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Abstract

Applications of particle acceleratorstivebiomedical field argrown significanty
in the last two decadeand arestill growing, especially for cancer diagnosis and
treatment. During the operational lifetime accelerators and their surrounding
structures are activated lprimary and secondary particlesy the long runthis
represent a decommissioniisgue. Only in recent yeaastention on the generation of
radioactive waste and on thadrological hazards assot@d 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 inteoral standards or guideline documeantsd
cases of accelerator decommissioning have been described onlyicgbrad
technical literature.

This work is focused on PET cyclotroiacilities activation assessment. When
considering the dismantling of thesa&cilities a considerable amount of low level
radioactive waste has to be characterized and disposed of. Secondary neutrons,
generated during the routinely production % throughthe *20(p,n)®F reaction, are
mainly responsible for activation. Prediction of induced radioactivity is a challenging
task since theactivity produced varies considerably, depending on the type of
accelerator, on its use and on tpedfic structure of the bunkefior this reason, each
facility require itsspecific decommissioning strategy.

This work is aimed at developing a Monte Carlo approachat@reliminary
assessment aictivation to define arad hocdecommissioning strategy and to identify
possible countermeass to be taken during the construction phase of the facility.

In this work two main cases studies were analysed: The GE PETtrace fac¢Hi¢y of
S ant 0-®almgbilHaspital (Bologna) and the IBA CYCLONE 18/9 facility of
Inselspital (Bern). The Monte Qarcode FLUKA was used tmodel accuratelyhe
two facilities for activatiorassessment. The models incladlethe major components
of the cyclotrons and of the cyclotrdmunkers that are expectéa interact with the
particles.Activity was scored at diérent positions and deptto$ the two cyclotron
bunkers

Different kinds of experimental measurements were performed in the two facilities
to evaluate MC models reliability in termog neutron field and neutron activation

To this aiman assessment ofgimeutron dose field was performed inside the bunker
of the S.OrsoldMalpighi Hospital in Bolognausing aremcounter and CR39
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dosimeters whereas in Inselspital Bern neutron spectrometry measurements with
bubble detectors were conducted

Two different knds of measurements for activation assessment were condcted
well: a nondestructive 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 In¢spital bunker core drilling were performed and the
concrete samples measured in HPGe spectrometry. All the experimeatirements
were compared with Monte Carlo simulations to evaluate consisteticgresSults.

Once the level of accuracy of MC resulvas assessgithe prediction of residual
adivation at different positions andeptts, and for different life expectancies of the
cyclotron was assessed in the two cases studied.

FLUKA simulations provided an excellent agreement, within uncertaintigls, w
the experimental measurements in term of the neutron radiation dose field
Concernng activation assessment resultswas 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 lthe wi
predictions of activans published in other studiediscrepancies are mainly due to
the fact that concrete activation is strongly dependemitace element concentration,
and the latteis heterogeneous amggnerallyunknown.

These results demonate that FLUKA can be usesdtisfactoryto assess the order
of magnitude of the residual activation. The accuracy of results gotovmeadequate
for the purposes of this work.

The main long lived radionuclides founded in concrete Weeu, 1>Eu, *4Cs
>Mn, 46Sc,>'Co,%Zn and®°Co. 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 smmdboth facilitiesnuclides with the hghest
activity concentrations wef8Co and>%Fu.

Theactivity concentrations found the S.OrsoldMalpighi hospital were up to 1.4
Bg/g and 0.9 Bg/g respectively fo¥Eu andf°Co. While in the Inselsipal mker were
up to 0.2 Bg/g and 0.Bg/g respetively for 1°2Eu and®°Co.

The total activity concentration estimated after 20 years of cyclotron operating life
was up to 4.10 Bg/g and up to 3.22 Bg/g respectively in Bologna and in Bern, exceeding
in both cases the radiological exemption limit of 1d8q/

Concluding Monte Carlo simulation proeo 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
thatcan be implemented with limited investment, that make possible to integrate and
confirm provisional estimates.

The availability of an experimentally validated Monte Camodel 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
decadesTodaythousands 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 agitigefjuipment.

To protectall kind of biological targe PET cyclotrons, as any other tyjué
accelerators, are housed in thigklled concrete buildings. During the operational life
of the facility, the concrete walls of the dégtron vault as well as several components
of the structure of the accelerator itself, are activateminly by secondary neutrons
interacting with metals and rare earthoés p
reinforcement bars. Other activation mechanisms give rise to activation of the me
parts of the accelerators themselves.

When considering the dismantling of such accelerators, considerable amounts of
low level solid radioactive wasteave to be taken into account. Furthermore during
their life cycle cyclotrons normally undergo updeaand maintenance generating
amounts of rdioactive waste that should barefully managed.

To decrease future dismantling costs, which might easily be greater tlanstioé
purchasethe amount of radioactive waste has to be evaluated in advandetoate
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 adminiges, facility managers, cgentists and
regulatory gencies 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 todayequire that decommissioning bensidered as part the design
and planningf an accelerator facilitytarting from the early phaség¢evertheless there
is limited specific international guidancand cases of accelerator decommissioning
have beemnly sporadcally described in thecgentific literature.

International guidance for site planning and installation, as well as for radiation
protection assessment, is given in a numbenternational reports; these typically
suggest analytical calculation metlsah overcomeadiation potection issues, but in
approxi mat e or ideali zed geometry set up e
indications for the decommissioning of these types of accelerators have been published
to dateand there is a lack of references on specific procedurelidw fduring facility
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dismantling. Furthermore, in most part of the cases each spaesifie is considered
separatelywithout paying proper attention to the inevitable interconnection between
them: for example, an accurate choice of the materials todatinghe shielding is
necessary in the planning, to meet the dose limits, as well as in the decomnugssionin
since these material will becm, in time, a radioactive waste to be managed.

In the last 20 years, the number of cyclotrons dedicate to thegii@dwf PET
radionuclides increased by a factor of about 10, making these systems the most diffused
positive particles accelerators in the worlthis growth tendency has probably
somewhat slowedadvn, but it is not yet finished.

This was the basis to dde 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 radioactivityevertheless is a challenging task not only
because physical phenomena involved are very compigxalso becauskgpe and
level ofactivation depends on several factors: the type of accelerator, the beam energy
and intensity, the workload of the acceker, the geometry of the bunker housing the
accelerator, the composition of materials, their locatiadnktvi r espect t o t he t
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 stapmroximations thatan
affect significantly the accuracy tferesults.

The purpose of this thesis workttgereforeto propose an approach to activation
assessment of a cyclotron bunker exploitmgpotentiaMonte Carlo methods. Monte
Carlo simulationsillow to reproduce more accurately, compared to analytical methods,
the real geometry of a bunker and toadbtmore 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 PETtraitg éhche
S ant 0-®almgbilHaspital (Bologna) and the IBA CYCLONE 18/9 facility of
Inselspital (Bern)The weltknown Monte Carlo code FLUKA was used to quantify
the induced radioactivity presenttimetwo cass studies and to predict future resadu
activation.

The Monte Carlo code FLUKA was used to realize a very detailed and accurate
model of both thecyclotrons and the facilitiesyith the study of activation as the
primary goal; it has to be noted however that the models | realized are coipiet
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 measments were cwluctedio assess
simulated results accuracWe provedthat there are experimental methodologies,
commonly availableor thatcan 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 sonslamd,
in parallel, to condudtifferent kind of experimental measurements to support results
reliability. Thismethoalogy is intended to beawe the basis for an optimal design of
the facility in terms of residual activation during the construction phase of a new
cyclotron site and fohie definition ofad hocdecommissioning strategies.

This thesis, which is structuden six chapters, is divided in three different parts:
introduction, mateal & methods and results detail:

The first chapter provides an overview regarding particle accelerator
decommissioning. After a general introduction on the state of thberhdin radiation
protection problems in the decomma@sng of biomedical cyclotrons adiscussed
with referenceo international regulations. A short review of the physics underlying
the main mechanissof induced radioactivity is also presented.

In thesecond 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 dheS a n t 6 -®lal@gbi Haspital (Bologna) andhé IBA
CYCLONE 18/9 facility of Inselspital (Bern)n both cases, first the cyclotron, then
the cyclotron bunker and more general the facility iglescribed. Then the Monte
Carlo model implemented is presented focusing on the geometrical noodile
definition of materials and othe source terms. Details on the physical and transport
parametes, 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 accura@re presented. For each device first a general description of the
operating prigiple isreported, secondly specific features regardirggdevices used
arediscussedTwo main groups of devices are described:

U devices used in neutron detection, like remunters and CR39 for neutron
dosimetry and bubble detectors for neutron speatom

0 Semiconductor detectors for gamma spectrometry, in particular HPGe
detectors and portable CZT detectors.

A variety of experimental measurements were performed in the two facilities
evaluate more possible options depending on the case studied. All the experimental
measurements were compared with o Carlo simulations to check tmeodels
implemented in terms of source term accuracy and in terms of neutron activation. To
this aiman assessment of the neutron dose field was performed inside the bunker of
the S.OrsolaMalpighi Hospital in Bologna, whereas Inselspital Bern neutron
spectrometry measurements with bubble detectors were performed. Then two different
kinds of measuremds for activation assessment wemnducteda nondestructive in
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situ measurement methodology using a portable CZT detecsodevaloped and used

to measurenduced activation ithe S.OrsolaMalpighi hospital, while in Inselspital
bunker core drilling wre performed and concrete sample measured in HPGe
spectrometry. All the exgsimental measuremerdse described in the fifth chapter.

In the sixth chapter results of experimental measurements are repomded
compared with correspondingsults obtained ith 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 wwdsented in this thesis are
discussed.



Chapter 1

Decommissioning of particle accelerators

Thischapter provides an overview regarding particle accelerator decommissioning.
After a general introduction on the state of the art, the main radiation protection
problens 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 @elerators ar@én operationall over the world, rangindrom big
research institutions with multi GeV machines to small installationlow income
countries. Aceleratos have a wide variety of applicatigresome of the most common
applications include:

Medical applications, such as diagnosis and treatment of cancer.
Radioisotope production.

Mineral and oil prospectigrusing neutrons produced with small accelerators.
Charged particle beams for processing semiconductor chips.

Intense sources of-Kaysfor sterilization of medical devices equipment and
food products.

Security controls of containers in harbors.

Charged particle beams for materials sciences and applications analysis, such
as modification of material properties, neutron activation analgsid
processing semiconductor chips.

A Fundamental and applied physics research.

A Radiocarbon Archaeological dating and research dating

To o Too o To o Do

According to IAEA statistics over 15 000 units are in use around the world in IAEA
Member States. More than 97% of thaseelerators 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 foadioisotopes for medicabplication in the last decade
has led to an increasing need for the labglity of a large number of cyclotrons
exclusively dedicated to the production of radioisotpdedributed over ta country
even in small facilitiesin 2006 IAEA published an update of the document called

ADi rectory of Cycl otr®Pmaedulksteido nf oirn Rvaedm boenru

reporting the complete list afyclotrons installed in all the member states, including
technical, utilization and administrative information: at that time 262 operating
cyclotrons were inglled, in the 39 member states (IAE2006). 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. Althogh the USA is one of the countriegth the highest amber of
cyclotrons, the number of machines installed in the EU for medical radionuclide
production is even higher. In Itaht presenthere are 36 PET cyclotrons (Figure 1.1).
Most of these cyclotrons have been in use fell4§ears, it is therefore egpted that

Figure 1.1 PET cyclotron facilities in Italy

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 radiopharmacalstiand {8F]FDG, in
particular, is large. Among them, 75% of the cyclotrons are used to pro#EDG,
either for internal use or for distribution. This is certainly an underestimation as the
commercial suppliers are und@presented in the IAEA surveyhe 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 fropA4@ over 1mA (IAEA,
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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 ofakautivation and
decommissioning issues.

For biological protection any kind of accelerator is housed in a -thatled
concrete building. Duringhe operation, the acceleratibself and the surrounding
structure becomectivated through the impact pfimary and secondamarticles. In
the long runthis will represent a decommissiog issue. The amount cédioactivity
inducedand the level of decommissioning challenges are glyotependent on the
type of acceleratoits operating history and ttield of application.

In the early years of constructing and operating accelerators the radiological
hazards were not eveacognised and did not receithee appropriate attention. Only
in recent years the attention on the generation of radioactive wakstamaadiological
hazards associated with decomssioning started to be significarlRegulations today
require that decommissioning is considered as part of the design and planning phase of
an accelerator facility. During the planning phase of a newitfaitihas to be assured
that decommissioning forms part of the lifecycle of accelerators. Funiing
decommissioninghould be made available from the start of operation of accelerator
facilities throughout the life of the facilities. Critical issuest ttauld 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 matesgdsa special
challenge also because even very levels of induced radioactivity must be assessed
and managed. When considering the dismantling of accelerators, considerable amounts
of low level solid radioactive wastbave to be taken into account (European
Commission, 1999).

Nevertheless there are specific international standards or guideline documents
and cases of accelerator decossioning have beedescribedonly sporadically in
technical literatureSome documents include accelerators as a small part of a much
broader scope (IAEA, 2003). MostoGntries have a national regulatory framework
relevant to the nuclear industry, however this does not usually extend to cover specific
facilities such as accelerators.

To datethe question of how to deal with the quantities of radioactive waste generated
during the operation and decommissioningactelerators hasot been answered
satisfactorily and the current focissrather on installation of nefacilities. There is a

lack of references on specific procedures to follow during the decommissioning of
paticle 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 publishebisyat.
matter of fact even thoughthe number of cyclotrons installed in the world is
continuously increasing, only a few instances of decommissioning have been
conducted ovehe world. In literature there is a lack of data about practical experiences
of decommissioning of particle accelerators, particularly cyclotrons, make afata
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
applicationin the planning ofdecommissioning strategy is not advisable due to the
differenees in the layout of the site, in the workload and technology of the different
accelerators. The need to address the decommissioning of atrsldras been
recognised byAEA and the writing of a reference text is currently ongoing.

In the following subchpter first the production mechanism of induced activity around

a proton accelerator is descrid@eefly, providing a short review of the basic principles
involved in activation processand listing the principal radioactive isotopes generated

in acceleator environmergt and thesurrounding structures. Then the Radiation
protection aspects connected with decommissioning are presented. Finally some aspect
connected with decontamination and disthag strategies are pointed discussed

1.2 Radioactivityinduced in proton accelerators

During the interaction between a highergy 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 elemevith high pobability 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 thenuclei argproducedn excited states and -@xcite ky emitting neutrons, charged
particles or fragmentsingao cal | ed 0 e v aleonatiely thomagdepr oces s
excite by emitting gammeay. This cascade process continues until the energibe of
particles decrease beldhethresholds ofthenuclearreaction involved.

The amount of radioactivitypducedin accelerators facilities depend on many factors,
namely: the probability of producing a particular isotope, in turn a function of the
compasition of the material involved; the primary beam lossles;spectrum othe
secondarieproducecand the cross section of the reaction involved. The amount of a
radioactive isotope at a certain time also dependhe isotope halife, the irradiation
geometry, the workload fathe accelerator, the timthe accelerator has been in
operationas 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 interactigrthe reactiom 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 Atdstill

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
morereaction thresholds are crosg&iCRP, 2005).

In particular,in biomedical ET cyclotrong(p,n) is the reaction exploited in the daily
production of'®F from*80, 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 precisly, secondary neutrons arising from this reactionraainly
responsible fothe activation ofthe structural materials. Neutron fields are in general
complicated to assess because neutrons are produced in a variety of reactions and span
a wide energy rage. Neutrons can react at any energy producing radioactive nuclides
and they are not repelled by electrostatic charge of target sty unaffectedby

the coulomb barrier. The most probal#action at thermal energyngutron capture,

while with increasing energy the most probable reaction are (n,p), (n,np), (n,2p), (n,a).
High-energy neutrons cause spallation reactiut are not of interest for this work.
Because of the high capture cross section of some materials for thermal neutrons, those
are tle maincauseof induced radioactivity. The (1), capture reactions on trace
amounts of stable Europium, Cobalt and Caeswhich are present in concrete in
concentrations of a few parts per milljag 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 reporladgpean Commission, 1999).

Table 1.1 Radionuclides commonly identified in solid materials irradiated around accelerators

Irradiated Material Radionuclides

Plastics and oils Be,11C

Concrete and "Be,'C, 2?Na, 2Na, P, *K, “Ca

aluminium o ’ ooy

Be, 11C, 22Na, #Na, 32P, 4K, 4°Ca,**Sc,*4Sc", 46Sc,

Iron and steel 47S¢,48Sc, 48V, 51Cr, 53vin, 52Mn™, 5*Mn, 35Mn, 5’Co,
58C0, 59Co, °'Ni, °Fe,%%Fe

Be, 11C, 2Na, #*Na, 2P, “K, *°Ca,*Sc,**Sc™, “5Sc,
47S¢,48Sc, 48V, 51Cr, 53Vin, 32Mn™, 5*Mn, 55Mn, 5'Co,

Copper 58C0, 69C0, 5Nii, 55Fe, 5% e, 61Cu, 84Cu, 53Zn, ©57n

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 consideriihg working life of the accelerator itself:

A RP in Site planning
A RP in the routine use of the accelerator
A RP in the decommissioning of the facility
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~
RP problems in the use
of acceleratorsin
L medical field
v v v
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Site Planning Routine use Decommisioning
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—

Cyclotron Produced ~ - Decommissioniag of Smull
Raonnclides: Ty Medical, Industrial and
Prisciples and Practice e Research Facllities

Figure 1.2Radiation protection problems in the use of accelerator the medical field
(Infantino, 20159.

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 methogdercome RP
issues. Moreover these guidelines refer to one probleatiate and do not consider
interrelations betweethevarious aspects. As amamnple, the choices in designthre
shielding during the site planning influence the future activation of the comgonent
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 terafs calculatiors,
methodology applied and final result.

There is a welkstablished hierarchy in the available international regulations
(figure 1.3).
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ICRP
Recommendations

Safety Fundamentals
(Principles)

* Safety Reports (“Shall” stat t:
. TECDOCs Safety Standards ° s; ements)

Safety Guides
(“Should” statements)

EURATOM Other
treaty regions/countries
EU BSS Medical Exposure "
(Directive 2013/59) (Directive 97/43)

Supporting Publications } IAEA Safety Re;k;.iremenrs

RP series National
publications Regulations

Figure 1.3 Hierarchyof the international regulations on radiation protection
(Infantino, 20159

In view of avoiding political and economic influences an international commission
of highly reputed experts in the field, the@ernational Commission on Radiological
Protection(ICRP), was established to publish periodical Reports that, thanks to their
bdance, scientific leel and value, are considerdte basis for any international and
national regulation. The ICRP is an independent body: members of the Commission
are not mdicated by governments, the WX other political or economic entities, but
are expressed by the scientific community.

In the 1990 Recommendatiottee 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
fundamentaprinciples apply to radiation sources and to the individual, as well as how
the sourcaelated principles apply to all controllable situations. These principles are
(ICRP, 2007)

1 The principle of justification Any decision that alters the radiation
exposure situation should do more good than liarm

1 The principle of optimisation of protectian Th likelihood of incurring
exposures, the number of people exposed, and the magnitude of their
individual doses should all be keptlasv as reasonably achievable, taking
into account economic and societal factors

1 The principle of application of dose limits Thié total dose to any individual
from regulated sources in planned exposure situations other than medical
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exposure of patientshould not exceed the appropriate limits recommended
by the Commissian.

Two principles are sourelated and apply to all exposure situations (justification
and optimization) while one principle is individualated and applies to planned
exposure suations (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 At&mnergy 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 é&véimat 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 aativities 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 internationalsemsus 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 categori€AEA, 2014)

1 Safety FundamentalsSafety Fundamentals present the fundamental safety
objective and principles of protection and safety, and provide the basis for
the safety requirements;

1 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 amt 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
numeer ed Aoverarchingo requirements, ar e
Many requirements are not addressed to a specific party, the implication
being that the appropriate parties are responsible for fulfilling them;

1 Safety GuidesSafety Guides provide retwnendations 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 practicesand increasingly they reflect best practices, to help users
striving to achieve high levels of safety. The recommendations provided in
Safety Guides are expressed as fAshoul d
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The principal users of safety standards in IAEA Member Statesegteatory
bodies and other relevant national authorities. The IAEA safety standards are also used
by cosponsoring organizations and by many organizations that design, construct and
operate nuclear facilities, as well as organizations involved in thefuadiation 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 existingtranirisks. 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 Riagliation Protection
Officer (RPO) or theQualified 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 . Ge mgedpmacticey, t hesce
technicalguide8 publ i shed by accr edNadtiama Coorncigani zat i
on Radiation Protection and MeasuremefNE€RP). (Infantino, 201

1.3.2 Clearance levels

Radiation Protection requirements in Member State of the European Union (EU)
are estalished at a national level, whereby national legislation is bound by the Euratom
Treaty to comply with the gener al EU stand
Health Protection and the General Public and Workers against the Dangers of lonizing
Radiat ono (BSS). One of the requirements in E
Standard, is that the disposal, recycling and reuse of material containing radioactive
substances is subject to prior authorisation by national competent authorities. The
authorites in particular may specify clearance levels below which such materials are
no longer subjeed to the requiremestof the Standards. Clearance levels shall be
established on the basis of the general criteria for exemption and take into account
technicalguidance provided by the Community.
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The scheme of figure 1.4 illustrates the decision making process indicatiee by
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 gradtemnsgf
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 quantitids a
activites conent r ati ons deteelméewamged hef finhlba
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).
Practicesnvolving radioactive substances belamwy 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 alreadunder regulatory control may be cleared from regulatory requirements
if the regulatory authority considers that this is warranted.

N
decision yes JUStiﬂEd
- exemption practices not
Possible BSS requiring
practices reporting
involving and prior
radioactive authorisation
substances
These Justified practices under
practices the system of reporting and
require prior authorisation as
justification prescribed by the BSS
before being
implemented N Substances,
decision materials and
clearance items not
ad hoc belonging to
practices
\ / regulated by
the BSS
Figure 1.4 Schematic diagram illustrat

Basic Safety Standardd&uropean Commission, 2000)

National competent authorities may allow for a material arising from a practice to
be released from the requirements ofBI%S directive for disposal , reuse or recycling
if the radioactivity contentis belowsoa |l | ed fAcl earance | evel
used to describe the removal of control, and clearance levels are the recommended,
nuclide specific, limits below whh 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 rduia exposures related to the recycling of steel,

SO.
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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 gaiddc e was published as fARecomr
protection criteria for the recycling of me
(RP 89) (European Commission, 1998). A second technical guidance for the clearance
of buildings and building rubbleriging from the dismantling of nuclear installation
was published in ARecommended radiological
buil dings and building rubble from dismani
(European Commission, 2000). Aim ofefe recommendations is to propose
radionuclide specific concentration limits below which construction materials, like
concrete, bricks and othec®uld be released from regulatory control after dismantling.

The radiobgical protection criteria thatmust be met before the clearance of
material can be authorised are laid down in Article 5 in conjunction with Annex | of
the BSS. The recommendations RP 89 and RP 113 used these criteria to develop
specific clearance levels for metallic items, equipment, stnaifding and building
rubble.

The IAEA recommendation, laid down in Safety Series 89 (IAEA, 1988), refers to
an individual dose of 0s a3u)adbeimggrividnd mi cr os i
therefore a basis for exemption. Furthermore to takeancount exposures from more
than one exempt practice, Afeach exempt pr .
criterion, and it may be reasonable for national authorities to apportion a fraction of
that upper bound to each practice. This fractionatandlead to individual doses to
the critical group of the orderof }6v i n a year from each exem
1988) In addition the IAEA recommends that for each practice a study of available
options be made by regulating authorities in orderptinose radiation protection. If

the study AdAindicates that the collective di
unregul ated practice wil/ be I ess than abo
total detriment is low enough to permit exemptiathaut a more detailed examination

of ot her optionso. The gener al internatio

exemption is reflected by their inclusion in both the IAEA BSS (IAEA, 1996) and
Euratom BSS. Publication 60 of the International CommissibrRadiological
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, espelgiah the definition of clearance
criteriathatmust be evaluated according to a | arge
This problem was dealt by the working group considering a set of exposmaiss
thatrelates the activity content ta endividual dose. Thelearance levelgroposedare
derived radioactivity levels from the most critical scenanibich lead to calculated
dose of either 1QSv/y or a skin dose of 50 mSvly.

In the followingthe clearance levels given in RP 89 and RP 113 are tehofFhe
nuclide specific clearance levels in table 1.2 are the lowest value for metal and metal
scrap for whicltheonly use after clearance is as input for the production of new metal.
The mass specific clearance levels apply to the total activity genass 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 postlearance use in the same or modified f@fioreseen, 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 witivémlf

longer than 60 days, the list is not exhaustive and therefore it is possible that ad unliste

radionuclide could be significarfor clearance decisions. Regarding the act of
clearance, three main groups of clearance levels for buildings are derived:
91 Cleamance for buildings for any purpose (reuse or demolition) (table 1.4);

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

1 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:
@ 8t

?b_ P Equation 1.1
G is the total activity on the structure per unit surface area of radionuclide i (Bg/cm

Where
ai is the is the clearance level of radionuclide i (Bcflem
nis the number of radionuclides in the mixture
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Table 1.2Nuclide specific clearance levels for metal scrap recycling from RPB9r¢pean Commission, 199

Nuclide | Mass specific | Surface specific Nuclide | Mass specific | Surface specific
(Ba/g) (Bg/em?) | (Bg/g) (Bg/em?)
H3 1000 100000 Tm 171 1000 10000
C 14 100 1000 Ta 182 1 10
Na 22 1* 10 W81 100 1000
5§35 1000 1000 W 185 1000 1000
Cl 36 10 100 Os 185 1 10
K40 1 100 Ir192 1 10
Ca 45 1000 100 Tl 204 1000 1000
Sc 46 1 10 Pb 210 1* 1
Mn 53 10000 100000 Bi 207 1 10
Mn 54 1 10 Po 210 1 0.1
Fe 55 10000 10000 Ra 226 1 0.1
Co 56 1 10 Ra 228 1 1
Co 57 10 100 Th 228 1 0.1
Co58 1 10 Th 229 1 0.1
Co 60 1 10 Th 230 1 0.1
Ni 59 10000 10000 Th 232 1* 0.1
Ni 63 10000 10000 Pa 231 1* 0.1
Zn 65 1 100 U232 1 0.1
As 73 100 1000 U233 1 1
Se75 1 100 U 234 1 1
Sr85 1 100 U 235 1 1
Sr 90 10 10 U 236 10 1
YN 10 100 U238 1 1
Zr93 10 100 Np 237 1 041
Zr95 1 10 Pu 236 1 0.1
Nb 93m 1000 10000 Pu 238 1 0.1
Nb 94 1 10 Pu 239 1 0.1
Mo 93 100 1000 Pu 240 1 0.1
Tc 97 1000 1000 Pu 241 10 10
Te 97m 1000 1000 Pu 242 1 0.1
Tc 99 100 1000 Pu 244 1 0.1
Ru 106 1 10 Am 241 1* 0.1
[ Ag 108m 1 10 Am 242m 1 0.1
| Ag 110m 1 10 Amn 243 1 0.1
Cd 109 10 100 Cm 242 10 1
Sn 113 1 100 Cm 243 1 0.1
Sb 124 1 10 Cmn 244 1 0.1
Sb 125 10 100 Cm 245 1" 0.1
Te 123m 10 100 Cm 246 1" 0.1
Te 127m 100 100 Cm 247 1 0.1
1125 1 100 Cm 248 1 041
1129 1 10 Bk 249 100 100
Cs 134 1 10 Ct248 10 1
Cs 135 10 1000 Cif 249 1 0.1
Cs 137 1 100 Ct 250 1 0.1
Ce 138 10 100 Ct 251 1 0.1
Ce 144 10 10 Cf252 1 0.1
Pm 147 10000 1000 Cf 254 1 0.1
Sm 151 10000 1000 Es 254 10 1
Eu 152 1 10
Eu 154 1 10
Eu 155 10 1000
Gd 153 10 100
Tb 160 1 10
Tm 170 100 1000
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Table 1.3 Nuclide specific levels for direct reuse of metal iteBsrépean Commission, 1998

Nuclides Surface specific Nuclides Surface specific
(Bg/cm?) (Bg/cm?)
H3 10000 Tm 171 10000
C14 1000 Ta 182 10
Na 22 1 W 181 100
S35 1000 W 185 1000
Cl 36 100 Os 185 10
K 40 10 Ir 192 10
Ca 45 100 Ti 204 100
Sc 46 10 Pb 210 1
Mn 53 10000 Bi 207 1
Mn 54 10 Po 210 0.1
Fe 55 1000 Ra 226 0.1
Co 56 1 Ra 228 1
Co 57 10 Th 228 0.1
Co 58 10 Th 229 0.1
Co 60 1 Th 230 0.1
Ni 59 10000 Th 232 0.1
Ni 63 1000 Pa 231 0.1
Zn 65 10 U 232 0.1
As 73 1000 U 233 1
Se 75 10 U 234 1
Sr 85 10 U 235 1
Sr 90 10 U 236 1
Y 91 100 U 238 1
Zr 93 100 Np 237 0.1
Zr 95 10 Pu 236 0.1
Nb 93m 1000 Pu 238 0.1
Nb 94 1 Pu 239 0.1
Mo 93 100 Pu 240 0.1
Tc 97 100 Pu 241 10
Tc 87m 1000 Pu 242 0.1
Tc 99 1000 Pu 244 0.1
Ru 106 10 Am 241 0.1
Ag 108m 1 Am 242m 0.1
Ag 110m 1 Am 243 0.1
Cd 109 100 Cm 242 1
Sn113 10 Cm 243 0.1
Sbh 124 10 Cm 244 0.1
Sb 125 10 Cm 245 0.1
Te 123m 100 Cm 246 0.1
Te 127m 100 Cm 247 0.1
1125 100 Cm 248 0.1
1129 10 Bk 249 100
Cs 134 1 Cf 248 1
Cs 135 100 Cf 249 0.1
Cs 137 10 Cf 250 0.1
Ce 139 10 Cf 251 0.1
Ce 144 10 Cf 252 0.1
Pm 147 1000 Cf 254 0.1
Sm 151 1000 Es 254 1
Eu 152 1
Eu 154 1
Eu 155 100
Gd 153 10
Th 160 10
Tm 170 1000
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Table 1.4 Radionuclide specific clearance levels ilding reuse or demolition expressed as total acti
in the structure per unit surface area (Europian Commission, 2000)

Radio | Most re- |Clearance | Rounded
nuclide | strictive level cl. level
scenario | (Bg/en?®) | (Bg/em®)
Tm 170 | external 3.7E+2 1000
Tm 171 | external 1.5E+3 1000
Tal82 | external 1.7E+HD 1
W 181 external 5. 1E+1 100
W 185 [3-skin 8.1E+2 1000
s 185 | external 3.3EHD 10
Ir 192 external 3.7E+0 10
T1204 [3-skin 4. 8E+2 1000
Pb 210 | vegetable 1.4E+0 1
Bi 207 external 5 4E-1 1
Po 210 | inhalation | 4.2E+HD 10
Ra 226 | external 49E-1 1
Ra 228 | inhalation 44E-1 1
Th 228 | inhalation | 2.7E-1 0.1
Th 229 | inhalation 12E-1 0.1
Th 230 | inhalation 33E-1 1
Th 232 | inhalation 14E-1 0.1
Pa 231 | inhalation 13E-2 0.1*
U232 | inhalation 1.7E-1 0.1
1233 | inhalation 1. 2E+0 1
U 234 | mhalation 1 4E+D 1
U235 | inhalation | 1.3E+0 1
U236 | mhalation 1. 5E+H) 1
U238 | nhalation 1.6E+HD 1
Np 237 | inhalation H2E-1 1
Pu 236 | inhalation 7.1E-1 1
Pu 238 | inhalation 3.1E-1 1
Pu 239 | inhalation 29E-1 0.1
Pu 240 | inhalation 29E-1 0.1
Pu241 | mnhalaton | 1.1E+] 10
Pu 242 | inhalation 3.0E-1 1
Pu 244 | inhalation 3.1E-1 1
Am 241 | inhalation 34E-1 1
Am 242m| inhalation 32E-1 1
Am 243 | inhalation J4E-1 1
Cm 242 | inhalation | 2.5E+0 1
Cm 243 | inhalation 4.6E-1 1
Cm 244 | inhalation 55E-1 1
Cm 245 | inhalation 3.0E-1 0.1
Cm 246 | inhalation J4E-1 1
Cm 247 | inhalation 37E-1 1
Cm 248 | inhalation 9 RE-2 0.1
Bk 249 | inhalation | 8.4E+] 100
248 | inhalation 1. 5E+H) 1
249 | inhalation 2.1E-1 0.1
Cr250 | inhalation 42E-1 1
Cr251 | inhalation 20E-1 0.1
Cr252 | inhalation 7.1E-1 1
Cr254 | inhalation 42E-1 1
Es 254 | external 1 4E+D 1

Radio | Most re- |Clearance | Rounded
nuclide | strictive level el. level
scenario | (Bg/em?®) | (Bg/em?)
H3 water child| 3.8E+3 10,000
C 14 [3-skin 2.8E+3 I
Na 22 external 4 4E-1 1
S35 [3-skin 2.6E+3 J]
Cl36 | vegetable | 32E+1 1040
K 40 external 5.6E+H) 10
Ca 45 [3-skin 1.1E+3 1000
Sc 46 external 1.3E+HD 1
Mn 53 | vegetable | 23E+4 10,000
Mn 54 | external 15E+HD 1
Fe55 | inhalaton | 1.0E+4 10,000
Co 56 external 5.2E-1 1
Co 57 external 1.2E+1 10
Co 58 external 32E+HD 10
Co 6l external 3.6E-1 1
N1 59 | inhalaunon | 42E+4 100,000
Ni 63 | inhalation 1.RE+4 10,000
Zn 63 external 23E+H) 1
As 73 external 4 0E+2 1000
Se 75 external 52E+HD 10
Sr 85 external 6.2E+H) 10
Sr 90 | vegetable | 34E+] 1040
Y 91 [3-skin 4. 1E+2 1000
Zr93 | mhalanon | 3.1E+2 1000
ZLr 93 external 1.BE+D 1
Nb 93m | external SOE+2 1O
Nh 94 external 53E-1 1
Mo 93 | external T5E+] 100
Tc 97 external 8.0E+] 1040
Te 97m | external 29E+2 1040
Tec 99 | vegetable | 7.0E+] 1040
Ru 106 | external 5.6E+D 10
Ag 108m|  external 5. 1E-1 1
Ag 110m|  external 4.8E-1 1
Cd 109 | external 40E+1 1040
Snl1l13 | external 72EHD 10
Sb 124 | external 1.9E+H) 1
Sh 125 | external 2 1E+) 1
Te 123m|  external 14E+1 10
Te 127m | external 13E+2 100
1125 external T5E+] 100
1129  |water adult| 735E+H) 10
Cs 134 | external 6.3E-1 1
s 135 [3-skin 1.8E+3 1000
Cs 137 | external 1 5E+0 1
Ce 139 | external 1.2E+1 10
Ce 144 | external 2.6E+1 10
Pm 147 fA-skin 1.5E+3 1000
Sm 151 | inhalation | 3.6E+3 10,000
Eu 152 | external 7.7E-1 1
Eu 154 | external 6.9E-1 1
Eu 155 | external 1.5E+1 10
Gd 153 | external 12E+1 10
Th 160 | external 29E+) 1
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Table 1.5 Radionuclide specific clearance levels for building demolition expressed as total activity in the stn
per unitsurface area (Europian Commission, 2000)

Radio Most re- | Clearance | Rounded Radio | Most re- |Clearance | Rounded
nuclide | strictive level Cl. Level nuclide | strictive level CL Level
scenario {Bl‘.].l’-l?l‘l‘l"] {qucm:} sCenario {qucm:] {qutm’]
H3 water child| 3 8E+3 10,000 Th 160 landfill 2.3E+1 10
C 14 |water chuld| 58E+3 10,000 Tm 170 landfill 9.0E+3 10,000
Na22 landfill I5E+H) 10 Tm 171 landfill 5. 8E+4 100,000
535 |ing. worker| 2.0E+5 100,000 Tal82 landfill 1.4E+1 10
C136 | vegetable | 332E+1 100 w181 landfill 1.7E+3 1000
K 40 vegelable | 2.4E+1 10 WOIBS [ing worker| 3.9E+5 10000
Ca 45 | inhalaton | 64E+4 100,000 s 185 landfill 2.9E+1 10
Sc 46 landfill 1.1E+1 10 Ir 192 landfill 3.1E+1 100
Mn 53 | vegetable | 23E+4 10,000 TI204 | vegetable | 2.5E+3 1000
Mn 54 landfill 12E+1 10 Pb210 | vegetable | 14E+0 1
Fe 55 mng. child | 24E+4 10,000 B 207 landfill 4. 5E+H) 10
Co 56 landfill 61 E+0 10 Po 210 | inhalation 7.4E+1 100
Co 57 landfill 13E+2 100 Ra 226 | vegetable | 94E-1 1
Co 58 landfill 26E+] 10 Ra 228 | inhalation | 3.8E+0 10
Co 60 landfill 29E+H) 1 Th 228 | mmhalation | 2.6E+) 1
MNi59 | ing cluld | B9E+4 100, 004 Th 229 | inhalation | 9.4E-1 1
Ni6d | ing chuld | 3.7E+4 100,000 Th 230 | nhalaton | 2.7E+0 1
£n 63 landfill 19E+1 10 Th 232 | inhalation 1.2E+H) 1
As 73 landfill 2. 1E+4 10,000 Pa 231 | inhalation 1.1E-1 0.1
Se 75 landfill 49E+1 100 LU 232 | inhalation 1.4E+H) 1
Sr 85 landfill S2E+1 100 U233 | inhalation | 9. 7E+0 10
Sr 90 | vegetable | 34E+1 100 U234 | inhalation | 1.1E+1 10
Y 01 inhalation S4E+4 100, 000 U235 | inhalation 1.0E+1 10
Zr93 | mhalanon | 2.5E+3 1000 U 236 | mhalation 1.2E+1 10
£r95 landfill 1.5E+1 10 U238 | inhalation 1.3E+1 10
Nb 93m | ing. child | 3.8E+4 100,000 Np 237 | inhalation | 5.0E+0 10
Nb 94 landfill 4 3E+H) 10 Pu 236 | inhalation | 6.5E+0 10
Mo 93 |water adult| 23E+3 1000 Pu 238 | inhalation | 2.5E+0) 1
Te 97 | vegetable | 69E+2 1000 Pu239 | mhalation | 2.3E+0 1
Te 97m |water chuld| 5 2E+2 10 Pu 240 | inhalation | 2 3E+0 1
Te 99 | vegetable | 70E+] 100 Pu241 | inhalation | 9.2E+] 100
Ru 106 landfill 4.5E+1 100 Pu 242 | inhalation | 2.4E+H0) 1
Ag 108m|  landfill 42E+H) 10 Pu 244 | inhalation | 2.5E+0 1
Ag 110m|  landfill 3OE+0 10 Am 241 | inhalation | 2. 8E+0 1
Cd 109 landfill 4 1E+3 10,000 Am 242m| mhalation | 2.6E+0 1
Snll3 landfill 6.7E+1 100 Am 243 | inhalation | 2.8E+H) 1
Sh124 landfill 1.5E+1 10 Cm 242 | inhalation | 4.0E+1 100
Sh 125 landfill 1.8E+1 10 Cm 243 | inhalation | 3. 8E+) 10
Te 123m | landfill 1.6E+2 100 Cm 244 | inhalation | 4.5E+0 10
Te 127m | landfill J3E+3 10,000 Cm 245 | inhalation | 2.4E+0 1
1125 |ing. worker| 14E+4 10,000 Cm 246 | mhalation | 2.8E+0 1
1129 Jwater adult| 7.5E+0 10 Cm 247 | inhalation 3.0E+0 1
s 134 landfill S 1E+HD 10 Cm 248 | inhalation TOE-1 1
Cs 135 | vegetable | 88E+3 10,000 Bk 249 | inhalation | 9.8E+2 1000
s 137 landfill 1.2E+1 10 Cf 248 | mmhalation 1.7E+1 10
Ce 139 landfill 14E+2 100 249 | imhalation 1.7E+0 1
Ce 144 landfill 2 4E+2 100 Cr250 | inhalaton | 3.5E+0 10
Pm 147 | inhalaton | 24E+4 10,000 Cr251 | inhalation 1.6E+H) 1
Sm 151 | inhalaton | 2.9E+4 10,000 Cr252 | inhalation | 6.6E+H) 10
Eu 152 landfill 62E+H) 10 Cr254 | inhalation 1.4E+1 10
Eu 154 landfill STEH) 10 Es 254 landfill 1.2E+1 10
Eu 155 landfill 2.6E+2 100
d 153 landfill 29E+2 100
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Table 1.6 Radionuclide specific clearance levels for building rubble expressed as total activity in
structure per unit surface area (European Commission, 2000)

Radio | Most re- | Clearance | Rounded
nuclide | strictive level cl. level
scenario {H-qu] {Hq’g]_
Tm 171 [3-skin 1.5E+3 1000
Ta 182 landfill 1.8E-1 0.1
W 181 landfill 2 4E+1 10
W 185 f3-skin 3.2E+2 1000
Os 185 landfill 33E-1 1
Ir 192 landfill 29E-1 0.1
TI1204 | vegetable | §.1E+I 100
Pb210 | mg. child §.7E-2 0.1
Bi 207 landfill 1.5E-1 0.1
Po 210 | inhalaton | 1.1E+0 1
Ra 226 | ing. child 8.3E-2 0.1
Ra 228 | inhalation 1.2E-1 0.1
Th 228 | inhalation 73E-2 0.1
Th 229 | inhalation 31E-2 0.1
Th 230 | inhalation 8BRE-2 0.1
Th232 | inhalation 38E-2 0.1
Pa 231 | inhalation | 3.5E-3 [
U 232 | nhalation | 4.5E-2 0.1
U233 | inhalation 12E-1 1
U 234 | inhalation 3.6E-1 1
L 235 | inhalation 14E-1 1
U236 | inhalation 39E-1 1
U 238 | inhalation | 4.3E-1 1
Np 237 | nhalation | 1.6E-1 0.1
Pu 236 | inhalation 1 9E-1 0.1
Pu 238 | inhalation 82E-2 0.1
Pu 239 | inhalation 77E-2 0.1
Pu 240 | mnhalation 7.7E-2 0.1
Pu 241 | inhalation | 3.0E+0 1
Pu 242 | inhalation | 8.0E-2 0.1
Pu 244 | inhalation | 8.2E-2 0.1
Am 241 | inhalation | 9. 1E-2 0.1
Am 242m| inhalation 85E-2 0.1
Am 243 | inhalation | 9. 1E-2 0.1
Cm 242 | inhalation | 6.7E-1 1
Cm 243 | inhalation 1.2E-1 0.1
Cm 244 | inhalation 1.5E-1 0.1
Cm 245 | inhalation 8O0E-2 0.1
Cm 246 | inhalation | 9.1E-2 0.1
Cm 247 | inhalation | 99E-2 0.1
Cm 248 [ inhalation | 2.6E-2 0.1%
Bk 249 | mnhalation | 2.2E+1 10
CI248 | inhalation | 4.0E-1 1
Cr249 | inhalation 55E-2 0.1
Cr250 | inhalation 1.1E-1 0.1
(251 | inhalation S4E-2 0.1
252 | inhalation 1.9E-1 0.1
254 | inhalation 1.1E-1 0.1
Es 254 landfill 2.5E-1 0.1

Radio | Most re- | Clearance | Rounded
nuclide | strictive level cl. level
scenario {Bq-’g] {H-qu
H3 water child| 62E+1 100
C 14 | vegetable | 1.0E+] 10
Na 22 landfill 1.0E-1 0.1
S35 f3-skin 1.0E+3 1000
Cl36 | vegetable | 1.1E+0 1
K40 | vegetable | 79E-1 1
Ca 45 B-skin 4 2E+2 1000
Sc 46 landfill 1.1E-1 0.1
Mn 53 | vegetable | 1.5E+3 1000
Mn 54 landfill 2.6E-1 0.1
Fe 53 ing. child 6. 1E+2 1000
Co 56 landfill 6.2E-2 0.1
Co 57 landfill 27EH) 1
Co 58 landfill 23E-1 0.1
Co 60 landfill 8 9E-2 0.1
Ni59 | ing.child | 29E+3 1000
MNi63 | ing. child | 1.2E+3 1000
£n 65 landfill 38E-1 1
As 73 landfill 2 1E+2 100
Se 75 landfill 6.7E-1 1
Sr 83 landfill 4 4E-1 1
Sr 90 | vegetable | 1.5E+0 1
Y 91 fi-skin 1.6E+2 100
Zr93 | mhalanon | 82E+I 100
Zr 95 landfill 1.2E-1 0.1
Nb 93m | ing. child | 1.2E+3 1000
Nb 94 landfill 1.4E-1 0.1
Mo 93 |water adult| 3.8E+1 100
Te 97 | vegetable | 1.4E+1 10
Te 97m |water child| 8.6E+0 10
Te 99 | vegetable | 14E+) 1
Ru 106 | landfill 11E+0 1
Ag 108m|  landfill 1 4E-1 0.1
Ag 110m|  landfill 8. 1E-2 0.1
Cd 109 landfill 1.0E+2 100
Sn 113 landfill 8.9E-1 1
Sh 124 [i-skin 20E+2 100
Sh 125 landfill 54E-1 1
Te 123m |  landfill 2 1E+0 1
Te 127m | landfill 43E+1 100
1125 |ing. worker| 1.1E+2 100
1129  |water adult| 12E-1 0.1
s 134 landfill 1.4E-1 0.1
Cs 135 | ing. chuld | 43E+2 1000
Cs 137 landfill 4 0E-1 1
Ce 139 landfill 2 1E+0 1
Ce 144 landfill 52E+H) 10
Pm 147 [i-skin 6.0E+2 1000
Sm 151 | inhalanon | 95E+2 1000
Eu 152 landfill 20E-1 0.1
Eu 1354 landfill 1.8E-1 0.1
Eu 155 landfill 8 1E+D 10
(d 153 landfill 60E+) 10
Th 160 | landfill 2.1E-1 0.1
Tm 170 | landfill 1.3E+2 100
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1.4 Decontamination and dismantling strategies

Cleary quantifying the extent and the order of magnitude of induced activatios is
key factor in order to identify possible countermeasuce be taken duringhe
construction phase @fccelerators.

Some of the main aspects that should be taken imsid®ration and that could have a
major impact during decommissioning are:

A

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 ®°Co.

Physical layout of th@ccelerator 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 aray result in the
unnecessary generation of radioactive waste.

Method of assembly. If the concrete shielding cossgdt individual
removable blocks it will be much easier to remove each blockepatate

of waste during dismantling. Some acceleratoilifees use a combination

of removable blocks and massive walls.

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 equipmenand shielding, (cremn of secalled 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 decreasetlthgntasts,
minimize unavoidable activation areas, and maximize potential for reuse.
Large amourt 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 anmemnded approackhere
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 thidimg that haised the30
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:
adoptinga careful design of the vault,is generdly possible to replace asutdated
cyclotron at the end of its life cycle with a new machine, reusing the same bunker.

As a general consideratighpossible 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 1Bl European Commission, 1998pme
techniqusto dismantle particle accelerators in such a way that the volume of nuclear
waste is kept to a minimum are proposed. The choice of dismantling activitidseand
use of dismantling technique are to be setbetBer adequa consideration of the
residual radioactity induced in thematerials. A good activation assessment of
individual equipment and structure component is therefore the basis for the definition
of an optimized decommissioning strategy. The cdgle of techniques used for
dismantling is optimised from the point of view of radiation protection, secondary
waste generation and cesfficiency. The EC neort proposeda wide range of
techniquedor dismantlingshielding vaultsto allow a clean disnmling of concrete

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

Sawing, wirecutting, circular sawing, chain sawing

Drilling, core drilling

Cutting with special hydraulic pincers, operated manually on gripper arms
Thermal exposure of reinforcing steels by means of electric resistance
heating

Too oo o o

The indepth activation study of shielding structures is fundamental to identify and
remove the activated part of roefalls and floors from the rest of the structudéess
important to separate the radiological waste generated in accelerator facilities from
other kind of waste throughout the operational as well as decommissioning period, it
is also important to separate lohged and short lived isotopess far as possihle
Monitoring the potential residual activation during the operational life of a particle
accelerator represesd good practice to preventively estimate decommissioning.
Characterization may often provide technical challenges, incorrect characterization o
methoddogy applied might result iwrong classification of waste. It is very important

to have a welllefined characterization plan agreed on by the regulttenvaste
disposal operator and the accelerator operator. Normally characterization
methodolgies and plans for accelerator facility are not regulated by standard
procedure as in the case of otheclearfacilities such as Nuclear Power Plants and
Nuclear Fuel Cycle Facilities.

Monte Carlo simulations, supported by experimental measurements, represent the
most accurate way tassesspreventively the level of activation of cyclotron
components and shielding, to identify the most problematic radionuclides produced and
to perform anoptimal design of the whole site including the planning of ahad
strategy of decommissioning. The great advantage of this methodmogyared to
analytical methods, is the possibility to reproduce the real geometry of the budker an
obtain reliabé results ircomplex geometry conditions.



Chapter 2
The Monte CarloFLUKA 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
physicalproblems. 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 arsually neededfor an analytical
formulation ofthe 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
integrodifferential equation by building a stochastic process such that some parameters
of the resulting distributions would satisfy that equation. This technique is based on
generationof 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 stoastic 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 processimulated Typical applications of MC methods are physical
proceses described by probabilities, foinstance particletransport process
considering that cross section are interacfioobabilities per unit distand€asso, et
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al.,2009) In this case for example the solution of transport equations via Monte Carlo
methods isiot approachettying to solve all the differential equati®mescribing the
problem, but rather bgnaking a virtual egeriment similar to the real proceg&srery
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; Cartér16{4§;
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, distributed according to a functidx), the mean or
average of a function of the same variab{g) over an interval [a,b] is:

N AN OIARON )
ol Equation2.1
QwQw

Introducing the normateddistribution"@aw

. Qw
B~ L T~ Equation 2.2
QwQw
of 0w QwQw Equation 2.3
Considering more than one dimension, giverv ar i abl es x, vy, é, di

according to the normalised functiof® & RQ & B hthe mean or average of a
function of those variables ( x , gver an)rdimensional domain is given by:

of 88 0 a8 "QMQ N 8'QoBw Equation 2.4

An n-dimensional integral is often impossible to calculate with traditional methods,
but N values of A can be sampled with probabiidQ8 and the sum of a sampled
values will be divided by N:

B 6 afudiis
0

Equation2.5

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 foundatidine Monte Carlo
method, stateghat for large values of Nthe distribution of average¥ of N
independent random variables identically distributed tends to a normal distribution with
meandland variance j0:
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Il n words: nGi ven any observable A, t hat

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

many values of A according to the probability distributoh t he r andom pr oce
The Monte Carlo method isn integration techniqué solve multidimensional

integrals by sampling from suitable stochastic distributions.
The accuracy oA MC estimator depends on the number of samples:

0o P
" o 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:

.. B w
| Eb——F— ” 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:

A Gi v @mbalality Density Function (pdf) of the x variable, f(x), generate a
s a mp | edistributed acording to f(xjvhere x canbe muld i mensi onal 0o

In the real physical world, an experiment samples a large number of random
outcomes of physical processdbese correspond, in a computer calculation, to
pseuderandom numbers sampled from pdf distributions.

Pseuderandom numbers (PRN) are sequences that reproduce the uniform
distribution, constructed from mathematical algorithms (PRN generators). PRN
gener#ors have a period, after which the sequence is identicalbateg. It is very
important that théength of the sequence be such that no repetition would happen in
any calculation.

A typical Monte Carlo particle transport code works as follows: eaclclears
followed on its path through matter. At each step the occurrence and outcome of
interactions are decided by random selection from the appropriate probability
di stributions. All the secondaries issued
orifbanko and are transported before a new h
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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 cod¢Bohlen, et al.2014; Ferrari, et al., 200®)as 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, activatiGimeloy,
detector design, Accelerator Driven Systems, cosmic rays, neutrino physics,
radiotherapy, radiobiologyit was developed and maintained under an INFNERN
agreement. Microscopic models are adopted whenever possible, consistency among all
the rection 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 parametsts fix
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 availathle, a
correlations within interactions and among shower components are preserved. The
FLUKA physical models are described in several journal and conference (feqess,
et al., 2003; Ferrari, 2006; Battisipet al., 2007; Fasso, et al., 1995) UKA 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, haaks 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 etedt radiation from unstable residual nuclei
can be performed online. FLUKA can handle even very complex geometries, using an
improved version of the weknown Combinatorial Geometry (CG) package. The
FLUKA CG has been designed to track correctly alsogdwparticles (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 Fortrarar@ yavailable for users
with special requirement{sLUKA, 2010)

For many years FLUKA has been known as one of the main tools for designing
shielding of proton accelerators in the m@&V energy range (its hadron event
gener#or has been adopted by the majority of the existing-biggrgy transport codes,
including those used for particlehysics simulations). In recenfears, however,
FLUKA has gone through an important process of transformation which has converted
it from aspecialized to a mulpurpose 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. Sme of these models have even been updated and extended with original
contributions. Other advantages are the special care devoted tenévgy
electromagnetic effects and the accurate combined treatment of multiple scattering and
magnetic fields near matal boundaries, essential for a correct simulation of many
synchrotron radiation problenfBasso, et al., 1995 recent years-LUKA has been
widely used in the medical field to study different kinds of applicat{@astistoni,

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)

FLUKAreadsuser nput from an ASCI Il.inmexfTheiiapwit
consists of a cormandab( eahluenbeal 96 MHopti onso
of one or more cartdsh nfeer HKicatl d ridc all smedisons)
one keyword (the mae of the command), six floating point values calddATs and
one character string call@DUM The typical structure of a FLUKA input file is the
following (Ferrari, et al., 2005)

U0 Titles and comments for documentation puwg® (optional, but
recommended)

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

to partition space into regions), (mandatory)

Definition of the materials (mandatory unless-gedined materials are used)

Material assignments (coggondence materialegion, mandatory)

Definition of the particle source (mandatory)

Definition of the requested Adetector

domain (region of space, particle direction and energy) where the user wants

to calculate the expeation 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

(Aestimatorso). Detector stehatleastanpt i on al

the production phase

U Definition of biasing schemes (optional)

U Definition of problem settings such as energy-afiit, step size, physical
effects not simulated by default, particles not to be transported, etc.
(optional)

U Initialisation ofthe random number sequence (mandatory if an estimation of
the statistical error is desired)

U Starting signal and number of requested histories (mandatory)

[ - enHiN an-I et

In addition, special commands are available in FLUKA for more advanced problems
involving magneticfields, timedependent calculatisn writing of history files (so
called Acollision tapes o }byevanrseoring,allingg of op




































































































































































































































































































































