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Abstract 
Radiation therapy with ions holds advantages over conventional radiation therapy as the 

characteristic dose distribution for charged particles traversing matter provides increased target 

conformity while sparing surrounding healthy tissue. In order to deliver the prescribed dose to the 

target volume there is need for accurate dose calculation algorithms in the treatment planning 

process. Today, pencil beam models dominate as the dose calculation method used in treatment 

planning for ion therapy, as the more precise methods based on Monte Carlo techniques are still 

impeded by long calculation time. In order to depict charged particle transport and dose deposition 

adequately, the physical effects from energy loss, multiple scattering, range straggling and nuclear 

interactions need to be taken into account. Before dose calculation algorithms can be used clinically, 

their performance need to be thoroughly validated. The validation process is conventionally 

dominated by comparing calculated dose distributions with measurements. However, multi-purpose 

Monte Carlo transport codes are also valuable tools that can complement measurements in the 

validation process.  

In the present work, the multi-purpose Monte Carlo code FLUKA has been used to evaluate the 

current state of two dose calculation algorithms. To enhance the significance of the evaluation, the 

setup and use of FLUKA was first validated by comparing simulations with experimental data (project 

I). The first evaluated dose calculation algorithm was a data driven Monte Carlo code called PRONTO 

(project II) and the second was based on the analytical pencil beam model and referred to as Ion 

Yield Dose Engine (project III). Projects II and III also included development of tools for use in further 

validation. An cross cutting aim was also to evaluate to what extent FLUKA can be useful for internal 

research and development purposes at RaySearch Laboratories. 

In project I, FLUKA is found to reproduce characteristics of secondary charged fragment production 

with good results. The high level of agreement with experimental data presented here was also 

found in other studies. Project II showed high agreement between PRONTO and FLUKA. The ICRU 63 

evaluation driven nuclear interaction handling in PRONTO was also evaluated by comparisons 

between the ICRU 63 and FLUKA simulations, also showing agreement to a large extent. However, 

the impact from minor discrepancies between the two should be further investigated. Project III 

showed expected agreement between the current state of Ion Yield Dose Engine and FLUKA.  

These conclusions combined imply recommendation for a continued internal use of FLUKA for ion 

therapy related purposes. 

Keywords: Ion therapy, Monte Carlo, analytical dose calculation algorithm, dose calculation 

validation, radiation therapy 
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Document Overview 

Report Disposition 

This report is divided into five six main sections; Introduction, Theoretical Background, Project I, 

Project II, Project III and Final Conclusions. Each project is presented as a report with its own 

subsections; Introduction, Background, Results and Discussion and Conclusion.  

List of Acronyms 
 

BME Boltzmann Master Equation 

CT Computed Tomography 

DPM Dual Parton Model 

FE Fermi-Eyges 

IDD Integrated Depth Dose 

INC Intra-Nuclear Cascade 

LEM Local Effect Model 

LET Linear Energy Transfer 

MC Monte Carlo 

MCS Multiple Coulomb Scattering 

MKM Microdosimetric Kinetic Model 

OAR Organ At Risk 

OER Oxygen Enhancement Effect 

PBM Pencil Beam Model 

PTV Planning Target Volume 

QMD Quantum Mechanical Dynamics 

RBE Relative Biological Effectiveness 

ROI Region Of Interest 

RS RayStation 

SF Survival Fraction 

SOBP Spread Out Bragg Peak 

TPS Treatment Planning Software 
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1 Introduction 
Radiation therapy is the second largest treatment method for cancer with over half of all cancer 

patients in the industrialized world getting some extent of radiation therapy treatment (IAEA, 2008). 

Radiation therapy is used both curatively, where the goal is to either cure the patient, and in 

palliative care with the intent to relieve pain and discomfort. It may be used as primary treatment 

type but it is also customary to give cancer treatment as a combination of different therapy 

techniques where the most frequently used are surgery, radiation therapy and chemotherapy. Other 

less frequently used methods include hormone therapy, immunotherapy and gene therapy. Despite 

the emerge of new treatment methods it is likely that radiation therapy will continue to play a large 

role in cancer treatment (IAEA, 2008). Radiation therapy aims to control or kill the tumor by 

irradiating the diseased cells with ionizing radiation. The ionizing radiation may cause damages in 

DNA that eventually lead to cell death.  

Radiation therapy is either delivered externally (external beam radiation therapy) or internally 

(brachytherapy). In brachytherapy, radiation sources are inserted into or in close proximity to the 

target volume. In external beam radiation therapy the patient is irradiated using an external source 

directing the particles towards the treatment region. Conventionally, treatment is delivered with 

high energy photons or electrons but protons or heavier ions may also be used. This thesis concerns 

external beam radiation therapy delivered in the form of ions, and more specifically protons and 

carbon ions. For this thesis it should be noted that proton therapy is included when discussing 

general ion therapy.  

1.1 Background 

The idea of using ionizing radiation in therapeutic purposes was born shortly after the discovery of x-

rays. The discovery by Wilhelm Conrad Röntgen in 1895 opened exciting possibilities for new medical 

applications. It was only a matter of months until x-rays were put to use in medical applications for 

both imaging and treating malign tissues. Only three years later the radioactive source Radium was 

discovered by Marie and Pierre Curie, which further ignited the medical physics boom in the late 19th 

century (Grubbe, 1902). Another famous scientist in the field of radiation physics and dosimetry was 

Louis Harold Gray. His work much involved investigating the effects of radiation on biological 

systems. The SI unit for absorbed dose is defined as deposited energy per mass with unit Gray, Gy 

[J/kg]. 

Since then, photon therapy has become increasingly sophisticated. The general feature of the depth 

dose curve of a photon beam is an exponential fall-off following a short build-up and a shallow dose 

maximum. In order to increase the dose in the target and at the same time limit the dose in adjacent 

tissues, most treatment plans include multiple fields where the unwanted dose to healthy tissue is 

spread out on a larger volume while keeping the target dose high. It is also possible to increase the 

photon energy in order to shift the dose maximum to a slightly greater depth and reduce the 

steepness of the dose fall-off.  Optimized treatment delivery techniques such as Intensity-Modulated 

Radiation Therapy (IMRT) improve performance further.  

The use of ions in radiation therapy was first proposed by Wilson (1946) and the first patient 

treatment, using protons, was carried out in 1954 at the Lawrence Berkeley National Laboratory 

(Tobias et al., 1955). Before suggesting protons for therapeutic application Wilson was involved in 
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investigation of the energy loss behavior of high energy protons traversing matter. Wilson reported 

that protons show similar energy loss behavior to  that of alpha particles, described by (Bragg & 

Kleeman, 1905) a few decades earlier. The behavior discovered for ions deviates significantly from 

what is observed for photons. In contrast to the depth dose profile for photons, ions deposit 

relatively low dose in at small depth. This lower dose level is kept until the distal end of the ion range 

where the dose dramatically increases and reaches a maximum then followed by a steep decrease. 

This behavior results in a dose peak, which is referred to as the Bragg peak. As the positively charged 

particle range is determined by the particle energy and the Bragg peak follows with the range, it is 

possible to position the Bragg peak and hence the dose maximum within a target volume while 

sparing normal tissue at smaller and greater depth. This is a favorable feature of ion therapy over 

photon therapy and by introducing multiple fields in a similar fashion as for photons an even better 

performance can be achieved.  

Relative depth dose curves for photons, protons and carbon ions are displayed in figure 1.1.  

 

Figure 1.1 Depth dose curves for photons, protons and carbon ions. Data was obtained using FLUKA. 

Today, numerous facilities are treating patients with protons and the number is increasing rapidly. In 

March 2014 the total number of patients treated with protons was approximately 120000 (PTCOG, 

2014). However, not only protons are being used for ion therapy but there are also facilities with 

experience in treating patients with heavier ions. Note that the heavier ions as referred to in this 

thesis are heavy in relation to protons but still belong to the light ion group (A<11). Most experience 

with heavier ions exist for carbon ions and up until the end of 2013 the number of patients treated 

with carbon ions was approximately 13000 (PTCOG, 2014). 

Three prominent pioneering sites for therapy with heavier ions are the Lawrence Berkeley National 

Laboratory (LBL) in USA, National Institute of Radiological Sciences (NIRS) in Japan and Gesellschaft 

für Schwerionenforschung (GSI) in Germany. The first clinical experience with heavier ions took place 



 

11 
   
 

at LBL during the 1970s and included use of helium, neon and carbon ions (Jäkel et al., 2003). NIRS 

began using carbon ions clinically in 1994 (Tsujii et al., 2007) and GSI in 1997 (Debus et al., 2000).  

Carbon ions are by far the most commonly used particles for ion therapy when excluding protons and 

their application is growing fast. Some of the advantages that heavier ions, such as carbon ions, hold 

over protons are summarized below. 

1.1.1 Use of Heavier Ions 

The increased mass of heavier ions compared with protons presents advantage as the impact from 

Coulomb forces is less and leads to decreased scattering and improved lateral dose gradient. Heavier 

ions also present a sharper Bragg peak due to less energy loss straggling. This enables the fields to be 

positioned closer to organs at risk (OAR) and gives a lower integral dose while maintaining full dose 

in the target. However, the more pronounced Bragg peak also makes the treatment with ions more 

susceptible to anatomical changes, organ motion, setup and geometrical errors.   

Aside from some physical advantages of ion therapy there are also biological advantages for treating 

with ions. For protons and electrons, which are sparsely ionizing particles, the biological effectiveness 

is normally assumed uniform over the entire particle range. Heavy ions are instead densely ionizing 

particles and their in biological effectiveness varies over depth with a maximum at the Bragg peak. 

The densely ionizing nature of heavier ions is especially advantageous for treating radio-resistant 

hypoxic tumors. Biological effectiveness is quantified as the relative biological effectiveness, RBE, and 

is determined in respect to the radio therapy effectiveness achieved with a 60Co therapy source or 

mega voltage x-rays  (IAEA, 2008). The non-uniformity of the RBE for heavier ions calls for a need of 

an RBE model that accounts for translating the physical dose to RBE weighted dose. The uncertainties 

of RBE models are still generally high as the experimental data that links cell survival to physical dose 

is limited. The relation between cell survival and physical dose is highly complex and the uncertainty 

in RBE models is commonly put forward as a disadvantage for therapy with ions. 

Another important process which has a negative impact on the sharp ion dose distribution is nuclear 

fragmentation. Fragmentation leads to the production of energetic secondary particles, or 

fragments. The impact from fragments is especially visible in the ion therapy dose distribution for 

ions heavier than protons and the impact increases with primary ion mass and charge. As the primary 

ions stop, the primary fragmentation process ceases and the build-up of fragments stops and causes 

a fall-off in fragment production. This behavior gives a maximum fragment yield at a depth same as 

the Bragg peak. However, the remaining fragments will continue to deliver dose after the Bragg peak 

and give rise to the characteristic fragment tail. The out of field dose in ion therapy is primarily due 

to secondary charged fragments together with uncharged particles such as neutrons and photons 

and the underlying processes need to be thoroughly investigated in order to predict them well. The 

fragment contribution in the integrated dose distribution from a carbon ion beam is displayed in 

figure 1.2. 

The significant impact from fragments increases the complexity in the radiation field. The different 

particle species and their differentiating energy distributions affect the biological response and need 

to be taken into account when modeling cell survival and biological effectiveness.  

Characterization of the production of secondary charged particles is a cross-cutting theme in this 

thesis.  
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Figure 1.2 Integrated depth dose curve of 314 MeV/u carbon ions and fragment contribution in a water target. Data was 
obtained using FLUKA. 

The clinical energy range for protons typically spans up to a couple of hundreds of mega electron 

volts (MeV) while for carbon ions the corresponding total kinetic energy reaches a couple of 

thousands of mega electron volts. Evidently, the total kinetic energy of heavier ions is much higher 

than that of protons and increases the size and complexity of the treatment facility and also the 

construction costs. For protons accelerated with a synchrotron the diameter of the ring is 

approximately 10 meters while for carbon ions, the same dimension is approximately 25 meters. Also 

the beam steering and treatment delivery is more complex for heavier ions. 

Summarized it can be said that heavier ions present a more pronounced Bragg peak and higher 

energy loss in the peak as can be observed in figure 1.1. However, studies show that ions heavier 

than carbon ions have relatively higher RBE in the depth dose plateau which would in most cases 

apply unnecessarily high dose to healthy tissue. Also the accelerators needed to get the heavier ion 

energies up to adequate levels implicate more costly facilities and increased beam delivery 

complexity. 

1.1.2 Treatment Planning 

An essential part of the treatment planning is prescribing the dose to the tumor and is based on case 

specific radiobiological characteristics.  

The radiation therapy treatment is planned with the objective to deliver conformal dose to the target 

while sparing surrounding healthy tissue and avoiding organs at risk (OAR). The patient computed 

tomography data (CT) with three dimensional information of the patient photon attenuation with a 

resolution of approximately one millimeter is used base for patient modeling and dose calculation. 

Further anatomical and physiological information may be retrieved from other imaging modalities 

such as magnetic resonance imaging (MRI) and positron emission tomography (PET) to aid in the 
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manual delineation of regions of interest (ROI), for example tumor volume and adjacent OAR, which 

are used as base for plan optimization. These ROIs are drawn on the CT data map.  

Dose and particle fluency calculation play a major role in treatment planning and is normally 

performed by an analytical algorithm or by an algorithm that implements Monte Carlo (MC) particle 

transport principles. Monte Carlo codes include models for physical processes and calculates the 

impact from each and every particle leaving the therapy machine and are hence considered the 

state-of-art method for predicting patient dose. The use MC techniques in treatment planning is still 

impeded by time consuming calculations which make the method hard to implement in routine use 

at the clinic. However, with the ever increasing computer power and improvements of time 

efficiency in MC routines it is likely to see an increased MC application in ion therapy treatment 

planning in the near future when the trade-offs between precision and computation time become 

reasonable. Today, MC codes play a large role as reference for validation of other dose calculation 

algorithms and as a research tool for further developments in the field of radiation therapy. 

Analytical dose calculation algorithms are not general in the same way as MC codes since they are 

tailored for a certain therapy modality and dose calculations are based on dose deposition data for 

that specific radiation type. The pencil beam model (PBM) is often implemented as an analytical dose 

calculation approach. 

Treatment planning also involves optimization where clinical goals are weighted relative each other 

to provide a conformal dose over target volume while keeping dose at an acceptable level in 

surrounding tissue and OAR as defined by ROI in the delineation process. The clinical goals are 

translated into objective functions and the optimization process aims to provide a solution. 

The planning process normally takes place within a treatment planning system (TPS). One example of 

such a system is RayStation, developed by RaySearch Laboratories. 

1.2 Aim 

This thesis aimed to evaluate the potential for internal use of the FLUKA Monte Carlo code as a tool 

in development and dose engine validation. This implies that the results from the present study were 

to be used as decision basis for further and extended use of FLUKA within RaySearch Laboratories. 

The present study involved the use of FLUKA with a general purpose of evaluating the current state 

of two dose calculation algorithms and producing tools for dose calculation validation. The thesis 

consisted of three projects, each with individual goals. Throughout the thesis, emphasis was put on 

characterization of secondary charged fragments. 

First, the use of FLUKA needed to be validated to provide significance to further internal use of the 

code. 

Second, FLUKA was used to evaluate the current state of a Monte Carlo code called PRONTO, built 

for the purpose of dose calculation in proton therapy planning. 

Third, FLUKA was used to evaluate the current state of the analytical dose calculation algorithm 

called Ion Yield Dose Engine (IYDE). 

For a more extensive listing of aims for each project, the reader is referred to each specific project 

introduction.   
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2 Theoretical Background 
This chapter aims to provide brief explanation of the theoretical knowledge that the present work is 

based upon. The first section goes into the physical aspects of ion transport through matter, the 

second briefly describes the biological aspects of ion therapy and the concept of relative biological 

effectiveness. The third section goes into the concept of Monte Carlo simulation as a tool for particle 

transport and more specifically the FLUKA multi-purpose transport code, followed by the last section 

which presents a short description of the pencil beam model as an example of an analytical dose 

calculation algorithm.  

2.1 Physical Aspects of Ion Therapy 

There are four physical processes conventionally applied to describe the transport of charged 

particles through matter. Energy loss, energy straggling, multiple scattering and nuclear interactions.  

2.1.1 Energy Loss 

As charged particles traverse matter they are involved in processes that reduce their speed. These 

slowing down processes are dominated by inelastic collisions with orbital electrons where energy 

from the primary particle is transferred to the electron which results in target atom excitation or 

ionization. These interactions account for a majority of the energy loss of the primary particles [REF]. 

The ionization occurs with the emission of an electron, delta ray, which is involved in further 

interactions with adjacent atoms. Low-energy delta rays are responsible for the track core 

surrounding the particle trajectory. The collisions are statistical in nature but due to the large 

number it is highly relevant to look at the average energy loss.  

Stopping power is a concept for describing energy loss and linear stopping power is defined as energy 

lost per unit path length. The first classical calculations of energy loss per unit path length were 

carried out by Bohr (Bohr, 1913, 1948). The stopping power process is quantum mechanically 

described by the Bethe-Bloch equation (eq. 2.1) which is derived from the work of Bethe and Bloch 

(ICRU, 1993). 

 
  

  
    

     
 

    
        (eq. 2.1) 

 

                          (eq. 2.2) 

 

n Electron density of the target I Ionization potential 

z Projectile atomic number ZT Target atomic number 

me Electron mass vP Projectile velocity 

β vP/c   
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The general features of charged particle energy loss can be easily read from equation 2.1. The 

inversed squared dependence on projectile velocity roughly explains the increasing stopping power 

with decreasing velocity. Furthermore, the stopping power is proportional to the squared projectile 

atomic number which means that the energy loss for an ion of twice the charge will be four times as 

high. The quantity L is called the stopping number and contains corrections. 

L2 is the Bloch correction which makes stopping power calculations valid for projectile velocities 

larger than the velocities of the atomic electrons. The work of Bloch was derived without the use of 

the first order Born approximation used in the equation derived by Bethe. 

As the projectiles get closer to the end of their range they begin to attract and pick up electrons. This 

phenomenon causes change in particle charge and hence changes in stopping power. Barkas formula 

can be used to account for this by calculating an approximate effective charge (eq.2.3). 

 

        (           )   (eq. 2.3) 

 

As the projectile velocity approaches zero the effective charge decreases and causes a decrease in 

stopping power instead of diverging at the end of projectile range (Barkas, 1963). This phenomenon 

gives rise to Bragg peak and is included in the stopping power equation through L1, Barkas 

correction. The incident particle experiences the stopping power and loses energy to the absorbing 

material. This energy transfer is commonly described in terms of linear energy transfer (LET) which is 

defined as energy per unit length. Typically, the maximum LET for protons is in the order of tens of 

keV/μm while for carbon ions the maximum is in the order of hundreds of keV/μm (Kempe, 

Gudowska, & Brahme, 2007).  

2.1.2 Energy Straggling 

As mentioned earlier, the energy loss of particles traversing matter is statistical in nature. However, 

for individual interactions the particles undergo a stochastic energy loss process where the energy 

transfer fluctuates around an expected mean value. This fluctuation is referred to as energy 

straggling and results in a spread in energy distribution for the projectiles. The variance of the energy 

loss distribution is commonly known as the straggling parameter, as defined in equation 2.4. 

 

          ̅̅ ̅̅     ∫         
  

 
  (eq. 2.4) 

 

In which    ̅̅ ̅̅  is the mean value of the energy fluctuation    and        defines the probability of 

an energy transfer event with an energy loss between   and      (ICRU, 1993). The quantity 

     is called the collision spectrum. 

The energy fluctuations ultimately results in a range distribution with a certain width. The fluctuation 

in particle path length for particles sharing the same initial energy defines the range straggling. As 
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the range of light ions is more sensible to small changes in energy than for heavy ions, the concept of 

range straggling is particularly important from therapy application with ions with Z<3. Range 

straggling widens the Bragg peak, reduces its height and is of great importance for treating a volume 

in proximity of organs at risk. 

Landau (1946) investigated the concept of energy straggling and derived the Bothe-Landau equation 

in which the energy straggling is dependent on incident energy. The first proposal by Landau (1946) 

has restrictions that limit its use. First, it assumes the typical energy loss to be much smaller than the 

maximum energy loss in a single collision. Second, the cross section for close collisions is assumed 

equal for all particles. Further improvements to the formula were added by Vavilov (1957) which 

relieved the theory from the first assumption and from not having to assume the maximum released 

energy per collision to be infinite.  

For moderately thin targets, the straggling follows a skewed Gaussian distribution according to 

Vavilov theory (Vavilov, 1957). The skew figuratively derives from a convolution of a Gaussian 

distribution and a straggling distribution for a few energy loss events with losses greater than a 

certain cut-off energy,    (ICRU, 1993). 

For increasing target thickness and projectile path the straggling distribution is less skewed and turns 

more towards a Gaussian distribution according to the central limit theorem. The central limit 

theorem states that the straggling from a large enough number of small nonrelated random events is 

approximately normal distributed.  

For very thin targets in which the number of collisions is limited, the approximations of Landau and 

Vavilov are no longer valid. These energy loss spectra has to be convoluted using numerical 

techniques (ICRU, 1993) 

2.1.3 Multiple Scattering 

To predict dose accurately it is of great importance to be able to calculate the spatial spread of the 

beam. Multiple scattering (or MCS) describes the effect from a large number of scattering events in 

the beam line. These events are to a large extent caused by elastic Coulomb scattering in which the 

charged projectile is redirected due to electric forces when entering the Coulomb field of a target 

atom. There are different approaches to describing multiple scattering, some of which are briefly 

described here.  

The angular deflection can be described by the scattering power as the increase of mean square 

angle of deflection over target thickness traversed. The Rossi formula as given by (Soukup, Fippel, & 

Alber, 2005):  

  (
  

   
)
 
 

  

     
  (eq. 2.5) 

T Mass scattering power X0(ρ) Radiation length 

p Particle momentum Δz Particle step length 

β Relativistic factor (vP/c) 
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The ES factor was originally set to 14.85 MeV but has been subject to changes in order to fit the 

scattering power to the actual scattering (RSL, 2014; Soukup et al., 2005). The radiation length is 

dependent on the scattering medium.   

Goudsmit-Saunderson explains the multiple scattering with focus on the individual single scattering 

events (Goudsmit & Saunderson, 1940). The multiple scattering probability distribution function, 

PDF, is calculated as the weighted summation of Legendre polynomials where the underlying single 

scattering theory is incorporated through the mean free path length between elastic collisions and 

the averaged Legendre polynomial. In the case of a single scattering interaction the Goudsmit-

Saunderson PDF is exact (McParland, 2010). Note that the theory was developed for electrons 

moving through matter, but also applicable for heavier charged particles.  

Moliere theory (Molière, 1947, 1948) describes the phenomenon differently by considering 

consecutive scatters, and in practice solves the full transport equation for charged particles 

traversing matter (McParland, 2010). As in Goudsmit-Saunderson theory, Molière is independent of 

the individual form of the single scatter cross section and neglects energy loss of the projectiles.  

Molière theory applies the small angle approximation in order to form a multiple scattering 

distribution which provides validity only for a large number of scattering events (>20) (Ferrari, Sala, 

Guaraldi, & Padoani, 1992). Even though Molière scattering is independent on the individual 

scattering cross section it is included through the Molière screening angle which is used as the single 

input to the scattering calculations. After some deriving work, the scatter can be described as a 

function of the ratio between the characteristic screening angle and a unit-probability scattering 

angle. This unit-probability scattering angle is defined as the angle beyond which the probability of a 

single scattering event occurring is equal unity (McParland, 2010). 

For analytical dose calculation techniques Fermi-Eyges theory is predominantly used to calculate 

multiple scattering and further details can be found in the pencil beam model section.  

2.1.4 Nuclear Interactions 

Elastic interactions with target nuclei give rise to scattering and changed projectile direction as 

described in the previous section. Inelastic interactions with target nuclei are a lot more complex. 

One outcome of such an event is fragmentation in which the incoming particle or the nucleus breaks 

down, with the production of secondary fragments as a result. These can either be beam-produced 

fragments when originating from the incoming particle or target fragments when originating from 

the target nuclei (Schardt et al., 1996). 

 For ion therapy dose prediction purposes, focus is put on the beam-produced fragments as they 

have long range and are the dominating contributor to out of field dose and the fragment tail below 

the depth of the Bragg-peak.  

Residual nuclei normally have low kinetic energy and are locally absorbed, inside or close to the 

beam path. 

Charged fragments also contribute significantly to the dose delivered before the Bragg-peak as 

shown in recent studies. For a 290MeV/n carbon beam, approximately 22% (Liamsuwan, Hultqvist, 
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Lindborg, Uehara, & Nikjoo, 2014) of the dose before the Bragg peak is induced by fragments and for 

400MeV/n the same fraction is 40% (calculations on water)(Kempe et al., 2007).  

An intuitive model referred to as the abration-ablation model was developed in 1973 to explain the 

fragmentation process (Bowman, Swiatecki, & Tsang, 1973). This model assumes that the high 

energy particles move on straight lines through matter and occasionally interact with nuclei on its 

path. The abration-ablation model explains the fragmentation process in two steps. During the first 

step, abration, the zone of interaction consisting of a number of nucleons is sheared away and forms 

an excited fireball complex. The number of nucleons involved can be calculated from geometrical 

considerations of said collision (Rasmussen, Oliveira, & Donangelo, 1979). The residual projectile, 

referred to as the spectator projectile, continues with nearly unchanged velocity and direction while 

the target spectator (residual nucleus) only slowly recoils. Both fragments are excited as a result of 

abration. During the second step, ablation, the fireball complex breaks into single nucleons or light 

charged particles such as alpha particles, deuterons and tritons. Also, both spectators dissipate their 

excessive energy by undergoing particle evaporation until excitation energy falls below binding 

energy of the nucleus. Figure 2.1 shows a sketch of the process. 

 

Figure 2.1 Schematic drawing of the abration-ablation model divided into four steps  

A more detailed description of the inelastic secondary particle production processes can be found in 

the FLUKA section.  
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2.2 Biological Aspects of Ion Therapy 

The aim of radiotherapy is ultimately to kill tumor cells, either through apoptosis or reproductive 

failure while sparing surrounding healthy tissue. These effects are primarily due to changes in DNA 

caused by applied ionizing radiation. Incoming radiation may interact with the cellular DNA directly 

or indirectly. Direct interaction includes actual collisions between the incoming particle and DNA 

resulting in breakage of chemical bonds. The indirect hits influence DNA through ionization and the 

induced production of free radicals due to the increased number of high energy electrons (δ-rays) 

moving through tissue. The free radicals are extremely reactive and may produce changes in DNA 

from the breaking of chemical bonds which will give biological effects. These effects are mainly 

stochastic but statistically very interesting and it is convenient to describe the cell survival fraction as 

a function of applied absorbed dose. High-LET radiation produces an exponential curve where the 

survival fraction (SF) is very low even for low absorbed dose while the low-LET produces a shoulder 

before the survival drops exponentially. Different mathematical radiobiological models have been 

used to define the shape of SF curve but the most often used is the linear quadratic (LQ) model (eq. 

2.6) which assumes two components to cell kill (Sinclair, 1966). Figure 2.2 displays the typical 

appearance of SF curves for high- and low-LET radiations respectively.  

Important to note is also the difference in contribution from direct and indirect collisions depending 

on radiation type. Densely ionizing radiations such as carbon ions tend to have more interaction with 

DNA through direct hits while sparsely ionizing radiation types such as photons primarily interact 

with DNA through indirect collisions. 

 

               
  (eq. 2.6) 

 

Figure 2.2 Typical cell survival fractions over dose for treating with carbon ions (lined) and MV x-rays (dotted) 

The α-component is responsible for the initial slope of the curve and therefore represents the initial 

radio sensitivity and the non-repairable damage to the cell. The dependency on dose is linear for the 
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first part of the curve. The β-component is the quadratic component of the curve and represents the 

more repairable cell damage and is the base for dose/fraction variation. These components together 

build the basis on which the biological effectiveness of the certain tissue rely. They are normally seen 

as a ratio α/β in the context of biological effectiveness and dose response. Early responding tissue 

normally has large α/β (in the area of 10 Gy) while late responding tissue have smaller α/β (in the 

area of 2 Gy). This also corresponds to the proliferation of the cells in a way that the rapidly 

proliferating cells are early responding and the more slowly proliferating cells are late responding. 

The early responding tissue has a lower SF for a lower dose. 

Another factor influencing the biological effect is the oxygen enhancement ratio, OER and is defined 

as the ratio between the dose during hypoxic conditions and the dose aerated conditions required to 

achieve the same cell kill fraction (Hall & Giaccia, 2006). The production of free radicals as an effect 

from ionization is highly dependent on the presence of oxygen in the tissue. This implies that the OER 

is more prominent for sparsely ionizing radiation such as photons while densely ionizing radiation 

such as carbon ions is less affected by oxygen presence. This is often put forward as an advantage for 

treating hypoxic tumors with carbon ions.  

There is no unique relationship between absorbed dose and achieved biological effect (IAEA, 2008). 

The absorbed dose can be calculated by considering the physical aspects of ion therapy briefly 

accounted in previous section. However, the biological effect from treating with ions does depend on 

absorbed dose but also on several other factors such as particle type, energy spectrum, dose rate, 

fractioning scheme and the biological composition of the treatment volume (IAEA, 2008). In order to 

account for differences in biological effectiveness and enable comparison of different treatment 

methods or treatments with different ions, a concept of relative biological effectiveness (RBE) was 

introduced. The concept includes weighting factors which are used to correlate an absorbed dose 

delivered under certain circumstances with the absorbed dose delivered with a reference beam 

(normally 60Co or 6 MeV photons) that provides the same biological end point. 

 

     (
    

    
)
             

  (eq. 2.7) 

                (eq. 2.8) 

 

Equation 2.7 displays the correlation between the RBE weighting factor (WRBE) and the reference 

dose (Dref or Dx in figure 2.2) deposited by photons from a 60Co source and the dose from another 

source (Dabs or Dc in figure 2.2). The relationship can also be seen in figure 2.2 where survival 

fractions for carbon ions and x-rays are viewed. To get the RBE weighted dose, the physical 

(absorbed dose) is multiplied with the RBE weighting factor (eq. 2.8).  

For a carbon beam the RBE weighting factors are generally between 3 and 4 in-field but as the 

particles reach the end of their range and become more densely ionizing the RBE weighting factors 

increase. Also, the fragments present in the carbon beam have different RBE than that of the primary 

carbon ions. In figure 2.3, a typical line dose for both physical (dots) and RBE weighted dose (line) is 

presented. Here, the RBE dependence on depth is clearly visible as the particles approach the SOBP 
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and even though the RBE-weighted dose increases and follows the classical SOBP appearance the 

physical dose remains at a low level, there is even a small decrease in physical dose during the peak 

width.  

 

 

Figure 2.3 Typical RBE-weighted depth dose distribution and corresponding physical dose 

For protons, who exhibit a slightly increased biological effectiveness relative to photons, a general 

approximation of a weighting factor between 1.0 and 1.1 is commonly used as the RBE does not vary 

significantly over the treatment field (IAEA, 2008). However, for heavier ions it is not advisable to set 

a constant RBE weighting factor. The general appearance of the RBE weighting factor as a function 

over depth is a continuously increasing value and a sudden fall off at the end on the spread out Bragg 

peak (SOBP) as can be seen in figure 2.3 above.  

There are several approaches to predict the RBE weighting factor value where some are 

experimental and some theoretical derivations from experiment data through radiobiological models 

along with cell survival data from in vitro or in vivo experiments. There are also models built on 

clinical experience with other type of high LET densely ionizing radiation (IAEA, 2008). The two most 

clinically used RBE models today are the Local Effect Model, LEM (Krämer and Scholz, 2000) and the 

Microdosimetric Kinetic Model, MKM (Hawkins, 2003).   
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2.3 Monte Carlo Codes for Ion Therapy 

There has been an increase in use of Monte Carlo techniques in the past decades of medical physics 

(Rogers, 2006). This can partially be explained by the fast increase in computer power per unit cost 

and the invention of powerful software tools. Monte Carlo techniques are widely used in medical 

physics and are predominantly aimed for simulation of particle transport through matter.  

The Monte Carlo method for ion therapy dose calculation is microscopic in nature, meaning that 

every small step has a sound physical motivation. In more detail this means that the code should be 

theory driven and data benchmarked, extend to materials and particles for which no experimental 

data exist, involve single event calculations and offer transport in three dimensions (Ferrari & R. Sala, 

2002).  

The basic principle of Monte Carlo transport includes the following steps: 

1. Sample primary particles (energy, direction, starting position) and place on stack 

2. Pop one particle from stack  

3. Sample distance to next (or first) interaction 

4. Sample interaction type (elastic, inelastic…) 

5. Sample the emerging particles (energy, direction, starting position) and place on stack if its 

energy is higher than the defined energy threshold 

6. Repeat steps 2-5 until the stack is empty 

Depending on simulation purpose, these steps involve different scoring procedures. If the purpose is 

pure dose calculation the energy deposition in each step is scored in the ROI in which it takes place. 

Other scoring options, such as secondary particle yield etc. are scored in analogue manner.  

The use of Monte Carlo techniques for dose calculations in treatment planning is still not 

conventional practice due to long computation time. Predominantly used today for pencil beam 

scanning treatments are dose calculations based on analytical pencil beam algorithms, see separate 

chapter.  These algorithms allow for faster calculations with acceptable accuracy.  

Normally when discussing accuracy in Monte Carlo transport codes what is actually referred to is; the 

quality of the intrinsic physical models and their ability to reproduce actual measured quantities. 

Precision on the other hand refers to the statistical validity of the simulated result and can be 

improved by increasing the number of histories.  

A few advantages that Monte Carlo techniques hold over analytical algorithm, as stated by Böhlen 

(2012), are the abilities to 

 reproduce physical interactions, 

 calculate dose with real atomic composition of tissue, 

 include natural heterogeneities in the tissue and 

 inherently describe complex mixed radiation fields. 

The advantages of Monte Carlo techniques have led to an emerge of tailored Monte Carlo dose 

engines that are simpler and more specific compared to multi-purpose codes, which are to be 

discussed in a later section. Tailored codes such as the class I PTRAN (Berger, 1993) and class II 

VMCpro (Fippel & Soukup, 2004) for proton therapy are based on MC techniques but use simplified 
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physical models and therefore provide accuracy somewhere between analytical  pencil beam 

algorithms and more detailed MC codes. The obvious advantage of these methods is the reduced 

computation time which is crucial for a routine used repeatedly on a daily basis. Well-constructed 

codes can achieve computation time in the same order of magnitude as analytical algorithms. 

Multi-purpose Monte Carlo codes (also referred to as full MC codes) provide detailed simulations of 

particle fluence and dose deposition for ion therapy. Among the more prominent codes today are 

GEANT4 (Agostinelli et al., 2003; Allison et al., 2006), SHIELD-HIT (Gudowska, Sobolevsky, Andreo, 

Belki, & Brahme, 2004; Hansen, Lühr, Sobolevsky, & Bassler, 2012) and FLUKA (Battistoni et al., 2007; 

Ferrari, Sala, Fasso, & Ranft, 2005; T.T. Böhlen et al., 2014). Their use in routine therapy planning is, 

as mentioned earlier, impeded by long calculation time but they are instead used for other 

applications in ion therapy. For example they are used for plan verification and for quality assurance 

purposes and it is clear that they provide a powerful TPS independent dose verification tool. 

Additionally, full Monte Carlo codes can be used to generate the physical data used as input for 

analytical dose calculation algorithms. The alternative would be performing measurements for all the 

different treatment options which would be very time-consuming. 

The use of MC codes in different applications in ion therapy puts high demand on their accuracy. 

Therefore, it is imperative that the physical models of multi-purpose codes are thoroughly 

benchmarked and validated before clinical use. Important also to note, is that most multi-purpose 

codes were originally created for study fields such as accelerator physics and calorimetry. These 

fields might have slightly different focuses in terms of accuracy and precision than what is customary 

in medical physics. 

2.3.1 FLUKA (Battistoni et al., 2007; T.T. Böhlen et al., 2014; Ferrari et al., 2005) 

FLUKA is a multi-purpose tool for calculations on particle transport and interactions in matter 

developed at CERN in collaboration with INFN (Insituto Nazionale di Fisica Nucleare). FLUKA is 

developed in Fortran and the history of the code goes back to 1962 (Ferrari et al., 2005). FLUKA was 

developed for applications in calorimetry, proton and electron accelerator shielding and target 

design, detector design, cosmic rays and also radiotherapy and dosimetry. FLUKA is continuously 

updated to ensure the implementation and improvement of sound, modern physical models (Ferrari 

et al., 2005). About 60 different particles can be simulated for with a wide range of energies 

depending on particle, generally between 1keV and thousands of TeV. The code also handles 

complex geometries using an improved combinatorial geometry (GC) package. FLUKA development is 

based on a “microscopic” approach where every small step in the transport process needs a solid 

physical base. 

FLUKA offers a number of preconfigured physics settings contained in an option called DEFAULTS 

(Ferrari et al., 2005). Different DEFAULTS settings are used for different FLUKA applications. For the 

purpose of ion therapy simulation the HADROTHErapy setting is preferably used. Using this setting 

enables 

 EMF (electromagnetic FLUKA) which allows transport of electrons, positrons and photons, 

 Low-energy neutron transport, 

 General particle transport threshold at 100keV, 

 Multiple scattering until minimum allowed energy for all particles, 
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 Delta-ray production with a threshold at 100keV, 

 Restricted ionization fluctuations (energy loss straggling). 

FLUKA offers a wide range of predefined scoring algorithms which cover most scoring quantities of 

interest. However, for more complex simulation setup there are user routines in which the user-

specific algorithms can be included. User routines enable non-standard input, scoring and to some 

extent modification of the actual particle transport. For the scope of this thesis, user routines 

responsible for primary particle sampling and scoring will be discussed. Most of the routine files are 

present in the FLUKA library in form of templates to be changed by the user (Ferrari et al., 2005).  

Here follows a short description of some of the different physical models of FLUKA for taking care of 

charged particle transport. This description aims to provide an overview of the current state of 

FLUKA. However, for the simulations presented in this study, FLUKA2011 version 2b.6 was used. 

2.3.2 Energy Loss 

The energy loss process in FLUKA is based on Bethe-Bloch theory. High order corrections from Barkas 

and Bloch are applied along with the Mott correction (Ferrari et al., 2005). The Mott correction is 

used to accurately include electron scattering but become unreliable at low energies (Weaver & 

Westphal, 2002).  

FLUKA separates between discrete and continuous energy loss. Discrete energy loss takes place 

above the delta-ray production threshold and represents energy transferred from the primary 

particle due to the explicit production of a delta-ray at the end of the particle step. Important to note 

here is that the delta-rays may transport energy a non-negligible distance from their origin and 

therefore may not contribute to local dose deposition.  

Continuous energy loss takes place below the delta-ray production threshold and can be described as 

the cumulative effect from ionizing and exciting events along the particle step length. The energy loss 

for each step is calculated by the mean energy loss while accounting for energy loss fluctuations 

(energy straggling effects).  

To control the energy loss process in FLUKA the user may alter the delta-ray production threshold, 

which refers to the kinetic energy of the emitted delta-ray.  

2.3.3 Energy Straggling 

Energy straggling is implemented as a part of the energy loss process in FLUKA. As briefly mentioned 

earlier, the classical descriptions by Landau and Vavilov are limited in several aspects and FLUKA 

therefore uses a slightly different approach. The FLUKA approach makes use of cumulants of Poisson 

distributions and the relations between them (Ferrari, Ranft, Sala, & Fasso, 1997). For a certain 

particle, energy, step length and delta-ray production threshold the distribution cumulants can be 

computed a priori and be sampled from.  

For heavy ions, extra considerations are made to account for charge exchange effects, Mott cross 

sections and nuclear form factors (FLUKA development team, 2013). 
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2.3.4 Multiple Scattering 

FLUKA uses a charged particle transport model based on Molière theory to account for multiple 

scattering (Ferrari et al., 1992). The code also implements improvements by Bethe to account for 

correlations between spatial position and deflection angle (Ferrari et al., 2005). 

For very thin layers or gases, the MCS does not apply due to the small number of scattering events. In 

FLUKA it is therefore possible to replace the default multiple scattering with a single scattering 

algorithm based on the Rutherford formula (Ferrari et al., 2005). 

2.3.5 Nuclear Interactions 

FLUKA separates between hadron-nucleus and nucleus-nucleus interactions. However, the modelling 

sequence for the two is similar. The steps used to schematically describe hadron-nucleus interactions 

in FLUKA are the following (T.T. Böhlen et al., 2014): 

 Nuclear Cascade 

 Pre-equilibrium emission 

 De-excitation through evaporation/fragmentation/fission 

The last two steps are essentially the same for nucleus-nucleus interactions, which are more relevant 

for ion therapy with heavier ions (Z>1). In the first step there are differences in how the nuclear 

cascades are produced.  

2.3.5.1 Hadron-Nucleus Cascade 

The overall model containing the routine for hadron-nucleus interaction is referred to as the PEANUT 

(Pre-Equilibrium Approach to NUclear Thermalization) model and is active for hadron energies up to 

20 TeV (<20 TeV) (FLUKA development team, 2013). The PEANUT model includes the three first steps 

in the bullet list above (the forth process is handled by the same model in FLUKA independent on 

interaction type). However, before the interaction calculations can be carried out there is need for 

target nucleus characterization in terms of density and Fermi motion etc., which can be seen as the 

first step of PEANUT.  

The second step is the Glauber-Gribov cascade calculations. The Glauber cascade is a quantum 

mechanical method for computing elastic, quasi-elastic and absorption cross sections for hadron-

nucleon interactions among which the absorption cross section defines the probability of getting in-

elastic hadron-nucleon collisions which is equivalent to multiple interactions of the projectile with a 

number of the target nucleons. The number of such interactions follows a binomial distribution 

(Fasso et al., 2003).  An important concept used in Glauber-Gribov theory is the formation zone 

which can be understood as a materialization times during which the produced particles materialize. 

Formations zones highly influence the probability of re-interactions within the nucleus and also the 

energy dependence of different part of the interaction (Fasso et al., 2003). The multiple collisions as 

described by Glauber-Gribov can favorably be described with Feynman diagrams where the 

transitions between subnuclear states visualized (Battistoni et al., 2006). 

In the PEANUT model, the third part in the modelling sequence is the GINC (generalized-intra nuclear 

cascade). The generalized extension of the INC modelling approach include improvements in the 

therapeutic energy range (<100-200MeV). The INC models were developed in the early years of 

nuclear interaction modelling and were involved in defining the interaction framework in which most 
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modelling algorithms operate (Ferrari & Sala, 1998). INC simulations classically follow a Monte Carlo 

like sequence and heed a number of assumptions. Hadrons are assumed to travel like free particles in 

the nuclear medium with interaction probability given per unit length according provided cross 

sections, taking into account the effects from Fermi motion. The hadrons trajectories are influenced 

by Coulomb forces and are normally curved accordingly. The actual interactions are handled two-

body collisions and completely incoherent and uncorrelated in regard to each other and occur in an 

assumed free space in the center of mass system (CMS) and the resulting secondary particles are 

handled as primaries. The actual collisions uphold exact energy-momentum conservation, including 

nuclear binding energies and recoils (Fasso et al., 2003).  

The general INC sequence can be summarized as that the code follows the incoming projectile, 

samples interaction point and tracks the projectile through the nucleus in accordance with Fermi 

motion and effects from Coulomb forces. The target nucleon is selected and the following interaction 

is modelled as a free two-body collision and the resulting secondary particles are tracked through the 

nucleus, until they themselves interact, escape or reach energy cut-off (Ferrari & Sala, 1998). In 

FLUKA, the GINC-modelling proceeds until all individual nucleon excitation energy falls below 50MeV 

and is followed by the pre-equilibrium stage described a few paragraphs below.  

For particle energies above 20TeV (>20TeV) the hadron-nucleus (and nucleus-nucleus for E >5 GeV/n) 

initial interactions are handled by an interfaced model called DPMJET-III (Dual Parton Model and 

JETs)(Capella, Sukhatme, Tan, & Tran, 1994). DPMJET works as event-generator for simulation of high 

energy nuclear interaction based on the fundamental idea, as in Glauber-Gribov theory, that hadron-

nucleus or nucleus-nucleus interaction can be expressed in terms of individual hadron-nucleon or 

nucleon-nucleon interactions. The interface with FLUKA is built so that FLUKA requests the 

interaction to take place and DPMJET returns the excited pre-fragments and additional secondary 

particles. These are picked up by FLUKA and initiate the following pre-equilibrium and de-excitation 

processes in PEANUT.  

2.3.5.2 Nucleus-Nucleus Cascade 

For heavier ions (Z>1) the nucleus-nucleus (A-A) interactions are handled by different models. For 

initial energies around those applicable for ion therapy the interactions are modelled by the 

interfaced version of rQMD-2.4 (100 MeV/n<E<5 GeV/n)(relative Quatum Molecular Dynamics 

Model) (Battistoni et al., 2007; Sorge & Stiicker, 1989) as no FLUKA inherent model for this energy 

region exists as of yet.  

The QMD approaches are viable for modeling A-A reactions and the interaction approach is similar to 

that of classical INC. However, it holds advantages over the INC through its dynamic modeling of the 

nuclear field among the nucleons taking part in the interaction (Fasso et al., 2003) and describing 

each nucleon in form of a Gaussian wave function. The interfaced version connected to FLUKA 

includes modifications in the original code to address some issues. The original code does not 

identify nuclei in the final state and cannot further process their de-excitation through processes like 

evaporation and fragmentation. Remaining pre-fragments from rQMD are therefore handled by the 

PEANUT de-excitation models (Böhlen, 2012).  

For energies below 0.1 GeV/n (<0.1 GeV/n) the initial stages of nucleus-nucleus interactions are 

modelled by the BME (Boltzmann master equation) theory (Cerutti et al., 2006). Cross sections are 
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sampled from interpolated solutions to the BMEs in order to avoid the computation intensive 

integrations otherwise required. For ranges that are not covered by the interpolations, the 

interaction is instead handled by the PEANUT model. 

The heavier ions with energies above 5 GeV/n (>5 GeV/n) are modelled by the same model as for 

high energetic hadronic interactions, namely the DPMJET-III (Capella et al., 1994) as depicted earlier.  

2.3.5.3 Pre-equilibrium emission 

The pre-equilibrium stage takes place when the cascade step is completed and all resulting non-

nucleon particles have been emitted. This stage includes a redistribution of excitation energy among 

the nucleons which increases the number of excitons and consequently reduces the excess energy 

carried by each of them (Ferrari & R. Sala, 2002). The result is emission of nucleons and light 

fragments (A<5) (Böhlen, 2012). The pre-equilibrium stage ends when the excitation energy in the 

compound is approximately even distributed and all particles but nucleons have been emitted (Fasso 

et al., 2003). 

2.3.5.4 De-excitation through evaporation, fragmentation and fission 

The pre-equilibrium stage is followed by the de-excitation stage in which the nucleus is assumed to 

be at equilibrium as the remaining excitation energy is shared by a large number of nucleons. The 

remaining excitation energy defines a thermally equilibrated system with capability to evaporate its 

nucleons, entire fragments or photons (Ferrari & R. Sala, 2002). Given enough mass (Z>70), the 

nucleus can even undergo a fission process. All these processes are caused by the nucleus energy 

dissipation process in order to return to a non-excited state. For light nuclei in FLUKA (A<18), these 

processes are governed by the Fermi break-up model (Fermi, 1950) which describes the process of 

light nuclei breaking into two or more fragments. The probability of a certain de-exciting event is 

dependent on particle mass, spin, kinetic energy, nuclear level densities and Coulomb barrier (taken 

into the consideration by the inverse process cross section) (Ferrari & R. Sala, 2002). The stage ends 

when the nucleus reaches its ground state. 

The models implemented in FLUKA have been subject to extensive validation and benchmarking 

(Sommerer et al., 2006).  
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2.4 Analytical Dose Calculation Methods 

Analytical algorithms are generally tailored to fit a specific therapy modality, ion species or beam 

line. Today, the most commonly used analytical doe calculation method for ion therapy dose 

calculations in treatment planning systems is the pencil beam algorithm. The following description is 

accurate for pencil beam scanning (PBS) treatment methods, and is based on the proton dose 

calculation algorithm used in RayStation 4.7 (RSL, 2014).  

The pencil beam model rests on the concept of multiple identical narrow pencil beams composing 

the broad beam leaving the beam line. The individual pencil beams are a mono-energetic, mono-

directional and originating from a point source. The cylindrical coordinate system used to describe 

the particle transport is presented in figure 2.4.  

 

Figure 2.4 Schematic representation of spatial and angular distributions in the pencil beam model 

The classical Boltzmann equation describes the motion of particles movement in a medium. Fermi-

Eyges theory, FE, was developed as a solution to the Boltzmann equation under the assumption that 

the projectiles only scatter with small angles (Fermi, 1940; Eyges, 1948; Yang, 1951) The modern 

version of the Fermi-Eyges approximation is valid for a particle beam of any radial or angular spread 

and accounts for energy loss and range straggling. However, FE assumes the particles to be Gaussian 

distributed in both lateral and directional space, omitting the non-Gaussian tails which are present in 

multiple scattering. The Fermi-Eyges transport is characterized by the following set of equations 

(Hollmark & Uhrdin, 2004): 

 

  ̅̅ ̅       ̅̅ ̅    ∫          

 
   (eq. 2.11) 
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Where T is the scattering power along the transport step z, given by equation 2.5.   ̅̅ ̅ is the angular 

variance,   ̅̅ ̅ is the spatial covariance and   ̅̅ ̅ provides the spatial variance. These spatial-angular 

moments, {  ̅̅ ̅,   ̅̅ ̅,   ̅̅ ̅},  define the spatial and directional distributions of the beam particles at a 

certain depth, z (RSL, 2014). z’ is an integration variable along the z-axis. 

The increased dose distribution, especially in lateral direction, due to secondary particles give rise to 

a phenomenon can be referred to as the nuclear halo. There is no straight forward way to account 

for the nuclear halo in a pencil beam model due to the non-Gaussian dose distribution they present. 

However for protons, this phenomenon can be approximately modelled ad hoc with the application 

of a second Gaussian with parameters based on Monte Carlo simulations or experiments (Soukup et 

al., 2005). 

In order to calculate dose correctly, the TPS includes models of actual treatment machines. These 

machine models include beam model parameters which primarily define the initial beam energy 

spectrum, initial spatial-angular distribution moments {  ̅̅ ̅,   ̅̅ ̅,   ̅̅ ̅} in the isocenter, number of 

particles per monitor unit (MU) and the effective focal points of the scanning magnets (RSL, 2014).   

The actual dose calculation is based on a factorization of particle fluence, Φ, and integrated depth 

dose, IDD, components. This calculation is done for each individual pencil beam according to 

equation 2.14. 

 

                         (eq. 2.14) 

 

Where z is the longitudinal coordinate and r is the radial coordinate in lateral direction. The 

integrated depth doses are scaled to comply with stopping power and density of the target material. 

The reference integrated depth dose curves are retrieved from Monte Carlo simulations in water for 

the relevant energies. In order to obtain the correct IDD for nominal beam energy, superposition 

takes place in which the primary energy spectrum is used to weigh the contribution from each of the 

involved IDDs. 

It should also be noted that the pencil beam dose calculations rely on the infinite slab approximation. 

This means that the patient is assumed to consist of semi-infinite layers with equal material 

composition extended orthogonally to the central beam axis. In effect this gives the pencil beam 

perfect symmetry in lateral direction (RSL, 2014). One way of reducing the error from the infinite slab 

approximation is using multi tracing.  

Multi tracing includes dividing a large pencil beam into a discrete number of sub-pencils. The actual 

sub-pencil separation can be performed differently. Soukup et al. (2005) implements a rectangular 

grid while RayStation implements separation in concentric circles (RSL, 2014), each one containing a 

Gaussian distributed fluence. The spatial fluence from the sub-pencil distribution can then be 

described by equation 2.15. 
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               ∑                √  
 ̅̅ ̅

     (eq. 2.14) 

 

In which G is the Gaussian distribution in cylindrical coordinates centered around the coordinates 

{     }. √  
 ̅̅ ̅ defines the standard deviation of the sub-pencil distribution and     is the sub-pencil 

specific weighting factor. The multi tracing algorithm includes calculation of the weighting factor, 

size, position and direction spread of each individual trace (RSL, 2014).   
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3 Project I: Benchmarking the use of FLUKA with experimental data 

for fragmentation processes in carbon ion therapy 

3.1 Introduction 

3.1.1 Background 

When discussing multi-purpose Monte Carlo codes such as FLUKA they are not normally put up as 

candidates for treatment planning since they are too time consuming. However, as was briefly 

mentioned in the theoretical background, they can be used to generate data which can be used as 

input in analytical dose calculation algorithms (Parodi et al., 2009). This means that the dose 

prediction becomes heavily dependent on the accuracy of the models implemented in the chosen 

transport code. Hence, before the code can be put to use in a clinical environment as part of a dose 

engine or as a validating tool it needs to be benchmarked.  

One straight forward method for benchmarking is comparing data acquired from simulations with 

experimental results for equivalent setups. Another approach is validation through comparisons with 

other already validated Monte Carlo codes. Examples of multipurpose transport code benchmarking 

using these techniques are found in (T. Böhlen, Cerutti, & Dosanjh, 2010; Hultqvist & Lazzeroni, 2012; 

Robert et al., 2013).  

FLUKA has been heavily benchmarked and validated for many different applications (Battistoni et al., 

2007). Specifically for application in ion therapy, fragmentation and transport of secondary charged 

particles studies show generally high agreement between FLUKA and experimental data (T. Böhlen et 

al., 2010; A. Mairani, 2007a; Sommerer et al., 2006). 

The approach used in this project aims to validate the use of FLUKA with experimental data for high 

energy carbon beams and hence provide additional decision basis for deeming FLUKA appropriate for 

continued internal use. Interest is also raised as the newer version of FLUKA has not yet been 

evaluated in the same extent as the older ones.  

This part of the thesis shows the current performance of the FLUKA (version 2011) inelastic nuclear 

reaction models  as compared with the experimental results (Haettner, 2006). FLUKA benchmarks 

based on the same experimental results was presented by Böhlen et al. (2010) and Mairani (2007b).  

3.1.2 Aims 

As data retrieved from FLUKA simulations is to be used clinically, there is need for internal validation 

of the code for high energy carbon beams. This part of the thesis aims to 

 Validate that FLUKA is used in a correct way 

 Provide results and experience that can be used as decision basis for further use of FLUKA 

 Increase the internal knowledge of FLUKA 

Internal herein refers to position and setup specific to RaySearch Laboratories.  

3.1.3 Study Approach 

The study approach in this project consisted of first constructing a simulation setup equivalent to the 

one used in the experiments and subsequently running simulations with scoring techniques tuned to 

correspond to the actual measurements. 
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3.1.4 Delimitations 

This project was delimited to only look at characteristics of secondary charged particles produced by 

a mono energetic carbon beam in a water phantom. Also, in order to match the experimental 

measurements, the scoring used in the simulations had to be somewhat limited in terms of accepted 

particle angles and therefore the integral yields do not match the total fragment yields. The beam 

source used in the simulations was kept as simple as possible and does not accurately depict the one 

used in the experiments. 
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3.2 Brief Description of Experiments 

Extensive experimental measurements on the fragmentation of 400 MeV/u 12C ions in a water 

phantom with alternating thickness were performed by Haettner (2006) and Haettner et al. (2006). 

These experiments aimed to provide characteristics for the primary ion beam and for secondary 

charged fragments. Beam characteristics were investigated by measuring depth dose curves and 

analyzing the Bragg-peaks of two 12C beams of different energies (200 MeV/u and 400 MeV/u) and 

the fragment production was investigated by measuring fragment angular yields. Main focus was put 

on fragment angular distributions, charged fragment build-up curves, i.e. fragment yield as a function 

of depth, and fragment energy spectra. 

The experiments were carried out at GSI in Darmstadt, Germany, on two separate occasions in 2005.   

3.2.1 Experimental Setup 

The following experiment description for fragment characterization is based on Haettner (2006). 

The experimental setup for the measurement of fragment yield is displayed in figure 3.1. The setup 

included three detectors.  

Following the beam direction downstream from the beam exit a veto and start detector were 

positioned. The veto and start detector were of the same type (1.5 mm scintillator) but filled 

different purposes. The start detector counted the number of particles passing through, while the 

veto detector was used to discriminate between the particles aimed at the target and the particles in 

the beam halo. The veto detector was thereby acting in an anti-coincidence mode. The start detector 

was followed by the target water phantom and approximately three meters downstream from the 

phantom, a H1 detector was mounted. The H1 scintillator (40x40 mm2) detector with crystal 

thickness 4.6 mm in the first set of experiments and a 10 mm crystal in second was used to detect 

energy loss.   

 

Figure 3.1 Sketch of the experimental setup as put together by Haettner (2006). The dimensions are not to scale. 

As shown in figure 3.1, the water thickness in the phantom could be varied by changing the length of 

the air filled cavity inside the phantom and by moving the detector in lateral direction the detection 

angle was changed. The H1 energy loss detector was mounted on a linear drive enabling lateral 

movement and thereby enable measurements to be taken from -1o to 10o relative the beam 

direction. Important to note is also that the H1 detector was slightly rotated to always keep the 
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detector surface perpendicular to the angle relative the beam direction, i.e. perpendicular to 

particles emerging from the target center. For the purpose of these experiments seven different 

thicknesses were chosen at certain depths in relation to the Bragg-peak. Two depths in the depth 

dose plateau, three in close proximity to the Bragg-peak and two at depths beyond the Bragg-peak.  

3.2.1.1 Detection Technique 

In order to measure the number of different fragments produced, the system was set up to detect 

time of flight (TOF) and energy loss (ΔE). The time-of-flight measuring setup consisted of the start 

detector triggering the time measurement and the H1 detector at the end stopping the time 

measurement. The H1 detector also measured the energy loss. The time-of-flight (TOF) and energy 

loss were then plotted against each other and the correlation between the two was then used to 

identify the different detected particles (without isotopic resolution). Particles of the same charge 

end up forming streaks or elongated islands when put in this representation. Counts in each of these 

islands correspond the number of detected fragments of that type. In order to analyze and evaluate 

each ion individually the ion regions in the plot were setup as different gates enabling analysis of the 

event inside that region separated from the others. This provided energy loss and TOF plots for 

individual fragment types. These so called gates were defined by hand and varying the shape and size 

of the gate was observed to vary to number of detected particles.  

The figure below shows the TOF plotted against the energy loss and the ion groups (regions) are 

clearly visible in the shape of long streaks or elongated islands. The yield is defined as the ratio 

between number of fragments and the number of primary particles. In figure 3.2 the energy 

dependence on mass is clearly visible. It should however be noted that according to theory the 

energy loss is proportional to the atomic number squared. This is clearly not the case in the figure 

and the disagreement is due to quenching in the detector (Birks, 1951). Quenching refers to all de-

excitation occurring in the detector without radiation emission, i.e. heat. 

This method for ion identification is not perfect since the incident carbon ions are not always well 

separated from the secondary fragments and this will in case of overlap lead to an erroneous number 

of counts in the assumed ion spot. This is referred to as masking. Masking issues were prevalent for 

small angles and before the Bragg-peak where the carbon ion intensity was still very high. Masking 

effect is most apparent for heavier fragments such as beryllium and boron as they are closer to 

carbon when using this detector technique. To limit this effect the incident beam intensity had to be 

reduced, which increased the collection time in order to get statistically valid data. It should also be 

noted that ions hitting the scintillator edge deposit only a part of their incident energy leading to a 

false count and can also be viewed as a kind of masking. The impact of masking effect on the 

experimental results is discussed by Haettner (2006). Another downside of this identification method 

is the inability to resolve different fragment isotopes.  
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Figure 3.2 Fragments were differentiated in two dimensionsand countedby defining gates for each fragment, without 
isotope discrimination. 

3.2.2 Fragment Yield Measurements and Data Processing 

Angular fragment distributions were measured at seven water thicknesses over angles -1o to 10o.  The 

main feature for the fragment angular distribution is the falloff from the initial yield at 0o to very low 

yields after only a few degrees. Generally it can be stated that secondary charged fragments are very 

forward directed and that the width of the angular distribution is dependent on the element. The 

lighter fragments are produced with larger ejection angles and are scattered the most. The angular 

distributions are provided in fragments per primary particle per steradian. 

The statistical errors for measuring the angular fragment yield were small compared to the errors 

due to issues in the fragment identification process and masking effect, especially for small angles 

and low water thickness were carbon ions were still observed in large numbers. The effect from 

varying the size and shape of the gate was assumed as the error for each measurement point. 

The fragment build-up curve is the fragment yield as a function of depth. In the experimental setup, 

briefly described above, there was no direct way to measure the fragment build-up directly. The 

build-up curves for fragments within the angle interval 0o to 10o were calculated by numerical 

integration of angular yields according to equation 3.1. 

 

       ∫ ∫                  ∫             
 

 

 

 

  

 
 (eq. 3.1) 

 

Where f( ) is the angular distribution defined as the number of fragments per primary particle per 

steradian.  

The main feature of the fragment build-up curve is increased yield as the depth increases up until the 

Bragg-peak around which the maximum yield lies. After the Bragg-peak the build-up seizes and the 

fragment yield instead starts to decline. The rate of declination is dependent on the fragment type. 
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Since the fragment yield was not measured directly but calculated through integration of the angular 

yields, the error of the fragment yield is highly dependent on the uncertainties in measuring the 

angular yields. The ejection angle interval contributing the most to the total yield was determined. 

This interval was obviously different for different fragments and thicknesses. In most cases this angle 

interval center angle was found between 1o and 2o (Haettner, 2006). The error for fragment yield was 

assumed to be the same as the error of the corresponding angular yield at that maximum yield angle. 

Using the gating technique briefly described earlier, each region could be analyzed individually and 

TOF data was extracted to provide for the energy spectra calculations. According to the energy 

relations for relativistic particles in equation 3.2, the kinetic energy of individual fragments could be 

determined.  

 

        
           (eq. 3.2) 

 

         
   (eq. 3.3) 

 

Putting these equations together and solving for the kinetic energy. 

 

                 
  (

 

√    
  )   

  (eq. 3.4) 

 

Equation 3.4 gives the kinetic energy of the particle where m0 is the rest mass of the particle, c is the 

speed of light and β is the speed of the particle in terms of speed speed of light. Using data from the 

geometrical setup, TOFtotal and calculations (TOFC) from the GSI code ATIMA (Weick, 2014) the β 

could be calculated according to equation 3.5. 

 

  
 

                
 (eq. 3.5) 

 

This method for acquiring kinetic energy of fragments builds on two assumptions. It assumes that the 

fragment origin is in the center of the target volume and that the fragments lose no energy from 

creation to detection as the velocity is assumed constant from creation to detection.  
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Figure 3.3 The time-of-flight measuring setup with the assumed fragmentation site in the target center. Note that the TOF-C 
is not measured but calculated using the GSI code (ATIMA). 

As the spectra from the experiments were calculated from TOF-data, the energy resolution is 

correlated to the temporal resolution. The temporal resolution depends on the experimental setup 

and primarily on the electronics. For the setup used by Haettner (2006) the temporal spread 

assumed as a Gaussian distribution and the FWHM value was found to be (Δt) 0.53 ns giving a 

standard deviation (single σ) of 0.23 ns. The energy error due to the temporal resolution was 

calculated using equations 3.5 and 3.4 and presented in all spectra.   
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3.3 Methods 

Here follows a description of how the simulations were carried out and how the results were 

processed. For details on the different FLUKA cards mentioned by name (identified by upper case 

letters) the reader is encouraged to seek information in (Ferrari et al., 2005). 

3.3.1 FLUKA Physics and Settings 

As mentioned earlier, FLUKA is a multi-purpose MC code. For the purpose of radiation therapy the 

default was set to HADROTHErapy which provides the general options for therapeutic ion transport 

(Ferrari et al., 2005). These options include a particle cut-off at 100 keV, low-energy neutron 

transport is activated and delta ray production is implemented. More details on the default settings 

can be found the theory section. 

A mono energetic carbon beam of 400 MeV/u was used for all simulations. Also, the beam was set up 

as parallel and originating from a point. These settings were chosen to keep simulations simple. 

3.3.2 FLUKA Geometry and Materials 

The geometry constructed for simulations was kept as simple as possible and consisted of seven 

consecutive cylindrically shaped water slabs (RCC) with different thickness and radius 10 cm. 

Surrounding this target geometry was a rectangular parallelepiped filled with vacuum and all of it 

placed in a “blackbody box” consisting of black hole, as required for the simulations to run. The water 

cylinder thicknesses were chosen to correspond those used in the experimental setup. The carbon 

beam originated one tenth of a millimeter from the surface of the water phantom and is directed as 

shown in figure 3.4. 

 

Figure 3.4 Geometrical setup for FLUKA simulations. The left part showing the setup from the side where the cylindrical 
target slabs are represented as rectangles. The right part shows the cross section of the setup with the star in the center of 
the target representing the beam line axis. The sketch dimensions are not to scale.  

Note that this geometrical setup and detection inside the water volume at certain depths disregards 

the particle attenuation in air which occurs on both sides on the water phantom in the experimental 

setup, with a total of around 3,5 meters of air distance travelled.  
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3.3.3 FLUKA Biasing and Scoring 

The intersecting areas between the water slabs were used as planes for the scoring at different 

depths. The yield at the highest depth, at the end of the water phantom was scored in the 

intersection between the last slab and the surrounding vacuum void. The scoring was setup to score 

the different fragment types separately and without isotope resolution. 

3.3.3.1 Fragment Angular Distribution 

The scoring option used for fragment angular distributions was set up to accept a large energy 

interval and angles between 0O and 10O. The angular interval was separated into 20 different bins 

with a bin size of 0.5O. One scoring card for each slab intersection plane and each fragment was 

included in the simulations input. The fragment discrimination was set using the AUXSCORE card to 

separate the fragments with regards to their atomic number. No discrimination was set for the mass 

number as the scoring needed to include all isotopes of a certain fragment. The double differential 

output data was integrated over the single energy bin width to provide the angular yield per solid 

angle. 

3.3.3.2 Fragment Build-Up 

For fragment build-up the scoring option was also set up to accept a large energy interval and angles 

between 0o-10o. However, data for both intervals was gathered in one single bin. One scoring card 

per water thickness and fragment type was used. Fragment discrimination was performed with the 

AUXSCORE card. The double differential output data was integrated over the angle and energy 

interval to provide the actual fragment yield as number of fragments per incident particle.  

3.3.3.3 Fragment Energy Spectra 

In order to provide data for fragment energy spectra, fragment yields were scored in multiple small 

angular intervals as defined by the experiments. Each angular interval contained a large number of 

bins for scoring fragment energy. 

The ejection angles 0o, 2o, 4o, 8o were chosen and assumed to represent the angle at which the 

center of the detector was positioned. The interval surrounding the detector center angle was 

defined by the detector size and the actual distance from the detector to the assumed position of the 

fragment producing event. The angular intervals are defined as the angles between θ1 and θ2 for a 

certain center angle θ. 

 

Figure 3.5 Schematic description of detected ejection angle intervals. The figure is not to scale. 
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The energy intervals were defined differently depending on fragment atomic mass. One scoring card 

for each fragment type and ejection angle and water thickness was used. The output from this 

scoring method was the fragment yield per projectile per energy per solid angle.   

This simulation setup did not reproduce the TOF-detection technique used the experiments and this 

may have influenced the agreement between simulation and experimental data, this is discussed 

further on. Also, due to the inability to discriminate between charged particle isotopes the mass used 

to calculate the energy per mass was chosen as standard atomic mass weighing the different isotope 

masses according to their inherent natural prevalence.  
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3.4 Results and Discussion 

Here follows the results from a comparison of simulated fragment yields with corresponding 

experimental data from Haettner (2006) for different fragments. Simulations for all relevant 

phantom thicknesses and angles were performed and plotted against experimental data from 

Haettner (2006). The complete set of plots can be found in appendix XX. For the purpose of analysis 

of the results, the depth 15.9 cm was chosen to represent a position before the Bragg-peak and the 

depth 27.9 cm represents a position after the Bragg-peak. 

All vertical error bars refer to the estimated systematical due to the difficulties experienced with 

particle identification. This estimation was provided by manually varying the size of the so called 

particle gates in the energy loss – time of flight plots. 

3.4.1 Setup verification 

As a first step in the verification process the depth dose curve was simulated in FLUKA to confirm 

correct geometrical setup and FLUKA parameters. This is displayed in figure 3.6 together with the 

relative energy deposition from different fragments at depths below the Bragg peak. 

3.4.2 Fragment Angular Distribution 

Figures 3.7 and 3.8 show the fragment angular distributions at two different depths for all the 

investigated fragment types. The figures show that the angular distribution width is dependent on 

fragment mass and decreases with increasing mass. For the lighter fragments H and He, the 

distributions extend to angles greater than 10o while the heavier fragments are kept well within 10o 

and get increasingly forward-directed. Also, with increasing target thickness the distributions are 

widened due to multiple scattering of both the primary carbon ions and the secondary charged 

particles.  

The overall agreement between FLUKA and the experimental data is high. However, for depths 

before the Bragg-peak there is a slight under estimation of the yield for larger angles, the exception 

being hydrogen, as also noticed by Böhlen et al. (2010). Distributions for the four measured depths 

Figure 3.6 FLUKA simulated depth dose curves for a 400MeV/u 
12

C beam in water. The left plot shows the relative depth dose 
along the whole geometry thickness. The right plot shows the relative dose curves after the Bragg-peak until the target exit. 
Here also the contributions from different fragments are presented. The ionization is presented relative the initial depth dose 
plateau. 
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after the Bragg-peak show high agreement with experimental data and the phenomenon with 

underestimating for larger angles is not as noticeable, which can be observed in figure 3.8.  

For heavier fragments at a larger angle there is a slight inconsistency in the simulated data. This is 

caused by the small number of fragments scattered with a greater angles (>6o) and more noticeable 

for heavier fragments, as they are more forward-directed and scattered less. These results would 

stabilize from using a higher number of followed primary particles in the simulation. The results are 

considered to provide enough detail to give the general feature of the curve. 

 

Figure 3.7 Fragment angular distributions for all fragment types within angles 0
o
-10

o
 at thickness 15.9 cm. Simulated data 

presented as a stepped line (corresponding to the bin size) and experimental data as dots. The vertical error bars show the 
estimated systematical error from the fragment identification process. The yield is defined as the number of fragments per 
projectile per steradian.   
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Figure 3.8 Fragment angular distributions for all fragment types within angles 0
o
-10

o
 at thickness 27.9 cm. Simulated data 

presented as a stepped line (corresponding to the bin size) and experimental data as dots. The vertical error bars show the 
estimated systematical error from the fragment identification process. The yield is defined as the number of fragments per 
projectile per steradian.   

Figure 3.9 displays the angular yield of hydrogen at a low depth (5.9cm). For small angles there is 

disagreement between experimental data and simulation. This level of disagreement is not observed 

for any other fragment type for this small angle. This discrepancy is most presumably due to 

uncertainties in experimental data. The uncertainty in the measurements for low angle hydrogen 

fragments is much higher than for other fragment types. Also, the thin scintillator detector could be a 

reason for this (Haettner, 2006).  
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The masking effects are as mentioned earlier higher for low angles and low depths and for 5.9 cm 

depth there is a complete overlap of fragments and carbon ions making the extraction of correct 

yields from the detection plots very difficult and results in high experimental uncertainties. This 

effect should be present for all fragment types at small water thicknesses.  

 

Figure 3.9 Fragment angular distribution for hydrogen at 5.9 cm. The plot shows high disagreement between the FLUKA 
simulation and experimental data for small angles. 

3.4.3 Fragment Build-Up 

Figure 3.10 shows the fragment yield per primary carbon ion over depth in water from simulations in 

FLUKA and from experiments for all fragment types. The main feature of the build-up curves is a 

steady increase in yield until the depth around the Bragg-peak (marked as a dashed line) where the 

yield of all fragments start decreasing, due to the lack of carbon ions able to produce more 

fragments. It is clear that the slope of the decreasing yield depends on the fragment type. The 

heavier the fragment, the steeper the slope is. This can be explained by the heavier fragments being 

involved in further fragmentation processes after the Bragg-peak which gives rise to fragments with a 

lower atomic number. Also, the increased range of the lighter fragments adds to this effect. 

In the experiments, the cut off angle for the angular distribution measurements was 10o as 

mentioned earlier. This does not have a significant impact on the build-up curves for heavier 

fragments such as lithium, beryllium and boron where the number of particles above 10o is 

negligible. However, for the lighter fragments, hydrogen and helium, where the number of particles 

with ejection angles above 10o is not negligible, the plots presented in figure 3.10 cannot be 

considered as complete build-up curves. By defining a wider scoring angular interval in FLUKA (e.g. 

the full downstream half plane) the full build-up curve would have been obtained but this was not 

simulated as the aim of the study was to show FLUKA performance compared with the experimental 

data. 

For hydrogen the simulation fits the experimental data well with a maximum disagreement of 

roughly 10% for the later data points around and after the Bragg-peak. Note that there is one data 

point missing (set to zero) for hydrogen at 28,8 cm where the hydrogen ions could not be 

distinguished due to limitations in the thin scintillator detector (Haettner, 2006). The simulated build-

up for helium follows the experimental data in the same way as hydrogen with very good agreement 

at lower depths and about 10% disagreement around and after the Bragg-peak. Simulated yield of 

lithium fragments show the biggest disagreement with experimental data, as the simulated data 
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displays as high as 30% underestimated yield at some depths. According to Böhlen et al. (2010) this 

large difference is not present when studying lithium production cross sections which could indicate 

that this discrepancy can be explained by uncertainties in the experimental data. For the heavier 

fragments, beryllium and boron, the simulated yields are within experimental error. 
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Figure 3.10 Fragment build-up curves for all fragment types. Note the different yield intervals (ordinate limits) for the 
different fragment types. The vertical error bars show the estimated systematical error from the fragment identification 
process. The yield is defined as number of fragments per incident projectile. 
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3.4.4 Fragment Energy Spectra 

The features of the yield over fragment energy curves, energy spectra, are more complex than the 

other yields discussed in this study.  

Note, for the thinnest water thickness, the peak energy is close to the incident particle energy, 350 

MeV/u. This is why for small angles, the data is almost completely drowned in carbon yield and the 

spectra are chosen not to be included among the results in (Haettner, 2006). With increasing target 

thickness the incident particle energy decreases but can still be seen in some of the plots as a sharp 

peak in the experimental data for small ejection angles. This is thoroughly discussed by Haettner 

(2006). 

Generally the agreement between simulations and experimental results is high. The energy spectra 

are broad and the lighter fragments reach higher energies than the heavier in terms of energy per 

fragment mass.  The spectra show a rather peaked appearance for fragments with direction along 

the beam axis (ejection angle 0o) and become broader with a less pronounced peak as ejection angle 

increases. This agrees with the observations in the angular distributions that for increasing angles the 

yields decrease rapidly and as previously noticed, a higher relative yield from larger angles is present 

for lighter fragments while for heavier fragments there is hardly any yield for angles greater than 4o. 

Also, as target thickness increases, the spectra differentiate and the peak energy shifts to a lower 

energy. This can be explained by the gradually reducing energy of the carbon ions. This limits the 

energy that can be transferred to secondary fragments. All these features are clearly visible in the 

simulation results. However, there are discrepancies that need to be considered. 

At water thickness 27.9 cm displayed in figure 3.11 two types of disagreement can be identified.  

First, for hydrogen at angles 2o and 4o there is an observed higher yield in experimental data than in 

the simulations, in the order of 20%. As this thickness is larger than the Bragg-peak depth the 

remaining carbon fluence is very low and cannot be accounted as the reason for this discrepancy. 

Second, a slight systematical shift in energy between simulations and measurements can be 

observed. The severity of this shift increases with increasing target thickness implying that it might 

be caused by limitations in the TOF measuring technique. The dependence on target thickness is due 

to the assumption that the fragmentation process occurs in the center of the target, which is 

increasingly inaccurate with a thicker target. Also, the energy shift is most prominent when looking at 

the higher energy side of the spectra which implies that the time resolution also contributes in 

explaining the discrepancy as the error due to time resolution increases with higher energy. This also 

makes the high energy side of the spectra more sensitive to possible errors in time detection 

calibration. 

Again the impact from experimental uncertainties should be stressed. The measurements were taken 

in two sessions and there is a systematic shift in energy between them which, according to Haettner 

(2006), could possibly be explained by a time detection calibration error. 
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 Figure 3.11 Energy spectra for target thickness 27.9 cm for Hydrogen at angles 2
o
 and 4

o
, helium at 2

o
and 4

o
, lithium at 0

o
 

and 2
o
, beryllium at 0

o
 and boron at 0

o
. Note the differences in ordinate and abscissa limits for different fragment types. The 

yield is defined as number of fragments per primary per MeV/u per steradian. FLUKA simulation shown as a stepped line and 
experimental data shown as points connected with a dashed line. The vertical error bars show the estimated systematical 
error from the fragment identification process and the horizontal bars show the time resolution error. 



 

51 
   
 

3.5 Conclusion and Remarks 

FLUKA simulations are able to reproduce experimental data for fragment production and transport 

with good results. There are however discrepancies which need to be evaluated. The angular 

distributions were reproduced well with the exception of a slight underestimation of yields for angles 

above 3o for fragment heavier than hydrogen. Also, among the integral yields at different water 

phantom depths there were some discrepancies with magnitudes around 10-20%. The shape of the 

energy spectra are reproduced well for high contributing ejection angles. Similar conclusions are also 

drawn by Böhlen et al. (2010). 

Especially important to address are the impact from such discrepancies on clinical application. Since 

up to 40% of the dose delivered by light ion therapy is accounted for by fragments (Kempe et al., 

2007) the models for fragmentation and fragment transport heavily influence dose deposition. This 

becomes particularly important when discussing relative biological weighted dose since differences 

in RBE from different fragments can be large. For example, if the physical models underestimate the 

yield of secondary protons exerting low RBE and instead assume that this dose is delivered by 

primary carbon ions with high RBE this would give an overestimation of the total RBE weighted dose. 

In order to improve the nuclear interaction models implemented in the Monte Carlo codes there is a 

need for large scale, high quality experimental measurements of the fragmentation processes. 

The general agreement with experimental data presented here and the close agreement between 

the results in this work and the work of Böhlen et al. (2010) and Mairani (2007b) provide evidence 

for that FLUKA is set up and used in a correct way. Also, this study has provided experience in the use 

of FLUKA simulations and has shown that experimental setups and measurements can be reproduced 

using predefined geometry objects and scoring techniques. 

These conclusions combined imply recommendation for a continued internal use of FLUKA for ion 

therapy related purposes.  
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4 Project II: Evaluation of the Dose Contribution from Inelastic 

Nuclear Scatter in the Ion Monte Carlo Algorithm PRONTO 

4.1 Introduction 

4.1.1 Background 

Proton therapy offers a radiation therapy modality different from the conventional photon therapy 

as explained in the thesis introduction. The advantageous depth dose observed for protons 

compared with photons offers capabilities to deliver a more precise dose to the target whilst sparing 

the surrounding healthy tissue. However, the steep dose gradients that enable this dose delimitation 

to surrounding tissue also presents a risk for severely over radiating surrounding tissue, potentially 

OAR, if the dose prediction would be miscalculated in any direction. Therefore, it is of great 

importance that dose calculating algorithms for proton therapy are highly accurate.  

This part of the thesis investigates the nuclear inelastic scattering production process and dose 

contribution from secondary particles in the ion Monte Carlo code PRONTO. PRONTO is currently 

under development. 

4.1.2 Aim 

The part of the thesis aimed to: 

 Evaluate the use of ICRU report 63 data for nuclear inelastic interaction modeling of: 

o Secondary proton emission spectra 

o Average fractions of primary proton energy transferred to different secondary 

particles 

 Evaluate the secondary proton sampling algorithm implemented in PRONTO 

 Evaluate the dose contribution from to secondary particles in PRONTO 

It should also be emphasized that the current study does not aim to appraise FLUKA against ICRU 63 

and the comparison should not be considered as a benchmark. 

4.1.3 Study Approach 

The study approach for this part of the thesis was separated into four parts. The first part aimed to 

evaluate the secondary proton emission spectra by comparison with FLUKA simulations. The second 

part aimed to compare the fractions of primary proton energy transferred to secondary particles 

provided in the ICRU report 63 with simulation results from FLUKA. The third part aimed to validate 

the secondary proton sampling algorithm in PRONTO by isolating that part of the code and running 

controlled consecutive sampling and comparing the results with ICRU report 63. This can be 

described as a sort of round-trip test. The final part aimed at evaluating the dose contribution from 

secondary particles in PRONTO by comparing the dose distributions from PRONTO with dose 

distributions from FLUKA simulations.  

4.1.4 Delimitations 

Only data from ICRU report 63 relevant as input from PRONTO was considered for evaluation. Only 

target materials carbon, nitrogen, oxygen, phosphorus and calcium were considered, in accordance 

with their dominating prevalence in human tissue.  
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In the evaluation of the dose contribution from secondary particles, only relative dose to water was 

considered. This severely limited the complexity of the inelastic nuclear reactions as the only target 

material in which heavier secondary particle producing nuclear collisions occurred was oxygen.  

4.2 Brief Description of Involved Parts 

4.2.1 ICRU 63 

The ICRU 63 (International Commission of Radiation Units and Measurements, report 63) was 

published in 2000 and contains nuclear data for application in neutron and proton radiotherapy. 

Purposes for publishing this data included enabling implementations of it in radiation transport and 

dose calculation algorithms and studies on the impact of nuclear interaction processes on 

radiobiological effectiveness. The data published in ICRU 63 is a combination of simulation results 

obtained with the GNASH code (Young, Arthur, & Chadwick, 1996) and results from distinguished 

experiments (ICRU, 2000). Measured data is however only present for neutrons at energies below 20 

MeV. For remaining neutron energies and protons at all energies, the ICRU63 presents an evaluation 

based on simulations with the GNASH code. The report also presents benchmarks in which the 

simulation results are compared with some measurements and based on the results from these 

comparisons, the report concludes by posting a number of recommendations for the use of 

presented data. Effectively, the data presented in ICRU 63 is recommended for use in neutron and 

proton radiation transport algorithms and energy deposition prediction (ICRU, 2000).   

Following the ICRU recommendations, the nuclear fragmentation data from ICRU 63 can be used as 

input for dose calculating algorithms for proton therapy. ICRU evaluation includes nuclear cross 

sections for the production of  the secondary particles neutrons, protons, deuterons, tritons, alphas, 

gamma and recoils (A > 4) in twelve different materials (ICRU, 2000). The materials in focus for the 

present work are carbon, nitrogen, oxygen, phosphorus and calcium. These choices are based on the 

material prevalence in human tissue. Soft tissue mainly consists of the elements hydrogen, carbon, 

nitrogen and oxygen while more calcified tissue, such as bone, also consists of high amounts of 

phosphorus and calcium (ICRU, 1992). 

The ICRU 63 evaluated data are mainly made up by double differential production cross sections 

(d2σ/dEdΩ) for incident proton energies up to 250 MeV. For each discrete incident energy the double 

differential spectra are given for secondary neutrons, protons, deuterons and alpha-particles. The 

spectra are presented as histograms with energy binning with certain widths, slightly different for the 

different target materials. The angular binning is the same for all materials. The nominal angles are 

equidistant (10o) for angles 0o-70o but differentiate for larger angles. In our treatment, the angle 

intervals (bin size) attached to each nominal angle is defined as the distance between the center 

angle between the nominal angle and the lower angle and the center angle between the nominal 

angle and the next angle lower bin limit. 

Also, the average fractions of energy transferred to specific secondary ejectiles in the nuclear 

reaction are provided in the ICRU 63 data, for all secondary particles named above along with tritons 

and recoils (A>4). This value is given as the fraction of the primary particle energy that is transferred 

to the secondary particle multiplied with the secondary particle multiplicity defined as the 

production cross section divided by the total inelastic cross section, according to equation 4.1.  
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  (eq. 4.1) 

 

In which Eavg is the average ejection energy of the secondary particle, Einc is the incident proton 

energy, σprod. is the specific production cross section and  σinelastic is the total inelastic cross section 

(ICRU, 2000). 

4.2.2 PRONTO 

PRONTO is the working title of a Monte Carlo code introduced for dose calculations in treatment 

planning for ion therapy. In a first stage, PRONTO is implemented for protons only but the algorithm 

is intended for use with a wider range of ions. It is based on a voxel geometry concept and is 

applicable in treatment planning for patient models built on CT data. 

PRONTO utilizes a class I/II hybrid transport algorithm separated by a range (energy) threshold. The 

code is in class I mode when the range in water of the followed particle is above a given value and as 

soon as the range becomes shorter than the threshold value, the code switches into class II transport 

mode. The main difference between class I and class II transport is how the energy loss processes are 

grouped together (Berger, 1963). So called catastrophic events are present in the class II algorithm, 

which means that the followed particle may be completely absorbed in an interaction event and be 

removed from the particle stack (Andreo, 1991). Class I transport algorithm instead makes use of 

weighting factors which are applied to each particle involved in interactions after a transport step. 

For the purpose of present work, an experimental non-clinical version of the PRONTO code has been 

implemented in the treatment planning system RayStation. The experimental version of the code 

includes different scoring options for validation purposes. 

PRONTO is founded on sound physical models which are summarized below. 

4.2.2.1 Energy Loss 

The energy loss calculations in PRONTO are based on fast computation of the Bethe-Bloch equation. 

This speeds up the transport process as the energy loss specific to a particle step can be sampled 

instead of calculated in each transport step. 

4.2.2.2 Energy Straggling 

The code uses an energy straggling implementation according to the Bohr Gaussian approximation 

based on the central limit theorem and as explained in ICRU 49 (ICRU, 1993). This approximation is 

accurate for long path lengths. 

4.2.2.3 Multiple Scattering 

For the handling of multiple scattering, the code either uses Goudsmit-Saunderson theory (Goudsmit 

& Saunderson, 1940) or Gaussian-Highland approximation depending on user choice.  

The Gaussian-Highland approximation can be seen as an approximation to Molière theory where a 

Gaussian scattering distribution is used instead of the more detailed Molière theory (Highland, 1975). 

However, the Gaussian distribution lacks the long tails containing probability for large angle 

scattering. 
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4.2.2.4 Source sampling 

The proton source phase space in RayStation is expressed in terms of the  Fermi-Eyges transport 

theory (RSL, 2014) with initial Fermi-Eyges parameters provided in the commissioned beam model. 

This model is used to drive the pencil beam dose engines in RayStation and mentioned in the 

theoretical background. In the case of PRONTO these parameters define distributions from which the 

spatial position, direction of initial particles and initial particle energy can be sampled.  

4.2.2.5 Nuclear Interactions 

PRONTO offers a choice between a set of implemented nuclear interaction models. In this work, only 

models for primary protons are discussed.  

The default is the tailored PRONTO nuclear physics package which includes models for different types 

of nuclear interactions, namely elastic nuclear interactions (with protons and heavier nuclei) and 

inelastic interactions with target materials. For the inelastic processes resulting in secondary particle 

production, the code utilizes tabulated double differential cross section data from an external 

source. The first version uses the data published in ICRU report 63. C++ classes in the PRONTO code 

handle the parsing and data importing for each secondary particle type, target material and incident 

proton energy. The corresponding cross section data are thereafter saved in an alias table for the 

purpose of ejectile angle and energy sampling upon a secondary particle production event. 

The energy and ejection angle of the secondary particle are sampled from the energy and angle 

distribution according to the parsed ICRU 63 cross section data. The actual interaction model is based 

on a lab frame system made up by the incident proton and the target nucleus with an inherent 

energy based on the proton incident energy and accounting for the binding energies of the involved 

parts throughout the reaction process. For the excited system, the probability (i.e. production cross 

section) of ejection of the different secondary particles decides which particle is to be emitted. 

According to ICRU evaluation, roughly 50% of the energy released in proton inelastic reactions is 

transferred to secondary protons (ICRU, 2000). This implies that a significant part is also transferred 

to other secondary particles such as neutrons, deuterons, tritons, alphas, photons and even heavier 

fragments and cannot be neglected. The different secondary particles are easily divided into three 

different groups when investigating their dose contribution. The secondary protons are placed in a 

group of their own as they are assumed to have a non-negligible range and are hence picked up by 

the PRONTO proton transport procedure recursively and handled like primary protons. The 

uncharged secondary particles; neutrons and photons, deposit their energy over large distances and 

their dose contribution in adjacency to the beam can be neglected and they are assumed to escape 

the target volume. The charged particles heavier than protons are harder to account for. They 

normally have short range due to their increased stopping power relative the incident particle. In 

PRONTO, they are assumed to deposit their energy locally and instantaneously, which in effect 

means that they are not transported further from their point of origin. Table 4.1 provides an 

overview of how the different secondary particles are handled in PRONTO nuclear physics. 
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Secondary particle Dose deposition process in PRONTO nuclear physics 

Neutron Escape 

Proton Continued transport 

Deuteron Locally absorbed 

Triton Locally absorbed 

α-particle Locally absorbed 

Recoils (>4) Locally absorbed 

Gamma ray Escape 

Table  4.1 Secondary particle handling in PRONTO nuclear physics. 

The table implies that the only secondary particle whose characteristics need to be properly sampled 

from ICRU cross section data is the secondary proton. The energy fraction that escapes or is locally 

absorbed due to the other fragments can simply be retrieved from the energy transfer fractions also 

provided in the ICRU 63 data library. 

The other active nuclear interaction models implemented in the code are versions similar to the 

PTRAN (Berger, 1993) and the FIPPEL/FIPPEL++ (Fippel & Soukup, 2004) nuclear physics models.  

4.2.3 FLUKA 

FLUKA is the multi-purpose Monte Carlo code as briefly reviewed in the theoretical background. In 

this part of the thesis, FLUKA is used to evaluate the performance of PRONTO and its use of ICRU 63 

evaluation in simulation of nuclear inelastic interactions and the yield of secondary particles.  
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4.3 Methods 

The first part of the PRONTO evaluating process was benchmarking the ICRU evaluation using FLUKA 

in order to verify that ICRU still maintain high accuracy and can compete with the modern physical 

models implemented in FLUKA. This was done in two steps. First, the secondary particle emission 

spectra were reproduced with FLUKA simulations. Second, the average energy transfer to secondary 

particle as a fraction of primary particle energy was investigated. For this comparison it should be 

again noted that the cross section data presented in ICRU 63 is derived from simulations using the 

GNASH code and hence, the comparison presented in this thesis is between two codes. 

In the second part of the PRONTO evaluation, the actual nuclear inelastic scattering mechanisms in 

PRONTO were evaluated. This was also done in two steps. First, the secondary proton sampling 

sequence was evaluated. Second, the actual dose contribution from secondary particles was 

compared with FLUKA simulated dose contributions in a water phantom using an authentic beam 

model. 

4.3.1 ICRU 63 Secondary Proton Emission Spectra Evaluation 

Here the goal was to simulate secondary proton production cross sections in a proton beam. Here 

follows a description of how the simulations were carried out and how the results were processed. 

For details on the different FLUKA cards mentioned by name (identified by upper case letters) the 

reader is encouraged to seek information in (Ferrari et al., 2005). 

4.3.1.1 FLUKA Physics and Setting 

As previously mentioned the overall FLUKA default setting HADROTHErapy was used. This option 

enables important physical models and sets transport thresholds to appropriate levels. More details 

on the HADROTHErapy settings can be found in the theoretical background. For these simulations, 

protons with incident energy 100 MeV were used. The beam was setup as a parallel beam originating 

in a point without any radial or angular spread or divergence. These beam options were chosen to 

make the case as simple as possible and limit the number of error sources. The energy set to 100 

MeV correspond an energy the middle of the ICRU 63 energy range and also correspond to a relevant 

energy layer in proton therapy. It can be argued that the 100 MeV is not the most relevant treatment 

energy but as the total inelastic cross section is highly dependent on incident energy and decreases 

with increasing energy the choice of incident energy in the lower part of the treatment interval is 

motivated in order to reduce simulation times. 

4.3.1.2 FLUKA Geometry and Materials 

Since the emission spectra are given as a cross section in units of millibarn (mb), the simulation 

target needed to be sufficiently thin for the calculations to be relevant. A target thickness of 0.05 cm 

was chosen. The target geometry was defined using a cylindrical slab (RCC) with a large radius inside 

a spherical vacuum void (RSP). The vacuum void was held inside a blackbody volume as FLUKA 

requires.  

One simulation was run for each target material. As stated earlier the material isotopes of interest 

for the scope of this thesis were C6, N14, O16, P31 and Ca40. The materials used for these 

simulations are single-element pre-defined materials inherent in FLUKA. The exact atomic number, 

mass number and densities of these single-element materials can be found in (Ferrari et al., 2005).  
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4.3.1.3 FLUKA Biasing and Scoring 

The short path that the primary protons travel through the target severely limits the number of 

nuclear reactions and also the yield of secondary particles. In order to get statistically valid results, 

within a reasonable simulation time, the simulations were biased using the LAM-BIAS card to provide 

1000 times as many nuclear interaction events. 

In order to score the production and be able to calculate the production cross section of secondary 

protons, the production yield was scored. This was done though the USRYIELD scoring card by tuning 

it to only score particles emerging from inelastic nuclear interactions. In order to reproduce the 

double differential cross sections in ICRU 63, the scored yield needed to be binned for both ejection 

angle and energy. Due to limitations in the USRYIELD scoring technique, multiple cards were 

necessary to cover the whole angular range. One scoring card per ejection angle interval, as defined 

in the ICRU evaluation, each setup with an appropriate number of energy bins over the energy range 

0 to 100 MeV.  

The scoring option in USRYIELD to score cross section was used for all scoring cards. Also, they were 

limited to only score yield from protons.  

4.3.1.4 Simulation Sequence and Result Pre-Processing 

Important to note is that since the simulations were performed for materials with very different 

mean free path for inelastic nuclear scattering, there were large differences in secondary particle 

yield depending on the material. The number of primary particles used for the simulations was 

therefore chosen depending on material in order maintain high statistical while still maintaining 

reasonable simulation times.  

According to Lecher (2013), the resulting simulation output is given as yield*σav and the following 

steps were taken in order to get the actual particle production cross sections. 

 

                                         (eq. 4.2) 

 

                     
     

   
  (eq. 4.3) 

                           (eq. 4.4) 

  
     

   
                     

   

   
  (eq. 4.5) 

 

Where d is the target thickness, λ is the inelastic nuclear scattering length of the target material and 

Nat is the number of atoms in the target compound (in current work Nat is always 1). The inelastic 

nuclear scattering lengths for the different target materials investigated were retrieved from the 

FLUKA simulations output file. 

To add completeness to the comparisons between FLUKA and ICRU 63, not only the double 

differential cross sections were investigated. Also the integrated cross sections over secondary 
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proton energy and cross section over secondary proton ejection angle were calculated by integration 

of the double differential results.  

The results and comparison with ICRU evaluation can be found in the corresponding results and 

discussion section below. 

4.3.2 ICRU 63 Average Energy Transfer Fraction Evaluation 

Here the goal was to score the average energy of the secondary particles produced in a proton beam 

and calculate the fraction of incident proton energy that was transferred in the collision. Here follows 

a description of how the simulations were carried out and how the results were processed. For 

details on the different  FLUKA input cards mentioned by name (identified by upper case letters), the 

reader is encouraged to seek information in (Ferrari et al., 2005). 

4.3.2.1 FLUKA Physics and Beam Settings 

Just as in the previous simulations, the HADROTHErapy default settings were used. The beam was 

setup as a parallel beam originating in a point and without any radial or angular spread or 

divergence. These beam options were chosen to make the case as simple as possible and limit the 

number of error sources. As these simulations aimed to score the average energy transfer fractions 

of incident proton energy, a large number of incident energies needed to be simulated. The ICRU 

evaluation provides average energy fraction data for incident protons up to 250 MeV so the 

simulations were setup to do the same. For energies up to 20 MeV, one simulation was run for every 

1 MeV step (1, 2, 3, ..., 20 MeV) For energies above 20 MeV and up to 250 MeV, one simulation was 

run for every 5 MeV step (20, 25, 30, …, 250 MeV), resulting in 66 discrete energies. The reason for 

having different energy step sizes for the two intervals is that for energies below 20 MeV, the energy 

transfer fractions vary a lot more than what they do for higher energies  (ICRU, 2000). Increasing the 

number of energies investigated here provides higher resolution for identifying fraction fluctuations.  

4.3.2.2 FLUKA Geometry 

For simplicity, these simulations used the same target as in the previous case. The target geometry 

was defined using a very thin cylindrical slab (RCC) with a large radius inside a spherical vacuum void 

(RSP). The vacuum void was held inside a blackbody volume as FLUKA requires. 

Simulations for all the energies were run for each target material. As stated earlier, the materials of 

interest for the scope of this thesis were carbon, nitrogen, oxygen, phosphorus and calcium. The 

materials used for these simulations were single-element pre-defined materials inherent in FLUKA. 

The properties of these single-element materials can be found in (Ferrari et al., 2005).  

4.3.2.3 FLUKA Scoring 

In order to get statistically valid results, within a reasonable simulation time, the simulations were 

biased using the LAM-BIAS card to provide 1000 times as many nuclear interaction events.  

The scoring was done with the USRYIELD scoring card. To enable scoring of all relevant secondary 

particles in the same simulation, one scoring card was inserted per secondary particle. Each of these 

cards was setup to only score yield of one particular particle emerging from inelastic reactions. The 

cards were setup to accept all ejection angles and to score yield in narrow energy bins over a large 

energy interval.  
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The investigated secondary particles were neutron, protons, deuterons, tritons, alpha particles and 

photons. No yield of residual nuclei (recoils) was scored. 

4.3.2.4 Simulation Sequence and Result Pre-Processing 

Just as in the previous case, it was important to notice that since the simulations were performed for 

materials with very different mean free path for inelastic nuclear scattering, there were large 

differences in secondary particle yield depending on the material. The number of primary particles 

used for the simulations was therefore chosen depending on material in order maintain high 

statistical while still maintaining reasonable simulation times.  

From the simulation results, the average ejectile energy was calculated. This average energy was 

thereafter divided by the incident energy to provide the average energy fraction of incident energy 

transferred to the secondary particle in the event that that specific particle was emitted. This 

interpretation did not take the multiplicity of the different secondary particles into account.  

However, the ICRU evaluation does include the multiplicity and in order for the data to correspond 

the simulation results the average energy fractions were divided by the specific secondary particle 

multiplicity, as also provided in the ICRU 63 data.  

The results and comparison with ICRU evaluation can be found in the corresponding results and 

discussion section. 

4.3.3 Secondary proton sampling in PRONTO 

The second part of the PRONTO evaluation process was concerned the inelastic nuclear interaction 

data parsing and secondary proton sampling process and validating them by sampling secondary 

proton characteristics in PRONTO.  

4.3.3.1 PRONTO Physics and Settings 

In order to sample secondary protons in a controlled environment, a certain part of PRONTO was 

setup independently. This independent code included the nuclear physics classes and the sampling 

algorithms.  

Each PRONTO run initiates parsing of the ICRU 63 data and produces emission spectra for all 

materials and all primary proton energies. Each double differential cross section is integrated over 

specific solid angle and energy interval to produce the cross section used for the actual probability 

calculations. The actual cross sections are stored in alias tables to facilitate and speed up sampling. 

Primary proton energy was set to 100 MeV and the total number of sampled secondary protons per 

material was one billion. 

4.3.3.2 PRONTO Geometry 

Secondary protons were sampled in all materials of interest as defined by the project delimitations. 

Namely carbon, nitrogen, oxygen, phosphorus and calcium. 

4.3.3.3 PRONTO Scoring 

Each sampled proton was scored in three histograms for further analysis. One histogram scored 

proton energy, another scored proton ejection angle and a third two-dimensional histogram scored 

proton ejection angle and energy. 
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4.3.3.4 Simulation Results Analysis 

The histograms achieved in the sampling contain the number of secondary protons with certain 

ejection angles and energies. To enable comprehensible comparison of this data with the input data 

from ICRU 63, the PRONTO data was differentiated and normalized. The sampling data confined in 

the histograms were differentiated with respect to solid angle and energy interval respectively, and 

combined, to reproduce all data in ICRU 63. Also, the number of sampled protons in each bin was 

divided by the total sampling number. Analogously, the ICRU 63 cross sections were divided by the 

total inelastic production cross section for secondary proton production in a 100 MeV proton beam. 

In this way, the fraction of total number of sampled protons and the fraction of total cross section 

became comparable.   

4.3.4 Dose Contribution from Secondary Particles in PRONTO 

The third and final part of the PRONTO evaluation process was to investigate the actual dose 

distribution produced by PRONTO and comparing this to the dose deposition according to FLUKA.  

A realistic beam model was used to increase the relevance of this evaluation for actual treatment 

cases. The relevant information in the beam model needed for replication of the source in the FLUKA 

simulations are the initial beam energy spectrum and the Fermi-Eyges phase space parameters 

specified for the gantry isocenter. In RayStation, each treatment machine model contains this 

information for each applicable nominal beam energy. The model parameters applied here are from 

an IBA dedicated nozzle commissioned for clinical use. 

As the beam phase space parameters from a treatment machine is not ideal, the beam is not mono-

energetic for a certain nominal energy. Instead, the beam energy at each nominal energy can be 

described by a rather narrow energy spectrum. This spectrum is implemented as an energy 

histogram in the RayStation machine model after detailed measurements carried out on the actual 

machine. Also, the beam exiting the beam line and the machine head is not perfectly parallel and 

does not originate from a point source. The information to describe the beam divergence and lateral 

spread is contained in the Fermi-Eyges parameters, as briefly explained in the theoretical 

background. These are also maintained in the beam model. 

Primary protons with nominal energy 175 MeV were used for dose calculations. This nominal energy 

was chosen as it represents a commonly used energy layer in therapeutic application and has a range 

of approximately 20 cm. This depth should be enough to visualize the impact from multiple 

scattering on dose distribution. 

As mentioned in the project delimitations, this evaluation only concerns dose distribution in water. 

The water phantom used for dose calculations had the dimensions 10x10x40 cm. This is deep enough 

to hold the Bragg peak and wide enough to contain laterally scattered protons. 

Here follows a description of how the simulations were carried out and how the results were 

processed. For details on the different  FLUKA cards mentioned by name (identified by upper case 

letters) the reader is encouraged to seek information in (Ferrari et al., 2005). 

4.3.4.1 FLUKA Physics and Settings 

Once again, the HADROTHErapy default settings were used. The default setting for delta-ray 

production was changed using the DELTARAY card. The kinetic energy threshold for delta ray 
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production was set to -1 which enables energy loss due to the continuous slowing down 

approximation (CSDA) and disregards any production of delta rays. This enables using user routines 

to score dose from different particles correctly without influence from dose delivered by subsequent 

electrons. 

The implementation of an authentic beam model in these simulations required special consideration 

for the FLUKA simulations as no straight forward way in which the user can use predefined beam 

cards to sample from an energy histogram exists. A user routine was developed to achieve this.  

In this specific case, the user routine SOURCE.f had to be modified. This routine contains the primary 

particle characteristics before putting each of them on the stack for further transport. In order to get 

a beam with properties corresponding to those used by PRONTO, the following algorithms were 

developed. 

4.3.4.1.1 Sampling from the Energy Histogram – user routine SOURCE.f 

First, the energy of the primary proton needed to be sampled from the energy histogram defined in 

the beam model. The user routine imports the histogram data from a text file and creates a 

cumulative array normalized to 1 with doubles representing the weight of each discrete energy 

(assumed as the center energy in the histogram bin). Using random numbers, the energy for the 

certain primary particle is sampled from the array. 

4.3.4.1.2 Sampling the Lateral Position – user routine SOURCE.f 

The SOURCE.f routine allow values defined in the SOURCE input card to be passed down to the 

sampling algorithm. This provides the possibility to pass on Fermi-Eyges parameters without having 

to recompile the user routine for each beam model. The parameters stated in the SOURCE input card 

are projected on the lateral axes and for a circular spot in the isocenter they are assumed to be the 

equal for x and y, {   
 ̅̅ ̅̅̅,     

̅̅ ̅̅ ̅̅ ,    
 ̅̅ ̅̅ },  . The projected spatial variance    

 ̅̅ ̅̅  describes the spatial spread of 

the beam and provides a Gaussian distributed particle fluence along the spot cross section. 

 

  √   
 ̅̅ ̅̅   (eq. 4.6) 

 

The user routine samples the position within the spot from a Gaussian distribution with standard 

deviation as in equation 4.6. The position on the beam central axis is set according to a value defined 

in the SOURCE input card.  

4.3.4.1.3 Sampling the Particle Direction – user routine SOURCE.f 

The primary particle direction is defined by the spot position in relation to the beam iso-center, 

particle position within the spot and the angular variance. These effects together are referred to as 

the beam divergence. In order to depict the beam divergence accurately the following algorithm was 

implemented in the SOURCE.f user routine. 

The direction due to position within the spot was determined by multiplying the x and y position 

respectively with the covariance and dividing by the projected radial variance. The direction vector 



 

64 
   
 

was thereafter normalized. The angular spread in each direction is defined by a Gaussian distribution 

with a standard deviation from the angular variance    
 ̅̅ ̅̅̅ while taking in to account the direction 

contribution from covariance and radial variance. This distribution is sampled from and contributes 

to the final particle direction. 

4.3.4.2 FLUKA Geometry 

The geometry used for the simulations was created to match the geometry of the water phantom in 

the CT image. It was designed using the rectangular parallelepiped (RPP) option and its dimensions 

were set to 10.2x10.2x40.2 cm. Target material was set to the FLUKA predefined WATER. 

4.3.4.3 FLUKA Scoring 

The scoring was done with the USRBIN scoring card. The entire phantom volume was covered by 

102x102x402 voxels resulting in a uniform voxelsize of 0.1cm. Multiple scoring cards had to be 

inserted in order to score the dose contribution from different secondary fragments.  

Also, two USRYIELD cards were inserted to score energy and direction of all primary particles 

entering the water phantom. This was used to verify that the beam energy spectrum and divergence 

corresponded to that of the beam model. 

In order to discriminate dose delivered from secondary protons from dose delivered by the primary 

protons a user routine for separate scoring was implemented. There is no apparent way to perform 

this through predefined scoring options in FLUKA and instead, the user routine COMSCV.f was 

modified. 

4.3.4.3.1 Scoring Dose from Secondary Protons – user routine COMSCV.f 

This was achieved by implementing a custom developed scoring algorithm in COMSCV.f. The 

COMSCV.f as included in the FLUKA library contains a list of predefined variables that can be used to 

construct more complex scoring algorithms than those provided in the predefined options. By using 

the name (SDUM) of the USRBIN detector provided in the FLUKA input file, the algorithm 

discriminates between the different scoring mechanisms. If the detector name is not equal to the 

one set for only scoring primary protons or secondary protons, the scoring procedure is carried out 

as defined by the predefined FLUKA options, including particle discrimination using the AUXSCORE 

card. However, if the detector name matches the name set for either scoring primary or secondary 

protons the implemented algorithm in COMSCV.f will only score dose if the followed particle meet 

the requirements. Primary proton dose will be scored if the followed particle is a proton and of first 

generation (i.e. is primary). Secondary proton dose will be scoring if the followed particle is a proton 

and does not belong to the first generation (i.e. is secondary, tertiary etc.). All particles with deviating 

properties are disregarded. These particle transport properties are accessed using the COMSCV.f 

predefined variables. 

4.3.4.4 PRONTO Physics and Settings 

The PRONTO dose calculations were carried out in a research version of  RayStation 4.7 on a 

developing branch. The relevant plan details, such as isocenter position, spot position relative the 

isocenter and nominal energy were defined in an external file and imported into RayStation using the 

RayStation scripting interface. For the purpose of the current evaluation, a treatment plan with one 

singular energy layer and one spot was created. Nominal proton energy of 175 MeV was chosen. The 
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choice of nominal energy determines which incident energy spectrum and Fermi-Eyges phase space 

parameters are imported from the beam model. 

4.3.4.5 PRONTO Geometry 

The geometry in RayStation was built from CT-images of the water phantom. The DICOM CT-image 

set was imported and setup similar to a patient. The material override option in RayStation was used 

and the entire phantom volume was defined as water.  

4.3.4.6 PRONTO Scoring 

PRONTO has multiple scoring options for validation purposes. Here, the dose contributions from 

different particles are scored along with incident fluence histograms for beam setup verification. 

4.3.4.7 Simulation Result Analysis 

Since the number of primary particles was different for simulations in PRONTO and FLUKA, no 

comparison of absolute doses was carried out. Instead the dose curves were normalized to provide 

the give the same relative laterally integrated dose level around the Bragg-peak. This normalizing 

position was chosen as the dose at this depth is largely independent on dose contribution from 

secondary particles. 

Lateral dose profiles were achieved by plotting dose along one lateral direction. The dose profiles 

were normalized by the same integrated depth dose (normalizing constant) as described above.  
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4.4 Results and Discussion 

Only a handful of the results are presented in this section due to space limitation. Only plots relevant 

for discussion are presented. The complete set of results can be found in Appendix: Project II. 

4.4.1 ICRU 63 Secondary Proton Emission Spectra Evaluation 

The ICRU 63 includes some statements regarding the uncertainties of the presented evaluation. For 

secondary protons, the angle integrated spectra are accurate to 20-30% while for the double 

differential spectra, the relative deviations can be larger. Especially for backward emission angles 

where the cross sections are smaller. Hence, deviations between the codes within this order of 

magnitude should not been viewed as disagreement.  

FLUKA and ICRU agree on the general features of all emission spectra. The angle integrated nuclear 

proton production cross sections are in both cases characterized by a sharp peak at a very low energy 

followed by an exponential falloff. The cross sections reach zero just before incident particle energy, 

100 MeV. Figure 4.1 shows the angle integrated spectrum for a carbon target. Note that the sharp 

peak at low energies is not always distinguishable for ICRU 63 due to the course energy binning. 

Some interesting features apparent in the plots are discussed below. 

 

Figure 4.1 Angle integrated spectrum of secondary protons in a 100MeV proton beam incident on a thin C target. The plot 
shows ICRU 63 data and results from FLUKA simulations. Cross sections are displayed as mb per MeV. 

4.4.1.1 High Energy Peak 

Some materials display a slightly increased cross section, or peak, close to incident proton energy 

(100 MeV). This phenomenon is explained by direct nuclear reactions in which the incident proton 

only interacts with the surface or some small number of individual nucleons of the target nucleus. 

These reactions tend to result in very forward directed secondary protons and only minor energy 

exchange takes place. Depending on the target material in which the direct nuclear reaction takes 

place, different short lived excited states will form and this influences the predominance of this 

effect. If the first excited state is a single particle one (only individual nucleons are promoted to 
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higher lying orbitals) the energy exchange in the compound will be less and the secondary proton is 

emitted with almost all energy retained and the peak becomes more distinguished. 

ICRU 63 evaluation displays the high energy peak behavior for nuclear reactions in oxygen and 

calcium. The same feature is not visible in the FLUKA results for those materials. However, FLUKA 

presents high energy peaks in carbon and nitrogen. The direct reaction peak is especially clear for 

carbon in figure 4.1. The effect from direct nuclear reactions becomes clearer when looking at the 

double differential spectra for small emission angles. Also, the large energy intervals applied in ICRU 

63 data might influence the ability to resolve the high energy peaks. 

The fact that FLUKA also estimates the cross sections for small ejection angles higher than ICRU 63, 

which is apparent in the energy integrated (figure 4.3) and double differential cross sections (figure 

4.2) explains the increased effect from direct nuclear reactions on the total cross section.  

4.4.1.2 Mid Energy Ridge 

All angle integrated cross sections retrieved from FLUKA display a slightly increased value for 

energies 50 MeV to 100 MeV with respect to the ICRU 63 evaluation (observable in figure 4.1). This 

effect is more apparent for the lighter materials carbon, nitrogen, oxygen but also exists for the two 

heavier. This feature can also be imputed to direct nuclear reactions as it is clear that it follows from 

relatively high cross sections from small angle emission from looking at the double differential 

spectra (figure 4.2). The direct nuclear reaction processes presumably involve more energy exchange 

than the reactions responsible for the high energy peak discussed previously. This ridge effect cannot 

be distinguished in the ICRU 63 angle integrated spectra. 

4.4.1.3 Double Differential Spectra 

Only emission angles up to 60o are included in the double differential spectra due to space 

limitations. For the remaining nominal angles between 70o-180o there is high agreement between 

FLUKA simulations and ICRU 63 data, for emission energies above 20 MeV. Plots for remaining 

emission angles are found in appendix 9.2.1. 

For smaller emission angles there are some deviations. The general feature of the double differential 

proton production cross section for small angles is a sharp peak at low energy, followed by a rapid 

fall-off. Around energies of half that of the incident proton (approximately 50 MeV) the cross section 

increases for angles smaller than 40o, presumably caused by the direct nuclear reactions mentioned 

above. This is valid for both FLUKA and ICRU 63 but is estimated somewhat higher by FLUKA for small 

emission angles.  

For low energies, the ICRU 63 evaluation estimates cross section higher than FLUKA. 
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Figure 4.2 Double differential cross sections for secondary proton production in a 100 MeV proton beam incident on a P 
target. The plot shows ICRU 63 evaluated data and results from FLUKA simulations. Cross sections are presented as mb per 
MeV and steradian. 

4.4.1.4 Energy Integrated Spectra 

The energy integrated double differential cross section show the secondary proton emission angular 

distributions (fig. 4.3 and fig. 4.4). As expected the distribution is forward peaked for both FLUKA and 

ICRU. FLUKA however estimates a higher yield for small angles than ICRU. Also for all target materials 

investigated here, FLUKA estimates the cross section for higher angles lower than ICRU.

 

Figure 4.3 Energy integrated cross sections for secondary proton production in a 100 MeV proton beam incident on a N 
target. The plot shows ICRU 63 evaluated data and results from FLUKA simulations. Cross sections are presented as mb per 
steradian.  
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Figure 4.4 Energy integrated cross sections for secondary proton production in a 100 MeV proton beam incident on a Ca 
target. The plot shows ICRU 63 evaluated data and results from FLUKA simulations. Cross sections are presented as mb per 
steradian. 

Interesting to observe is also the slightly more forward peaked behavior of secondary protons in the 

lighter materials C, N and O compared with the two heavier targets P and Ca. This implies a higher 

probability for direct nuclear reactions in lighter nuclei. This is valid for both FLUKA and ICRU 63. 

4.4.1.5 Sources of Error 

Simulated data for small angles contain some data inconsistency due to size of corresponding solid 

angles. The data is assumed to provide enough detail for relevant discussion and the reason for not 

achieving better statistics is the increased simulation time this would have meant.  

The FLUKA simulations were configured to score all particles emerging from inelastic nuclear 

interactions. Not exclusively the ones produced from a primary particle colliding with target nuclei. 

This could influence the results but the effect is expected to be negligible.  

The angular bins used for scoring double differential cross sections do not necessarily correspond to 

the angular binning presumably used in ICRU 63 data. For the simulations, an angular interval around 

each nominal angle was defined by +-5o. This is accurate for ICRU angles up to 60o but not for greater 

angles. However, as the cross sections are differentiated this is not expected to influence the results 

appreciably.  

4.4.2 ICRU 63 Average Energy Transfer Fraction Evaluation 

The general feature of an average energy transfer fraction curve for charged particles and neutrons 

can be described to consist of three parts. For low incident energies (< 20 MeV) the average fraction 

fluctuates remarkably and very differently depending on secondary particle and target material, but 

stabilizes with increasing energy since the incident protons with too low energy are unable to 

produce secondary particles (as the repelling forces are too strong) and we get statistical noise. For 

intermediate incident energies (20-100 MeV) the fractions begin to stabilize and after reaching 100 
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MeV, the slopes are relatively constant. The feature of average fraction transferred to secondary 

gammas can be described by an exponential fall off from an initial high fraction at low incident 

energy. These features are present in ICRU evaluation as well as in results from FLUKA simulations. 

However, there are discrepancies that need to be addressed.  

The results presented here do not consider the multiplicity of each secondary particle type. The 

multiplicity is required to calculate the actual average fraction of incident energy transferred to 

secondary particle per inelastic nuclear reaction. What is presented here is the average fraction of 

incident energy transferred to secondary particle per specific secondary particle producing event. 

Also, the comparisons here should be performed with knowledge of the large uncertainties in the 

ICRU 63 evaluation. For neutron production the uncertainties are roughly the same as for protons 

while deuterons, tritons and alphas generally have higher uncertainty (ICRU,2000).  

4.4.2.1 Secondary Protons 

FLUKA and ICRU fractions agree well in the low energy interval (< 20 MeV) for target materials O, P 

and calcium while curves for nitrogen and carbon coincide less well. In the intermediate energy 

region (20-50 MeV) FLUKA and ICRU starts to differentiate and for high energies, FLUKA estimates 

the energy fraction transferred to secondary protons approximately 50% higher than the ICRU 63 

evaluation. This discrepancy is present for all target materials. 

4.4.2.2 Secondary Deuterons 

Agreement between FLUKA and ICRU 63 for deuterons varies significantly with target material. For 

targets carbon and oxygen the agreement in the initial energy interval is poor. For target material P, 

there is overall disagreement and FLUKA continuously underestimates the fraction in regard to ICRU 

63 by approximately 30%. For carbon there is a higher disagreement for higher energies (> 100 MeV) 

and at maximum energy, FLUKA estimates the fraction approximately to be one third of what is 

stated in ICRU 63.  

4.4.2.3 Secondary Tritons 

Among the materials under consideration in this study, ICRU 63 evaluation for triton production is 

only present for target material calcium. FLUKA shows energy transfer fractions for triton with 

features similar to the other secondary particles, implying there is a significant part of incident 

energy transferred to tritons. However, since the results presented here does not consider the 

multiplicity this can still be accurate. ICRU 63 assumes the average energy fraction transferred to 

secondary tritons to be zero due to the extremely low prevalence of secondary tritons in materials 

other than calcium (among the materials in the scope of this study). 

The ICRU triton energy transfer fractions compared with FLUKA simulations for a calcium target show 

poor agreement for low and intermediate energies but converge for high energies (> 150 MeV) in 

figure 4.6. 
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Figure 4.5 Average fractions of primary particle energy transferred to secondary charged particles. The plot shows ICRU 63 
evaluated data and simulation results from FLUKA. 

 

Figure 4.6 Average fractions of primary particle energy transferred to secondary charged particles. The plot shows ICRU 63 
evaluated data and simulation results from FLUKA. 

4.4.2.4 Secondary Alpha Particles 

For secondary alpha particles significant discrepancies are present at low energies for carbon, 

nitrogen and calcium but as incident energy increases they coincide almost completely. For oxygen 

and phosphorus the agreement is high for all energies.  
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4.4.2.5 Secondary Neutrons and Gammas 

The average fractions of incident energy transferred to neutral secondary particles (neutrons and 

gammas) are presented in separate plots. Gamma fractions from ICRU 63 and FLUKA simulations 

agree well for all target materials. For neutrons there is a general overestimation of fraction in the 

FLUKA results with approximately 50% for energies above 100 MeV (for nitrogen this deviation is 

present for all energies). For target materials except nitrogen the fractions are in agreement during 

most of the intermediate energy interval but start to diverge around 75 MeV.  

 

Figure 4.7 Average fractions of primary particle energy transferred to secondary neutral particles. The plot shows ICRU 63 
evaluated data and simulation results from FLUKA. 

4.4.2.6 Sources of Error 

For low energies (<20 MeV), the simulated data tends to be inconsistent which makes it hard to 

recognize the feature of the curve. This is presumable due to the low number of inelastic nuclear 

scattering events at these energies and the limited number of primary particles used in the 

simulations. 

Yet again, the FLUKA simulations were configured to score all particles emerging from inelastic 

nuclear interactions. Not exclusively the ones produced from a primary particle colliding with target 

nuclei. This could influence the results but the effect is expected to be negligible.  
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4.4.3 Secondary Proton Sampling in PRONTO 

Figures 4.8, 4.9 and 4.10 show the results from scoring secondary protons in PRONTO in an oxygen 

target. Angle and energy integrated plots are included to confirm the angle and energy intervals in 

PRONTO. The results are shown as ejection fractions, meaning that for sampled protons in PRONTO, 

the number of particles corresponding to each bin has been divided by the total number of sampled 

protons (one billion) and the cross sections from ICRU evaluation has been divided by the total 

inelastic cross section for 100 MeV incident protons on oxygen.  

 

Figure 4.8 Double differential ejection spectra for secondary proton production in a 100 MeV proton beam incident on an 
oxygen target. The characteristics of sampled protons from PRONTO are plotted against the input data retrieved from ICRU 
63.  
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Figure 4.9 Energy integrated ejection angle spectrum for secondary proton production in a 100 MeV proton beam incident 
on an oxygen target. The characteristics of sampled protons from PRONTO are plotted against the input data retrieved from 
ICRU 63. 

The high level of agreement in the energy integrated fraction distribution confirms that the PRONTO 

uses the same solid angle intervals as ICRU 63 and that the sampling machinery is correctly 

implemented. 

 

Figure 4.10 Angle integrated ejection energy spectrum for secondary proton production in a 100 MeV proton beam incident 
on an oxygen target.. The characteristics of sampled protons from PRONTO are plotted against the input data retrieved from 
ICRU 63. 
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Minor deviations from complete agreement are observable for low energies in the angle integrated 

spectra. This can potentially be caused by an energy bin size disagreement between PRONTO and 

ICRU for low energies. 

The overall agreement is very high and PRONTO can be assumed to parse, interpret and utilize the 

ICRU 63 evaluation correctly. 

4.4.4 Dose Contribution from Secondary Particles in PRONTO 

Figure 4.11 shows the integrated depth dose curves for 175 MeV (nominal energy) protons in water 

obtained from FLUKA and PRONTO. The doses have been normalized in order for the doses to match 

in the Bragg peak. 

 

Figure 4.11 Integrated depth dose curve in water for a single proton spot of nominal energy 175 MeV. Dose distribution 
according to FLUKA (line) and PRONTO (dots). 

The figure shows that PRONTO overestimates the dose at small depths (< 4 cm) and underestimates 

the dose for intermediate depths (> 6 cm) up until the Bragg peak. The range is predicted well by 

PRONTO. 

4.4.4.1 Beam Setup Verification 

For primary beam verification purposes, three plots are included showing the primary proton energy 

spectrum, lateral dose profile in the first voxel layer and primary proton direction distribution upon 

entering the target volume. 
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Figure 4.12 Energy spectrum of primary particles in FLUKA (data points) and PRONTO (histogram).  

Figure 4.12 shows the energy spectrum of incident protons in FLUKA and PRONTO. Agreement 

between the two confirms the sampling algorithm implemented in the FLUKA user routine SOURCE.f.  

 

Figure 4.13 Lateral dose profile in the first voxel layer in the dose grid as simulated by FLUKA (line) and PRONTO (dotted with 
data points). 

The radial positions within the spot were confirmed by plotting the dose profiles in the first voxel 

layer in the dose grid. Figure 4.13 shows that the lateral positions sampled in FLUKA and PRONTO 

agree.  
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The spot emittance is plotted in figure 4.14 and represents the beam divergence within the spot. The 

scoring option in PRONTO scored radial spot emittance and corresponding Gaussian feature was 

returned by dividing the number of counts in each angular bin with the specific bin center angle. This 

provides a non-Gaussian appearance as the angle approaches zero and results in the perceived 

disagreement between PRONTO and FLUKA for small angles.  

 

 

Figure 4.14 Spot emittance as simulated by FLUKA (blue dots) and PRONTO (green dots).  
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4.4.4.2 Dose Contribution from Different Particles 

 

Figure 4.15 Integrated depth dose curve for a single proton spot with nominal energy 175 MeV in water. Contributing particle groups are displayed in different colors. Simulated results from 
FLUKA (line) and PRONTO (dots) are displayed.
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Figure 4.15 shows integrated depth dose curves and the dose contribution from different particles. 

Total dose refers to the total energy delivered to the medium, primary refers to the dose delivered 

by the primary protons, proton refers to the dose delivered by inelastically produced secondary 

protons and local deposition refers to the dose delivered by deuteron, tritons, alphas and recoils 

combined. However, the local deposition scored in FLUKA does not include the energy deposited by 

nuclear recoils.  

PRONTO overestimates the total dose at low depths. This can partially be explained by the 

assumption made in PRONTO when referring to all secondary particles heavier than protons as local 

depositing. These particles are produced with limited kinetic energy but will in any case move slightly 

from their point of origin. Since these particles are heavily forward directed this will produce a build-

up of dose until charged particle equilibrium has been achieved. This phenomenon can be observed 

when looking closely at the local dose in FLUKA (fig. 4.16), since FLUKA include transport of these 

ions. However, this effect is not prominent enough to explain the full extent of the discrepancy that 

can be observed at low depths.  

PRONTO underestimates the total dose at intermediate depths and present a slightly narrower Bragg 

peak than FLUKA. Around the same depths for which there is an underestimation by PRONTO relative 

FLUKA, the dose fraction from secondary protons follow similar feature. Increasing dose from 

secondary protons around this depth would reduce the dose delivered in the Bragg peak as the 

number of primary protons would be reduced.  

The Bragg peak width is also closely related to range straggling and increased straggling leads to 

broadening of the peak. PRONTO uses the Bohr-Gaussian approximation for straggling which 

becomes valid for thick targets due to its dependence on the central limit theorem. The target used 

in this evaluation is thick enough for this approximation to be valid. However, no further 

investigation of the range straggling effect on the results has been carried out. 

Figure 4.16 is a zoomed version of figure 4.15 and displays the dose fractions for depths below 5 cm. 

Here, it is possible to identify that the dose fraction delivered by secondary particles, excluding 

protons are different for the two codes. FLUKA predicts this fraction to be approximately 10 % at 

depth 3 cm while PRONTO estimates 5 %. This fraction should consist of dose from the local 

fragments and this is the case for PRONTO. For FLUKA, the local deposition at this depths is only 

around 1 %. Observing that the scoring technique used here does not consider residual nuclei 

(recoils) this implies that the remaining 9 % of the dose is delivered by recoils. This does not agree 

particularly well with the energy transfer fractions for 100 MeV protons observed earlier in this 

project. A small part of the 9 % fraction is also due to dose contribution from the uncharged particles 

neutrons and gammas but since these particles have long range. FLUKA estimates the dose fraction 

due to uncharged particles to be approximately 0.03 %.  
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Figure 4.16 Integrated depth dose distribution for a single proton spot with nominal energy 175 MeV in water for depths up 
to 5 cm.  

PRONTO estimates the dose deposition from local deposition higher than FLUKA.  

Since the local fragments in FLUKA (deuteron, triton and alphas) are followed until their kinetic 

energy reaches the transport threshold (100 keV for default setting HADROTHErapy), they are 

presumable involved in further nuclear interactions and may produce secondary particles of their 

own (tertiary with regards to primary protons). This is not expected to give a noticeable effect. 

The dose contribution from secondary particles reaches zero earlier for PRONTO than FLUKA. This 

agrees with the ICRU 63 evaluation in which the cross sections for incident protons with energies 

below 7 MeV are assumed zero. This feature can be observed in figure 4.17 and is backed up with 

results from the simulations of energy transfer fractions.  
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Figure 4.17 Integrated depth dose distribution for a single proton spot with nominal energy 175 MeV in water for depth 
around the Bragg peak.  

The lateral dose deposition and contribution from different relevant particles at depth 15 cm is 

displayed in figure 4.18. In figure 4.13, complete match between FLUKA and PRONTO could be 

observed in beam width of the primary protons when entering the phantom. The width of the 

distribution for primary protons at depth 15 cm show a discrepancy of approximately 1 %, which 

implies that the multiple scattering algorithms implemented in PRONTO are working as intended.   

 

Figure 4.18 Lateral dose profile for a single proton spot with nominal energy 175 MeV in water at 15 cm depth.  



  

82 
   
 

Since PRONTO does not include multiple scattering when transporting secondary protons it becomes 

interesting to compare their spread with results from FLUKA simulations. Figure 4.19 shows a 

zoomed version of figure 4.18. Here, it can be stated that PRONTO depicts the secondary proton 

spread behavior well and that neglecting multiple scattering of these particles is adequately 

accurate.  

 

Figure 4.19 Lateral dose profile for a single proton spot with nominal energy 175 MeV in water at 15 cm depth for radial 
distance 0 to 4 cm.  

Figure 4.19 also shows that there are discrepancies between FLUKA and PRONTO in the dose profile 

tails. PRONTO underestimates the dose contribution from primary protons at large lateral distance. 

This implies that the number of large angle scattering events is underestimated in PRONTO or 

overestimated in FLUKA. 

It is plausible that the discrepancies observed between FLUKA and PRONTO can be explained by 

differences in how nuclear interactions are handled. The differences observed between FLUKA and 

the ICRU 63 evaluation are potentially large enough to cause noticeable deviations. However, a more 

thorough study of all ICRU 63 production cross sections needs to be performed in order to confirm 

this. 

One obvious source of discrepancy is the handling of secondary electrons in the two codes. Dose in 

the FLUKA simulation was scored using predefined scoring routines and the AUXSCORE card was 

used to discriminate between doses from different particles. However, the default setting 

HADROTHErapy still allows delta ray production and transport for energies above a certain threshold. 

This means that a fraction of the dose from high energy delta electrons is not attributed to the 

appropriate parent particle and will result in somewhat faulty dose discrimination.   
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4.5 Conclusion and Remarks 

4.5.1 ICRU 63 evaluation 

FLUKA and ICRU 63 evaluated data agree on the general appearance of secondary proton emission 

spectra. However, it seems like FLUKA estimates the influence of direct inelastic nuclear reactions on 

the spectra higher than ICRU 63. This provides 

 More forward peaked angular distributions 

 More apparent ridge for intermediate and high energies (50-90 MeV) 

 Higher cross sections for small angles at intermediate and high energies (50-90 MeV) 

 For some materials, a distinct forward peak at energies close to incident proton energy 

(depending on direct reaction type) 

FLUKA and ICRU also agree on the general appearance of the fractions of incident energy transferred 

to different secondary particles. This should be discussed in a clinical impact context. Most tailored 

Monte Carlo codes for proton therapy treatment planning only include continued transport of 

secondary protons. Dose deposition from other charged particles is treated as locally absorbed 

(ICRU, 2000). This is the case in PRONTO. PRONTO include parsing of ICRU data for average fractions 

of incident energy transferred to secondary particles and uses these fractions to determine the local 

energy deposition in each inelastic reaction. If these fractions are not accurate, one can expect 

deviations. 

4.5.2 PRONTO evaluation 

From the PRONTO secondary proton scoring, the conclusion can be drawn that the PRONTO 

secondary proton sampling algorithms and ICRU 63 table parsing are working as intended.  

In accordance with the beam model verification included in this study, it is also possible to conclude 

that the sampling algorithms implemented in the user routine SOURCE.f work as intended. This 

encourages usage of the same routines in project III.   

For the case considered here, multiple scattering is overall in good agreement between PRONTO and 

FLUKA.  However, a discrepancy was observed for large angles with PRONTO giving lower yields. This 

will be investigated in future work.  

Tailored Monte Carlo codes such as PRONTO with data driven nuclear interaction machinery are 

susceptible to inaccuracy in the data on which it relies. Data for nuclear interactions can be 

responsible for the alterations in characteristics of the depth dose curve and how dose is distributed 

over depth in medium. Hence, the choice of data should be based on thorough investigation and 

comparisons of available data. This study could be viewed as a start of such a process. 

This study also shows that FLUKA is able to produce inelastic nuclear interaction data that can be 

used as input for a tailored Monte Carlo code such as PRONTO, This would create a FLUKA data 

driven tailored dose calculation algorithm. Also, this concept is not limited to protons and could 

easily be extended to heavier ions, for example carbon ions. The sound physical models on which 

PRONTO is based on are equally applicable to heavier ions. The nuclear physics part however, is 

modality specific. 
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5 Project III: Development of Tools for Dose Engine Validation with 

FLUKA and Brief Evaluation of the Current State of IYDE  

5.1 Introduction 

5.1.1 Background 

Due to the high mass and charge of heavier ions, they present a sharper dose and higher peak versus 

plateau ratio than that of protons. These together with the enhanced biological effect are often 

named as the main reasons for the extended use of heavier ions in therapeutic application. These 

features call for even more accurate dose prediction algorithms.  

The increased biological effect from treating with the heavier, higher LET ions also put requirements 

on the dose calculation algorithms to include relative biological effectiveness (RBE) in calculations as 

this is considered the clinical relevant dose in ion therapy.  

The consequence of faulty dose calculation in treatment planning could potentially be catastrophic. 

This increases the need for complete validation before the dose calculating algorithm can be used in 

clinical application.  

To achieve completeness in dose engine validation, the process should involve validation of dose 

calculations on different levels. On lower levels, the tests often include validation of dose 

distributions of single spots and single energy layers in a water phantom. The validation should 

thereafter turn to more realistic treatment cases and include multiple beams, field appearances and 

energy layers.  Tests on this higher level include validation of dose calculation in heterogeneous 

patients. Relative dose distributions can be used to evaluate the curve forms but for final dose 

computation validation, absolute doses also need to be considered.  

Finally, the validation also needs to include any beam affecting equipment such as range shifters, 

ripple filters and ridge filters.   

This part of the thesis investigates the dose calculation validation process and is based on dose 

calculation algorithms for carbon ion therapy. 

5.1.2 Aim 

This part of the thesis aims to 

 Develop tools for further validation of dose engines using FLUKA 

 Evaluate dose distributions calculated by the current state of the IYDE 

 Analyze the dose distribution of secondary charged particles produced in a carbon beam in 

light of the results from project I 

5.1.3 Study Approach 

The approach taken in this part of the thesis was divided into two parts: Evaluations of dose 

distributions in a homogenous target, and dose distributions in a simple heterogeneous target. 

In the first part, FLUKA simulations were carried out to evaluate the performance of the current state 

of the IYDE in a simple water phantom geometry. 



  

86 
   
 

In the second part, FLUKA simulations were yet again used to evaluate the performance of the 

current state of the IYDE but for an actual patient case. A single energy layer in a prostate case was 

chosen to represent a treatment plan. Note that the energy layer and its inherent spot positions 

were manually set and do not correspond to any authentic plan. Previous experience with FLUKA in a 

more treatment planning related environment is presented in Böhlen et al. (2013) and Mairani et al. 

(2013). 

5.1.4 Delimitations 

The study is limited to only look at simplified treatment plans and relative dose distributions. 

No consideration is made for the difference in materials used in FLUKA and RayStation. There are 

presumably non-negligible differences in element composition between the two. However, this is 

mainly an issue for the calculations based on CT-data and not for the water phantom case. 

Current study only considers physical dose. 

5.2 Brief Description of Involved Parts 

5.2.1 Ion Yield Dose Engine (IYDE) 

IYDE herein refers to the current state of a pencil beam dose engine currently under development at 

RaySearch Laboratories. IYDE is meant for dose calculation for a wide range of ions but a first version 

only considers carbon ions.  

The current state of IYDE is work in progress. However, it is still relevant to evaluate the parts already 

implemented today, as the results from such evaluation can influence how and in which order the 

remaining dose engine parts are implemented. Also, it is interesting to observe how the lack of 

certain parts of the dose engine influences the dose distribution.  

IYDE is a data driven pencil beam algorithm and account for the physical processes involved in 

particle transport as described below. 

IYDE deposits dose in a voxel according to its radiological depth and water equivalent thickness. The 

water equivalent thickness of each transport step (voxel) is calculated trough energy loss. The energy 

loss is calculated through Bethe-Bloch parameterization and numerically solved using the 4-point 

Runge Kutta method. The radiological depth for the current voxel is determined by weighting the 

integral path length with the medium stopping power to water stopping power ratio.  

Range straggling is inherently accounted for by using simulated dose deposition data and need no 

further consideration.  

MCS is handled in the Fermi-Eyges transport framework. The scattering power is calculated using the 

expression by Rossi (Highland, 1975). This expression includes a constant factor which has been 

tuned for protons in a number of studies. In the current state of IYDE, the impact from this constant 

has not been investigated and might require tuning in order to provide the best overall fit of the MCS 

for carbon ions.  

The current state of IYDE does not take secondary particle characteristics into account. Only the 

spread and scattering of primary ions is considered. This means that the algorithm assumes that all 

dose is deposited by primary ions and  
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It should also be mentioned that IYDE is based on depth dose data retrieved from FLUKA simulations.  

IYDE is capable of calculating RBE-weighted dose when provided input data from an RBE-model. 

However, in the scope of this study, only physical dose is considered. 

5.2.2 FLUKA 

FLUKA is a multipurpose transport Monte Carlo code as described in the earlier sections in this thesis. 

Earlier in this thesis, all geometries used for FLUKA simulations have been constructed by simple 

predefined geometrical objects. For more advanced usage and especially for the dosimetry 

applications it is of importance that FLUKA can handle voxel geometries. In FLUKA voxels are defined 

as tiny identical parallelepipeds forming a 3-dimensional grid (Ferrari et al., 2005). For CT-images 

sometimes consisting of different slice thicknesses and hence different voxel dimensions, the 

requirement for identical parallelepipeds presents a problem. This will be addressed later on. The 

following short description of the VOXEL card is based on application of voxels in a patient model for 

treatment planning.  

The actual VOXEL card is initiated differently from the rest of the geometrical options in FLUKA. Here, 

the user defines the origin of the voxel volume and the name of the file from which the geometry is 

to be read from. When reading the VOXEL card, FLUKA forms many different regions containing the 

same material (regions are referred to as organs in FLUKA). However, the materials of the first two 

regions need to be set by the user as they work as containers for the voxels. Normally these regions 

correspond to the volume surrounding the patient and nothing should be deposited in them, hence 

the materials of them are set as vacuum or air (Ferrari et al., 2005). 

5.2.3 FLAIR 

FLAIR is a graphical interface for FLUKA and enables running and controlling FLUKA without the need 

for command line operations. Among other features it includes an editor for input file editing, 

capabilities for monitoring the ongoing simulations and simple plotting of simulation results. 

However, the features of most relevance for this study are the DICOM and geometrical interfaces. 

FLAIR is written in Python and its main objective is to facilitate the work of the FLUKA user 

(Vlachoudis, 2009). 

The FLAIR DICOM interface offers importation of CT-data and translation to FLUKA voxel geometries 

resulting in a voxel file (.vxl) which can be read by the FLUKA input card. However, before the voxel 

file can be created the user need to choose material tables for translation of CT-number (Hounsfield 

number) to material density and element composition. After linking these tables to the CT-data, the 

voxel file containing the material properties of each voxel can be created.  

FLAIR comes with a set of predefined material tables built on Schneider parameterization (Schneider, 

Pedroni, & Lomax, 1996) and the work of Mairani (2007a). 
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5.3 Methods 

The approach in this study was divided into two parts. First, the performance of IYDE was evaluated 

in a homogenous water phantom target. Focus was put on investigating the impact from the physical 

processes that the current state of the dose engine did not include. Second, the current performance 

of IYDE in a heterogeneous CT grid was briefly evaluated. Main focus in this part was put on the 

construction of tools for running FLUKA simulations with a more complex treatment plan with more 

than one spot. 

5.3.1 Evaluation of IYDE in a Homogenous Target 

The simulation setup in FLUKA and dose calculation procedure in RayStation used for this part of the 

study were very similar to those used for the PRONTO evaluation in project II.  

Simulations and calculations were based on a provisional beam model set up for test purposes. While 

carbon depth dose data was included in the beam model, the rest of the data (such as spot size and 

calibration data) was based on modified data from measurements for a proton machine and did not 

correspond to an authentic carbon machine. For the purpose of this study, this did not present any 

issues.  

Nominal energy 3766.92 MeV was chosen which corresponds to approximately 314 MeV/u. This 

energy was chosen to represent a commonly used energy layer in clinical application. The treatment 

plan defined by the nominal energy, isocenter position and a single spot was set up in an external file 

and imported into RayStation. FLUKA was set up to deliver dose in the same way. 

5.3.1.1 FLUKA Physics and Settings 

The predefined HADROTHErapy default settings were used.  

The primary particle sampling performed in the beginning of the FLUKA simulation was run through 

the user routine SOURCE.f containing the algorithms for sampling primary particle energy, lateral 

position and direction. All according to beam model data.  

5.3.1.2 FLUKA Geometry 

The geometry defined in the FLUKA input was created to match the CT-data to be used for the IYDE 

calculations in RayStation. This meant creating a rectangular parallelepiped (RPP) with dimensions 

10.2x10.2x40.2 cm. Target material was set to FLUKA predefined WATER. 

5.3.1.3 FLUKA Scoring 

For scoring total dose and dose from different contributing fragments the predefined FLUKA scoring 

card USRBIN was used. One scoring card was inserted for each fragment of interest plus one for the 

overall dose. The linear Cartesian binning option was used and deposited energy was scored in voxels 

with size 0.1 cm. These scoring options resulted in a total number of voxels 102x102x402.  

For beam verification purposes, two additional cards were inserted to detect incident energy and 

direction. 

5.3.1.4 IYDE Physics and Settings 

The IYDE dose calculations were carried out in RayStation version 4.8 on a developing branch. The 

plan was imported through the RayStation scripting interface.  
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5.3.1.5 IYDE Geometry 

The same water phantom as in project II was used here. The isocenter was placed at the phantom 

surface in order for the phase space parameters imported to FLUKA to be correct.   

5.3.1.6 IYDE Scoring 

Dose was scored in a dose grid with voxel size 0.1 cm and the resulting dose grid was exported using 

scripting. 

5.3.2 Evaluation of IYDE in a Heterogeneous CT Grid 

This study investigated the dose deposition by IYDE in a more realistic patient case. The present 

evaluation was based on a prostate case to increase simplicity and clinical relevance. Nominal energy 

3766.92 MeV was chosen which corresponds to approximately 314 MeV/u. This energy represents an 

energy layer in the middle of the prostate. 

The treatment plan for a prostate case would normally be created with a large number of energy 

layers and spot positions in each layer to cover the entire volume. For simplicity, the current study 

only considers a single energy layer which can be seen as a part of the whole treatment plan. This 

energy layer was set up to contain 256 equidistant (0.3 cm lateral distance) spots placed to form a 

rectangular shape approximately making up the shape of the target. Figure 5.1 shows the spot 

positions and the relevant ROI shapes, prostate in red and the planning target volume (PTV) in white. 

The blue crosshair displays the isocenter position. All the spot positions are defined relative to the 

isocenter. 

 

 

Figure 5.1 Graphical representation of the spot positions relative the isocenter (blue cross hair). Extracted from RayStation. 

 

A lateral beam was used as this holds a higher clinical relevance and also forces the radiation to pass 

through different amounts of bone along the field cross section. The isocenter was positioned on the 

surface of the CT-grid resulting in a distance from isocenter to patient surface of approximately 6 cm. 

All spots were weighted equally. 
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5.3.2.1 FLUKA Physics and Settings 

The predefined HADROTHErapy default settings were used. 

The properties of the primary particles were again defined by the SOURCE.f user routine.   

5.3.2.1.1 Further Improvement of the Source Sampling Algorithms - user routine SOURCE.f  

The source user routine implemented for this study was an extended version of the one developed 

for protons in project II.  

The energy spectrum and spot positions were provided in external files and read by the user routine 

upon running the simulation. Since the spot positions were defined relative to the isocenter it was 

important to be able to change the isocenter position without having to recompile the user routine 

for each new simulation. Therefore the isocenter coordinates were included in the SOURCE card in 

the input file. Just as in the previous SOURCE.f files for protons and carbon ions in a water phantom, 

the SOURCE card also included the beam model Fermi-Eyges phase space parameters. 

In short terms, the sampling algorithm proceeds as the following. Each primary particle is first 

assigned to a specific spot and its energy is sampled from the energy spectrum. The position within 

the spot is thereafter sampled from a two dimensional Gaussian distribution defined by the phase 

space radial variance as described in project II. The particle direction is consecutively sampled in 

accordance with covariance and angular variance as also more thoroughly described in project II. The 

next particle put on the stack will belong to the next spot as defined by the spot position data file.  

In order to achieve uniform fluence over the field, the same number of primary particles was 

assigned to each spot by scaling the total number of simulated particles with the total number of 

spots, in this case that number was 256.  

Using this technique did not take the spot direction due to radial distance from isocenter into 

account. 

5.3.2.2 FLUKA Geometry 

FLAIR was used to construct the FLUKA voxel geometry. The DICOM CT-files were imported into 

FLAIR using the FLAIR DICOM interface. Thereafter, the material conversion tables included in the 

FLAIR/FLUKA library were used to translate the Hounsfield unit in each voxel into density and 

element composition, as required for transport calculations in FLUKA. The resulting output was a 

voxel file which could be incorporated in the FLUKA geometry by using the VOXEL input card.  

The VOXEL geometry interpreter in FLUKA produces a large set of regions and the two first were 

assigned the materials vacuum and air respectively. 

5.3.2.3 FLUKA Scoring 

FLUKA was set up to only score total energy deposition in the target. The entire target volume was 

covered with a dose grid with voxel size 0.3 cm by using the USRBIN scoring option.  

5.3.2.4 IYDE Physics and Settings 

The IYDE dose calculations were carried out in RayStation version 4.8 on a developing branch 

(Dev28_Carbon). The plan was imported through the RayStation scripting interface.  
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The plan contained the same spot positions and isocenter coordinates as the ones used for FLUKA 

simulations. 

5.3.2.5 IYDE Geometry 

The patient CT-data was imported in RayStation and the translation from CT Hounsfield units to mass 

density was performed according to the density table attached to the default settings in RayStation. 

5.3.2.6 IYDE Scoring 

Dose was scored in a dose grid with voxel size 0.3 cm and the resulting dose grid was exported using 

the RayStation scripting interface.  
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5.4 Results and Discussion 

Results relevant for discussions are included in this section. For the complete set of results, the 

reader is referred to the appendix.  

5.4.1 Beam Verification 

Figure 5.2 shows that the energy sampling algorithm in SOURCE.f is accurate within 1 %.  

 

Figure 5.2 Energy spectrum of primary particles sampled in FLUKA (data points) and the beam model spectrum for primary 
energy 3766.92 MeV (crosses), which is input data for IYDE. 

 

Figure 5.3 Lateral dose profiles (integrated in one lateral direction) for a single carbon spot with nominal energy 3766.92 
MeV in water at depth corresponding to the first layer of the dose grid. 



  

93 
   
 

Figure 5.3 shows the dose profile upon entering the water phantom. The radial particle positions 

within the spot agree well, with highest disagreement around 1 %, which implies that the spatial 

position sampling algorithm in SOURCE.f is working as intended. 

5.4.2 Evaluation of IYDE in a Homogenous Target 

The integrated depth dose in the water phantom is displayed in figure 5.4. The overall agreement 

between IYDE and FLUKA is high. General features such as peak width and range are estimated well. 

However, there is an increasing discrepancy between the two algorithms as IYDE overestimates the 

dose deposition increasingly along the depth axis. This is due to the limited size of the water 

phantom and the lack of spread of secondary particles in IYDE. Secondary particles created in a 

carbon beam traversing matter are generally forward directed, as observed in project I. However, 

secondary particles with large ejection angles are also produced. Combining the spread and 

scattering of secondary particles and a relatively narrow phantom (10.2x10.2x40.2cm) will result in 

particles exiting the sides of the volume and hence, they will not add to the dose deposition. This is 

the case in FLUKA where the secondary particles are followed and  

 

Figure 5.4 Integrated depth dose curves for a single carbon spot of nominal energy 3766.92 MeV in water. 

Figure 5.5 shows the dose profile at 15 cm depth. The dose deposition from primary ions from FLUKA 

simulations displayed here is in fact the difference between total dose and dose contribution from 

secondary charged particles (H, He, Li, Be and B). 

Since IYDE only considers multiple scattering for the primary carbon ions and applies this in the 

Fermi-Eyges transport it becomes interesting to compare the width of the IYDE Gaussian with the 

lateral dose distribution from primary carbon ions in the FLUKA calculations. The FWHM values of the 

two disagree to an extent of approximately 1.1 %. This implies that the multiple scattering algorithm 

in IYDE is working well in a water target. However, more investigations including different materials 

are needed to confirm this. 
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Figure 5.5 Lateral dose profiles for a single carbon spot with nominal energy 3766.92 MeV in water at depth 15 cm. 

Figure 5.5 also shows the increased lateral spread in FLUKA due to spread and individual transport of 

secondary particles. Figure 5.6 shows the dose contribution from secondary particles at 15 cm depth 

and explains the difference in integrated depth dose between FLUKA and IYDE. This plot shows the 

integrated dose profile where each position along the ordinate axis represents all deposited energy 

along one lateral direction. Here it becomes obvious that some hydrogen fragments are leaving the 

phantom.  

 

Figure 5.6 Lateral dose profiles (integrated in one direction) for a single carbon spot with nominal energy 3766.92 MeV in 
water at depth 15 cm. 
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Turning to a depth beyond the Bragg-peak (figure 5.7), the lateral dose distribution dependence on 

fragment spread become clearer due to the lack of primary carbon ions.  

 

Figure 5.7 Lateral dose profiles for a single carbon spot with nominal energy 3766.92 MeV in water at depth 22 cm. 

Figure 5.8 shows the dose contribution from secondary charged particles at 22 cm depth. An 

increased fraction of dose compared with earlier depths leaves the phantom. 

 

Figure 5.8 Lateral dose profiles (integrated in one direction) for a single carbon spot with nominal energy 3766.92 MeV in 
water at depth 22 cm. 
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The features of dose contribution from secondary charged particles found here agree well with the 

characteristics identified in project I (section 3.4). 

5.4.3 Evaluation of IYDE in a Heterogeneous Voxel Grid Based on CT-Data 

Figure 5.9 shows the dose distribution in the CT voxel grid. The dose distribution achieved with IYDE 

(left) appear uniform along the lateral axis  

FLUKA dose distribution (right) fluctuates depending on material and more energy is deposited in the 

high density material such as bone. This can be observed as slightly increased dose in the bony 

structure of the femoral heads while dose in some low density regions at smaller depth is reduced. 

The discrepancies are caused by the different dose scoring mechanisms implemented in the two 

dose calculation algorithms. IYDE only considers dose to water while FLUKA deposits dose with 

regards to the actual material in the voxel. 

 

Figure 5.9 Deposited energy shown in the CT voxel grid. The left image displays the energy deposition according to IYDE and 
the right plot shows deposited energy according to FLUKA. The color bar ranges from highest dose (dark red) to lowest dose 
(dark blue) and the doses have been normalized to deliver the same relative dose in the Bragg peak.  

The ranges of the beams agree within 1 %. The range agreement was determined by comparing the 

two integrated depth dose curves and their depths at 80 % of maximum dose on the distal side of the 

Bragg peak (range-80). 

Figure 5.10 shows the lateral dose profiles along the vertical axis in figure 5.9 at the first voxel layer 

completely inside the patient. Hence, this plot can be used to evaluate the spot position sampling 

algorithm and inherent weighting of the spots. The plot shows that the field in this direction is well 

reproduced by the sampling algorithm in SOURCE.f.  
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Figure 5.10 Lateral dose profile in the first voxel layer completely inside the patient (along the vertical axis in figure 5.9). 

Figure 5.11 shows the lateral dose profile along the axis perpendicular to the transversal plane in the 

first voxel layer completely inside the patient. High agreement between the two is also present in 

this direction. However, FLUKA results present a wider field in the positive direction along this lateral 

axis. This discrepancy could imply that something is wrong in the spot sampling algorithm but more 

likely this is caused by difference in material composition and density. Also the non-uniformity of the 

fields retrieved from FLUKA visible in figures 5.10 and 5.11 is due to that FLUKA was configured to 

score dose to material while IYDE scores dose in water. 
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Figure 5.11 Lateral dose profile in the first voxel layer completely inside the patient (along the axis perpendicular to the 
transversal plane).  

Important to note here is also that the isocenter position is not on the patient surface. Instead, the 

isocenter is placed on the CT-grid outer limit, 10 cm from the patient surface. This means that the 

beam will be transported through air until reaching the patient which will increase the beam 

divergence. The divergence will influence the dose distribution in the first voxel layer and the lateral 

dose profiles above can therefore also be used to evaluate the divergence up until this depth. Due 

the high agreement between FLUKA and IYDE, the divergence increase appears to be well accounted 

for by IYDE.  

The effect from not handling the secondary particles separately can once again be observed in figure 

5.12 which displays the lateral dose profile at a depth beyond the Bragg peak. FLUKA presents a 

much broader dose distributions and a significant part of the particle fluence exits the dose grid 

without depositing all its energy. The part of the fluence leaving the dose grid is dominated by light 

fragments as observed in the previous section and project I. 
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Figure 5.12 Lateral dose profile at a certain depth beyond the Bragg-peak. 

All the lateral dose profiles are normalized to the integrated depth dose in the first voxel layer 

completely inside the patient. 
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5.5 Conclusion and Remarks 

IYDE reproduces the range and Bragg peak width of a carbon beam in a water target and a patient 

geometry well within 1 %.  

The spread and scattering of secondary particles heavily influence the dose distribution in carbon 

beam therapy. In order for a dose calculation algorithm for carbon ions to be accurate enough for 

clinical use, this needs to be accounted for. This is recommended as the next step in the 

development of IYDE. 

The beam verification and the results from the heterogeneous study show that the sampling 

algorithms and spot distributing sequence implemented in the SOURCE.f user routine are working as 

intended. Further implementation would include enabling multiple energy layers and varying spot 

weights. This would enable simulation of realistic and relevant treatment cases. Also, the material 

tables and Hounsfield unit conversions need to be taken into account when predicting dose and 

fluence distributions in more complex geometries such as real patient data. With this functionality 

implemented, the FLUKA dose calculation validation tool will become very powerful. 
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6 Final Conclusion and Remarks 
FLUKA simulations were able to simulate and reproduce experimental data (Haettner, 2006) for 

fragment production and transport with good results, which implies that FLUKA was setup and used 

correctly.  

The general features of the ICRU 63 evaluated data have been reproduced by FLUKA simulations and 

the impact from discrepancies between the two are recommended for further investigation. The 

comparisons between energy deposition by protons in PRONTO and FLUKA show that PRONTO 

predicts the range and width of the Bragg-peak well and that the multiple scattering algorithm 

generally account well for the beam spread. However, noting the reduced yield from large scattering 

events in PRONTO.  

The complex influence from inelastic nuclear scattering on the shape of the depth dose distribution is 

recommended for further investigation. 

It has also been shown that FLUKA can be used to produce inelastic nuclear interaction data that can 

be used as input for a tailored Monte Carlo dose calculating algorithm. 

The current state of IYDE reproduces the range and Bragg peak width for a carbon ion beam in both a 

homogenous water phantom and a heterogeneous patient voxel grid well within 1 % as compared 

with FLUKA simulations. Also, the significance of secondary particles in the total dose distribution is 

identified in this study and including an analytical model for the spread and scattering of these 

particles is recommended as a next step in the development of IYDE. 

Throughout the present work, it has been shown that FLUKA can be used to run elaborate 

simulations and retrieve comprehensible results. Also, the ease with which more advanced 

application of FLUKA is enabled through user routines presents strong argument for further use of 

the code.   

The high standard of the code argues for extended use of it in larger scale data acquisition to be used 

as input data for analytical dose calculation and tailored Monte Carlo algorithms.   

Further development of tools, such as more advanced user routines and plan importation 

capabilities, together with FLUKA will provide powerful tools for validation of ion therapy dose 

calculation algorithms. 

It is clear that FLUKA serves the needs of the development department and it has been confirmed 

that FLUKA is used in a correct way as previous work has been reproduced. These conclusions 

combined imply recommendation for a continued internal use of FLUKA for ion therapy related 

purposes.  
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9 Appendices 

9.1 Appendix: Project I 

9.1.1 Fragment angular distributions 

 

Figure 9.1 Hydrogen fragment angular distributions for all target thicknesses and angles 0
o
-10

o
. The vertical axis show yield 

as fragments per projectile per steradian. FLUKA simulations are represented by the stepped line and experimental data as 
points with corresponding error from the particle identification method presented as vertical error bars.  
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Figure 9.2 Helium fragment angular distributions for all target thicknesses and angles 0
o
-10

o
. The vertical axis show yield as 

fragments per projectile per steradian. FLUKA simulations are represented by the stepped line and experimental data as 
points with corresponding error from the particle identification method presented as vertical error bars. 
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Figure 9.3 Lithium fragment angular distributions for all target thicknesses and angles 0
o
-10

o
. The vertical axis show yield as 

fragments per projectile per steradian. FLUKA simulations are represented by the stepped line and experimental data as 
points with corresponding error from the particle identification method presented as vertical error bars. 
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Figure 9.4 Beryllium fragment angular distributions for all target thicknesses and angles 0
o
-10

o
. The vertical axis show yield 

as fragments per projectile per steradian. FLUKA simulations are represented by the stepped line and experimental data as 
points with corresponding error from the particle identification method presented as vertical error bars. 
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Figure 9.5 Boron fragment angular distributions for all target thicknesses and angles 0
o
-10

o
. The vertical axis show yield as 

fragments per projectile per steradian. FLUKA simulations are represented by the stepped line and experimental data as 
points with corresponding error from the particle identification method presented as vertical error bars.



  

114 
   
 

9.1.2 Fragment energy spectra 

 

Figure 9.6 Hydrogen fragment energy spectra for all depths and angles (0
o
,2

o
,4

o
,8

o
). FLUKA simulation shown as a stepped line and experimental data shown as points connected with a dashed 

line. The vertical error bars show the estimated systematical error from the fragment identification process and the horizontal bars show the time resolution error. Note that not all simulated 
curves have corresponding experimental data. The yield is defined as fragments per projectile per MeV/u per steradian. 
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Figure 9.7 Helium fragment energy spectra for all depths and angles (0
o
,2

o
,4

o
,8

o
). FLUKA simulation shown as a stepped line and experimental data shown as points connected with a dashed 

line. The vertical error bars show the estimated systematical error from the fragment identification process and the horizontal bars show the time resolution error. Note that not all simulated 
curves have corresponding experimental data. The yield is defined as fragments per projectile per MeV/u per steradian. 
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Figure 9.8 Lithium fragment energy spectra for all depths and angles (0
o
,2

o
,4

o
,8

o
). FLUKA simulation shown as a stepped line and experimental data shown as points connected with a dashed 

line. The vertical error bars show the estimated systematical error from the fragment identification process and the horizontal bars show the time resolution error. Note that not all simulated 
curves have corresponding experimental data. The yield is defined as fragments per projectile per MeV/u per steradian. 
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Figure 9.9 Beryllium fragment energy spectra for all depths and angles (0
o
,2

o
,4

o
,8

o
). FLUKA simulation shown as a stepped line and experimental data shown as points connected with a dashed 

line. The vertical error bars show the estimated systematical error from the fragment identification process and the horizontal bars show the time resolution error. Note that not all simulated 
curves have corresponding experimental data. The yield is defined as fragments per projectile per MeV/u per steradian. 
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Figure 9.10 Boron fragment energy spectra for all depths and angles (0
o
,2

o
,4

o
,8

o
). FLUKA simulation shown as a stepped line and experimental data shown as points connected with a dashed 

line. The vertical error bars show the estimated systematical error from the fragment identification process and the horizontal bars show the time resolution error. Note that not all simulated 
curves have corresponding experimental data. The yield is defined as fragments per projectile per MeV/u per steradian.
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9.2 Appendix: Project II 

9.2.1 ICRU 63 secondary proton emission spectra evaluation 

9.2.1.1 Carbon 

 

Figure 9.11 

 

 

Figure 9.12 
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Figure 9.13 

 

9.2.1.2 Nitrogen 

 

Figure 9.14 
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Figure 9.15 

 

 

Figure 9.16 
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9.2.1.3 Oxygen 

 

Figure 9.17 

 

 

Figure 9.18 
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Figure 9.19 

 

9.2.1.4 Phosphorus 

 

Figure 9.20 
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Figure 9.21 

 

 

Figure 9.22 
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9.2.1.5 Calcium 

 

Figure 9.23 

 

 

Figure 9.24 
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Figure 9.25 
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9.2.2 ICRU 63 average energy transfer fraction evaluation 

9.2.2.1 Carbon 

 

Figure 9.26 

 

 

Figure 9.27 



  

128 
   
 

9.2.2.2 Nitrogen 

 

Figure 9.28 

 

 

Figure 9.29 
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9.2.2.3 Oxygen 

 

Figure 9.30 

 

 

Figure 9.31 
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9.2.2.4 Phosphorus 

 

Figure 9.32 
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9.2.2.5 Calcium 
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9.2.3 Secondary proton sampling in PRONTO 

9.2.3.1 Carbon 
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Figure 9.38 

 

9.2.3.2 Nitrogen 

 

Figure 9.39 
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Figure 9.40 

 

 

Figure 9.41 
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9.2.3.3 Oxygen 
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Figure 9.43 
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Figure 9.44 

 

9.2.3.4 Phosphorus 
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Figure 9.46 

 

 

Figure 9.47 
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9.2.3.5 Calcium 

 

Figure 9.48 
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139 
   
 

 

Figure 9.50 

 


