9), compared 

with that in the projectile electron loss scheme ( N 10). Correspondingly, 

the effective charges of C
q+

 in the target ionisation scheme (Figure 5a) are 

the same as those of C
(q-1)+

 in the projectile electron loss scheme (Figure 5b).  

Constant effective charges for the target and projectile were not 

considered in this work, because such assumptions cannot describe close and 

distant collisions simultaneously. For instance, in the early stage of this 

study, DDCS for the target ionisation by C
6+

 impact on water were 

calculated using the presented CTMC model with a constant effective charge 

of water equal to 1. Such calculation reproduced the experimental data for 

small angle scatterings fairly well, but largely underestimated electron 

backscatterings (unpublished). Similar effect due to the application of a 

constant effective charge of the target has been also observed in the CDW-

EIS calculation of Gulyás et al (1995). 
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Figure 6. The calculated effective charges of water and carbon projectiles: “ionis” 
denotes the target ionisation scheme; and “eloss” the projectile electron loss scheme. 
The effective charges of C

q+
 in the target ionisation scheme are equivalent to the 

effective charges of C
(q-1)+

 in the projectile electron loss scheme. 

3.6 Phase space distribution of the active electron 

Two types of phase space distributions of the active electron were studied in 

this work: the classical and semi-quantum mechanical (semi-QM) distribu-

tions.  

3.6.1 Classical distribution 

In the classical approach, the initial phase spaces of the active electron were 

described classically using the microcanonial distribution, given as 

(Reinhold and Falcón 1986) 
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where ecr  is constrained to maxec0 rr  , maxr  the positive root of 

ececcb /)( rrZE  , and )( ecc rZ  the effective charge of the core [eq. (51)]. 

For the CTMC calculations, the table of sampling for ecr  was generated 

from 
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where )()(0 maxec rwrw  . During the trajectory simulation, a random 

number   was generated, and assoicated to ecr  according to 

)(/)( maxec rwrw . By sampling a large number of ecr , a classical electron 

radial distribution, )(class rD , can be calculated (see Figure 8).  

3.6.2 Semi-quantum mechanical (semi-QM) distribution 

For the calculations of the semi-QM phase space distribution, QM electron 

radial distributions were taken into account, while electron momentum 

distributions were calculated classically based on the energy conservation 

relationship (43). The semi-QM approach was used for testing the CTMC 

model in the target ionisation scheme (Figure 5a). 

The QM electron radial distribution, )(QM rD , was calculated from the 

self consistent field-molecular orbital (SCF-MO) radial wave functions of 

water, given as (Moccia 1964) 

  
 


2

0 0

22
QM ),,(sindd=)( rrrD , (54) 

where ),,( r  is the radial wave function of the water molecule,   the 

polar angle,   the azimuthal angle, and r  the radial distance of the active 

electron with respect to the molecule’s centre. The calculation of the wave 

function is described in the Appendix C. 

The QM electron momentum distribution, )(QM pD , can be calculated us-

ing the wave function in the momentum space, ),,( ppr  , according to 

  
 


2

0 0

22
QM ),,(sindd=)( ppppp rppD , (55) 
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where ),,( ppr   is the Fourier transform of ),,( r , described in the 

Appendix C. 

In the semi-QM approach, the effective charge of water assigned to the 

energy conservation relationship (43) was calculated using the same model 

potential as used in the classical approach, eq. (51). However, in the semi-

QM approach, the screening parameters   and   were chosen differently 

from those used in eqs. (52)-(53), to produce a good fit between the semi-

QM momentum distributions [ )(semi pD ] and )(QM pD  for the valence 

orbitals of water. The screening parameters for water used in the semi-QM 

approach were 0 = 0.3, 1 = 0.4515, 0 = 10, and 1 = 0.3671 (cf. the 

table 2 of Paper IV). Differences between the effective charges of water used 

for the classical and semi-QM distributions appeared at close distances to the 

target centre, as shown in Figure 7.  

 
Figure 7. Effective charge of water in the target ionisation scheme, as used for the 
calculation of the classical (solid line) and semi-QM (dashed line) electron momen-
tum distributions (see §3.6.1 and 3.6.2, respectively).  
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3.6.3 Comparisons between the classical and semi-QM phase 

space distributions of the active electron 

Figure 8 shows the normalised classical and QM radial distributions of 

electrons in the orbitals 1b1, 3a1, 1b2, 2a1, and 1a1 of water (the outermost to 

innermost shell, respectively). The corresponding momentum distributions, 

including those calculated semi-quantum mechanically, are presented in 

Figure 9. For both figures, 1d)(  rrD  or 1d)(  ppD . 

The classical electrons orbited within a closer distance to the molecule’s 

centre than the electrons described by the QM distributions (Figure 8). For 

the outermost shells, 1b1 and 3a1, the maxima of )(class rD  were shifted to 

the larger radial distances than those observed in )(QM rD  (Figure 8). 

Therefore, the most probable momenta of the classical electrons in the 

orbitals 1b1 and 3a1 were smaller than those given by the QM distributions 

(Figure 9), according to the energy conservation relationship (43). 

It is noted that the classical and QM momentum distributions were in 

relatively good agreement (Figure 9), compared to the substantially large 

differences between the radial distributions of the classical and QM ap-

proaches (Figure 8). For the outer shells 1b1 and 3a1, the semi-QM momen-

tum distributions agreed reasonably well with those calculated using the QM 

momentum wave functions (Figure 9), as was aimed for (see the discussion 

in §3.6.2). 

3.7 Cross sections for carbon projectiles in water 

The CTMC model calculations in the target ionisation scheme were carried 

out using the classical and semi-QM initial phase space distributions of the 

active electron (see §3.6). Figure 10 shows the calculated DDCS and SDCS 

for the target ionisation by 6 MeV/u C
6+

 impact on water, compared with the 

experimental data reported in (Dal Cappello et al 2009).  

For the studied collision system, the classical electron distributions over-

estimated the yield of high energy electrons emitted at angles smaller than 

60° (Figure 10a), but reproduced the measurements at larger emission angles 

reasonably well (panels b and c). The semi-QM approach was superior to the 

classical one at small angles. However, the electron yields at large angles 

were underestimated using the semi-QM calculations (Figure 10c). For the 

SDCS (Figure 10d), the classical and semi-QM phase space distributions 

provided equally good agreement with the experimental data.  

The forward and backward electron emissions were sensitive to the initial 

phase spaces of the active electrons. However, at intermediate angles the 

electron emission spectra calculated using the classical or semi-QM distribu-

tions agreed with the measurements reasonably well.  
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The electron emissions into intermediate angles constituted the major por-

tion of the total electron yield. Therefore, the experimental SDCS were 

equally well reproduced within the classical and semi-QM frameworks. In 

general, classical calculations are expected to work reasonably well for elec-

tron emissions into intermediate angles, because in such angular range soft 

collisions are not dominant, and the classical kinematics is not violated (see 

the discussion about the BEA given in §2.3.2 (iii)).  

From a practical point of view, the classical electron distributions are 

more attractive to be used in the CTMC calculations than the semi-QM dis-

tributions, due to the following reasons.  

First, classical electron radial distributions can be easily calculated using 

eq. (52) for any targets with known electron binding energies. For a QM 

electron radial distribution (54), the radial wave functions of a respective 

core is needed. 

Second, computational time was used more efficiently in the classical 

approach than in the semi-QM approach. In the semi-QM calculations, the 

square of electron momentum ( 2p ) obtained with eq. (43) can be a negative 

value. Such trajectory must be omitted from CTMC calculations. In contrast, 

“negative” squares of electron momenta were excluded from the classical 

approach, due to the constraint maxec0 rr   [see eq. (52)]. Therefore, to 

achieve an equal number of permissible trajectories, computational time 

used in the semi-QM approach is longer than that required for the classical 

approach.  

The CTMC model with the classical phase space distributions of the ac-

tive electron was used for the subsequent calculations for all carbon charge 

states and considered interactions (see Table 3). The calculated differential 

and total cross sections for carbon projectiles of all charge states are present-

ed in Papers IV and V. Results were benchmarked in comparison with the 

experimental data and other model calculations.  

By using the statistical methods for solving the many-electron collision 

problem (§3.3), agreement between the calculated and measured cross sec-

tions for the pure single electron capture were found to be significantly im-

proved (Paper IV), compared with the CTMC calculations within the one-

electron problem (Paper III). The consideration of the many-electron prob-

lem also improved the agreement between the stopping cross sections calcu-

lated in this work and other model calculations above 1 MeV/u, where all 

models should be consistent (Paper IV).  
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Figure 8. Electron radial distributions )(rD  (per unit distance) for the five molecu-

lar orbitals of water: the classical )(class rD  (solid lines) and quantum mechanical 

)(QM rD  (dashed lines) distributions [eqs. (52) and (54), respectively], where 

1d)(  rrD . 
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Figure 9. Electron momentum distributions )(pD  (per unit momentum) for the five 

molecular orbitals of water: the classical )(class pD  [solid lines, see eq. (52)], quan-

tum mechanical )(QM pD  [dashed lines, eq. (55)], and semi-quantum mechanical 

)(semi pD  [dotted lines, see §3.6.2] distributions, where 1d)(  ppD . 
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Figure 10. DDCS for the target ionisation [eq. (48)] by 6 MeV/u C
6+

 impact on 
water at 20°-60° (a), 70°-110° (b), and 120°-160° (c). The panel (d) shows the asso-
ciated SDCS. The solid lines (“class.”) are associated with the classical phase space 
distributions of the active electron (§3.6.1), and the dashed lines (“semi-QM”) with 
the semi-QM electron momentum distributions (§3.6.2). The symbols (“exp.”) are 
the experimental data reported in (Dal Cappello et al 2009) for the DDCS, and in 
(Ohsawa et al 2009) for the SDCS. 



 

 47 

4. Monte Carlo track structure (MCTS) 
simulations for protons and carbon ions 

Monte Carlo track structure (MCTS) simulations are computational tools 

used for simulating radiation tracks in the traversed medium, interaction-by-

interaction, at atomic and molecular levels. In this thesis, the development of 

the MCTS codes for protons and carbon ions were carried out based on the 

KURBUC code system (Nikjoo et al 2006). 

The extension of the track structure code KURBUC_proton (Uehara et al 

2001, Nikjoo et al 2008) for protons of initial energies 1 keV up to 300 MeV 

in water is described in Paper I. The development of the new MCTS code 

KURBUC_carbon for the simulations of full-slowing-down tracks of carbon 

projectiles with initial energies 1 keV/u-10 MeV/u in water is presented in 

Paper V. The development of KURBUC_carbon is associated with the devel-

opment of the CTMC model for the calculations of cross sections for low 

and intermediate energy carbon projectiles in water (see Chapter 3, and Pa-

pers II-IV).  

For KURBUC_proton and KURBUC_carbon, tracks of secondary electrons 

produced by the primary interactions were generated using the electron track 

structure code KURBUC_electron (Uehara et al 1993) for electron energies 10 

eV-10 MeV in water vapour. 

In the following, the Monte Carlo track structure method is described. 

The elements of the track structure codes KURBUC_proton and KUR-

BUC_carbon are presented. 

4.1 Monte Carlo (MC) method 

MC simulations are stochastic techniques, used for mimicking physical 

events that are characterised by probability density functions. The interaction 

probability is associated with the interaction cross section. In MCTS simula-

tions, total, partial, and differential cross sections are required, as described 

in the following:  

 

 Total cross sections (TCS, or  ) are used for determination of the mean 

free path and interaction type.  
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 If a chosen interaction comprises several competitive transitions, the par-

tial cross section (PCS, or L ) for a given transition L  is associated with 

the transition probability [see eq. (50)]. That is, 
L

L , where L  in-

cludes all possible transitions. PCS are required for selection of the ioni-

sation energy level or excited state. 

 Doubly differential cross sections (DDCS) in electron energy and emis-

sion angle, )d/(dd2   , corresponds to the electron emission spec-

trum, where   is the solid angle of the emission, and   the emission en-

ergy. 

 If emission angles are of no interest, singly differential cross sections 

(SDCS) in electron energy,  /dd  (the integral of DDCS), are used for 

describing the yield of emitted electrons as a function of electron energy. 

 For scattering of the projectile (e.g., during nuclear elastic scattering), 

scattering angles are characterised by SDCS in scattering angle, 

p/dd  , where p  is the solid scattering angle of the projectile. 

The probability density )(sp  of an interaction taking place at a distance s  is 

given by 

)/(dd)( /   sessp s , (56) 

where   is the mean free path (  sssp d)( ), the exponential term 

corresponds to the probability that a particle travel with a distance s  without 

interacting with the medium, and the parenthesised term is the probability 

that an interaction takes place between s  and ss d .  

A random number   (from 0 to 1) is related to the integral of )(sp , ac-

cording to 

0
/

0

1e1d)(   


s
s

ssp , (57) 

where 0  has a value from 0 to 1. In the MCTS simulations, 0  is randomly 

generated, and related to the distance s  by 

0ln s , (58) 

where   is calculated with )/( ANA  [see eq. (24)], and   is the sum 

of total cross sections for all relevant interactions. 
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The interaction type at the distance s  is randomly selected using a 

normalised cumulative sum mP  of TCS, given by 





N

i
i

m

i
imP

00

 ,  (59) 

where N  is the total number of the relevant interaction types, and i  the 

TCS for the i th interaction type. The m th interaction is selected if a gener-

ated random number 1  has a value with mm PP  11  . The similar sam-

pling procedure is applied for other discrete variables, including energy lev-

els for the target ionisation or electron capture, and excited states of water 

molecules. 

To sample a continuous variable x  (e.g., emission energies and emission 

angles of secondary electrons), a normailsed cumulative integral of the cross 

section is related to the a random number 2 , according to 

2

max

minmin

d)(d)()(    
x

x

x

x

xxxxxP , (60) 

where minx  and maxx  are the minimum and maximum values of x , and   

the interaction cross section. The function )(xP  is either given analytically 

in the simulation routine, or a table of sampling containing a set of )( ixP  

and ix  is prepared as the input of the MC simulation. For the latter case, if a 

random number 2  has a value according to 

)()( 21 ii xPxP   , (61) 

x  is calculated by interpolation between 1ix  and ix , using 

11
1

12 )(
)()(

)(
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i xxx
xPxP

xP
x


. (62) 

If the values of x  cover several decades, )( ixP  are usually calculated for a 

set of ix  with logarithmic spacing. In that case, the logarithmic ix  is used in 

eq. (62) in stead of ix . 

KURBUC_proton and KURBUC_carbon are based on the table of sampling 

method. Therefore, it is convenient to update the cross section database 

without changing the simulation program, given that the simulation routines 

remain the same.  
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4.2 The track structure codes KURBUC_proton and 

KURBUC_carbon 

4.2.1 Simulation procedure 

In KURBUC_proton and KURBUC_carbon, tracks of protons and carbon ions 

can be generated in the full-slowing-down (FSD) mode or in the track 

segment (TSM) mode. 

In the FSD mode, interactions of an incident ion were followed from the 

initial energy down to 1 keV/u cutoff. Since only physical events were con-

sidered in the simulation, a step of random walk was simulated for ions with 

energies below 1 keV/u, without consideration of subsequent prechemical 

and chemical reactions. Below the energy cutoff, residual energy of the ion 

was fully absorbed after a random walk step.  

In the TSM mode, the track segment length was specified before the sim-

ulation started. The simulation of each projectile ion was terminated when 

any of the primary interactions occurred outside the predefined segment.  

The initial direction of the ion can be set either in the positive z  axis, or 

randomly selected from a uniform distribution (corresponding to a point 

source). During the electronic interactions, ions were assumed to travel in a 

straight line. Deflection of an ion from its incident path was considered dur-

ing the nuclear elastic scattering. 

Following an electron emission event induced by a primary interaction, 

the electron track and its branches were simulated in the FSD mode. When 

all electron interactions were terminated, simulations of the primary interac-

tions were continued. If energy of a secondary electron produced by a prima-

ry interaction was lower than 1 eV, the electron was assumed to be absorbed 

at the emission point.  

The electron track structure code KURBUC_electron (Uehara et al 1993) 

was used for generating electron tracks. Each electron was simulated one at a 

time until it was fully stopped. Ionisation, excitation, and elastic scattering 

for electron impact were followed down to 10 eV cutoff. Below the energy 

cutoff, electrons are hydrated and thermalised before entering the chemical 

stage of water radiolysis. As the code did not follow hydration and thermali-

sation, a subexcitation electron was fully absorbed after a step of random 

walk. The ensuing chemistry of water radiolysis can be considered separate-

ly and independently by the chemistry simulation code KURBUC_CHEM 

(Uehara and Nikjoo 2006). 

The flowcharts of the KURBUC code system for protons, carbon ions, and 

secondary electrons are given in the Appendix D. 
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4.2.2 Input parameters: interaction cross sections and electron 

emission spectra  

Table 4-Table 6 summarise the interactions and the cross section models 

used in the KURBUC code system for protons (Paper I), for carbon ions 

(Paper V), and for electrons (Uehara et al 1993). The calculations of the 

cross sections for protons are presented in Paper I, and those for carbon 

projectiles in paper IV. 

For protons and carbon ions, the primary interactions include single elec-

tronic interactions and nuclear elastic scattering. Double electronic interac-

tions were considered only in the simulation of carbon projectiles. Table 3 

lists the considered electronic interactions of protons and carbon ions. 

The MC program read the TCS and PCS from the input files. Tables of 

sampling [eq. (60)] were generated for: 

 

 emission energies of secondary electrons ( ) produced during the target 

ionisation or projectile electron loss (calculated using the corresponding 

SDCS in electron energy); 

 emission angles of secondary electrons ( ) due to the target ionisation 

(calculated using DDCS for the target ionisation); and 

 scattering angles of the projectile ( proj ) due to the nuclear elastic scatter-

ing (calculated using the SDCS in scattering angle for nuclear elastic scat-

tering). 

In cases that the differential cross sections were not available, analytical 

formulas were used for determination of a given parameter. Also, when 

needed, a mixture of analytical calculations and MC samplings was intro-

duced, e.g., for the selection of electron emission angles during the target 

ionisation by carbon projectile impact (see Table 5, and Figure D 4 of the 

Appendix D).  

Test of Monte Carlo samplings 

Accuracy of the input cross sections and sampling procedures were tested for 

verification of the MCTS codes. Samplings of electron emission angles, 

electron emission energies, energy levels for the target ionisation, energy 

levels for the electron capture, and excited states of water molecules were 

carried out without subsequent radiation transport. The distributions of the 

sampled parameters were compared with the corresponding cross sections, 

showing satisfactory agreement, as seen in Figure 11-Figure 16. 
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4.2.3 Energy loss model 

The energy loss model for the primary interactions for hydrogen and carbon 

projectiles are given in Table 7. 

Auger electron emission (see §2.2.1) was considered as a relaxation 

process following electron removal from the innermost shell (K shell) of 

water. The Auger electron energy corresponded to 

)1b(2)1a( 1OH1OHAuger 22
BB  =514.46 eV, where OH2

B  is electron 

binding energy of water (see the table 1 of Paper IV). 

During a double electronic interaction, if both electrons were removed 

from valence shells of a water molecule, removal of the second electron 

from H2O
+
 was assumed to overcome potential energy twice as much as the 

electron binding energy of the neutral molecule. Therefore, energy expended 

to overcome the electron binding energies during the pure double target 

ionisation was set to )(2)( 2OH1OH 22
lBlB  , where 1l  and 2l  are the valence 

orbitals of the firstly and secondly ionised electrons, respectively (see Table 

7).  

The order of electron removals was not considered during the transfer 

ionisation. Thus, energy expended for electron binding energies was 

averaged to )(5.1)(5.1 2OH1OH 22
lBlB  , where 1l  and 2l  denote the valence 

shells of the captured electrons.  

The situation was different when at least one of the electrons was re-

moved from the K shell. Potential energy of the singly ionised molecule is 

expected to decrease for the innermost shell, while it increases for a valence 

orbital, compared with potential energy of the neutral molecule. The reason 

is that in a singly ionised molecule contraction of valence orbitals on the 

molecule’s centre gives rise to compulsive forces on electrons at deeply ly-

ing shells (McWeeny and Velenik 1972). Therefore, in the simulations, 

when at least one of the active electrons were ejected from the innermost 

shell of water, energy expended to overcome the electron binding energies 

for both active electrons were assumed to be the same as the binding ener-

gies of the neutral water molecule (Table 7).  

4.2.4 Outputs 

The outputs of the simulations include: 

 

 phase spaces of energy loss interactions, including energy deposited, posi-

tion coordinates, interaction types, and particle types (output file: trk.out); 

 documentation of numbers of primary and electron interactions, and path 

lengths of ions (output file: “dirts.out”); and  

 the energy spectrum of secondary electrons emitted by the primary inter-

actions (output file: “spectr2e.out”).  



 

 53 

Optionally, dose can be calculated simultaneously with the track simulations. 

In that case, it is not necessary to save the phase space file, to avoid shortage 

of hard disk space. A FSD track of 10 MeV/u C
6+

 is ~1 GB, and a 300 MeV 

FSD proton track is ~2 GB. The number of electron generations (primary, 

secondary, tertiary, etc.) can be traced in the subroutine “ehist” for electron 

track simulations (see Figure D 3 of the Appendix D). 

Figure 17 and Figure 18 show examples of the simulated FSD tracks of 

protons and carbon ions with energies 10-10
4
 keV/u in water. The MCTS 

simulations made it possible to distinguish between energy losses by radia-

tion of different species. As shown in these figure, low charged ions are 

abundantly found in low energy ion tracks and close to the end of high ener-

gy ion tracks. The range of electrons (normal to the ion beam axis) decreased 

with increasing depth in the medium. 
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Table 4. Cross section models for protons (H
+
) and neutral hydrogens (H

0
), as used 

in KURBUC_proton (Paper I) a. 

Interaction 

H
q+

 + H2O → 

Cross section model 

Nuclear elastic 

scattering:  

H
q+

 + H2O 

TCS: classical mechanics trajectory method (Everhart 

et al 1955), eq. (39) 

Angular distributions of scattered projectiles, 

p/dd  : 

 T ≤10 MeV: classical mechanics trajectory method, 

eq. (39) 

 T >10 MeV: Mott formula, eq. (40) 

Pure single target 

ionisation:  

H
q+

 + H2O
+
 + e

- 

TCS: 

 H
+
 (T <1 MeV): exp. data (Rudd et al 1985) 

 H
0
 (T <1 MeV): formula of 

Green and McNeal (1971) 

 H
0
 and H

+
 (T ≥ 1 MeV): scaled from the TCS for 

electrons (Uehara et al 1993), according to the Be-

the theory, eq. (21) 

Electron energy spectra,  /dd : 

 T <1 MeV: Rudd model (Rudd et al 1992), eq. (22)  

 T ≥1 MeV: BEA, eq. (19) 

Angular distributions of emitted electrons  

 T <1 MeV: exp. )d/(dd2   of To-

buren and Wilson (1977) and Boloriza-

deh and Rudd (1986) 

 T ≥1 MeV: classical kinematics, eq. (18)  

PCS: Rudd model, eqs. (22) and (50) 

Target excitation:  

H
q+

 + H2O* 

Formula of Miller and Green (1973), eq. (23) 

Pure single elec-

tron capture (σ10)
 b: 

H
(q-1)+

 + H2O
+
 

TCS: fitting to exp. data of Toburen  et al (1968) and 

Dagnac  et al (1970), using the analytical formula of 

Miller and Green (1973)  

Pure single projec-

tile electron loss 

(σ01) 
b: 

H
(q+1)+

 + H2O + e
-
 

TCS: formula of Miller and Green (1973)  

Electron energy: /T   

Electron emission angle: 0° relative to the incident 

direction of the projectile 
a The italicised symbol H denotes energy loss by the projectile, H2O

* the excited water mole-

cule, and “exp.” the experimental data. 

b Electron capture occurred only with H+, and projectile electron loss only with H0.  
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Table 5. Continued. 

Interaction  

C
q+

 + H2O → 

Cross section model 

Nuclear elastic 

scattering (Elast) 

C
q+

 + H2O 

TCS and p/dd  : classical mechanics trajectory 

method (Everhart et al 1955), eq. (39) 

Pure single target 

ionisation (SI) 

C
q+

 + H2O
+
 + e

- 

 TCS: the CTMC model with the IEVM, eq. (46a) 

 Electron energy spectra: the CTMC model, eqs. 

(48) and (49b) 

 Angular distributions of emitted electrons: 

)d/(dd2  , eqs. (48) and (49c); outside the 

data range of the table of sampling, the classical 

kinematics (18) was used.  

 PCS: the CTMC model, eq. (50) 

Pure single electron 

capture (SC) 

C
(q-1)+

 + H2O
+
 

 TCS: the CTMC model with the IPM, eq. (47a) 

 PCS: the CTMC model, eq. (50) 

Pure single projectile 

electron loss (SL) 

C
(q+1)+

 + H2O + e
- 

 TCS: the CTMC model with the IEVM, eq. (46a) 

 Electron energy spectra: 

 T <1 MeV: for C
0
-C

3+
,  /dd  was obtained 

using the CTMC model, eqs. (48) and (49b); 

and for C
4+

 and C
5+

,  /T  

 T ≥1 MeV:  /T  for all charge states 

 Electron emission angle: 0° relative to the inci-

dent direction of the projectile 

Target excitation 

(Exc)  

C
q+

 + H2O*  

2q  scaling of the Miller and Green (1973) formula, 

eqs. (21) and (23) 
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Table 5. Cross section models for carbon projectile impact on water, as implement-
ed in KURBUC_carbon (Paper V). a 

Interaction 

C
q+

 + H2O → 

Cross section model 

Pure double target 

ionisation (DI) 

C
q+

 + H2O
2+

 + 2e
- 

 TCS: the CTMC model with the IEVM, eq. (46b) 

 Electron energy spectra, angular distributions of 

emitted electrons, and PCS: the same models as 

used for SI 

Transfer ionisation 

(TI)
  

C
(q-1)+

 + H2O
2+

 + e
- 

 TCS: the CTMC model with the IPM, eq. (47b) 

 For target ionisation: electron energy spectra, 

angular distributions of emitted electrons, and PCS 

are the same models as used for SI. 

 PCS for electron capture: the same model as used 

for SC 

Loss ionisation (LI)
  

C
(q+1)+

 + H2O
+
 + 2e

- 
 TCS: the CTMC model with the IEVM (see Table 

3) 

 For target ionisation: electron energy spectra, 

angular distributions of emitted electrons, and PCS 

are the same models as used for SI. 

 For projectile electron loss: electron energy spectra 

and angular distributions of emitted electrons are 

the same models as used for SL. 
a The italicised symbol C denotes energy loss by the projectile, and H2O

* the excited water 

molecule. 
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Table 6. Cross sections used in KURBUC_electron (Uehara et al 1993) a.  

Interaction 

e
-
 + H2O → 

Cross section model 

Elastic scattering  

e
-
 + H2O 

TCS:  

 T ≤1 keV: fitting to exp. data of Nishimura (1979) 

and Katase et al (1986) 

 T >1 keV: Rutherford formula with Molière screen-

ing factor, eq. (27) 

Angular distributions of scattered projectile electrons, 

p/dd  : 

 T ≤1 keV: fitting to exp. data of Trajmar et al (1973), 

Nishimura (1979), and Katase et al (1986) [see 

§2.4.1(iii)] 

 T >1 keV: Rutherford formula with the Molière 

screening factor, eq. (26) 

Target ionisation  

2e
-
 + H2O

+
 

TCS and PCS:  

 T ≤1 keV: fitting to the compiled data of Pa-

retzke (1987) and the formula of Seltzer (1988) [the 

integral of eq. (15)] 

 T >1 keV: Seltzer formula with the Weizsäcker-

Williams method for close and distant collisions 

(Seltzer 1988) [the integral of eq. (15)] 

Energy spectra of secondary electrons: Seltzer formula, 

eq. (15) 

Angular distributions of secondary electrons:  

  ≤200 eV: exp. )d/(dd2   of Opal  et al (1972)  

  >200 eV: classical kinematics, eq. (13) 

Angular deflection of the primary electron:  switching 

between   and T  in the classical kinematics, eq. (13) 

Target excitation  

e
-
 + H2O* 

TCS and PCS: 

 T ≤1 keV: fitting to the compiled data of (Paretzke 

1987) and the formula of Berger and Wang (1988) 

[eq. (7)] 

 T >1 keV: the formula of Berger and Wang (1988), 

eq. (7) 
a The italicised symbol e- denotes energy loss by the projectile electron, and H2O

* the excited 

water molecule. 
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Figure 11. Normalised partial ionisation cross sections (PICS) for C
3+

 impact on 
water, eq. (50). Lines are the input cross sections. Symbols are the PICS obtained by 
Monte Carlo samplings, and normalised to the number of sampling trials (10

6
 trials). 

 

Figure 12. Normalised partial cross sections for electron capture for C
3+

 impact on 
water, eq. (50). The same description as for Figure 11. 
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Figure 13. Normalised partial cross sections for target excitation for C

q+
 impact on 

water, eq. (50). The same description as for Figure 11. 

 

  
Figure 14. Singly differential cross sections for the projectile electron loss from (a) 
C

+
, and (b) C

3+
 impact on water. The dotted lines are the input cross sections. The 

solid lines are the energy spectra obtained by Monte Carlo samplings (10
6
 trials), 

and normalised to have the same areas under the curves as those of the input cross 
sections. 
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Figure 15. Singly differential cross sections for the target ionisation for (a) C

+
, (b) 

C
3+

, (c) C
5+

, and (d) C
6+

 in water. The same description as for Figure 14. 
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Figure 16. Doubly differential cross sections (DDCS) for the target ionisation for (a) 
10 keV/u C

0
, (b) 50 keV/u C

2+
, (c) 500 keV/u C

3+
, and (d) 1 MeV/u C

6+
 in water. 

The same description as for Figure 14. 
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Table 7. The energy loss model for hydrogen and carbon projectiles in water. 
a
 

Interaction Energy transfer to 

electrons
 b 

Energy deposited at the 

interaction site 

Pure single target ionisation   

 from valence shell   )(OH2
lB  

 from K shell Auger   )b1(2 1OH2
B  

Pure single electron capture c    

 from valence shell - )(OH2
lB  

 from K shell Auger  )b1(2 1OH2
B  

Pure single projectile electron 

loss 

  - 

Target excitation - )( excexc lW  
d
 

Nuclear elastic scattering - 

)5.0(sin

)(4

CM
2

2
COHOH

2
C 22



 mmmTm
 

Pure double target ionisation   

 2 e
-
 from valence shells 21    )(2)( 2OH1OH 22

lBlB   

 1 e
-
 from K shell Auger21  

 
)b1(2)( 1OH1OH 22

BlB   

 2 e
-
 from K shell Auger21 2 

 
)b1(4 1OH2

B  

Transfer ionisation    

 2 e
-
 from valence shells 

1  
)(5.1)(5.1 2OH1OH 22

lBlB   

 1 e
-
 from K shell Auger1  

 
)b1(2)( 1OH1OH 22

BlB   

 2 e
-
 from K shell Auger1 2 

 
)b1(4 1OH2

B  

Loss ionisation   

 Valence shell target 

ionisation 
21    )(OH2

lB  

 K shell target ionisation Auger21    )b1(2 1OH2
B  

a )(OH2
lB  is electron binding energy of the orbital l  of water,   ejected electron energy, 

Auger  Auger electron energy, )( excexc lW  excitation energy of the transition excl , T  

projectile’s kinetic energy per amu, CM  deflection angle of the projectile in the centre-of-

mass frame, Cm  the molar mass of projectile ion, and OH2
m  the molar mass of water. 

b If   was lower than 1 eV,   was assumed to be deposited locally at the interaction site. 
c For proton impact, OH2

B was averaged over outer shells (from 1b1 to 2a1) using the PCS for 

the target ionisation. 
d For proton impact, excW was averaged over 28 states using the cross section formula of 

Miller and Green (1973), eq. (23). For carbon projectile impact, the PCS for the states A1B1, 

B1A1, Rydberg AB, Rydberg CD, and diffuse bands were used for samplings of the excited 

states. 
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Figure 17. Simulated full-slowing-down tracks of protons. Dots denote energy loss interactions by protons H

+
 (red), neutral hydrogens H

0
 

(green), and electrons (black). The scales of the ordinates and abscissas are different. 
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Figure 18. Simulated full-slowing-down tracks of carbon ions. Dots denote energy loss interactions by C

0
 (green), C

+
 (orange), C

2+
 (gray), C

3+
 

(yellow), C
4+

 (light blue), C
5+

 (blue), C
6+

 (red), and electrons (black). The scales of the ordinates and abscissas are different. 
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5. Track parameters of protons and carbon ions 

Track parameters of protons (Paper I) and carbon ions (Paper V) were inves-

tigated based on the simulations in the full-slowing-down (FSD) mode or in 

the track segment (TSM) modes. Some of these parameters were obtained 

directly from the input cross sections or energy loss model, e.g., equilibrium 

charge state fraction and analytical stopping power (Paper IV). The others 

were calculated using the simulated tracks, e.g., W  value, stopping power, 

path length, energy loss partitioning, and dose distribution (Papers I and V). 

Average macroscopic parameters of the ion tracks were used for the bench-

marking of the track structure codes, and for investigation of physical prop-

erties, including dosimetry, of the ion tracks.  

This chapter presents the macroscopic physical properties of proton and 

carbon ion tracks. Microdosimetry is discussed in Chapter 6. 

5.1 Equilibrium mean charge 

Equilibrium mean charges of protons and carbon ions were calculated using 

the TCS for the charge exchanges (projectile electron loss and electron 

capture from the target). The calculation assumed that at equilibrium the 

number of particles populating the fraction qf  of a charge state q  is equal 

to the number of particles depopulating qf  (Betz 1972). qf  was obtained by 

solving the system of equations, given by  




 
p

p

)(0 ,,

Z

Zqj
jqqqqjqjq ff  , (63) 

where 
21,qq  is the total cross section for charge changing from 1q  to 2q , 

and pZ  the projectile’s nuclear charge. In the MCTS simulations, only the 

exchange of a single electron was taken into account, and negative ions were 

not considered. Therefore, eq. (63) for protons can be written as 

0110

10
0






f  and 

0110

01
1






f , (64) 
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and for carbon projectiles as 

qqqqqqqqqqq fff ,111,1,,11 )(0    , (65) 

where q = 0 to 6. The equilibrium mean charge ( q ) was calculated from  





p

0

Z

q
qqfq . (66) 

Figure 19 shows the ratios of the equilibrium mean charge to the nuclear 

charge ( p/ Zq ) of protons and carbon ions. From the calculations, protons 

were completely stripped ( 1q ) at energies above 500 keV. The corre-

sponding energy for carbon ions was ~2 MeV/u. 

The ratios p/ Zq  calculated in this work were compared with the compi-

lation implemented in the CasP4.1 code (Grande and Schiwietz 2009). In 

CasP, the equilibrium charge state fractions are based on Gaussian fittings to 

a set of experimental data for ions impinging on atomic foil targets.  

The ratios p/ Zq  for protons calculated in this work showed good agree-

ment to the CasP compilation above ~80 keV/u energy. For carbon projec-

tiles, the charge exchange cross sections used in this work led to the com-

plete stripping of carbon ions at about 2 MeV/u, which is lower than the 

energy value of ~3 MeV obtained from the CasP compilation. The CasP data 

are expected to agree well with the experimental data using atomic foil tar-

gets (Wittkower and Betz 1973, Shima et al 1992, Schmitt et al 2010). How-

ever, target dependency may play a role in determining equilibrium mean 

charge of ions, as have been observed for C
q+

 impact on H2 targets (Martin 

1965). Measurements of equilibrium mean charges and charge exchange 

cross sections for heavy ions in water are desirable for the benchmarking of 

the model calculations. 

It is to note that the equilibrium mean charge is different from the effec-

tive charge obtained from stopping power measurements. The effective 

charge is calculated within the assumption that stopping power for an ion is 

equal to that for a proton of the same speed multiplied by the square of the 

ion’s effective charge [see the Bethe theory, eq. (21)]. 
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Figure 19. The ratios of the equilibrium mean charge to the nuclear charge of pro-
tons and carbon ions. The dashed line was calculated in this work for protons, and 
the solid line for carbon projectiles. The solid and open symbols were taken from the 
compilation of the CasP4.1 code (Grande and Schiwietz 2009) for protons and car-
bon ions, respectively. 

5.2 Frequencies of energy loss interactions 

Table 8 shows the average number of energy loss interactions per FSD track 

of protons and carbon ions. The table includes interactions of all ion’s charge 

states, and those of electrons produced in the ion track. At low energies, 

most of the energy loss interactions took place by the projectile ions. As the 

impact energy increased, electron interactions became the main energy loss 

interactions in the ion track. For instance, 84% of the energy loss events in a 

250 MeV FSD proton track were induced by electrons. A similar number 

was obtained for the 1 MeV/u carbon ion tracks.  

Double electronic interactions in the carbon ion tracks made about 1.5-3% 

to the total number of energy loss interactions. 

 



 

 

6
8
 Table 8. Average numbers of energy loss interactions per full-slowing-down track of protons and carbon ions in water. 

 Protons 

 

Carbon ions 

 
 10 keV 100 keV 1 MeV 10 MeV 160 MeV 250 MeV 10 keV/u 100 keV/u 1 MeV/u 10 MeV/u 

Primary interactions 

Pure target ionisa-

tion (SI&DI) a 

185 1,568 13,841 139,190 1,599,094 2,383,304 954 11,140 112,522 1,136,618 

(7.8%) (11.4%) (12.5%) (13.1%) (10.0%) (9.7%) (9.3%) (9.4%) (9.6%) (9.8%) 

Target excitation 125 1,123 6,494 64,758 895,809 1,409,203 184 7,092 64,776 375,536 

 (5.3%) (8.2%) (5.9%) (6.1%) (5.6%) (5.7%) (1.8%) (6.0%) (5.6%) (3.2%) 

Total charge ex-

change (SC, SL, 

TI, & LI) a 

291 1,471 1,731 1,820 2,591 2,651 1,709 8,138 10,713 10,808 

(12.3%) (10.7%) (1.6%) (0.2%) (0.0%) (0.0%) (16.6%) (6.9%) (0.9%) (0.1%) 

Elastic scattering 1,407 3,197 13,001 90,605 197,647 211,142 2,859 9,119 20,631 97,900 

 (59.4%) (23.3%) (11.7%) (8.5%) (1.2%) (0.9%) (27.8%) (7.7%) (1.8%) (0.8%) 

Total single elec-

tronic 

601 4,162 22,067 205,767 2,497,494 3,795,158 2,549 22,864 163,582 1,344,148 

(25.4%) (30.3%) (19.9%) (19.3%) (15.6%) (15.4%) (24.8%) (19.3%) (14.0%) (11.5%) 

Total double elec-

tronic a 

- - - - - - 298 3,506 24,429 178,814 

      (2.9%) (3.0%) (2.1%) (1.5%) 

Total primary 

(electronic&elast) 

2,008 7,359 35,067 296,372 2,695,141 4,006,300 5,706 35,489 208,642 1,620,862 

(84.8%) (53.6%) (31.6%) (27.8%) (16.8%) (16.2%) (55.5%) (29.9%) (17.9%) (13.9%) 

Electron interactions 

Ionisation and 

excitation 

62 3,251 44,711 452,104 8,246,413 12,752,291 1,996 47,848 581,293 6,114,702 

(2.6%) (23.7%) (40.3%) (42.4%) (51.5%) (51.7%) (19.4%) (40.3%) (49.8%) (52.5%) 

Sub-excitation 298 3,121 31,154 316,710 5,083,900 7,927,600 2,588 35,433 376,580 3,902,400 

 (12.6%) (22.7%) (28.1%) (29.7%) (31.7%) (32.1%) (25.2%) (29.8%) (32.3%) (33.5%) 

Total (primary & 

electron) 

2,368 13,731 110,932 1,065,186 16,025,454 24,686,191 10,290 118,770 1,166,515 11,637,964 

(100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) 
a For proton tracks, DI, TI, and LI were not simulated. 
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5.3 Path length 

The distance travelled by an ion until it was stopped in water was determined 

using the MCTS simulations. The total distance averaged over all simulated 

tracks was defined as the ion’s path length, in contrast to slowing down 

range or projected range usually given in the literatures (ICRU 1993, Ziegler 

et al 2010). Slowing down range is calculated using the continuous slowing 

down approximation (CSDA), i.e., energy loss of ions is determined from 

the stopping power. Projected range corresponds to the average penetration 

distance of ions projected in the initial beam direction.  

Figure 20 shows the path length of protons and carbon ions obtained with 

the MCTS simulations, compared with the CSDA ranges of protons tabulat-

ed in ICRU (1993), and with the projected ranges of both ion species calcu-

lated with the SRIM-2010 code (Ziegler et al 2010).  

For relatively high energy ions, path length, projected range, and CSDA 

range were in good agreement. These parameters are expected to be similar 

in magnitude, if the CSDA is valid and scatterings of the ion are negligible 

compared to the penetration distance of the projectile ion.  

In contrast, for relatively low energy ions, the projected range underesti-

mated the path length. For a tortuous track, path length and CSDA range are 

expected to be in closer agreement with each other, than both of them with 

projected range, as seen in Figure 20 for the simulated proton tracks. The 

difference between the simulation results and the SRIM calculations for car-

bon ions are also due to the difference between stopping power of both sets 

of the calculations (see §5.4). 

5.4 Stopping power 

Stopping power ( S ) for protons and carbon ions can be calculated analyti-

cally using the interaction cross sections (Table 4-Table 5) and energy loss 

model (Table 7), according to 


q i

qiqiqA EfANS ,,)/(  , 
(67) 

where   is the medium’s density, A  the target’s mass number, AN  the 

Avogadro constant, qf  the fraction of a charge state q  [eq. (63)], qi,  the 

total cross section for the interaction i , and qiE ,  the associated energy loss. 

The calculated electronic stopping power for carbon ions, and the 

contributions of different charge states are presented in Figure 21. 
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Figure 20. Path length (symbols), CSDA range (dotted line), and projected range 
(solid lines) of protons and carbon ions in water. The path lengths were obtained 
using the MCTS simulations, the CSDA ranges from ICRU (1993), and the project-
ed ranges using the code SRIM (Ziegler et al 2010). 

 

 
Figure 21. Stopping power for carbon ions in water. The contribution of each charge 
state is indicated by the corresponding number. 
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Alternatively, stopping power can be calculated from the track structure 

simulations. S  is equal to the ratio of average energy loss of the ion in a 

short track segment (~1-5% of the total path length) to the segment’s length. 

Good agreement between the analytical calculation [eq. (67)] and the simula-

tion results indicates accuracy of the radiation transport implemented in the 

codes. The accuracy of the simulations for protons and carbon ions were 

tested, as shown in Figure 22. 

Also, in Figure 22, the stopping powers calculated in this work are com-

pared with those given in the ICRU reports (ICRU 1993, 2005, Sigmund et 

al 2009), and with the calculations using the SRIM code (Ziegler et al 2010). 

The ICRU and SRIM stopping powers are mainly based on model calcula-

tions, while the ICRU table for protons with energies below 500 keV was 

calculated by fittings to the experimental data. The ICRU table for carbon 

ions in water was generated using the PASS code, based on the binary stop-

ping theory (Sigmund and Schinner 2000). SRIM is based on quantum me-

chanical treatment of ion-atom collisions, taking into account the effective 

charge of moving ions (see discussion regarding effective charge in §5.1).  

The stopping power for protons calculated in this work agreed within 

~10% with the ICRU and SRIM results at projectile energies >10 keV (Figure 

22). Below 10 keV, the ICRU stopping powers have not been validated, and 

the uncertainties of the interaction cross sections implemented in the code 

are difficult to estimate. 

In Paper I, the stopping powers obtained using the simulations of proton 

tracks in water vapour were also compared with the stopping powers for 

protons in liquid water calculated by Emfietzoglou  et al (2009). The dis-

crepancies between the stopping powers of water vapour (this work) and 

those of liquid water were found to be minimal for proton energies >1 MeV. 

However, at the stopping power maximum, the calculated stopping power of 

water vapour was about 1.5 folds larger than that of liquid water.  

For carbon ions (Figure 22), the stopping powers obtained in this work 

were in good agreement with the other model calculations at projectile ener-

gies above 800 keV/u. At lower energies, the current calculations yielded 

smaller stopping power than those given by the ICRU report and SRIM code. 

Moreover, the stopping power maximum of this work was shifted to energy 

~800 keV/u, compared with the energy ~300 keV/u obtained by the other 

model calculations.  

As discussed in Paper IV, the stopping powers for carbon ions calculated 

in this work tended to be overestimated by the other model calculations at 

low energies, because in the current calculations: (i) the coupling between 

the target ionisation and electron capture channels were taken into account 

within the framework of the CTMC model (Chapter 3); and (ii) all charge 

states were fully incorporated in the stopping power calculation, according to 

eq. (67). Neglecting one of these procedures resulted in an increase of the 

stopping powers (shown in the figure 15 of Paper IV). For comparison, the 
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other model calculations only took into account the average charge of the 

carbon projectile. 

 
Figure 22. Stopping power for protons (left ordinate), and carbon ions (right ordi-
nate) in water. The solid lines were calculated analytically using eq. (67), and the 
symbols are the simulation results for protons (circles) and carbon ions (squares). 
The dotted lines were taken from the ICRU reports (ICRU 1993, Sigmund et al 
2009), and the dashed lines were calculated using the SRIM code (Ziegler et al 2010).  

5.5 Dosimetry of proton and carbon ion tracks 

5.5.1 W value 

The W value corresponds to average energy required for producing an ion 

pair by a FSD track traversing the medium (ICRU 1979). Alternatively, the 

differential value Ed/dWw   can be calculated for short track segments. 

Based on the simulations, the W value was calculated from energy loss by 

primary ions divided by the total number of electrons produced in ion tracks.  

Figure 23 shows the W values calculated from the simulated FSD tracks 

of protons and carbon ions in water vapour, compared with the experimental 

data of different sources (Leonard and Boring 1973, Chemtob et al 1977, 
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Rohrig and Colvett 1978, Huber et al 1985, Nguyen et al 1980, Thomas and 

Burke 1985, Waibel and Willems 1992, Sasaki et al 2007).  

The calculations for protons showed reasonably good agreement with the 

experimental data throughout the studied energy range. For carbon ions, the 

simulation results had a similar magnitude as the experimental data in the 

energy region 10-50 keV/u. However, for 2.5-4.5 MeV/u carbon ions, the 

experimental data of Sasaki  et al (2007) overestimated the simulation re-

sults, and these data did not give a smooth extrapolation from the measure-

ments with low energy carbon ions. 

The W values for protons and carbon ions tend to approach each other at 

the high energy limit, due to the dominating energy loss fraction by electrons 

in the high energy ion tracks (see Table 8). 

 
Figure 23. W value for protons and carbon ions in water vapour. The solid line 
shows the simulation results for protons, and the dashed line for carbon ions. The 
solid and open symbols are the experimental data for protons and carbon ions, re-
spectively. 

5.5.2 Dose distribution 

Radial dose distribution 

Radial dose was calculated in coaxial shells around the ion’s path. The shell 

thickness was chosen to be 1 nm, and the simulated track length ranged from 
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0.5-4 μm depending on the ion’s energy. The track length was chosen so that 

the ion’s trajectory was approximately a straight line within a given track 

segment, and the stopping power calculated using the simulated track seg-

ment was consistent with the analytical calculation shown in Figure 22.  

Figure 24 shows the radial dose distribution of the simulated proton and 

carbon ions tracks (250 keV/u-10 MeV/u), compared with the experimental 

data of Wingate and Baum (1976) using H, He, and C beams in tissue 

equivalent (TE) gases. Dose in TE gases is expetced to be similar to that in 

water vapour if nuclear reactions are not important.  

In Figure 24, dose in Gy was divided by the square of the ion’s 

equilibrium mean charge: 2)( qrD . The simulations of protons provided 

good consistency between the calculated radial dose and the measurements 

for 1-3 MeV proton impacts in TE gases. In the energy range ≥500 keV/u, 

the radial dose of various ions (H, He, and C) were scaled approximately 

with 2q  in the penumbra of the tracks, where dose was solely contributed by 

secondary electrons.  

 

 
Figure 24. Radial dose distribution for 250 keV/u-10 MeV/u ions (H, He, and C). 
Dose in Gy was divided by the square of the ion’s equilibrium charge (see Figure 
19). The solid lines are the simulation results for carbon ions, and the dashed lines 
for protons. The symbols are the experimental data for ion impact in tissue equiva-
lent gases of Wingate and Baum (1976) using beams of 250-750 keV/u helium ions, 
and 1-3 MeV protons. 
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The 2q  scaling property of the radial dose can be explained within the 

BEA. That is, for electron emission normal to the ion’s path, the electron 

energy depends on the speed of the projectile ion [eqs. (18)], and the 

interaction strength is proportional to the square of the effective (or 

equilibrium) charge of the ion [eqs. (8) and (19)].  

For all impact energies shown in Figure 24, deviations from the 2q  

scaling property were observed close to the ions’ paths (within ~10 nm). In 

these cases, dose was mainly deposited by the projectile ions (shown in the 

figure 10 of Paper V). Also, the scaling property was found to deteriorate for 

the 250 keV/u ions. 

Depth dose distribution 

Depth dose distribution was calculated by scoring energy deposited by pri-

mary ions and secondary electrons in semi-infinite slabs placed in the longi-

tudinal direction relative to the incident beam axis.  

The calculation for high energy protons of 160 MeV has been shown to 

be consistent with the relative depth dose profiles measured by Ver-

hey  et al (1979) and Yajima  et al (2009) (Paper I). However, the calculated 

depth dose profile (relative to the dose maximum) of 250 MeV protons was 

found to underestimate the measurements of Miller (1995) in the entrance 

region, and the calculated Bragg peak for these protons was shifted by ~3 cm 

to a larger depth in water compared with the measurement (unpublished). 

For relatively high energy protons, nuclear reactions are non-negligible, 

leading to dose buildup in the entrance region, and removal of the primary 

protons from the beam. Therefore, full-slowing-down MCTS simulations of 

relatively high energy ions (e.g., protons with energy >200 MeV) should be 

combined with nuclear reaction models, or with a general purpose code that 

can simulate nuclear reactions, e.g., MCNP (X-5 Monte Carlo Team 2003), 

FLUKA (Ferrari et al 2005), and PHITS (Niita et al 2010). As MCTS simu-

lations give information of dose distribution and dose fractions at the micro-

scopic scale – a feature that is beyond the feasibility of the general purpose 

MC codes, application of MCTS simulations and general purpose codes for 

high energy ions necessarily complement each other. 

The advantage of using the MCTS simulations in the FSD mode is that, 

dose components of primary ions and secondary electrons can be distin-

guished. It was found that more than 70% of dose throughout proton and 

carbon ion beams were contributed by secondary electrons, except in the 

region close to the end of the ion’s range (Papers I and V).  

The calculated depth dose for 10 MeV/u carbon ions (shown in Figure 25) 

indicated that the dose component of dressed ions was non-negligibly small 

in the Bragg peak region. For the 10 MeV/u carbon ions, dressed ions ap-

peared at ~55 μm before the ions were fully stopped in water. 
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A spread out Bragg peak (SOBP) was calculated using the FSD tracks of 

1-10 MeV/u carbon ions (presented in Paper V). In that study, energy distri-

bution of the carbon projectiles, and track average LET were investigated 

along the SOBP’s depth. By increasing the slab thickness from 1 to 100 μm 

for scoring track parameters, the energy distribution of the carbon projectiles 

was largely smeared out throughout the calculated SOBP. At the proximal 

depth, the energy distribution obtained with the different scoring volumes 

agreed qualitatively on the energy dependence and position of the peak, but 

the magnitudes of these peaks were different. The projectile energy distribu-

tions in the middle and at the distal end of the SOBP were largely sensitive 

to the spatial resolution of the scoring volume. At the distal end of the 

SOBP, the maximum of the track average LET decreased by ~30%, by 

changing the slab thickness from 1 to 100 μm.  

Although the energy distribution of the projectiles varied substantially 

with the varying voxel size at all depths, the corresponding variation for the 

track average LET was nearly negligible in the proximal part of the SOBP. 

The result implied that information on the inhomogeneity of track parame-

ters at the microscopic scale was lost when using average track parameters 

such as track average LET. Therefore, for ion dosimetry and characterisation 

of radiation quality at the cellular level, MCTS simulations with the sensitiv-

ity at a molecular level should be applied.  

 
Figure 25. The simulated Bragg peak region of 10 MeV/u carbon ions. Dose is giv-
en per carbon ion track. 
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6. Microdosimetry of protons and carbon ions 

The objective of microdosimetry is to characterise radiation quality using the 

distribution of energy deposited by radiation tracks in microscopic structures 

(ICRU 1983, Rossi and Zaider 1996). Within the microdosimetry concept, 

stochastic quantities including lineal energy and specific energy are defined. 

As these quantities take into account the stochastic nature of radiation inter-

actions, their distributions are expected to give better correlation to biologi-

cal effects and effectiveness than the distributions of average and macro-

scopic quantities such as dose and LET (Brenner and Zaider 1998, Nikjoo 

and Lindborg 2010). 

Microdosimetry of the simulated proton tracks was investigated in Paper 

I, where single event distributions of energy imparted were calculated for 

cylindrical targets mimicking DNA segments, nucleosomes, segments of 

chromatin fibres, and larger molecular structures. An “event” in microdo-

simetry is the sum of all energy deposited by correlated charged particles of 

a radiation track in a given volume (Lindborg and Nikjoo 2011). Energy 

imparted is the sum of energy deposits in a volume of interest. 

In this chapter, the elements of microdosimetry are described. Microdo-

simetry calculations for the simulated protons and carbon ions are presented. 

Dose inhomogeneity is investigated within the concept of microdosimetry. 

6.1 The elements of microdosimetry 

The lineal energy ( y ) is defined as (ICRU 1983) 

ly /  (68) 

where   is energy imparted (sum of all energy deposits) to a volume of 

interest 2, and l  the mean chord length of the volume. For a convex body, 

SVl /2 , where V  is its volume, and S  its surface area. y  is defined only 

for single events, and has the same unit as LET (keV/μm). 

                                                      
2 In Paper I, the notation “energy deposition” ( E ) was used in place of “energy imparted” 

( ) to comply with the previous publications (Charlton et al 1985b, Nikjoo et al 1989, 

Nikjoo and Lindborg 2010). 
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The specific energy ( z ) is equal to the ratio of energy imparted to a vol-

ume, to the volume’s mass m , 

mz / . 
(69) 

In contrast to lineal energy, specific energy is defined for single and multiple 

events. The average specific energy is related to absorbed dose, according to 

DzDzzfz
m
 



0

d),(  (70) 

where ),( Dzf  is the probability density function of z  at given dose D .  

The probability density distribution of the lineal energy can be character-

ised using the frequency average lineal energy,  

dyyyfyF  )( , (71) 

or using the dose average lineal energy, 

yyydyyyfyy FD d)(d)(2
  , (72) 

where )(yf  is the frequency distribution of y , and )(yd  the dose 

distribution: Fyyyfyd /)()(  . Dy  characterises the variance of y , 

according to 

2)var( FFD yyyy  . (73) 

The relative standard deviations of y  and z  are equivalent, being equal to 

2/)var( Fr yy .  

The frequency and dose average specific energy for single events ( 1,Fz  

and 1,Dz ) can be calculated analogously to eqs. (71) and (72), respectively.  

From the single event distribution, absorbed dose ( D ) can be 

approximated to 

mlynznD FF /1,   (74) 

where n  is the mean number of events in the volume.  

Using the phase space of the simulated tracks (§4.2.4), the frequency of 

energy larger than   imparted to a target volume of interest per unit ab-
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sorbed dose, denoted with )( f , can be calculated. )( f  is the inverse-

ly cumulative frequency (per unit absorbed dose), defined as 














 



0

'd)'(1)( fNf , 
 (75) 

where )(f  is the normalised probability density of energy imparted   with 

1'd)'(
max

0




f , and N  is the absolute frequency of hit of any size per unit 

absorbed dose, i.e., )0( fN . The probability density )(f  is related to 

)(yf  and )(zf , according to 

zzfyyff d)(d)(d)(  . 
 (76) 

6.2 Sampling of energy imparted to microscopic 
structures 

)( f  
can be calculated using the track segments (TSM) or the full slowing 

downs (FSD) of ions. The TSM calculation mimics biological experiments 

using cell monolayers, where variation between the ion’s LET before and 

after traversing the cell layer is negligibly small. This assumption is valid 

when the cell thickness is much smaller than the ion’s range. In contrast, low 

energy ions usually have tortuous tracks, compared to the cell dimension 

(μm range). Therefore, )( f  for low energy ions were calculated with 

FSD tracks.  

A database of )( f  for different types of radiation, including x-rays, 

electrons, ions’ track segments, and FSD tracks of low energy protons and 

alpha particles have been published as a series of monographs (Charlton et al 

1985a, Nikjoo et al 1988, 1994, 2001, 2002, Kyllönen et al 2003, Hultqvist 

and Nikjoo 2010, Liamsuwan et al 2010). In those calculations, the targets of 

interest were cylinders of diameters ranging from 2 to 300 nm.  

In this work, )( f  for the simulated tracks of protons and carbon ions 

were calculated. A working volume was placed covering the entire tracks 

(TSM or FSD), including tracks of delta rays. In the TSM calculations, the 

working volume was a cylinder, and all tracks were started unidirectionally. 

For the FSD calculations, a sphere was used as the working volume, where a 

point source of ions was placed at the centre of the sphere (see §4.2.1). 

Dose in the working volume was estimated from energy imparted by all 

tracks to the volume, divided by the mass of the volume of the unit density 
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(1 g/cm
3
). The target cylinders were randomly filled in the working volume, 

where the chord lengths of the working volume defined the central axes of 

the target cylinders by the method of µ-randomness (Kellerer 1975).  

Ion tracks were sampled by the target cylinders: By walking through a 

track and its branches, it was determined if any of the targets intersected the 

track. After repeating the sampling for all tracks, frequencies of energy im-

parted per target cylinder, and per unit absorbed dose in the working volume 

were calculated. The randomness of the sampling of energy imparted was 

checked, i.e., the ratio of total energy deposited in the working volume to its 

volume must agree within 10% with the ratio of total energy deposited in all 

cylindrical targets to the sum of their volumes. 

Figure 26 shows the )( f  distributions for the simulated track seg-

ments of 0.25-3 MeV/u carbon ions for the target cylinder of 2.3 nm in di-

ameter and height. Information derived from the )( f  distributions can be 

given as follow: 

 

 There is an upper limit of energy imparted to a given target. For instance, 

for 1 Gy of 3 MeV/u carbon ion track segments, the maximum energy 

imparted to the target of 2.3 nm x 2.3 nm randomly placed in the water 

medium was about 1 keV;  

 Comparing two different ions, ions with larger LET have a higher fre-

quency of large amount of energy imparted to the target, while lower LET 

ions are associated with a higher )( f  for small  . The definition of 

“large” or “small” amount of energy imparted to a volume depends on 

ions under comparison; and 

 If 
 
is associated with the threshold energy for induction of a biological 

effect regardless of any other consideration, ions with larger )( f  are 

expected to be more effective for that mechanism.  

6.3 Microdosimetry parameters and dose variance at the 
microscopic scale 

Based on the )( f  distributions, the microdosimetry parameters for 1-10 

MeV protons, and for 0.25-10 MeV/u carbon ions were calculated. Table 9 

presents the obtained Fy , Dy , n  (the mean number of events per 1 mGy of 

absorbed dose in the target cylinder), and r  (the relative standard deviation 

of y  or z ). The studied targets were cylinders of diameters by heights: 2.3 

nm x 2.3 nm, 10 nm x 5 nm, 30 nm x 30 nm, and 100 nm x 100 nm, similar 

to dimensions of DNA segments, nucleosomes, segments of chromatin 

fibres, and larger molecular structures, respectively.  
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The track segments used for these calculations were the same as those 

used for the calculations of the radial dose distributions (Figure 24). The 

calculations based on the ion track simulations using the code PITS99 

(Wilson and Nikjoo 1999) coupled with the electron track simulation of 

KURBUC are given for comparison in Table 9. Agreement between the 

current calculations and the PITS99 results was acceptable (within 34% for 

10 MeV/u, and within 15% for 2 MeV/u carbon ions), with respect to the 

large standard deviations of energy imparted to such small target volumes  

To note is the mean number of events for a given absorbed dose in each 

target cylinder. For the smallest target (2.3 nm x 2.3 nm), 1-3 tracks of pro-

tons or carbon ions led to absorbed dose of ~1 μGy in this target. With the 

increasing target size, a larger number of tracks were required for a given 

dose. Also, for a larger target, the difference between n  for protons and 

carbon ions became more evident. In all cases shown in Table 9, the relative 

standard deviations of energy imparted by the carbon ions were much larger 

than those by the protons. The result implies stronger inhomogeneity of dose 

given by the carbon ion tracks. 

 
Figure 26. )( f , frequencies of energy greater than   (the abscissa) imparted to 

the target cylinder of 2.3 nm in diameter and height, randomly placed in a working 

volume uniformly irradiated with 1 Gy of dose of 0.25-3 MeV/u carbon ion track 

segments.  

 



 

 

8
2
 Table 9. Microdosimetry parameters in cylindrical targets of the nanometre scale: Fy , Dy , n  (mean number of events per 1 mGy of ab-

sorbed dose in a target), and r  (relative standard deviations of y  and z ). Track segments were generated using KURBUC_proton and KUR-

BUC_carbon. a The corresponding calculations based on the ion track structure code PITS99 coupled with the electron track structure code KUR-

BUC are given in the parentheses [Data were taken from (Kyllönen et al 2003, Hultqvist and Nikjoo 2010)]. 

Parameter 
Target  
(nm x nm) 

Proton energy (MeV) Carbon ion energy (MeV/u) 
  

1 2 3  10  0.25 0.5 0.75 1 2 3 10 
   

LET (keV/μm) 26.1 13.2 10.2 4.1 535.6 714.2 827.4 803.7 554.3 440.9 178.4 
   

Fy  
b 

(keV/μm) 

2.3x2.3
 

16.1 14.0 14.1 13.2 51.4 44.1 44.5 41.0 34.2 28.0 19.0 (21.8) 

10x5 14.5 10.5 9.1 8.2 86.2 88.9 69.8 69.4 48.0 (52.9) 44.1 20.8 (23.4) 

30x30  9.8 7.6 4.1    134.8 59.1 (73.5) 42.6 19.5 (22.0) 

100x100  10.2 7.9 3.5    256.8 92.3 (100.9) 60.3 23.3 (22.3) 
   

Dy  
b
 

(keV/μm) 

2.3x2.3 34.3 24.9 25.6 24.0 210.2 231.5 224.7 213.6 142.2 115.3 52.8 (58.7) 

10x5 33.0 23.6 21.7 22.2 428.0 443.1 503.7 404.3 213.3 (321.3) 408.1 70.4 (82.4) 

30x30  20.0 16.3 12.0    743.8 400.3 (490.5) 270.4 115.2 (112.2) 

100x100  17.6 14.1 8.3    900.7 543.4 (547.9) 382.0 127.1 (134.3) 
   

n   
(mGy

-1
),  

eq. (74) 

2.3x2.3 0.002 0.003 0.003 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.002 

10x5 0.034 0.05 0.05 0.08 0.006 0.006 0.007 0.007 0.01 0.01 0.02 

30x30  0.67 0.87 3.00    0.05 0.11 0.16 0.34 

100x100  7.23 9.37 71.32    0.29 0.80 1.22 3.16 
   

r  (%),  

eq. (73) 

2.3x2.3 106 88 90 90 176 206 201 205 178 177 133 

10x5 113 112 118 130 199 200 249 220 185 287 155 

30x30  101 106 139    213 240 231 222 

100x100  85 89 117    158 221 231 211 
a The same segments as used for the radial dose calculations (see Figure 24). 
b 

1,Fz  and 1,Dz  can be calculated using the relationship mlyz / . 
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7. Summary and outlook 

In this project, the development of the Monte Carlo track structure (MCTS) 

simulations for full-slowing-down tracks of 1 keV-300 MeV protons, and 1 

keV/u-10 MeV/u carbon ions in water was carried out for the purpose of 

dosimetry and biophysical study of protons and carbon ions in radiation 

physics, radiation therapy, and radiation biology.  

The project encompassed: (i) generation of a database for interaction 

cross sections for proton and carbon ion impacts; (ii) development of the 

energy loss model for the radiation transport; (iii) benchmarking of the cross 

sections and energy loss model, as well as implementation of these results in 

the MCTS suite of codes KURBUC; and (iv) investigation of track parameters 

of protons and carbon ions at macroscopic and microscopic scales. 

In the MCTS simulations, electronic and nuclear elastic interactions of 

ions were considered. The electronic interactions of ions include target 

ionisation, target excitation, and charge exchange (electron capture from the 

target and projectile electron loss). Hydrogen and carbon projectiles of all 

charge states were simulated. Dressed ions are particularly important in the 

low and intermediate energy ranges. Tracks of secondary electrons were 

generated with the electron track structure code KURBUC_electron (Uehara et 

al 1993). The interactions of primary ions and secondary electrons were 

followed interaction-by-interaction at the molecular level of water. 

In constructing the cross section database, the experimental data and theo-

retical models were considered. While the experimental data for protons 

covered certain ranges of proton energies and interactions (Paper I), the ex-

perimental database for carbon ions was far from complete.  

A three-body Classical Trajectory Monte Carlo (CTMC) model for car-

bon projectiles of all charge states (C
0
 to C

6+
) was developed (Papers II-IV), 

in combination with statistical methods to take into account the many-

electron problem (Paper IV). Benchmarking of the calculated cross sections 

was carried out, showing satisfactory agreement between the CTMC model 

calculations and available experimental data. It was shown that the inclusion 

of the many-electron problem significantly improved the consistency be-

tween the calculated and measured cross sections (Paper IV), compared to 

the calculations within the framework of one-electron collision problem 

(Paper III).  

 Stopping cross sections for carbon ions were calculated based on the de-

veloped cross section model and energy loss model. The results showed rea-
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sonable agreement with the other model calculations close to the high energy 

limit, where all models are expected to be consistent (Paper IV). Close to the 

stopping power maximum, discrepancies were largely observed between the 

calculated stopping cross sections of this work and the other published mod-

el calculations. The discrepancies were due to the fact that in this work the 

contributions of the dressed ions, and coupling between electron capture and 

target ionisation channels were fully taken into account (Paper IV). In con-

trast, the other model calculations only took into account an average 

screened nuclear charge of carbon projectiles.  

Average macroscopic track parameters for the full-slowing-down tracks 

(e.g., path length, W value, and depth dose distribution), and those for the 

track segments (stopping power and radial dose distribution) of protons (Pa-

per I) and carbon ions (Paper V) were compared with the experimental data 

and the tabulated values of the ICRU. In most cases, the agreement was sat-

isfactory, confirming the reliability of the codes.  

The MCTS simulations facilitated the investigation of effect of varying 

the voxel size used for scoring track parameters in the Bragg peaks of ion 

beams. For the calculated SOBP of carbon ion beams (1-10 MeV/u), it was 

shown that an increased voxel size smeared out the inhomogeneity of track 

parameters inside the SOBP (Paper V). For plane parallel beams, the maxi-

mum track average LET (at the distal end of the SOBP) was shown to de-

crease by ~30% when the thickness of the scoring slab was increased from 1 

to 100 μm. Although the energy distribution of the projectiles differed sub-

stantially by varying the voxel size at all depths of the SOBP, the corre-

sponding variation for the track average LET was nearly negligible in the 

proximal half of the SOBP. The result indicated loss of information regard-

ing the inhomogeneity of track parameters when using an average quantity 

such as the track average LET. 

Microdosimetry study was carried out for the simulated track segments of 

protons (Paper I), and for the full slowing downs and track segments of car-

bon ions (Chapter 6). The aim of microdosimetry was to characterise the 

radiation quality at the scale relevant to biological effects and effectiveness 

(i.e., cell and DNA levels). The microdosimetry study mimicked a situation 

that targets with similar dimension to a biomolecular structure were random-

ly placed in a water medium uniformly irradiated with a given dose of ions.  

Absolute frequencies of energy imparted to a nanometre-size target were 

determined for the calculations of the microdosimetry distributions and their 

averages. For the protons and carbon ions under study, the average energy 

imparted to a target with dimension similar to a DNA segment was not sig-

nificantly different. However, due to the higher density of interactions in the 

carbon ion tracks, dose variance for such small targets was much higher than 

that for the protons. 

The present development has paved a way for ion dosimetry at the cellu-

lar level. The study of the physics of interactions of carbon ions made con-
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tribution to the ability to generate a complete database of cross sections. The 

MCTS simulations will not only provide a method to characterise the radia-

tion quality in the Bragg peak regions of proton and carbon ion beams, but 

also give insight into initial events characterising biological effectiveness of 

ion beams. To achieve the latter objective, future developments to be consid-

ered include: 

 Development of tissue models for study of dose inhomogeneity in pro-

ton and carbon ion beams;  

 Extension of the simulation for carbon ions to ~400 MeV/u, covering 

the entire radiotherapeutic energy range; 

 Inclusion of nuclear reactions to facilitate more realistic simulations of 

high energy protons and carbon ions. This can be achieved by coupling 

the MCTS simulations with a general purpose MC code, or evaluating 

the contributions of nuclear fragments at a depth of interest. Cross sec-

tions for other ions, apart from H and C, in the low to intermediate en-

ergy range can be calculated using the developed CTMC model;   

 Implementation of electron track simulations in the condensed medi-

um; and  

 Coupling of the prechemical and chemical stages of water radiolysis 

with the physical track simulations for the application in biophysical 

modellings. 
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Appendix A. Differential equations for the 
trajectory simulation 

For the three-body CTMC calculation in the target ionisation scheme (Figure 

5a), eq. (42) can be written as: 
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where tp1 rrR  , te2 rrR  , and 123 RRR  . In the projectile 

electron loss scheme (Figure 5b), the index p  in eqs. (A. 1)-(A. 3) is to be 

switched with t .  
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Appendix B. Coordinate transformations for 
the trajectory simulation 

In the target ionisation scheme (Figure 5a), the position vectors of the colli-

sion partners in the relative coordinates were transformed to those in the 

Cartesian coordinates, according to 
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where the index CM  stands for the centre-of-mass system. The correspond-

ing transformations for the velocities were obtained using  
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)/d(d 2et tRvv   (B. 7) 

)d/(d 1tp tRvv   (B. 8) 

where the index 0  refers to the initial conditions for the trajectory simulation 

(see §3.2). For the projectile electron loss scheme (Figure 5b), the transfor-

mations (B. 1)-(B. 8) are obtained by switching the index p  with t . 
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Appendix C. Wave functions of the water 

molecule 

The quantum mechanical electron radial distributions in a water molecule 

(Figure 8) were calculated from the one-centre expansion self-consistent 

field molecular-orbital (SCF-MO) wave functions of Moccia (1964). The 

radial wave function is given by 

),,,(=),,( ,,,,,
,,,

 


rfCr mlnmln
mln

 , (C. 1) 

where ),,,(,,  rf mln  is the basis function characterised by the orbital ex-

ponent  , and quantum numbers n , l , and m , as follows: 
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),(, mlS  is a real spherical harmonic (Table C. 1). 28 basis sets with 

respect to ),,,( mln  were taken into account. The factors mlnC ,,,  are given 

in the table I of (Moccia 1964). 

The wave function in the momentum space is fourier-transformed from 

the radial wave function, according to 
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where u  was obtained with 

]coscos)cos(sin[sin pppu   . (C. 4) 
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Table C. 1. Real spherical harmonics ),(, mlS . 

l  m  ),(, mlS  l  m  ),(, mlS  

0 0 )4/(1   2 2  2cossin)16/(15 2  

1 0  cos)4/(3  3 0 )cos3cos(5)16/(7 3    

1 1  cossin)4/(3  3 1  cos1)cos(5sin)32/(21 2   

1 -1  cossin)4/(3  3 -1  sin1)cos(5sin)32/(21 2   

2 0 1)cos(3)16/(5 2   3 2  2coscossin)16/(105 2  

2 1  coscossin)4/(15  3 3  3cossin)32/(35 3  

2 -1  sincossin)4/(15  3 -3  3sinsin)32/(35 3  
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Appendix D. Flowcharts of the track structure 
suite of codes KURBUC 

The track structure suite of codes KURBUC simulating proton and carbon ion 

tracks in water were written in FORTRAN77. This appendix presents the 

flowcharts of the important routines. 

Figure D 1 shows the flowchart of the main routine of KURBUC_proton 

(Paper I) and KURBUC_carbon (Papers V). Details for the simulation of a 

primary interaction are presented in Figure D 2. It is noted that in Figure D 2 

the double electronic interactions are only relevant for the simulations of 

carbon ions.  

Tracks of secondary electrons were generated using the subroutine 

“ehist”, which is based on the track structure code KURBUC_electron (Uehara 

et al 1993). The flowchart of “ehist” is presented in Figure D 3. 

Of all interactions, target ionisation requires the most extensive 

simulation procedure. That is, the ionisation energy level, electron energy, 

and emission angle need to be determined. To sample the electron emission 

angle due to target ionisation by a primary interaction, the subroutine “delta” 

was called in association with the table of sampling containing   – the 

normalised cumulative integrals of )d/(dd2    for different projectile 

energy (T ), electron energy (  ), and emission angle ( ) [see eq. (60)]. The 

flowchart of the subroutine “delta” is presented in Figure D 4.  

  was sampled before “delta” was called. Upon calling “delta”, the 

values   and cos  were calculated for the preselected projectile energy and 

electron energy using the interpolation method, similar to eq. (62). 

Subsequently, a random number '  was generated, and used for 

determination of the emission angle ' , as explained by eqs. (61)-(62). 
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Track ID>

#tracks?

Tables of sampling 

for ions

Start

Track ID=0

End

User inputs: projectile's energy (T), 

direction, charge (q), #tracks, 

mode (TSM or FSD), cutoff, 

parameters for scoring track 

parameters, track segment length

input

input2e

Define projectile's 

initial energy and 

coordinates 

(enter)

Simulate an ion interaction and 

secondary electron tracks.

Calculate Edep, Eloss.

Document the coordinates and 

energy deposition of the 

interaction ( docum).

T>cutoff?

NoNo

YesYes

NoNo

YesYes

End of history 

(eoh)

TSM?

NoNo

Tables of sampling 

for electrons

Write track 

parameters 

to files

YesYes

TSM?

z>specified track 

length?

YesYes

YesYes

NoNo

Calculate & 

summarise track 

parameters

docum

docum

Main program

Increase track ID by 1

NoNo

 

Figure D 1. The main routine of the track structure codes KURBUC_proton and KUR-

BUC_carbon (Papers I and V, respectively). Bold texts denote called subroutines. 
The box with side bars indicates the simulation of a primary interaction (Figure D 
2). “Edep” refers to deposited energy, and “Eloss” energy loss by the projectile. 
“TSM” and “FSD” refer to the track segment and full slowing down modes of the 
simulation, respectively. The cutoff energy for a primary interaction was 1 keV/u.  
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Calculate path length 

and new coordinates 

of the projectile 

(nextpt)

Sample 

reaction ID 

(react)

ID>5?

Start 

simulating 

the next 

reaction

Second 

reaction?

YesYes

Projectile's energy T, 

charge state q, and 

coordinates.

First reaction.

NoNo

ID=8 && 

1st reac?
NoNo

ID=

2, 7

ID=

3, 8

ID=1,6

ID=4

ID=5

YesYes

in

YesYes

Calculate Edep, Eloss, 

and the new energy 

of the projectile.

Simulation of a 
primary interaction

strip: Determine 

electron energy . 

Increase 

projectile's charge 

state by 1.

excit: 

Determine 

excitated 

state

elast: Determine 

projectile's 

scattering angle

out

Document 

projectile's 

coordinates, E dep, 

reaction ID & q. 

(docum)

>1 eV? YesYes

NoNo

ioniz: Determine 

energy level, 

electron energy , 

and emission 

angle ( delta)

K-shell?

YesYes

Auger-e emission: 

Determine Auger-e 

energy. Randomly 

select emission angle.

Simulate e-

track 

(ehist)

ecapt: Determine 

energy level. 

Decrease projectile's 

charge state by 1.

>1 eV? YesYes ehist

NoNo

NoNo

NoNo

NoNo

ID=7 && 

1st reac?

 

Figure D 2. Flowchart for the simulation of a primary interaction.   is the ejected 
electron energy. The subroutine “ehist” was used for electron track simulations (see 
Figure D 3), and “delta” for the sampling of the electron emission angle due to target 
ionisation (Figure D 4). Bold texts refer to called subroutines. The reaction ID from 
6 to 8 correspond to the double electronic interactions, which are relevant only for 
carbon ion tracks.  
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Subroutine "ehist" for

electron track simulations 

ise>#e?

Set energy and coordinates of the 

simulated electron to those of 

the electron ID "ise" ( replace)

>cutoff and

#elastic<3001?

NoNo

YesYes

YesYes

Store info of prim. 

electron (ID, energy, 

and coordinates) 

(store)

Prim. electron energy 

 and coordinates

Score prim. e-energy 

(pha)

out

ioniz2e: Determine energy 

level, energy and emission 

angle of 2nd-e & 

scattering angle of prim. 

e. Increase #e by 1. Store 

info of 2nd-e: ID=#e( store)

excit2e: 

Determine 

excited state

elast2e: Determine 

prim. electron's 

scattering angle

#e=1, 

Electron ID (ise)=1

Increase #elastic by 1

Sample reaction ID (idreac). Calculate 

path length and new coordinates of the 

electron ( nextpt2e)

#elastic scattering=0

K-shell?YesYes

NoNo

docum2e

Document coordinates, interaction, 

and energy deposition of prim. e 

(docum2e)

End of 

history 

(eoh2e)

idreac=1 idreac=2 idreac=3

Calculate Edep, 

Eloss, and the 

new energy of 

the prim. e.

Increase electron 

ID (ise) by 1

Auger-e emission: Calculate 

Auger-e energy. Randomly 

select emission angle. 

Increase #e by 1. Store info of 

Auger-e: ID=#e ( store).

in

NoNo

 

Figure D 3. Flowchart of the subroutine “ehist” for generating electron tracks. Bold 
texts refer to called subroutines. “ehist” is based on the track structure code KUR-

BUC_electron (Uehara et al 1993).  
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Projectile's energy (T), 2nd-e energy ( ), Table of 

sampling containing (TTab, Tab) and cos (TTab, Tab)

for a set of (TTab, Tab)

T>max{TTab}? YesYes cos '(T, )=sqrt{ /(4T)}

cos (TTab,up, )=sqrt{ /(4TTab,up)}

NoNo

Generate a random number ' and calculate 

cos '(T, ) using the new table of sampling

in

out

out

Subroutine "delta"

Calculate cos (TTab,up, ) using the table of 

sampling

>max{ Tab, up}?

Calculate cos (TTab,low, ) using the table of 

sampling

Find TTab,up and TTab,low where TTab,low<=T<TTab,up

YesYes

NoNo

Calculate cos (T, ) by interpolation 

between T Tab,low and TTab,up

>max{ Tab, low}?

cos (TTab,low, )=sqrt{ /(4TTab,low)}YesYes
NoNo

 

Figure D 4. Flowchart of the subroutine “delta” for sampling of the electron emis-

sion angle '  due to target ionisation by a primary interaction. The table of sam-

pling contains   – the normalised cumulative integrals of )dd/(d2   , and co-

sine of the associated emission angles   [eq. (60)], for each projectile energy 

( TabT ) and electron energy ( Tab ). The subscript “ Tab ” denotes the values read 

from the table of sampling. “ up ” and “ low ” denote the upper and lower bounda-

ries of the projectile’s energy T , where uplow TTT  . 


