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Abstract 

Applications of particle accelerators in the biomedical field are grown significantly 

in the last two decades, and are still growing, especially for cancer diagnosis and 

treatment. During their operational lifetime accelerators and their surrounding 

structures are activated by primary and secondary particles; in the long run this 

represent a decommissioning issue. Only in recent years attention on the generation of 

radioactive waste and on the radiological hazards associated with decommissioning 

start to be significant. Regulations today require that decommissioning must be 

considered as part of the design and planning phase of an accelerator facility. 

Nevertheless there are no specific international standards or guideline documents, and 

cases of accelerator decommissioning have been described only sporadically in 

technical literature. 

This work is focused on PET cyclotron facilities activation assessment. When 

considering the dismantling of these facilities a considerable amount of low level 

radioactive waste has to be characterized and disposed of. Secondary neutrons, 

generated during the routinely production of 18F through the 18O(p,n)18F reaction, are 

mainly responsible for activation. Prediction of induced radioactivity is a challenging 

task since the activity produced varies considerably, depending on the type of 

accelerator, on its use and on the specific structure of the bunker: for this reason, each 

facility require its specific decommissioning strategy.  

This work is aimed at developing a Monte Carlo approach to a preliminary 

assessment of activation, to define an ad hoc decommissioning strategy and to identify 

possible countermeasures to be taken during the construction phase of the facility. 

In this work two main cases studies were analysed: The GE PETtrace facility of the 

SantôOrsola-Malpighi Hospital (Bologna) and the IBA CYCLONE 18/9 facility of 

Inselspital (Bern). The Monte Carlo code FLUKA was used to model accurately the 

two facilities for activation assessment. The models include all the major components 

of the cyclotrons and of the cyclotron bunkers that are expected to interact with the 

particles. Activity was scored at different positions and depths of the two cyclotron 

bunkers. 

Different kinds of experimental measurements were performed in the two facilities 

to evaluate MC models reliability in terms of neutron field and neutron activation.  

To this aim an assessment of the neutron dose field was performed inside the bunker 

of the S.Orsola-Malpighi Hospital in Bologna, using a rem-counter and CR39 
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dosimeters, whereas in Inselspital Bern neutron spectrometry measurements with 

bubble detectors were conducted.  

Two different kinds of measurements for activation assessment were conducted as 

well: a non-destructive in situ measurement methodology using a portable CZT 

detector was developed and used to measure induced activation in the S.Orsola-

Malpighi hospital, while in the Inselspital bunker core drilling were performed and the 

concrete samples measured in HPGe spectrometry. All the experimental measurements 

were compared with Monte Carlo simulations to evaluate consistency of the results.  

Once the level of accuracy of MC results was assessed, the prediction of residual 

activation at different positions and depths, and for different life expectancies of the 

cyclotron was assessed in the two cases studied. 

FLUKA simulations provided an excellent agreement, within uncertainties, with 

the experimental measurements in term of the neutron radiation dose field. 

Concerning activation assessment results, it was not expected a full correspondence 

between measured and calculated activity concentrations. It is well know that activation 

studies are influenced by many sources of variability, ranging from uncertainties in the 

basic cross section data to incomplete knowledge of the composition of materials; our 

results are in most cases within a factor of 3, and this is completely in line with 

predictions of activations published in other studies. Discrepancies are mainly due to 

the fact that concrete activation is strongly dependent on trace element concentration, 

and the latter is heterogeneous and generally unknown.  

These results demonstrate that FLUKA can be used satisfactory to assess the order 

of magnitude of the residual activation. The accuracy of results proved to be adequate 

for the purposes of this work. 

The main long lived radionuclides founded in concrete were 152Eu, 154Eu, 134Cs, 
54Mn, 46Sc, 57Co, 65Zn and 60Co. The highest activity concentration was founded in the 

first 30 cm of the walls closest to targets. As expected the walls of the bunker most 

activated are the nearest to targets and for both facilities nuclides with the highest 

activity concentrations were 60Co and 152Eu.  

The activity concentrations found in the S.Orsola-Malpighi hospital were up to 1.4 

Bq/g and 0.9 Bq/g respectively for 152Eu and 60Co. While in the Inselsipal bunker were 

up to 0.2 Bq/g and 0.8 Bq/g respectively for 152Eu and 60Co.  

The total activity concentration estimated after 20 years of cyclotron operating life 

was up to 4.10 Bq/g and up to 3.22 Bq/g respectively in Bologna and in Bern, exceeding 

in both cases the radiological exemption limit of 1 Bq/g. 

Concluding, Monte Carlo simulation proved to be a very powerful and feasible tool 

in the planning of new biomedical cyclotron installations and in the definition of an 

optimized decommissioning strategy.  

We proved also that there are experimental methodologies, commonly available or 

that can be implemented with limited investment, that make possible to integrate and 

confirm provisional estimates. 

The availability of an experimentally validated Monte Carlo model makes it 

possible to revise the traditional approach to activation assessment.  



 

 

 

Introduction 

The use of accelerators in the medical field has grown significantly in the last two 

decades. Today thousands of cyclotrons can be found all over the world, even in small 

countries. The estimated life expectancy, as well as the reasons for shutting down 

accelerators can be different. For instance, accelerators facilities can be shut down due 

to financial or political issues, evolution in market strategy, technological 

improvements, changes in institution goals or simply due to aging of the equipment.  

To protect all kind of biological targets, PET cyclotrons, as any other type of 

accelerators, are housed in thick-walled concrete buildings. During the operational life 

of the facility, the concrete walls of the cyclotron vault, as well as several components 

of the structure of the accelerator itself, are activated, mainly by secondary neutrons 

interacting with metals and rare earthôs present in the equipment, in concrete or in the 

reinforcement bars. Other activation mechanisms give rise to activation of the metal 

parts of the accelerators themselves.  

When considering the dismantling of such accelerators, considerable amounts of 

low level solid radioactive waste have to be taken into account. Furthermore during 

their life cycle cyclotrons normally undergo upgrade and maintenance generating 

amounts of radioactive waste that should be carefully managed. 

To decrease future dismantling costs, which might easily be greater than the cost of 

purchase, the amount of radioactive waste has to be evaluated in advance to define an 

optimum decommissioning strategy and to identify any critical issues and possible 

countermeasures to be taken during the construction phase of the facility.  

Only in recent years public administrators, facility managers, scientists and 

regulatory agencies as well started to pay the due attention to the generation of 

radioactive waste and on the costs and radiological hazards associated with 

decommissioning of accelerator facilities. 

Regulations today require that decommissioning be considered as part of the design 

and planning of an accelerator facility starting from the early phases. Nevertheless there 

is limited specific international guidance, and cases of accelerator decommissioning 

have been only sporadically described in the scientific literature.  

International guidance for site planning and installation, as well as for radiation 

protection assessment, is given in a number of international reports; these typically 

suggest analytical calculation methods to overcome radiation protection issues, but in 

approximate or idealized geometry set ups. However, no detailed ñhands onò 

indications for the decommissioning of these types of accelerators have been published 

to date and there is a lack of references on specific procedures to follow during facility 
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dismantling. Furthermore, in most part of the cases each specific issue is considered 

separately, without paying proper attention to the inevitable interconnection between 

them: for example, an accurate choice of the materials to be used in the shielding is 

necessary in the planning, to meet the dose limits, as well as in the decommissioning 

since these material will become, in time, a radioactive waste to be managed.  

In the last 20 years, the number of cyclotrons dedicate to the production of PET 

radionuclides increased by a factor of about 10, making these systems the most diffused 

positive particles accelerators in the world; this growth tendency has probably 

somewhat slowed down, but it is not yet finished. 

This was the basis to decide to start a structured, scientifically oriented work 

focused on the assessment of activation around PET cyclotrons and on the management 

of consequent problems as regards the end of the operational life of a facility. 

Prediction of induced radioactivity nevertheless is a challenging task not only 

because physical phenomena involved are very complex, but also because type and 

level of activation depends on several factors: the type of accelerator, the beam energy 

and intensity, the workload of the accelerator, the geometry of the bunker housing the 

accelerator, the composition of materials, their location with respect to the target, etcé 

These aspects make us understand that each facility needs a specific decommissioning 

strategy. 

The analytical formulation of physical problems involved in activation assessment 

of a cyclotron bunker is therefore not possible without strong approximations that can 

affect significantly the accuracy of the results. 

The purpose of this thesis work is therefore to propose an approach to activation 

assessment of a cyclotron bunker exploiting the potential Monte Carlo methods. Monte 

Carlo simulations allow to reproduce more accurately, compared to analytical methods, 

the real geometry of a bunker and to obtain more reliable results in case of complex 

geometry conditions. Nevertheless the accuracy of Monte Carlo results must always be 

supported by comparison with experimental measurements. 

In this work two main cases studies were analysed: The GE PETtrace facility of the 

SantôOrsola-Malpighi Hospital (Bologna) and the IBA CYCLONE 18/9 facility of 

Inselspital (Bern). The well-known Monte Carlo code FLUKA was used to quantify 

the induced radioactivity present in the two cases studies and to predict future residual 

activation.  

The Monte Carlo code FLUKA was used to realize a very detailed and accurate 

model of both the cyclotrons and the facilities, with the study of activation as the 

primary goal; it has to be noted however that the models I realized are complete and 

detailed at a level that they will be usable in the future also of other studies, like in the 

field of optimization of production reactions, or for other aspects of radiation 

protection. 

In parallel different kind of experimental measurements were conducted to assess 

simulated results accuracy. We proved that there are experimental methodologies, 

commonly available or that can be implemented with limited investment, that make 

possible to integrate and confirm provisional estimates. 
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 Concluding, aim of this work is to define a methodology for the preliminary 

assessment of activation levels of a cyclotron bunker via Monte Carlo simulations and, 

in parallel, to conduct different kind of experimental measurements to support results 

reliability. This methodology is intended to become the basis for an optimal design of 

the facility in terms of residual activation during the construction phase of a new 

cyclotron site and for the definition of ad hoc decommissioning strategies.  

 

This thesis, which is structured in six chapters, is divided in three different parts: 

introduction, material & methods and results. In detail: 

 The first chapter provides an overview regarding particle accelerator 

decommissioning. After a general introduction on the state of the art, the main radiation 

protection problems in the decommissioning of biomedical cyclotrons are discussed 

with reference to international regulations. A short review of the physics underlying 

the main mechanisms of induced radioactivity is also presented. 

In the second chapter a brief introduction on the mathematical basis of the Monte 

Carlo Method is provided. Then the Monte Carlo FLUKA code is presented as well as 

its graphical interface Flair. 

In the third chapter the two main case studies analysed in this work are presented: 

the GE PETtrace facility of the SantôOrsola-Malpighi Hospital (Bologna) and the IBA 

CYCLONE 18/9 facility of Inselspital (Bern). In both cases, first the cyclotron, then 

the cyclotron bunker and more in general the facility is described. Then the Monte 

Carlo model implemented is presented focusing on the geometrical model, on the 

definition of materials and on the source terms. Details on the physical and transport 

parameters, on the scored results and on their subsequent analysis is also given. 

In the fourth chapter devices used in experimental measurements to assess Monte 

Carlo results accuracy are presented. For each device first a general description of the 

operating principle is reported, secondly specific features regarding the devices used 

are discussed. Two main groups of devices are described:  

ü devices used in neutron detection, like rem-counters and CR39 for neutron 

dosimetry and bubble detectors for neutron spectrometry;  

ü Semiconductor detectors for gamma spectrometry, in particular HPGe 

detectors and portable CZT detectors.  

 

A variety of experimental measurements were performed in the two facilities to 

evaluate more possible options depending on the case studied. All the experimental 

measurements were compared with Monte Carlo simulations to check the models 

implemented in terms of source term accuracy and in terms of neutron activation. To 

this aim an assessment of the neutron dose field was performed inside the bunker of 

the S.Orsola-Malpighi Hospital in Bologna, whereas in Inselspital Bern neutron 

spectrometry measurements with bubble detectors were performed. Then two different 

kinds of measurements for activation assessment were conducted: a non-destructive in 
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situ measurement methodology using a portable CZT detector was developed and used 

to measure induced activation in the S.Orsola-Malpighi hospital, while in Inselspital 

bunker core drilling were performed and concrete sample measured in HPGe 

spectrometry. All the experimental measurements are described in the fifth chapter. 

In the sixth chapter results of experimental measurements are reported and 

compared with corresponding results obtained with FLUKA. The accuracy of MC 

models implemented in terms of neutrons fluence and residual activation is then 

discussed. Finally the potentiality of Monte Carlo approach in activation assessment is 

pointed out. 

In the seventh chapter the conclusions of the work presented in this thesis are 

discussed.



 

 

 

 

Chapter 1   

Decommissioning of particle accelerators 

This chapter provides an overview regarding particle accelerator decommissioning. 

After a general introduction on the state of the art, the main radiation protection 

problems in the decommissioning of biomedical cyclotrons are discussed with 

reference to international regulations. A short review of the physics underlying the 

main mechanisms of induced radioactivity is also presented. 

1.1 Introduction  

Thousands of accelerators are in operation all over the world, ranging from big 

research institutions with multi GeV machines to small installations in low income 

countries. Accelerators have a wide variety of applications; some of the most common 

applications include: 

Å Medical applications, such as diagnosis and treatment of cancer. 

Å Radioisotope production.  

Å Mineral and oil prospection, using neutrons produced with small accelerators.  

Å Charged particle beams for processing semiconductor chips.  

Å Intense sources of X-rays for sterilization of medical devices equipment and 

food products.  

Å Security controls of containers in harbors. 

Å Charged particle beams for materials sciences and applications analysis, such 

as modification of material properties, neutron activation analysis and 

processing semiconductor chips. 

Å Fundamental and applied physics research.  

Å Radiocarbon Archaeological dating and research dating 

 

According to IAEA statistics over 15 000 units are in use around the world in IAEA 

Member States. More than 97% of these accelerators are used for dedicated medical or 

commercial applications, while only a few hundred are used in scientific research.  
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The increasing demand for radioisotopes for medical application in the last decade 

has led to an increasing need for the availability of a large number of cyclotrons 

exclusively dedicated to the production of radioisotopes, distributed over the country 

even in small facilities. In 2006 IAEA published an update of the document called 

ñDirectory of Cyclotrons Used for Radionuclide Production in Member Statesò 

reporting the complete list of cyclotrons installed in all the member states, including 

technical, utilization and administrative information: at that time 262 operating 

cyclotrons were installed, in the 39 member states (IAEA, 2006). In the recent years 

this number has progressively increased. Large concentrations of cyclotrons for 

radionuclide production are located in the United States of America, Japan and 

Germany. Although the USA is one of the countries with the highest number of 

cyclotrons, the number of machines installed in the EU for medical radionuclide 

production is even higher. In Italy at present there are 36 PET cyclotrons (Figure 1.1). 

Most of these cyclotrons have been in use for 10-15 years, it is therefore expected that 

in the coming years some events of decommissioning or partial decommissioning for 

the replacement of some components, will take place. 

 

The number of institutions that distribute radiopharmaceuticals and [18F]FDG, in 

particular, is large. Among them, 75% of the cyclotrons are used to produce 18F-FDG, 

either for internal use or for distribution. This is certainly an underestimation as the 

commercial suppliers are under-represented in the IAEA survey. The number of types 

of cyclotrons available commercially is also quite large and increasing. The energies 

range from a few MeV for PET isotope production only, to a few hundreds MeV for 

proton therapy. The beam currents range upwards from 40 µA to over 1 mA (IAEA, 

Figure 1.1 PET cyclotron facilities in Italy 
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2006). These operating conditions are very different if compared with accelerator for 

research purpose usually characterized by low current and high energy, for this reason 

these type of accelerators are considerably different in terms of residual activation and 

decommissioning issues. 

For biological protection any kind of accelerator is housed in a thick-walled 

concrete building. During the operation, the accelerator itself and the surrounding 

structure become activated through the impact of primary and secondary particles. In 

the long run, this will represent a decommissioning issue. The amount of radioactivity 

induced and the level of decommissioning challenges are strongly dependent on the 

type of accelerator, its operating history and the field of application. 

In the early years of constructing and operating accelerators the radiological 

hazards were not even recognised and did not receive the appropriate attention. Only 

in recent years the attention on the generation of radioactive waste and on radiological 

hazards associated with decommissioning started to be significant. Regulations today 

require that decommissioning is considered as part of the design and planning phase of 

an accelerator facility. During the planning phase of a new facility it has to be assured 

that decommissioning forms part of the lifecycle of accelerators. Funding for 

decommissioning should be made available from the start of operation of accelerator 

facilities throughout the life of the facilities. Critical issues that could be experienced 

during decommissioning should be preventively identified so that solutions can be 

found in time (Moritz, 2001).  

Accelerator decommissioning and the disposal of activated materials pose a special 

challenge also because even very low levels of induced radioactivity must be assessed 

and managed. When considering the dismantling of accelerators, considerable amounts 

of low level solid radioactive waste have to be taken into account (European 

Commission, 1999). 

Nevertheless there are no specific international standards or guideline documents 

and cases of accelerator decommissioning have been described only sporadically in 

technical literature. Some documents include accelerators as a small part of a much 

broader scope (IAEA, 2003). Most Countries have a national regulatory framework 

relevant to the nuclear industry, however this does not usually extend to cover specific 

facilities such as accelerators.  

To date the question of how to deal with the quantities of radioactive waste generated 

during the operation and decommissioning of accelerators has not been answered 

satisfactorily and the current focus is rather on installation of new facilities. There is a 

lack of references on specific procedures to follow during the decommissioning of 

particle accelerators. Although a number of guideline documents have been published 

with the radiological protection requirements during the operation of accelerators, the 

decommissioning of these facilities has not been addressed sufficiently: a univocal 

guideline, fully accepted by the scientific community, has not been published yet. As a 

matter of fact, even though the number of cyclotrons installed in the world is 

continuously increasing, only a few instances of decommissioning have been 

conducted over the world. In literature there is a lack of data about practical experiences 

of decommissioning of particle accelerators, particularly cyclotrons, most of the data 

refers only to research accelerators (European Commission, 1999; IAEA, 2004; 
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Opelka, et al., 1979; Calandrino, et al., 2006; Birattari, et al., 1989; Carroll, 2002; 

Carroll, et al., 2001). Even if these data can be a valuable source of information, direct 

application in the planning of decommissioning strategy is not advisable due to the 

differences in the layout of the site, in the workload and technology of the different 

accelerators. The need to address the decommissioning of accelerators has been 

recognised by IAEA and the writing of a reference text is currently ongoing. 

In the following subchapter, first the production mechanism of induced activity around 

a proton accelerator is described briefly, providing a short review of the basic principles 

involved in activation processes and listing the principal radioactive isotopes generated 

in accelerator environments and the surrounding structures. Then the Radiation 

protection aspects connected with decommissioning are presented. Finally some aspect 

connected with decontamination and dismantling strategies are pointed discussed. 

1.2 Radioactivity induced in proton accelerators 

During the interaction between a high-energy hadron and a nucleus, neutrons, protons 

and other nuclear fragments may be emitted, converting the nucleus to that of a 

different isotope and probably of a different element, with high probability of being 

radioactive. If secondary particles emitted have sufficient energy, they undergo further 

interactions and cause additional activation creating a nuclear particle cascade. Many 

of the nuclei are produced in excited states and de-excite by emitting neutrons, charged 

particles or fragments in a so called ñevaporationò process; alternatively the may de-

excite by emitting gamma-ray. This cascade process continues until the energies of the 

particles decrease below the thresholds of the nuclear reaction involved. 

The amount of radioactivity induced in accelerators facilities depend on many factors, 

namely: the probability of producing a particular isotope, in turn a function of the 

composition of the material involved; the primary beam losses; the spectrum of the 

secondaries produced; and the cross section of the reaction involved. The amount of a 

radioactive isotope at a certain time also depends on the isotope half-life, the irradiation 

geometry, the workload of the accelerator, the time the accelerator has been in 

operation, as well as on the cooling time since cyclotron operation stopped. For these 

reasons the estimation of induced radioactivity in an accelerator and its vault is very 

complex and difficult to perform with analytical methods. 

Considering protons interactions, the reactions involved at intermediate energy (from 

a few MeV un to 50 MeV) are various, the most probable reactions are (p,n), (p,np), 

(p,2n), (p,a). These reactions have thresholds increasing in the same order. At still 

higher energies other more complex reactions take place. As the energy of the incident 

particle increases the variety of radionuclide that can be produced increases because 

more reaction thresholds are crossed (NCRP, 2005).  

In particular, in biomedical PET cyclotrons (p,n) is the reaction exploited in the daily 

production of 18F from 18O, for this reason this reaction has a key role within this work 

and in general for what concern residual induced activation in biomedical cyclotron 
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facilities. More precisely, secondary neutrons arising from this reaction are mainly 

responsible for the activation of the structural materials. Neutron fields are in general 

complicated to assess because neutrons are produced in a variety of reactions and span 

a wide energy range. Neutrons can react at any energy producing radioactive nuclides 

and they are not repelled by electrostatic charge of target nuclei being unaffected by 

the coulomb barrier. The most probable reaction at thermal energy is neutron capture, 

while with increasing energy the most probable reaction are (n,p), (n,np), (n,2p), (n,a). 

High-energy neutrons cause spallation reactions but are not of interest for this work. 

Because of the high capture cross section of some materials for thermal neutrons, those 

are the main cause of induced radioactivity. The (n,ɔ) capture reactions on trace 

amounts of stable Europium, Cobalt and Caesium, which are present in concrete in 

concentrations of a few parts per million, is the main cause of residual activation. The 

activity concentration of these radionuclides change as a function of accelerator 

operating time, geometry and composition of the bunker. 

In table 1.1 some of the main radionuclides commonly identified in solid materials 

irradiated around accelerators are reported (European Commission, 1999). 

Table 1.1 Radionuclides commonly identified in solid materials irradiated around accelerators 

Irradiated Material Radionuclides 

Plastics and oils 7Be, 11C 

Concrete and 

aluminium 
7Be, 11C, 22Na, 24Na, 32P, 42K, 45Ca 

Iron and steel 

7Be, 11C, 22Na, 24Na, 32P, 42K, 45Ca, 44Sc, 44Scm, 46Sc, 
47Sc, 48Sc, 48V, 51Cr, 52Mn, 52Mnm, 54Mn, 56Mn, 57Co, 

58Co, 60Co, 57Ni, 55Fe, 59Fe 

Copper 

7Be, 11C, 22Na, 24Na, 32P, 42K, 45Ca, 44Sc, 44Scm, 46Sc, 
47Sc, 48Sc, 48V, 51Cr, 52Mn, 52Mnm, 54Mn, 56Mn, 57Co, 

58Co, 60Co, 57Ni, 55Fe, 59Fe, 61Cu, 64Cu, 63Zn, 65Zn 

 

 

1.3 Radiation Protection aspects in decommissioning of 

particle accelerators 

Radiation protection (RP) aspects in the use of particle accelerators can be 

summarized in three point considering the working life of the accelerator itself: 

Å RP in Site planning 

Å RP in the routine use of the accelerator 

Å RP in the decommissioning of the facility 
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Guidelines for site planning and installation, as well as for radiation protection 

assessment, are given in a number of international documents; however these well-

established guidelines typically suggest analytical calculation methods to overcome RP 

issues. Moreover these guidelines refer to one problem at a time and do not consider 

interrelations between the various aspects. As an example, the choices in design in the 

shielding during the site planning influence the future activation of the components, 

and this involves a strong correlation with the decommissioning of the site. 

1.3.1 International and National Regulations 

Every radiation protection evaluation has to be performed according to the 

prescription of International and National regulation in terms of calculations, 

methodology applied and final result. 

There is a well-established hierarchy in the available international regulations 

(figure 1.3).  

 

 

 

 

Figure 1.2 Radiation protection problems in the use of accelerators in the medical field 

(Infantino, 2015c). 
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In view of avoiding political and economic influences an international commission 

of highly reputed experts in the field, the International Commission on Radiological 

Protection (ICRP), was established to publish periodical Reports that, thanks to their 

balance, scientific level and value, are considered the basis for any international and 

national regulation. The ICRP is an independent body: members of the Commission 

are not indicated by governments, the UN or other political or economic entities, but 

are expressed by the scientific community. 

In the 1990 Recommendations the Commission gave the principles of protection for 

practices separately from intervention situations. The Commission continues to regard 

these principles as fundamental for the system of protection, and has now formulated a 

single set of principles that apply to planned, emergency, and existing exposure 

situations. In these Recommendations, the Commission also clarifies how the 

fundamental principles apply to radiation sources and to the individual, as well as how 

the source-related principles apply to all controllable situations. These principles are 

(ICRP, 2007): 

¶ The principle of justification. ñAny decision that alters the radiation 

exposure situation should do more good than harmò.  

¶ The principle of optimisation of protection. ñThe likelihood of incurring 

exposures, the number of people exposed, and the magnitude of their 

individual doses should all be kept as low as reasonably achievable, taking 

into account economic and societal factorsò.  

¶ The principle of application of dose limits. ñThe total dose to any individual 

from regulated sources in planned exposure situations other than medical 

Figure 1.3 Hierarchy of the international regulations on radiation protection 

(Infantino, 2015c) 
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exposure of patients should not exceed the appropriate limits recommended 

by the Commissionò.  

 

Two principles are source-related and apply to all exposure situations (justification 

and optimization) while one principle is individual-related and applies to planned 

exposure situations (application of dose limits). 

The findings of the United Nations Scientific Committee on the Effects of Atomic 

Radiation (UNSCEAR) and the recommendations of ICRP, are taken into account in 

developing the Safety Standards of the International Atomic Energy Agency (IAEA). 

The IAEA safety standards establish fundamental safety principles, requirements 

and measures to control the radiation exposure of people and the release of radioactive 

material to the environment, to restrict the likelihood of events that might lead to a loss 

of control over a nuclear reactor core, nuclear chain reaction, radioactive source or any 

other source of radiation, and to mitigate the consequences of such events if they were 

to occur. The standards apply to facilities and activities that give rise to radiation risks, 

including nuclear installations, the use of radiation and radioactive sources, the 

transport of radioactive material and the management of radioactive waste. 

The IAEA safety standards reflect an international consensus on what constitutes a 

high level of safety for protecting people and the environment from harmful effects of 

ionizing radiation. They are issued in the IAEA Safety Standards Series, which are 

divided in three categories (IAEA, 2014): 

¶ Safety Fundamentals. Safety Fundamentals present the fundamental safety 

objective and principles of protection and safety, and provide the basis for 

the safety requirements; 

¶ Safety Requirements. An integrated and consistent set of Safety 

Requirements establishes the requirements that must be met to ensure the 

protection of people and the environment, both now and in the future. The 

requirements are governed by the objective and principles of the Safety 

Fundamentals. If the requirements are not met, measures must be taken to 

reach or restore the required level of safety. The format and style of the 

requirements facilitate their use for the establishment, in a harmonized 

manner, of a national regulatory framework. Requirements, including 

numbered ñoverarchingò requirements, are expressed as ñshallò statements. 

Many requirements are not addressed to a specific party, the implication 

being that the appropriate parties are responsible for fulfilling them; 

¶ Safety Guides. Safety Guides provide recommendations and guidance on 

how to comply with the safety requirements, indicating an international 

consensus that it is necessary to take the measures recommended (or 

equivalent alternative measures). The Safety Guides present international 

good practices, and increasingly they reflect best practices, to help users 

striving to achieve high levels of safety. The recommendations provided in 

Safety Guides are expressed as ñshouldò statements. 
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The principal users of safety standards in IAEA Member States are regulatory 

bodies and other relevant national authorities. The IAEA safety standards are also used 

by co-sponsoring organizations and by many organizations that design, construct and 

operate nuclear facilities, as well as organizations involved in the use of radiation and 

radioactive sources. The IAEA safety standards are applicable, as relevant, throughout 

the entire lifetime of all facilities and activities, existing and new, utilized for peaceful 

purposes and to protective actions to reduce existing radiation risks. They can be used 

by States as a reference for their national regulations in respect of facilities and 

activities (IAEA, 2014). 

An important issue to remember is that even if the above regulations provide the 

limitations to respect for a correct radiation safety practice (from a practical point of 

view the principle of application of dose limits) no information are provided on how to 

achieve this goal. In other words a regulation providing the Radiation Protection 

Officer (RPO) or the Qualified Expert (QE or RPE) with the methodology to do the 

calculation and satisfy the limits mentioned has not been published yet at any level, 

national or international. Generally, these methodologies are reported in ñgood practice 

technical guidesò published by accredited organizations such as the National Council 

on Radiation Protection and Measurements (NCRP). (Infantino, 2015c) 

1.3.2 Clearance levels  

Radiation Protection requirements in Member State of the European Union (EU) 

are established at a national level, whereby national legislation is bound by the Euratom 

Treaty to comply with the general EU standards: ñThe Basic Safety Standards for the 

Health Protection and the General Public and Workers against the Dangers of Ionizing 

Radiationò (BSS). One of the requirements in EU BSS, in agreement with IAEA Safety 

Standard, is that the disposal, recycling and reuse of material containing radioactive 

substances is subject to prior authorisation by national competent authorities. The 

authorities in particular may specify clearance levels below which such materials are 

no longer subjected to the requirements of the Standards. Clearance levels shall be 

established on the basis of the general criteria for exemption and take into account 

technical guidance provided by the Community. 
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The scheme of figure 1.4 illustrates the decision making process indicated by the 

BSS. The scope of the BSS is defined in terms of practices and only indirectly in terms 

of any radioactive material. All practice involving radioactivity requires justification, 

then it must be decided if the practice should be put under the gradual system of 

reporting (simpler cases) or authorization (more complex situations), as prescribed by 

the BSS, or the practice is simply considered exempt. A practice can be considered 

exempt if the associated risks are sufficiently low. Radionuclide quantities and 

activities concentrations determining the ñnon relevanceò of the risk are called 

exemption values, and have been derived for the most relevant radionuclides and 

republished in an Annex to the BSS (Commission of the European communities, 1993). 

Practices involving radioactive substances below any one of such levels are exempt 

from the regulatory requirements. Once a practice is put within the regulatory system 

all the associated activities and material movements are regulated. Sources and 

practices already under regulatory control may be cleared from regulatory requirements 

if the regulatory authority considers that this is warranted. 

National competent authorities may allow for a material arising from a practice to 

be released from the requirements of the BSS directive for disposal , reuse or recycling 

if the radioactivity content is below so-called ñclearance levelsò. The term clearance is 

used to describe the removal of control, and clearance levels are the recommended, 

nuclide specific, limits below which authorities could authorize clearance. Guidance 

for the dismantling of nuclear installations has been provided by a Group of Experts 

set up under the terms of Article 31 of the Euratom Treaty. The Working Party set up 

for this purpose has examined radiation exposures related to the recycling of steel, 

Figure 1.4 Schematic diagram illustrating the implementation of the European Unionôs 

Basic Safety Standards (European Commission, 2000) 
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copper and aluminium, in terms of nuclide specific mass activity concentration levels 

of these metals, and on terms of surface specific contamination levels for recycling or 

direct reuse. The technical guidance was published as ñRecommended radiological 

protection criteria for the recycling of metals from dismantling of nuclear installationsò 

(RP 89) (European Commission, 1998). A second technical guidance for the clearance 

of buildings and building rubble arising from the dismantling of nuclear installation 

was published in ñRecommended radiological protection criteria for the clearance of 

buildings and building rubble from dismantling of nuclear installationsò (RP 113) 

(European Commission, 2000). Aim of these recommendations is to propose 

radionuclide specific concentration limits below which construction materials, like 

concrete, bricks and others, could be released from regulatory control after dismantling.  

The radiological protection criteria that must be met before the clearance of 

material can be authorised are laid down in Article 5 in conjunction with Annex I of 

the BSS. The recommendations RP 89 and RP 113 used these criteria to develop 

specific clearance levels for metallic items, equipment, scrap, building and building 

rubble. 

The IAEA recommendation, laid down in Safety Series 89 (IAEA, 1988), refers to 

an individual dose of ñsome tens of microsieverts per yearò (µSv/y) as being trivial and 

therefore a basis for exemption. Furthermore to take in to account exposures from more 

than one exempt practice, ñeach exempt practice should utilize only a part of that 

criterion, and it may be reasonable for national authorities to apportion a fraction of 

that upper bound to each practice. This fractionation could lead to individual doses to 

the critical group of the order of 10 µSv in a year from each exempt practiceò (IAEA, 
1988) In addition the IAEA recommends that for each practice a study of available 

options be made by regulating authorities in order to optimise radiation protection. If 

the study ñindicates that the collective dose commitment resulting from one year of the 

unregulated practice will be less than about 1 manSv é it may be concluded that the 

total detriment is low enough to permit exemption without a more detailed examination 

of other optionsò. The general international consensus on the basic criteria for 

exemption is reflected by their inclusion in both the IAEA BSS (IAEA, 1996) and 

Euratom BSS. Publication 60 of the International Commission of Radiological 

Protection (ICRP) (ICRP, 1990) also discusses the concept of exemption from 

regulatory control. 

It is difficult to relate dose received by individuals to a specific practice, or to the 

level of radioactivity involved in a practice, especially in the definition of clearance 

criteria that must be evaluated according to a largely hypothetical ña prioriò estimation. 

This problem was dealt by the working group considering a set of exposure scenarios 

that relates the activity content to an individual dose. The clearance levels proposed are 

derived radioactivity levels from the most critical scenario, which lead to calculated 

dose of either 10 µSv/y or a skin dose of 50 mSv/y. 

In the following the clearance levels given in RP 89 and RP 113 are reported. The 

nuclide specific clearance levels in table 1.2 are the lowest value for metal and metal 

scrap for which the only use after clearance is as input for the production of new metal. 

The mass specific clearance levels apply to the total activity per unit mass of the metal 

being released and are intended as an average over moderate amounts of metal. The 
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nuclide specific clearance levels in table 1.3 apply to metal components, equipment or 

tools for which a post-clearance use in the same or modified form is foreseen, i.e. direct 

reuse. The surface specific clearance levels apply to the total surface activity 

concentration and are intended as an average over moderate areas. 

While clearance levels reported in table 1.4, 1.5 and 1.6 apply to buildings, rooms, 

sections of buildings and building structures in which practices requiring reporting or 

prior authorisation were carried out, and to building rubble resulting from the 

demolition of such structures. The radionuclides investigated are those with half-lives 

longer than 60 days, the list is not exhaustive and therefore it is possible that an unlisted 

radionuclide could be significant for clearance decisions. Regarding the act of 

clearance, three main groups of clearance levels for buildings are derived: 

¶ Clearance for buildings for any purpose (reuse or demolition) (table 1.4); 

¶ Clearance for buildings for demolition only (table 1.5); 

¶ Clearance for building rubble (table 1.6). 

 

The recommended clearance levels represent the total activity in the structure per 

unit surface area below which the clearance criteria will be satisfied. 

In nearly all practical cases more than one radionuclide is involved. To determine if a 

mixture of radionuclides is below the clearance level a summation formula can be used: 

ὧ

ὧ
 ρȢπ 

 

Equation 1.1 

Where 

ci  is the total activity on the structure per unit surface area of radionuclide i (Bq/cm2) 

cli   is the is the clearance level of radionuclide i (Bq/cm2) 

n is the number of radionuclides in the mixture 
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Table 1.2 Nuclide specific clearance levels for metal scrap recycling from RP 89 (European Commission, 1998) 
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Table 1.3 Nuclide specific levels for direct reuse of metal items (European Commission, 1998) 
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Table 1.4 Radionuclide specific clearance levels for building reuse or demolition expressed as total activity 

in the structure per unit surface area (Europian Commission, 2000) 
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Table 1.5 Radionuclide specific clearance levels for building demolition expressed as total activity in the structure 

per unit surface area (Europian Commission, 2000) 
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Table 1.6 Radionuclide specific clearance levels for building rubble expressed as total activity in the 

structure per unit surface area (European Commission, 2000) 
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1.4 Decontamination and dismantling strategies 

Cleary quantifying the extent and the order of magnitude of induced activation is the 

key factor in order to identify possible countermeasures to be taken during the 

construction phase of accelerators.  

Some of the main aspects that should be taken into consideration and that could have a 

major impact during decommissioning are:  

 

Å Choice of materials. For example the selection of metals such as the use of 

aluminium instead of copper in magnet coils would reduce the production 

of 60Co. 

Å Physical layout of the accelerator components. If there is a possibility to 

change the layout components and equipment should not be place near 

locations where a large fraction of the accelerated beam interacts.  This will 

shorten the operation life of electronic equipment and may result in the 

unnecessary generation of radioactive waste.  

Å Method of assembly. If the concrete shielding consists of individual 

removable blocks it will be much easier to remove each block and separate 

of waste during dismantling. Some accelerator facilities use a combination 

of removable blocks and massive walls. 

Å Care in operations and maintenance of equipment. Beam tuning will have a 

definite effect upon the amount of unwanted beam losses resulting in the 

activation of equipment and shielding, (creation of so-called hot spots). 

There should be a constant strife to higher efficiency in the extraction of the 

beam from the accelerator and transport to the target with minimum losses. 

 

These kind of consideration during the design phase can decrease dismantling costs, 

minimize unavoidable activation areas, and maximize potential for reuse.  

Large amounts of only slightly radioactive items originating from the operation of 

accelerators could result in high cost associated with the management of radioactive 

waste. In some cases, after an adequate evaluation, recycling of the mostly metallic 

radioactive material from the accelerator environment is not only reasonable but also 

the most economic approach. 

The reuse of already established facilities is also a recommended approach: there 

are some examples of accelerator facilities that were decommissioned and reused again.  

The ANSTO Camperdown Facility is a recent initiative where ANSTO and The 

University of Sydney are working together to reuse the building that housed the 30 

MeV cyclotron to construct a new 18 MeV cyclotron and associated ancillary works. 

(Ellis, 2011). This approach can be used in the case of PET cyclotrons facilities: 

adopting a careful design of the vault, it is generally possible to replace an outdated 

cyclotron at the end of its life cycle with a new machine, reusing the same bunker. 

As a general consideration, if possible unconditioned and conditioned recycling are 

to be preferred to the apparently more simple method of disposal as radioactive waste, 

not least of all due to economic consideration (European Commission, 1999). 
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In the European Commission Report 19151 (European Commission, 1999) some 

techniques to dismantle particle accelerators in such a way that the volume of nuclear 

waste is kept to a minimum are proposed. The choice of dismantling activities and the 

use of dismantling technique are to be selected after adequate consideration of the 

residual radioactivity induced in the materials. A good activation assessment of 

individual equipment and structure component is therefore the basis for the definition 

of an optimized decommissioning strategy. The selection of techniques used for 

dismantling is optimised from the point of view of radiation protection, secondary 

waste generation and cost-efficiency. The EC report proposed a wide range of 

techniques for dismantling shielding vaults, to allow a clean dismantling of concrete 

and to separate the activated structures with the least possible generation of dust: 

Å Sawing, wire-cutting, circular sawing, chain sawing 

Å Drilling, core drilling 

Å Cutting with special hydraulic pincers, operated manually on gripper arms 

Å Thermal exposure of reinforcing steels by means of electric resistance 

heating 

 

The in-depth activation study of shielding structures is fundamental to identify and 

remove the activated part of roof, walls and floors from the rest of the structures. It is 

important to separate the radiological waste generated in accelerator facilities from 

other kinds of waste throughout the operational as well as decommissioning period, it 

is also important to separate long lived and short lived isotopes as far as possible. 

Monitoring the potential residual activation during the operational life of a particle 

accelerator represents a good practice to preventively estimate decommissioning.  

Characterization may often provide technical challenges, incorrect characterization or 

methodology applied might result in wrong classification of waste. It is very important 

to have a well-defined characterization plan agreed on by the regulator, the waste 

disposal operator and the accelerator operator. Normally characterization 

methodologies and plans for accelerator facility are not regulated by standard 

procedure as in the case of other nuclear facilities such as Nuclear Power Plants and 

Nuclear Fuel Cycle Facilities.   

Monte Carlo simulations, supported by experimental measurements, represent the 

most accurate way to assess preventively the level of activation of cyclotron 

components and shielding, to identify the most problematic radionuclides produced and 

to perform an optimal design of the whole site including the planning of an ad-hoc 

strategy of decommissioning. The great advantage of this methodology compared to 
analytical methods, is the possibility to reproduce the real geometry of the bunker and to 

obtain reliable results in complex geometry conditions.  



 

 

 

 

 

Chapter 2   

The Monte Carlo FLUKA code 

The present chapter presents an introduction to the Monte Carlo methods and to the 

role of random numbers used to calculate approximate solutions to mathematical or 

physical problems. In particular the Monte Carlo FLUKA code used in this work will 

be described with an overview of the physical models it uses, underlying those aspects 

important for the present work. 

2.1 Monte Carlo Methods  

The analytical solution through differential equations of physical problems 

involved in this work, e.g. particle transport and radiation interaction with matter, is 

very complex and strong approximations are usually needed for an analytical 

formulation of the problem. Monte Carlo methods represent a valid alternative to 

analytical methods.  

The Monte Carlo method was invented by John von Neumann, Stanislaw Ulam and 

Nicholas Metropolis (who named the method), and independently by Enrico Fermi. 

Originally it was not a simulation method, but a method to solve a multidimensional 

integro-differential equation by building a stochastic process such that some parameters 

of the resulting distributions would satisfy that equation. This technique is based on 

generation of random numbers. The equation itself did not necessarily refer to a 

physical process, and if it did, that process was not necessarily stochastic.  

It was soon realised, however, that when the method was applied to an equation 

describing a physical stochastic process, such as neutron diffusion, the model could be 

identified with the process itself. In these cases the method has become known as a 

simulation technique, since every step of the model corresponds to an identical step in 

the physical process simulated. Typical applications of MC methods are physical 

processes described by probabilities, for instance particle-transport processes 

considering that cross section are interaction probabilities per unit distance (Fassò, et 
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al., 2009). In this case for example the solution of transport equations via Monte Carlo 

methods is not approached trying to solve all the differential equations describing the 

problem, but rather by making a virtual experiment similar to the real process. Every 

single physical event of the cascade is simulated and the particle stories are tracked. 

Theoretical and mathematical foundations of Monte Carlo are well documented in 

a variety of basic textbooks (Kalos, et al., 2008; Lux, et al., 1990; Carter, et al. 1975; 

Hammersley, et al., 1964; Spanier, et al., 1969; Dunn & Shultis, 2012). In the following 

just a brief mention about the mathematical basis of Monte Carlo Methods will be 

reported. 

Considering a variable x, distributed according to a function f(x), the mean or 

average of a function of the same variable A(x) over an interval [a,b] is: 

 

ὃӶ
᷿ὃὼὪὼὨὼ

᷿ὪὼὨὼ
 Equation 2.1 

 

Introducing the normalized distribution Ὢᴂὼ 

 

Ὢᴂὼ
Ὢὼ

᷿ὪὼὨὼ
 Equation 2.2 

 

ὃӶ ὃὼὪ ὼὨὼ Equation 2.3 

 

Considering more than one dimension, given n variables x,y,é, distributed 

according to the normalised functions Ὢ ὼȟὫ ὼȟȣȟ the mean or average of a 

function of those variables A(x,y,é) over an n-dimensional domain is given by: 

 

ὃӶ ȣȢ ὃὼȟώȟȣ Ὢ ὼὫ ώȣὨὼὨώȣ Equation 2.4 

 

An n-dimensional integral is often impossible to calculate with traditional methods, 

but N values of A can be sampled with probability ὪὫȣ and the sum of a sampled 

values will be divided by N: 

Ὓ
В ὃὼȟώȟᾀȟȣ

ὔ
 Equation 2.5 

 

Since each term of the sum is distributed like A, in this case the integration is also 

a simulation. 

The Central Limit theorem, that is the mathematical foundation of the Monte Carlo 

method, states that for large values of N, the distribution of averages Ὓ  of N 

independent random variables identically distributed tends to a normal distribution with 

mean ὃӶ and variance „ ὔϳ : 
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Equation 2.6 

ÌÉÍ
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ρ
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Ὡ ϳ  Equation 2.7 

 

In words: ñGiven any observable A, that can be expressed as the result of a 

convolution of random processes, the average value of A can be obtained by sampling 

many values of A according to the probability distribution of the random processò. 

The Monte Carlo method is an integration technique to solve multi-dimensional 

integrals by sampling from suitable stochastic distributions. 

The accuracy of a MC estimator depends on the number of samples: 

 

„  θ
ρ

Ѝὔ
 

 

Equation 2.8 

In an analogue Monte Carlo calculation, not only the mean of the contributions 

converges to the mean of the actual distribution, but also the variance and all moments 

of higher order: 

  

ÌÉÍ
ᴼ

В ὼ ὼӶ

ὔ
 „ 

 

Equation 2.9 

 

Then, partial distributions, fluctuations and correlations are all faithfully 

reproduced: in this case there is a real simulation. 

The distinctive feature of Monte Carlo is the use of random sampling techniques. 

The central problem of Monte Carlo Techniques is: 

ñGiven a Probability Density Function (pdf) of the x variable, f(x), generate a 

sample of xôs distributed according to f(x), where x can be multi-dimensionalò 

In the real physical world, an experiment samples a large number of random 

outcomes of physical processes: these correspond, in a computer calculation, to 

pseudo-random numbers sampled from pdf distributions. 

Pseudo-random numbers (PRN) are sequences that reproduce the uniform 

distribution, constructed from mathematical algorithms (PRN generators). PRN 

generators have a period, after which the sequence is identically repeated. It is very 

important that the length of the sequence be such that no repetition would happen in 

any calculation. 

A typical Monte Carlo particle transport code works as follows: each particle is 

followed on its path through matter. At each step the occurrence and outcome of 

interactions are decided by random selection from the appropriate probability 

distributions. All the secondaries issued from the same primary are stored in a ñstackò 

or ñbankò and are transported before a new history is started.  
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In the following chapter the Monte Carlo FLUKA approach to transport physics 

will be presented. 

2.2 The FLUKA code 

2.2.1 FLUKA 
In this work, the FLUKA code (Bohlen, et al., 2014; Ferrari, et al., 2005) was used. 

FLUKA is a general purpose tool for calculations of particle transport and interactions 

with matter, covering an extended range of applications spanning from proton and 

electron accelerator shielding to target design, calorimetry, activation, dosimetry, 

detector design, Accelerator Driven Systems, cosmic rays, neutrino physics, 

radiotherapy, radiobiology. It was developed and is maintained under an INFN-CERN 

agreement. Microscopic models are adopted whenever possible, consistency among all 

the reaction steps and/or reaction types is ensured, conservation laws are enforced at 

each step, and results are checked against experimental data at single interaction level. 

As a result, final predictions are obtained with a minimal set of free parameters fixed 

for all energy/target/projectile combinations. Therefore results in complex cases, as 

well as properties and scaling laws, arise naturally from the underlying physical 

models, predictivity is provided where no experimental data are directly available, and 

correlations within interactions and among shower components are preserved. The 

FLUKA physical models are described in several journal and conference papers (Fassò, 

et al., 2003; Ferrari, 2006; Battistoni, et al., 2007; Fassò, et al., 1995). FLUKA can 

simulate with high accuracy the interaction and propagation in matter of about 60 

different particles, including photons and electrons from 1 keV to thousands of TeV, 

neutrinos, muons of any energy, hadrons of energies up to 20 TeV and all the 

corresponding antiparticles, neutrons down to thermal energies and heavy ions. The 

program can also transport polarised photons (e.g., synchrotron radiation) and optical 

photons. Time evolution and tracking of emitted radiation from unstable residual nuclei 

can be performed online. FLUKA can handle even very complex geometries, using an 

improved version of the well-known Combinatorial Geometry (CG) package. The 

FLUKA CG has been designed to track correctly also charged particles (even in the 

presence of magnetic or electric fields). Various visualization and debugging tools are 

also available. For most applications, no programming is required from the user. 

However, a number of user interface routines (in Fortran 77) are available for users 

with special requirements (FLUKA, 2010). 

For many years FLUKA has been known as one of the main tools for designing 

shielding of proton accelerators in the multi-GeV energy range (its hadron event 

generator has been adopted by the majority of the existing high-energy transport codes, 

including those used for particle physics simulations). In recent years, however, 

FLUKA has gone through an important process of transformation which has converted 

it from a specialized to a multi-purpose program, not restricted to a limited family of 

particles or to a particular energy domain. If in its original high energy field FLUKA 
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has few competitors, this is not the case in the intermediate and in the low energy range, 

where several well established transport codes exist. However, FLUKA can compare 

favourably with most of them, thanks to some important assets. One of them is the 

adoption of modern physical models, especially in the description of nuclear 

interactions. Some of these models have even been updated and extended with original 

contributions. Other advantages are the special care devoted to low-energy 

electromagnetic effects and the accurate combined treatment of multiple scattering and 

magnetic fields near material boundaries, essential for a correct simulation of many 

synchrotron radiation problems (Fassò, et al., 1995). In recent years, FLUKA has been 

widely used in the medical field to study different kinds of applications (Battistoni, 

2012; Mairani, et al., 2013; Sommerer, et al., 2009; Parodi, et al., 2007a; Parodi, et al., 

2007b; Infantino, et al., 2011; Infantino, et al., 2015a). 

FLUKA reads user input from an ASCII text file with extension ñ.inpò. The input 

consists of a variable number of ñcommandsò (called also ñoptionsò), each consisting 

of one or more ñlinesò (called also ñcardsò for historical reasons). Each card contains 

one keyword (the name of the command), six floating point values called WHATs and 

one character string called SDUM. The typical structure of a FLUKA input file is the 

following (Ferrari, et al., 2005):  

ü Titles and comments for documentation purposes (optional, but 

recommended) 

ü Description of the problem geometry (solid bodies and surfaces, combined 

to partition space into regions), (mandatory) 

ü Definition of the materials (mandatory unless pre-defined materials are used) 

ü Material assignments (correspondence materialïregion, mandatory) 

ü Definition of the particle source (mandatory) 

ü Definition of the requested ñdetectorsò. Each of these is a phase space 
domain (region of space, particle direction and energy) where the user wants 

to calculate the expectation value of a physical quantity such as dose, 

fluence, etc. Various kinds of detectors are available, corresponding to 

different quantities and different algorithms used in the estimation 

(ñestimatorsò). Detectors are optional, but one at least is expected, at least in 

the production phase 

ü Definition of biasing schemes (optional) 

ü Definition of problem settings such as energy cut-offs, step size, physical 

effects not simulated by default, particles not to be transported, etc. 

(optional) 

ü Initialisation of the random number sequence (mandatory if an estimation of 

the statistical error is desired) 

ü Starting signal and number of requested histories (mandatory) 

 

In addition, special commands are available in FLUKA for more advanced problems 

involving magnetic fields, time-dependent calculations, writing of history files (so 

called ñcollision tapesò), transport of optical photons, event-by-event scoring, calling 
























































































































































































































