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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.
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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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-E 0 B QO Q w8

Io EY Io E O 6"_ Equation 2.6
e p ) . _
| Ed Y _—— Q ! Equation2.7
° ¢“jo,
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



Chapter 27 The Monte Carlo FLUKA code 27

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
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userwritten routines, etc. Details on the cards, the setup and the parameters used in this
work will be given in the following chapters contextually to their use.

For gemetry definition FLUKA usescombinatorial geometry: starting from
simple g metri cal enti i, es(sucal | ed plbaondd e, ¢
parallelepipeds) it is possible to createore complex space regions, called
AREGISON using the Bool ean operedionjteenas uni on,
specific material § assigned to each region. Each region is not necessary simply
connected, since it can be made of two or more notgumus parts, but must be of
homogenous material composition. All the regions are surrounded by an infinitely
absorbingmaer i al named 0 ballthecekchpmd@ particlesa b s or bi ng

FLUKA is a powerful tool for induced radioactivity studies, especiaily regard to
nuclide production, their decay and the transport of residual radiation. Particles
cascades by prompt radiation and residual radiation are simulated in parallel based on
microscopic models for nuclide production and a solution of the Batempaations for
activity buildup and radioactive decay (Battistoni, et al., 2011). FLUKA allows
detailed calculations of the radionuclide inventory based on theoretical models for
nuclear interactions and fragmentations. Their implementation in the asdedched
unprecedented detail enabling the user to predict the production of individual
radioactive isotopes with high accuracy. This aehment has been quantified in
comprehensive benchmark studies (Brugger, et al., 2006; Brugger, et al. 2003; Brugger
et al. 2005a; Brugger, et al. 2005b).

For what concemFLUKA physical models, several models are employed in FLUKA
for the transport of the different groups of particles in different energy salsgéope
production by hadronic interactions, exceptvienergy neutron interactions, is
described by weltested models. They comprise a sophisticated Generalized
Intranuclear Cascade model; the GlauBeibov approach togheter with the Dual
Parton Model; various mechanisms implemented for evaporation, fragtos,
fission and deexcitationby gammaemission. The transport of neutrons with energies
below 20 MeV is performed by a muliroup algorithm based on evaluated cross
section data (ENDF/B, JEF, JENDL, etc.) binned into 260 energy groups, 31 of which
are in the thermal energy region. Particulasignificantfor water, soil and concrete
simulations, lowenergy neutron transport is also provided with a detailed kinematics
of elastic scattering on hydrogen nuclei as well as transport of recoil protons.

Multi-fragmentation is not taken into account in FLUKwhich might pose
limitations to the predictions of intermediate and smadlss isotopes from heavy
elements. However, this should have only little influence on integral quantities such as
total activity. (La Torre, 2014)

2.2.2 Flair

Flair (Vlachoudis, 2009)s an advanced user graphical interface for FLUKA, to
enable the user to start and control FLUKA jobs completely from a GUI environment
without the need for commarlishe interactions. It is an integrated develan
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environment (IDE) for FLUKA. 1 does nbonly provide means for the post processing

of the output but a big emphasis has been pntthe creation and checking of error
free input files. It contains a fully featured editor for editing the input files in a human
readable way with syntax highlighg, without hiding the inner functionality of
FLUKA from the users. It provides also means for building the executable, debugging
the geometry, running the code, monitoring the statwse or many runs, inspecting

the output files, post processirtpe binary files (data nmging) and interfacingo
plotting utilities like gnuplot and PovRay for high quality plots or photorealistic
images. The program includes also a database of selected properties of all known
nuclides and their known isotopic compositias wellasa reference database of ~300
predefined materials together with their Sterheimer param@téashoudis, 2009)

Flair is also provided with a builh Geometry Editor that allowsorking on 2D cross
sections of thegeometry, the interactive visual editing of the geometry in 2D,
debugging of bodies#gions in a graphical way afast 3D rendering of the geometry.
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Monte CarloModels

In the presenthapter the two main casstudiesanalysed in this work will be
presented: The GE PETtrafaeility of the SOrsolaMalpighi Hospital (Bologna) and
the IBA CYCLONE 18/9 facility of Inselspital (Bern). In table 3.1 some of the main
features of these faties are reported.

Table 3.1Main features of the two casestudiesanalysed in this work

PETtrace of S.OrsoléMalpighi  CYCLONE 18/9 of Inselspital

Energy 16.5 MeV 18 MeV
Acceleration plan Vertical Horizontal
Fluorine targets 1 4
N° of irradiation per day for 1 3
8F production
Typical irradiation 60 A for 100 min 70 for 90 min
conditions
Workload in a yearfor the & 25000 OAI & 59000 O
F production
First irradiation year 2002 2012

In both cases, first the cyclotron, then the cyclotron bunker and more in general the
facility will be described. The Monte Carlo model implemented will be presented
focusing on the geometrical modeh the definition of materials and aihe source
terms Details on the physical and transport parameters, on the scored results and on
their subsequent analysis will be also given in the following subsections.
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3.1 The GE PETtrace cyclotron Facility ofhe
Sant 6 Malpighilhaspital in Bologna

The first case studwas the 16 MeV PETtrace (GE Medical System) cyclotron
(Figure 3.1, 3.2) installed in the S. Orsdalpighi University Hospital (Bologna, IT)
and usedfor the routine production of PET radionuclides. The GE PETtrace is a
compact cyclotron with vertical acceleration plane, capable of accelerating negative
hydrogenH™ and deuteriun™ ions up to an energy of 16.5 and 8.4 MeV respectively.
Maximum beam irgnsity of 100mA and 60mA can be achieved for hydrogen and
deuterium ions respectively.

T,

i

(DTS B

Figure 3.1 The GE PETtrace cyclotron installed #dte S. OrsolaMalpighi
Hospital.
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Targets  Stripping Foils Yoke Dee

Diffusion Pump lon Source

Figure 3.2 Overview of the vacuum chamber and the main components of the GE PETtrace cyclotron.

The beam of accelerated particles can be directed on one of the 6 output ports
available (Figure 3.3). The cyclotron is ecpay with several target assembliesthe
routine production of the main radionuclides of interest for PET radiopharmaceuticals
such ast!C, N, 8F and!®F,; in addition production of nestandard radionuclides,
such a$“Cu, ®zr, °°*™Tc and®®Ga, isconducted for research purposes.
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Target 6: 18F,

Target 5: 11C

Target 4: 18F

Target 3:
Solid Target

Target 2: 13N

Target 1: 18F

Figure 3.3 Targets currently mounted on the GE PETtrace cyclotron

The facility andthe differernt cyclotron subsystems have been already described in
a previous PhD Thesis (Infantino, 2@),Surther details can be found in the accelerator
manual (GE MEDICAL SYSTEMS, 2004).

A first MC model of the PETtrace cyclotron and of his bunker was already
implemented in some previous works of our research group (GE MEDICAL
SYSTEMS, 2004, Infantino, et al., 2011, Infantino, et al., 2014a) and in the PhD thesis
already mentioned (Infantino, 2095 Nevertheless the model was implemented for
different purpose fromthe present work, the pexistent model was further
implemented modified and updated goit better theanalysis of activation of the
components.

In the following a description of the model will be given, focusing on innovations
introduced within this wrk.

3.1.1 Geometry

A detailed MC model of the GE PETtrace cyclotron was realized. The model
includes the magnet and magnet poles (Iron), the vacuum chamber (Aluminium), an
approximation of the coils (Copper), the cyclotron vault and the ducts through the vault
walls. Data regarding the dimensions and features of the cyclotron and its components
were taken from technical sheets and reference manuals of the vendor (GE MEDICAL
SYSTEMS, 2004).
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The cyclotron bunker was also modeled on the basis of the original wairtstr
drawings (Figure 3.4, 3.5). The inner dimensions of the bunker are: 650 cm by 535 cm
with a height of 350 cm and with 200 cm thick concrete walls.

- -

(a) (b)

Figure 3.4 Comparison of the FLUKA MC model of the GE PETtrace cyclotron and the cyclotron vault
(a) of +Mal pOgdoloaHospital with an original techni

Figure 3.5 FLUKA Monte Carlo model of the cyclotron bunker of "S. Orsollalpighi” Hospital.
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In this work the target system modelled was modified from the old GE assembly
conprising a silver chamber to the new GE assembly comprising a niobium chamber
thatreduce target insert activatiomhe front of the target body (Aluminium), the 25
mmand50m t hi ck HavarE foils (an alloy of
(20%) aml traces of manganese, molybdenum, iron and others) were also modeled. The
upper and lower collimators were modeled as only one piece in graphite, 1 cm thick;
the hole in the center is 1 cm in width by 0.8 cm in height (Figure 3.6).

Figure 3.6 MC modelof the GE niobium target assembly

An improvement in the modelling of all the major components of the cyclotron that
are expected to interact and influence the neutrons fluence and spectrum was made. In
particular a more accurate model of the targeingllstation panel (LTF) was
implemented, the model includes a slab of 5 cm thick lead and 10 cm thick
polyethylene, both enclosed in 1.5 cm thick structure of iron and was positioned in
front of the cyclotron, close to the targets.

Also the internal struare of the cyclotron was improved, in particular the Dees
structure, the ion source and the vacuum chamber were modeled more in details (figure
3.7).

cobas
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LTF

lon source

Figure 3.7 MC model of the internal structure of the Cyclotron and of the target filling statpamel

The door of the bunker was also modeled as composed of a concrete structure
enclosed in an external iron slab of 0.8 cm thick.
Reinforcement bars were accurately modelled based on the original construction
drawings (figure 3.8, 3.9), their contrilbent in terms of activation is indeed very
relevant.

Figure 3.8 Reinforcement bars original construction drawings
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Figure 3.9 MC model of reinforcement bars inside concrete walls

Materials were assigned to ed@BEGIONOof the input by a dedicateSSIGIMA

card: the assigned material was selected from the Flair material database or created

when necessary. Thé®D]-water material, 98% enriched, was created within Flair
using the dedicateMATERIAL and COMPOUND cards. When transport of lew
energy neutronfE<20 MeV) is requestd a correspondence is needed between each
el ement al AFLUKA mat e{ene@y arossasection matéea | osf o
available in the FLUKA lav-energy neutron library. Since thereated elemertfO is

not present in this librarghe LOW-MAT card allows to assign the legnergy neutron

cross section of Oxygeh6 to'%0.

The density of concrete was w&liiown and equal to 2.35 g/émwhereas
compositions of both concrete and reinforcement rods were unknown. The standard
concrete Pdland composition present in Flair does not incletlanents as caesium,
cobalt and europium typically present in traces, however the amount of those elements,
even if in small quantity, influenséargely the resulting activatiofor this reason they
cannot be neglected in the simulation. Typical range values of concentration present in
literature are reported in table 3.2 (EUROPEAN COMMISSION, 1999).

Table 3.2Typical range values of cobalt, caesium and europium concentration in concrete

ELEMENTS Concentration in ppm

Co 3.07 90.0
Cs 0.4-1.0
Eu 0.3711.8

The composition used in this work for concrete modelling was a combination of
literature data and the standard concrete Portland present in FLUKA (table 3.3).

t

he



Chapter 3' Monte Carlo models 39

Table 3.3 Concrete compositionused the S6 Or sol a cycl otron bunker

ELEMENTS Mass Fraction ELEMENTS Mass Fraction
Si 0.24 Ba 0.00025
Ca 0.037 Ni 3.1E5
Al 0.018 Co 6.6E6
Fe 0.016 Nb 2.3E6
K 0.0038 Eu 1.8E6
Mg 0.0035 Cs 1.2E6
Na 0.0013 0] 0.667
Mn 0.0011 H 0.01
Ti 0.00095 C 0.001

For the reinforcement rodsnstead the composition used was a combination of
steelSS316LN present in FLUKA adding impurities concentration values present in
literature (Table 3.5) (EUROPEANOMMISSION, 1999).

Table 3.5 reinforcement rods composition

ELEMENTS Mass Fraction ELEMENTS Mass Fraction
Cr 1.85E01 Si 1.00E02
Mn 2.00E02 C 3.00E04
Fe 6.71E01 P 4.50E04
Ni 1.13E01 S 3.00E04
Co 1.00E04
3.1.2 Physics

In the previous works already mentioned (Infantino, 2015; Infantino, et al. 2011;
Infantino, et al. 2014b) the production'&F by the'®O(p,n)éF reaction was studied to
find the set of physical and transport parameters to optitméesuls with minimum
cputime usage. A 16.5 MeV pencil beam interacting with a target of a water solution
(1.3 g) 98% enriched itfO, was modelled and used to perform a sensitivity analysis
to find the optimal combination of default, phys&nd transport parameters. Three
different sets of defaults were compared: NdDEFA, HADROTHE and PRECISIO.

In all three default chosen the leemergy neutron transgodown to thermal
energies is enabled.

The assessment of the saturation yield®@fvas performed using tiRESNUCLEI
card to score the activity produced at EOB. Results were compared with the
recommended saturation activity fornA (A2) provided in the IAEA database for
medical radioisotopes production: for 16.5 MeV protonstkns outto be 13.078
GBg/mA (IAEA, 2001a)

For each simulation twd®HYSIG cards were used to enable coalescence
mechanisms and the new FLUKA evaporation model, with heavy fragment evaporation

model
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(Ferrari, et al., 2011); for some simulatioR&RTFTHR card was used to overwrite the
default particle @nsport threshold for one or more types of particles.
Actually, considering the production cross section of #@(p,n)}eF reaction

(figure 3.10) retrieved from the IAEA chargedrticle cross section database for
medical radioisotope production (IAEA, @Da), it is possible to see how a large part
of the area under the curve is lost when protons are not transported below 10 MeV.

800

700

Cross section (mb)
-
8

& Bair B4)corr
Bair (73)comr
= Kitwanga (90) norm

¢ Hess (01)

fit Spline {03)

B 8 10 12 14
Particle energy (MeV)

Figure 3.10- Cross section of th&®O(p,n)F reaction (IAEA, 2011a)

Simulations were performemin a

thread enabled.

corekE

7 | aptop

wi-t h

four

Results of the sensitivity analysis performed on defaults, physical and transport
parameters are summarized in Table 3.6 (Infantino, @015

Table3.6- Validation of the physics and transport parameters in the energy range of medical applications:
assessment of the saturation yield'8F. (Infantino, 2015c)

10] 10]
< < < T T ©) ®)
1] ] 11 5 5 72 )
DEFAULTS S = = & & 2 e
| | | 2 2 o e
z z z T T o a
PARTTHR: PARTTHR: PARTTHR: PARTTHR: PARTTHR: PARTTHR: PARTTHR:
TRANSPORT as default 0.1MeV 1 MeVv as default 10 MeV as default 10 MeV
(10 MeV) ' for protons (0.1 MeV) (0.1 MeV)
Simulation 1.05 5.04 3.12 25.17 3.43 25.48 2.26
Time [h]
Ysat 18F 6.521 + 13.166 + 13.161 + 13.169 + 6.508 + 13.200 + 6.486 +
[GBq/nhA] 0.006 0.009 0.009 0.010 0.005 0.010 0.006
Aol Y FLukA 2.01+£0.20 0.99+0.10 0.99+0.10 0.99+0.10 2.01+0.20 0.99+0.10 2.02%0.20
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From Table 3.6NEWDEFA default and a proton transport threshold set at 1 MeV
proved to be the best combination giving a good agreement with the IAEA
recommended value in the shortest simulation timigtino, et al., 2015a).

3.1.3 Source

Because of the relatively rather low neutpoduction ratesimulatingprotons
as primary particles for assessment of wall activation is quite inefficient to obtain low
uncertainty results. The use, as source term, of secondary neutrons as primary particles
is a more efficient approach allowingdecrease of about three order of magnitude the
number of primaries needed to obtain the same uncertainty results.

Therefore the kinematic proprieties of emitted secondary neutrons from the target
were determined in a separate and simplified simulatieméitron spectrum obtained
was then used directly as the source term for activation assessment.

For this purpose the 16.5 MeV proton pencil beand only the materials
interacting with it, as Havar foilsHelium chamber and wat&8 chamber were
modelled (Figure 3.11).

Havarfoils Proton Fluence
1x10'8
Water-18
1106
110" _
<
=
1x10'2 &
o
£
o
T 1x10'0 2
o
o
1x108
1x10°
Helium cooling
1x10*

Figure 3.11 MC model of Havar foils, Helium cooling, Watéi8 and proton fluence [protons/cfper
primary proton]

The neutron flux and the energy spectrum released were determined on a sphere
surrounding the target using USRBIN and USRBDX cards.

The attenuation of the proton beam through the different materials was also scored
using different USRTRACK cards (figure 3.12). Values obtained with FLUKA were
compared with SRIM, a collection of safire package that allow the calculation of
many parameters regarding the transport of ions in matter. The estimated average
kinetic energy of primary protons at the entry of wdt@rchamber is equal to 15.28
0.01 MeV, compatible, within the errors, wiRIM value of 15.2% 0.01 MeV. The
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mean range of 17.37 MeV protons (pelike beam) in wated8 target estimated with
FLUKA is 0.27% 0.01 cm, consistent with SRIM value of 020.01 cm.

1.80E01

1.60E01 | —— 25 um Havar Foil ]
1.40E01 | —— Helium Cooling g
1.20E01 | ——50 ym Havar Foil
1.00E01

8.00E02

6.00E02
4.00E02 |
2.00E02 j &
0.00E+00
14 14.5 15 15.5 16 16.5
Energy [MeV]

[#protons/cm”2*primary proton]

Figure 3.12 Proton beam attenuation

The average neutron spectrumtioé neutronsemittedis shown in figure 3.13. The
neutron kinetic energy shows a peak around 2.4 MeV with a large tail towards lower
values down to 1 keV. The neutron polar angle ithstion is shown in figure 3.14: as

we @n see neutroemission from target can be consetalmost isotropic.
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Figure 3.13 Neutron energy spectrum generated by ¥@(p,n)'®F reaction
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Figure 3.14 Neutron fluence expressed in neutronsfcper primary
proton

Figure 3.15 shows how the energy spectrum of neutrons varies with the polar
angle range: the forward neutrons (in red), exhibit a harder spetttamthose emitted
by the sidegin green) and the backward neutrons (in blue).
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Figure 3.15 Comparison of eautron energy spectra obtained for different emitting directions
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In the present work the neutron spectrum was modeled as independent from the
emitting direction and equal to the average spectrum in all directions.
The neutron multiplicity estimatediefined as the integrated number of neutrons
produced by one proton, is equal 3®9 - 16 + 0.08 103 [#neutrons/primary
proton]. From this valughe number of neutrons gemated for proton current unit can

be estimated:

€
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to pH TP T O

o8 Up T

M Qooi €Ei Mi€0EE M Qo6oi € ¢i

Equation 3.1

to n ni ¢0¢é¢ Equation 3.2

& pm

In all simulations for bunker activation assessment, neutrons were generate as
primaryparticles accoridg to the kinetialetermined.

In FLUKA the definition of nomrstandard sourse (distributed,

monoenergetianixture of particles or other complex source) should be treated by

non
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means of a usewritten external subroutine. A number of user routine templates are
available and cabe modified by the user to fulfil nestandard tasks.He user routine
related to source generatiorsurce.f Flair can be used to edit, compile aimd user
routines to build a usespecific FLUKA executable. This subroutine is used to sample
primary particle properties from differetytpes of distributions, in the preserase to
read it from a file (Ferrari, et al., 2011).

A text file was created ih the neutron spectral distribution obtained in the
previous simulation anthe source.f u= routine was modifie¢b model a point and

isotropic source positioned inside the target and having the spectral distribution

determinedIn the following a lisbf the main steps to perform the energetic sampling
is reported (figure 3.15):

= =4 =4 -8 -8 9

the histogram from spectrum text file is read,;

the correspondingumulative distributiotBUMM(N)is calculated

the distribution is normalized and loaded in an array natéd(l);

a uniform pseudoandom number € [0,1) is generated;

the Minterval is found suchthatCUMI) O C O CUM( I ) ;
The energyvalue is selected sampling a random value E such that
ERGMAX(1) O E O ERGmin(l), where
respectively the maximum and minimum energies corresponding to |
interval.

0.8 -

L p(E) | cumpy
. c
0.6 [
I —1 cum(i-1)

S m— I e =
[ LT FF FETTE SR FEET FEPEE FTE T P T P e P
ERGmin(l) E ERGMAX(l)

Figure 3.15 Graphical explanatiomf the main steps present in source.f user
routine to perform the energetic sampling

ERG
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The source.f routine is compiled using a FORTRAN compileraanelxecutable file is
created. This executable is called during simulatiotheYSOURCE cardthe OPEN
card is also necessary to provide the file from which the distribution is taken.

Some tests were performed to assess the consistence between rigsnéd aking
the subroutine developed and protons as primary particles.

An activation assessment in simplified geometry was performed considering a
concrete sphere surrounding the target (figure 3.16, 3.17REB&NUCLEI card was
usedto evaluate activatin after 1 hour irradiation at 1 pA. All the simulations where
performed on @&i7-4790 computer (8 cores). In simulatoonith protons as primary
particles the 16.5 MeV proton pencil beam was simulated as source term and the
materials interacting with itas Havar foils, Helium chamber and wal& chamber
were also modelled. The number of primary particles simulated was 18@xd@ns,
corresponding to 3.99x1@eutrons, the simulation time wa8 hours. In simulations
with neutron as primary particlése external routine was used to simulate a neutron
isotropic point source in vacuum. The number of primary particles simulated was
1.00x10 neutrons, the simulation time was 45 min. In table 3.7 results are reported.
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Neutron Fluence
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Figure 3.16 Neutron fluence simulating proton as primary
particle
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Figure 3.17 Neutronfluence simulating neutron as primary
particle via the external user routine source.f
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Table 3.7 Comparison of activation assessment using protons and neutrons as primary particles

Protons as primary Neutrons as primary
Nuclide particles - particles - Variance
Bq Uncertainty Bq Uncertainty
(%) (%)
*Al 2.97E+07 0.3 2.97E+07 0.1 0.1%
39Ar 7.11E01 0.6 7.05E01 0.1 0.7%
4ICa 2.09E03 0.7 2.10E03 0.1 0.4%
31Sj 3.84E+05 0.7 3.85E+05 0.1 0.4%
2Na 1.13E+05 1.0 1.13E+05 0.2 0.4%
Mg 1.44E+06 1.3 1.45E+06 0.3 0.8%
56Mn 5.33E+05 1.8 5.28E+05 0.4 0.8%
297\ 6.95E+05 1.9 7.05E+05 0.3 1.6%

As can be seen results obtained are consistent within uncertainties. It must also be
considered thatsing protons as primary particlés50 10 primariesand simulation
time of 41 daysare neededo produceresults with the same uncertainty obtained
simulating 1.0010° neutrons

Another test was performed considering the cyclotsanker geometry. A first
simulation was performed with 6.0@° protons as primary particles corresponding to
2.3910" neutrons (simulation time 1 day and 8 hours). A second simulation was then
performed using the external source with 4108 neutrons agrimary particles,
corresponding to 1.000'2 protons (simulation time 1 day and 1 hours). The average
neutron spectrum inside the bunker and in five positions reported in figure 3.18 was
scored usinghe USRTRAK cards and the results of the two differsimulations
compared (figure 3.19, 3.20, 3.21, 3.22, 3.23, 3.24).

Figure 3.18 MC model of cyclotron bunker with the five positions of interest
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Figure 3.23 Neutron spectra at position 4 Figure 3.24 Neutron spectra at position 5
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Spectra obtained with neutrons as primary particles using the external user routine
areconsistent witltthoseobtained with protons as primary particles. The advantage in
terms of CPU times is very significant especially considering simulation for activation
assessment studies. Just to have an idedtain in our simulations resultsterms of
activity concentration with an uncertainty on average lower than 10%, the number of
neutrons as primary particles simulated must be higher thahv2h&@eas the number
of protons as primary particles simulated must be higher thart!5the sinulation
time estimated was respectively about 17 hours using the neutron source and more than
4000 days simulating protons as primary particles.

Therefore in all activation assessment simulatibesstibroutine implemented was
used to simulate an isotropic point source of neutrons positioned inside the target
(figure 3.25). Since the sedbsorption and interaction of neutrons with Havar foils,
Helium chamber and watdi8 were already considered tine previous simulation,
materials of these regions wesplacedwvith vacuum.
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Figure 3.25 Neutron Fluence inside the cyclotron bunker

3.1.4 Scoring

The activation of the cyclotron vault walls and of the reinforcement rods was
assessed using several RESNUCLEI cards; activity was scored at different positions,
deph and for different life expectancy of the cyclotron.

Since RESNUCLEI scores nuclei on a region basis, bunker walls were modeled
as the sum of rectangular slabs (100x100x10 cm) to evaluate-teptim activation
profile and to score the distribution aftevity concentration for each nuclide inside the
walls.
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Results were expressed for each radionuclide in numbers of residual nuclei per
cubic centimeter per primary particles, neutrons in this case. The estimations of residual
activity after different li€ expectancy of the cyclotron was donelwié by an external
spreadsheet that will be described in the following.

The activity concentration p&urrentunit at the EOBwvas estimated from the
number of nuclei for each radionuclide Bs
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to Yr Equation 3.3

0a
£Q

Where” is the material densityYy is the radionuclide half life anél is the

number of neutron generated for unit current. Then the saturation activity was
calculated as

6n 0

p Q7 Equation 3.4

&

The estimation of residual activation after a certain lapiséime of normal
production of'®F was made considering typical daily irradiation of 60 pA with an
irradiation time of 100 minutes excluding Saturday and Sunday.

The activity induced in materials as a function of time during the irradiation was
calculated by the following equation

66 6 p Q for 0 <&t Equation 3.5

After irradiation ( t >t ) the specific activity as a function of the cooling tinwe-t
tir was calculated as

oy n . . >t
00 0 p Q Q for t> tr Equation 3.6

A typical activation profile as a function of time is reported in figure 3.26 and it
was obtained by summing the residual activity produced day by day.

A(t)

Monday Tuesday Wednesday Thursday Friday  Saturday Sunday

Figure 3.26 Typical activation profile as a function of time in a week
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3.2 The IBA C18/9 PET CyclotrorFacility

In 2007 the University and the University hospital of Bern, Inselspital, with the
support of some private investors started the SWAN (SWiss hAdroN) project. The
result of this collaboration was the establishment of a rdidaiplinary clinicaland
research centre for radioisotope production and patient care. The construction of the
"SWAN Haus", equipped with a 18 MeV cyclotron for PET radioisotopes production,
ended in June 2011 and the whole facility was fully operational at the @0d2fTle
facility is situated a the campus of the Inselspital and has been conceived to fulfil two
main goals:produce PET radio tracers for Inselspital and for other healthcare
institutions and conductuttingedge multidisciplinary scientific activities (Braai,

2013; Braccini, et al. 2010; Braccini, et al. 2007);.

The cyclotron installed in the facility walset IBA Cyclone 18/9 HC (Figure 28),

a fixed-energy cyclotron with an horizontal acceleration plane, capable of accelerating
negative hydrogerH™ and deuteriumD- ions up to an energy of 18 and 9 MeV
resgectively. Maximum beam intensities ai®0 nmA and 40 mA respectively for
hydrogen and deuterium ions in single or dual beam mode.

Figure 3.28 IBA CYCLONE 18/9

The cyclotron includes eight indepamd exit ports, one of which connected with
a 6 m long external transport beam line terminated in a second bunker mainly for
research purpose (figure 3.29).

One port is connected with a solid target station for the production estaadard
radionuclidesfour ports are connected with fluorine liquid targets and are used for the
routine production of PET radionuclides.
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Figure 3.29 CYCLONE 18/9 bunker

Therefore, he building desigrcomprisestwo separated vaults, a vaults for the
cyclotron (4.00 m (width) x 4.75 m (length) x 3.00 m (height)) connected by a gap on
a 1.8 m thick wall with a second vaults (4.00 m (width) x 5.40 m (length) x 3.00 m
(height)) for the external transport beam Ifigure 3.30). For gamma and neutron
shielding the two vaults are enclosed in 2.2 m thick concrete walls. The two vaults are
connected via underground pipes to a physics laboratory situated on the same floor and
to a dedicated radiochemistry and radiophesyriaboratory situated on the floor above
the cyclotron. Radioisotopes produced in any of the targets can be transferred to any of
the hot cells located in the upper floor by means of shielded capillaries.
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Figure 3.30 Planimetry of Insilspital Cyclotron bunker
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In the following, details of the different cycton subsystems will be given (Figure
3.31); further information can be found in the accelerator manual (IBA Molecular,
2007).
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Figure 3.310verview of the vacuum chamber and the main components oiBfCYCLONE 18/9.

The entire structure of Cyclone 18/9 HC has a diameter of 2 m and is 2.2 m height.
The bearing structure of the cyclotron yoke is made of steel, the cyclotron uses a
resistive magnet energized by two coilkhe coils are made of hollowopper
conductor, ad are water cooled. The power requirement for the magnet is less than
15 kW. to maintain an isochronous field for the protons, a pair of wedgedshimst
pole pieces ("flaps"”) ar@automatically inserted into position between sectors on
opposite sidesf the cyclotron in both the upper and lower halves of the magnet. When
switching to a deuteron beam, the poles are automatically retracted. The field is 1.9
Tesla (hill) and 0,35 Tesla (valley). The extraction radius is 0.48 m. The acceleration
plane beig horizontal, access to the median plane is achieved by lifting the top part of
the cyclotron yoke on two hydraulic jacks included in the system. Yoke lifting is not
required to access the targets or for target window maintenance.
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The radio frequency (RBystem provides the electric field that pulls the ions from
the ion sources and accelerates these ions across accelerating gaps where they gain
energy with each turn until they reach the extraction radius. The main component of
the RF System are:

1 RF resonat cavity within the cyclotron vacuum chamber

1 RF cavity tuning mechanism

1 RF final amplifier with high voltage supplies and RF vacuum tube
1 RF low level rack.

The RF amplifier feeds power to the cyclotron cavity through a 50 Ohms Coaxial
cable. The RF pamer is inductively coupled to the RF cavity where two electrodes
(Dees) are supported on one side by vertical copper staxhr®sonate on a quarter
wavelength mode. The 30° Dees are located in two opposite valleys.

Two cold cathod®enning ion gaug€PIG) source are located in the centre of the
cyclotron, one producing Hydrogen ¢Hions and the other producing Deuteron-JD
ions. The sources are located in the two valleys that do not contain a dee.

The vacuum system to prevent neutral strippindpeinegative ions on the residual
gases of the vacuum chamber consists of the vacuum chamber assembly, made of pure
aluminium, four oil diffusion pumps, a roughing pump, various valvesngs, and
also all the instrumentation, controls and interlocks&intain proper vacuum system
operation.

The cyclotron vacuum is maintained by four oil diffusion pumps with wadeted
baffles. A forepump (40 #fhr.) is used to rough the vacuum chamber to 54mbar.

The pumps are located under the cyclotron, witbugh clearance for maintenance
access. The time needed to establish a vacuum condition of 8 mlidr is half an
hour and, after two hours, the pressure is less than ¥ xnbar after dry nitrogen
venting of the cyclotron.

Beam intensity measuremerare performed at four different places along the beam
path and transmitted to the control system:

On a beam probe locatedthe 10 cm radius: to measure internal beam.

At the stripper foil: the stripped beam current is given by measuring the
current ofelectrons stripped from the-ldr D- beam. These electrons will
end on the stripper foil support. This measurement is divided by 2 (two
electrons stripped out of each &t D-), and is automatically transferred to
the controller.

On the target collimatoto optimize the beam position on target.

On the target itself to stop irradiation when the preset current is reached.
Interlocks in the control system will turn off the beam if the ratio of beam
onttarget to strippedbeam becomes too low or if the target pressure is too

high.

T
T

= =4 =4
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The targets are located in the horizontal 4pi@he, all around the cyclotron yoke.
The beam igxtracted by a twdoil stripper carousel positioned in front of each target
port. The stripper foils are 400 pgdmarbon foils.

The target system installed is NirtaR Liquid Target lavgkime (figure 3.32),
comprised of a Niobium (99.9 % purity) irradiation chamber to reduce target insert
activation.

older

Collimataor
Window H
Target

Position adjust

Coding
Cooling Water

Halum

Figure 3.32 IBA Liquid target assemblftBA Molecular, 2007)

The outer dimensions of target body are 85 mm length and 64 mm diameter, with
an irradiation volume of 2.0 ml. The water cooled frontic@tor has a quickconnect
flange thatis directly inserted in the vacuum gate valve. The same helium cooled
window design is used for all the targets. The helium gas is recirculated in a closed
loop that includes a compressor and a heat exchanger. @es lwd the targets are
watercooled. A titanium foil (12.5 um) is situated in the window betwibenvacuum
and Helium chambeswhereadHavar foil (35 um) is situated in the window between
Helium and irradiation chambégtBA Molecular, 2007)

3.2.1 Geometry

A detail MC model of the IBA C18/9 PET Cyclotron was realized to allow accurate
transport of neutrons pdaced inside fluoride target Wyp,n) reactios. The model
includes all the major components of the cyclotron that are expectateract with
the pariclesgeneratedfigure 3.34 and figure 3.35):

A the various component of the yoke (steel)

A the four poles (steel)

A an approximation of the coils (Copper)

A the vacuum chamber, the holes in the upper and lower yoke needed for vacuum
pumping and to intrduce the RF power into the RF cavities and the eight target
exit ports
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A four fluoride-18 target station
A the external beam liné\[uminium) with two quadrupoles (Copper)

Data regarding the dimensions and features of the cyclotron and its components
weretaken from technical sheets and reference manuals of the vendor.

Figure 3.34 horizontal view of the IBA CYCLOPE 18/93D FLUKA model implementec
this work
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i [ .

Figure 3.35 Vertical view of the IBA CYCLOPE 18/93D FLUKA model implemented
this work

A simplified model of the entire Liquid Target assembly was imptaatewith the
following dimensions: 5 cm internal length, 1.2 cm diameter, 0.06 cm thick and
including the aluminium structure, the niobium chamber, the veateling system, the
helium-cooling system, the collimator, Titanium foil and Havar foil (figBr&5).

Collimator

\

Water cooling

foil

‘ ’\J)

Helium | —

cooling |\ water-18

Figure 3.35 FLUKA model implemented in this work of IBNirtaR Liquid Target large volume
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A detailed MC model of the cyclotron vault was implemented on the basis of the
bunkerds original construction drawings;
rods (figure 3.36 antigure 3.37).

Figure 3.36 Vertical view of 3D MC model of cyclotron bunker

Figure 3.37 Horizontal view of 3D MC model of cyclotron bunker

During the construction phase of the Bunker a sample of concrete was taken from
the walls and sent to EMPWaterial Science & Technolodgboratories (Dubendorf,
Switzerland) for an XRF Analysi® determineconcrete composition, 1.00 g of this
sample was used for the XRF measurement, the potentially humidity were removed
before the measurement drying the sampl110 °C in air. Thelematsdetectedare
listed in table 3.8.
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Table 3.8 XRF detected element in concrete sample

Massproportion in Massproportion in

ELEMENTS 4/100g (%) ELEMENTS 4/100g (%)
Na 0.3 Ca 36
Mg 0.8 Ti 0.3
Al 3.6 Mn 0.05
Si 16 Fe 2.4
P 0.08 Zn 0.01
S 0.6 Sr 0.09
Cl 0.04 Zr 0.02
K 1.04

The est of the sample mass consistsbadd 29 period elements (from H to Ne),
the quantification of which by XRF generally cannot be considered reliable in the case
of inorganic solid matrices. The amounts of some elements as caesium, cobalt and
europium appeared to be below the limit of detectiawdver the amount of those
elements, amentioned alreadyaid, influence largely the resulting activation. For this
reason they cannot be neglected in the simulatitsoin this case literature values
reported in table 3.2 were used. The composition urse¢his work for concrete is a
combination of all those information and standard concrete Portland present in Fluka

(table 3.9). The average density of concrete was assumed to be 2.28sy&ported
in technical sheets.

Table 3.9 MC concrete compogih

Massproportion in Massproportion in
ELEMENTS 9/100g (%) ELEMENTS 9/100g (%)

Na 0.3 Zn 0.01
Mg 0.8 Sr 0.09

Al 3.6 Zr 0.02

Si 16 Ba 0.025

P 0.08 Ni 3.1E3

S 0.6 Co 1.9E4

Cl 0.04 Nb 2.3E4

K 1.04 Eu 6.6E6
Ca 36 Cs 1.2E4

Ti 0.3 (e} 37.5
Mn 0.05 H 1

Fe 2.4 C 0.1

No accurate informations regarding reinforcement rods compaosition were present,
for this reason the composition used was the same of Table 3.5.
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3.2.2 Source term, neutron emission from target

The physical input parameters usedhe simulations arehte same described in
subsectiorB.1.2. To simulate directly neutrons as primary particles the source.f user
routine developed and described in subsections 3.1.3 was used.

The assessment of the neutron spectrum resulting from the (actiprein daily
production of:®F was performed simulating the 18 MeV pencil proton beam and all the
materials interacting with it, as Titanium foil, Havar foil and wst8rvolume (Figure
3.38 and figure 3.39). Neutrons fluence as a function of energgosasd on a sphere
surrounding the target with the USRBDX card.

Havar foil

~
~
A

Titanium foil Water-18

\\\ /
K /

Helium cooling

Figure 3.38 MC model of Titanium foil, Havar foil, Helium cooling and Watei8

Proton Fluence

per UA]

[protons/cm

Figure 3.39 Proton fluence



62 Chapter 37 Monte Carlo models

2.00E-02
Titanium Foil
— Helium Cooling ]
& 1.50E-02
° Havar Foil
S
)
£
= 1.00E-02
&
I
<
e
3]
2
S 5.00E-03
e
o
) {
0.00E+00 '
17 17.2 17.4 17.6 17.8 18

Energy [MeV]

Figure 3.40 Proton beam attenuation

The attenuation of the proton beam through the different materials was also scored
using different USRTRACK cards (figure 3.40). The average kinetic energy of primary
protons at the entry of wat&8 chamber is equal to 17.370.01 MeV, compatible,
within the errors, with SRIM value of 17.380.01 MeV. The mean range of 17.37
MeV protons (poirdike beam) in watefl8 target estimated with FLUKA is 0.33
0.01 cm, consistent with SRIM value of 082.01 cm.

Even in this case the saturation yield 8F was estimated with FLUKA and
compared with the recommended saturation activity fprA1(A2) provided in the
IAEA database for medical radioisotopes production: for 17.3 MeV protepguals
13.5 GBgLA (IAEA, 2001a). FLUKA estimated saturation yield uégo be consistent
with this value and equal to 13.Z0.02 GBgpA.

The kinematic properties of theeutronsemitted are shown in figurel. The
neutron kinetic energy shows a peak around 2.8 MeV with a large tail towards lower
values down to 1 keVThe neutron polar angle distribution is shown in figure 3.42.
Figure 3.43 shows how the energy spectrum of neutrons varies with the diadction



Chapter 3' Monte Carlo models 63

emission The neutron multiplicityis evaluated at5.10 - 16° + 0.01 - 103
[#neutrons/primary proton).

3%x1073 T — T — T —T T — T —
GE PETtrace 16 MeV ——
IBA CYCLONE 18 MeV ——
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Figure 3.41 Comparison between neutron energy spectra generated b\f@i{p,n)'8F reaction in PETtrace
target (in black) and in CYCLONE target (in red)
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Figure 3.42 Neutron fluence
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Figure 3.43 Comparison of neutron energy spectra obtaineddifferent emitting directions

Also in this case the neutron spectrum was assumed as independetitdrom
direction andequal to the average spectrum og#rdirections.The subroutinghus
implemented was used to simi@afour isotropic point neutron sources positioned
inside the far fluorine targets (figure 3.34The activation of the cyclotron vault walls
and of the reinforcement rods was assessed using several RESNUCLEI cards; activity
was scored at different positis, depth and for different life expectancy of the
cyclotron using the same spreadsheet described in subsection 4.1.4 and considering 3
daily irradiations of 7QA and 90 minutes alternating the four liquid target.
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Figure 3.44 Neutron fluencénside the cyclotron bunker
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Chapter 4
Radiation detectors used in experimental
measurements

In this chapter devices used to assess Monte Carlo results acthracgh
comparison with experimental measurements will be presentedaEb device first a
general description of the operating principle will be reported, secondly specific
featuresspecific to thedevice used will be described.

4.1 Neutron detection

Neutrors are generally not detected directly but through nuclear reactions that
result in prompt energetic charged particles or through activation products. Because the
cross section for neutron interactions in most materials is a strong function of neutron
energy rather different technique have been developed for neutron detection in
different energy regions. Every type of neutron detector involves the presence of an
appropriate material designed psoducedthe conversion of neutrons to directly
detectable chagegl particles or radioactive nuclei via different reactidepending on
the neutron interactions cross section of detector material (Knoll, 1989; Stabin, 2007).
Possible reacti@exploited in neutron detection are reported below:

- (n,U) reactions, foexample this reaction can be exploited for low energy neutron
detection via gas filled detector as&¥oportional counter;

- (n,p) reaction®He is also a widely used detection medium for neutron in gas filled
detector exploiting the reactidhle(n,pfH;

- (n,fission) reaction, thermal neutrons can be captured by fissile material and the
fission fragment detected.

- Neutron activation, detecting radioactive nuclei produced via neutron activation
it is possible to estimate neutron fluence.
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In the following neutron detection methods used in this work will be described. The
complexity of neutron detection physics, together with potentially high costs of neutron
detection devices, has led to choose for this work relatively cheap and easy to use
devices, asily available even to smdihcilitiesto define a methodology applicabie

as many cases as possible

4.1.1 Neutron dosimetry with renrtounter

Neutron rem meterga routinely used for direct ifield measurement of neutron
dose equivalent. Those kind of detors are usually composed of a thermal neutron
proportional counter surrounded by a cylindrical or spherical moderator. Fast neutrons
interacting with the moderator are slowed down to thermal energies by elastic
scattering and detected by the gas propoal detector. Standard thermal neutron
proportional counterfilled with BFs or ®He gas fillings.

In this work two different type of reroounter were used depending on detectors
availability of the facility: for measurements the S.OrsolaMalpighi Ho9ital of
Bologna a FH 40 &.10 Thermo Scientific survey meter with a FH25 probe was
used, while for measurements in Inselspital Hospital of Bern a Btiéstdb LB 123
with anLB 6411 probed was used.

The FH 40 GL10 (Thermo Scientific, 2013) is a multigpose radiation detection
instrument, with an internal proportidneounter provided with different external
detectors. In this work the device was used for neutron dose measurements associated
with the neutron rercounter probe FHI725 provided with a Bfproportionaicounter
and a PEmoderator (figure 4.1).

Figure 4.1FH 40 G-L10 Thermo Scientific survey meter with a FHT25 probgThermo Scientific, 2013)

The basis ofhe detection process is tH&B(n,U)Li reaction, alpha particles and
recoil nuclé ’Li produced after neutron capture travelopposite directions ionizing
the gas. In figure 4.2 the cross section for this reaction istegp@dNuclear Data
Service, 201y
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Figure 4.2 Cross section of th€B(n,U)’Li reaction (Nuclear Data Service, @17)

As we can see the cross section is significantly higher for slow neutrons and
decreasgwith increasing neutron energy according to the-keetwn1/v dependence.
Since bare Bfdetector are almost exclusively sensitive to slow neutron, to detect fast
neutrons the BRube must be surrounded by the moderator.

Bhertold UMo LB 123 (Berthold Technologies, 2017a) is a universal monitor
provided with a variety of different detectors enabling the measurement of alpha/beta
emitters, beta/gammamitters and @utrons. The detector used in this work for neutron
dose rate monitoring was the moderator detector LB 6411 (Berthold Technologies,
2017Db), provided with a Heroportionalcounter and a polyethylene moderator (figure
4.3).

Figure 4.3Bhertold UMo LB 123 with LB 641Hetectorprobe(Berthold Technologies, 2017b)
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The reaction exploited for neutron detectiodH®(n,pfH, in figure 44 the cross
section for this reaction is regged (Nuclear Data Service, 2017

ENDF Request 1386, 2017-0ct-30,13:56:47
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Figure 4.4 Cross sectivof the3He(n,pf*H reaction (Nuclear Data Service, 2017)

Both detectors were calibrated in ambient dose equivalent rate H*(10) based on
ICRP 74 (ICRP, 1996). In table 4.1 the main featurebexdietectors are reported.

Table 4.1 Main features of thdetectors used for the measurement of the neutron ambient dose equivalent.

FHT-752 LB 6411
Measured quantity H*(10) H*(10) (ICRP
Energy range 0.025 eVi 20 MeV 0.025 keVi 20 MeV
Measuring range 1 nSv/hi 0.4 Sv/h 100 nSv/H 100 mSv/h

Neutron: 0.5 3/(uSv/h) for C£252 Neutron: 0.79 cps pgrSv/h (C£252)

Response Gamma:<16 at 1Sv/h for Cs137  Gamma: <4QuSv/h in 10 mSv/h (G437)

4.1.2 Neutron dosimetry with CR39

CR39 is a polycarbonate plastic nuclear track detector comprisingalbyly
diglycad carbonate (PADC) widely used for personal neutron dosimetry. This kind of
detectors are able to register charged particles by the radiation induced damage caused
along their interaction path. Neutrons do not cause any ionizdirently in the
detectordut the recoil of detector nuclei under neutron impactdéathe production
of charged patrticles that cause ionization, and consequently, etchable tracks. Following
irradiation, the damaged regions are developed and amplified using a well reported
tecmique known as @mical etching. Afteadequate calibratignio relate the track
density to the neutron dose equivalent, dose assessmentalataibed frontounting
the number of tracks (Castillo, 2013; Hankins, 1986). All CR39 dosimeters used in this



70 Chapter 4i Radiation detectors used @xperimental measuremer

work (figure 4.5) were provided by the Italian National Agency for New Technologies,
Energy and Sustainable Economic Development (ENEA), detector specifscateon
reported in table 4.2 (ENEA, 2003).

Figure 4.5 CR39 dosimeters provided by ENEBNEA, 2003)

Table 4.2 Main features of CR39 dosimeters used for the measurement of the neutron ambient dose

equivalent.
CR39
Measured quantity H*(10), Hp(10)
Energy range 200 keVi 14 MeV
Measuring range 0.17 20 mSv
Response Energy dependence50%
b Angular dependence15%

4.1.3 Neutron spectrometry with bubble detectors

Neutron energy pectrum characterisation is gfeat importance for activation
studies and radiation protection evaluation on a cyclotron bunker. Some of the most
well-known methods fomeasuring neutron fluence as a function of neutron energy are
threshold methods. Most of these methods are based on neutuoed activation, the
observation of a radioactive product resulting from an endoergic nenttooed
nuclear reactions (Q<O0) irwhtes that the neutron energy must exceed the threshold for
the reaction. Activation foils technique is an example: irradiating an appropriate set of
target foils the energy spectrum may be determined by comparing measurements of
several different neutremduced activities with different threshold energies. Another
type of threshold method is based on superheated bubble detectors, this method is less
accuratecomparedo adivation foils technique but isialso less expensive and easier
to use, for examnlp unfolding procedures are easier to perfamdthere is no need for
an HPGe detector to measure foil activatitirerefore it can be purchased even by
small facilities. The detection process in these systems is characterized by a threshold
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energy, relad to the critical radius for bubble formation, which depend on the
composition of the liquid used and on its temperature and pressure (Brooks, et al. 2002)

In this work measurements of the neutrspectrum were conducted using Bubble
Detector Spectromet®(BDS), manufactured by BTI Bubble Technoldggustries to
assess neutron spectra generated during irradiation

4.1.3.1 Basic principles and detection physics of bubble detectors

The bubble detector spectromestarea major tool in neutron detection approved
by the International Commission on Radiation Units and Measurements ([lCRY
and by the organisation for Standardisation (I$@€982001). These kind of detectors,
al so named A Super h ehubhiferoch digensiohssof ovaerxganded c onsi s
halocarbon and/or hydrocarbon droplets suspended in a compliant material.

A fluid is superheated or ovexpanded wheit is in a metastable state in liquid
form but at temperature and pressure values correspatadihg vapour region in the
phase diagram. A liquid may be kept in steathte superheated conditions by
fractionating it nto droplets and dispersing the latieran immiscible fluid viaan
emulsification process. @ achieve a steaeltate the drops nstibe perfectly smooth
and free of nucleating impurities or heterogeneous nucleation sites. The emulsification
process is rather complex, magnetic stirrers, ultrasound fractionation, or coaxial flow
proprietary techniques are usually employed. Number, aiwecomposition of the
droplets can be varied in the formulation of the detectors to permit a wide range of
applications. For example halocarbon with a moderate degree of superheat can be used
for neutron detection since they are only nucleate by enerigetivy ions, instead
halocarbons with an elevate degree of superheat can be used in the detection of sparsely
ionising radiation, such as photons and electrons. One of the most important advantage
of superheated emulsions is their ability to detect nastemd discriminate sparsely
ionising radiations.

The basic operating principle of supeated emulsions is the same agubble
chambes, long usedin high energy particle physicsharged particles liberated by
radiation interaction nucleate the phase transition of the superheated liquid and
generate detectable bubbles. In the specific case of neutrons detection bubble formation
is induced by highly ionising chargexrticles geneatedin neutron interactions.

The thermal fluid dynamics problem of radiatimduced vaporisation in a
metastable liquid is extremely complex and has not yet been solved in general form.
But in the absence of a detailed theory sempiiical models havéeen developed.

These sugest the following explanation fdhe detection process: when a charged

particle slows down crossing a liquid its kinetic energy is transferred as heat, creating

trails of submicroscopic vapour cavities inside the droplets. Whwse cavities

exceed a critical size they keep growing until the whole droplet evaporates, on the

contrary sukcritical cavities collapse back to the liquid phase under the action of

external pressure and surface tension. The energy and the critithhsae necessary

for bubble nucleationa@pbend on the composition adegree of superheag of the

emulsion. The mathematical formulation of the critical radiusdR be derived from

the condition of mechani cal e qdupressurd r i um b
difference through the walls of the cavity
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2s
P - P, Equation 4.1

Rc:

Where pand p are respectively the pressure in the liquid and vapour phase.
The energy Wrequired in the radiatiemduced nucleation can be calculated with
the following expression

1608 .8 2DH T .ds
+ - 3—
@ ;

— Equation 4.2
°3(p-p) T (p-R) dT >

|-CDO

Where all the symbols have been previously defined, exceppHioand T, the
vaporisation heat of the fluid and the temperatiréne fluid respectivelyThe first
factor represents the work required for the isothermal spontaneous nucleation of a
critical size bubble in equilibrium with its surrounding (homogeneus nucleati@n), th
second factor represent the additional work required when the liquid is not superheated
enough to undergo homogeneous nucleation, and the vaporisation is heterogeneously
initiated by an ionising particl e989( DOErr i c
D6Errico, 2001; DOErrico, et al ., 1997)

The response of those detector change depending on the emulsions and on the
neutrons energy. The higher the degree of superheat of the liquid, defined as the
difference between their operating temperaturethadoiling temperature, the lower
the minimum energy that neutrons, or rather secondary charged particles, must impart
to the drops in order to nucleate their evaporation. For this reason, the emulsions
present thresholds apecific energies followed by fairly flat response at higher
energies (Figure 4.6).
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Figure 4.6 BDS Normalized Response Versus Neutron Energy (BTl Bubble Thecnology Industries,
2012a)

This kind of detectors are unfortunately very sensitive to operating temperature and
the operatormust be very careful to perform measurements at the calibration
temperature (Figure 4.7). (Apfel, 1979; Apfel and Roy, 1984; BTI Bubble Thecnology
l ndustries, 2012a; D6Errico, 1999)
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Figure 4.7 Fluence responses of superheated emulsiondiciilorofluoromethane (R12),
monochlorodifluorothename (RL42B), octafluorocyclobutane (€318) and dichlorotetrafluoroethane (114)
measured as a function of neutron energy at 2§,(30 (), 35 @), and40¢) AC. (DO6Errico, 1999)

4.1.4 BDS bubble detectospectrometer, basic features

In this work three set of siBubbleDetector Spectromete(BDS, manufactured by

BTI Bubble Technologyndustries)with six different energy threshold (10, 100, 600,
1000, 2500, 10000 keV) were used. Each detector is madeaif(a.6 cm diameter,

8 cm length) containing a clear polymer where tiny droplets of superheated liquid are
dispersed. As mentioned above the interaction éetmneutrons and polymer nuclei



Chapter 4i Radiation detectors used in experimental measurements 75

induce droplevaporization forming a visible gas bubble trapped in the polymer (figure

5.8).

Figure 4.8 Bubble dosimeter before and after neutron irradat

The number of droplets provides a direct measurement of the-&gsualent neutron
dose: a specific calibration certificate is provided by the manufcteontaining the
average sensitivity (Bubbles/mrem or Bubbles/uSv) at 20°C of each detector (table
4.3). The detectors were calibrated using anBarsource (strength = 1.13 n/s, fluence
weighted average energy = 4.15 MeV) at 20°C.

Table 4.3 Bubble dosinter spectrometer sensitivity (BTI Bubble Thecnology, 2012b)

Detector Type Detector Number

Average Sensitivity @20°(
Bubbles/mrem

BDS10
BDS10
BDS10
BDS100
BDS100
BDS100
BDS600
BDS600
BDS600
BDS1000
BDS1000
BDS1000
BDS2500
BDS2500
BDS2500
BDS10000
BDS10000
BDS10000

11178432
13022337
13280360
15061335
15268150
15268206
13018127
15245403
15245442
16067247
16323126
16323160
16175104
16175116
16175143
16176332
16176339
16176358

0.97
0.99
0.98
1.0
1.0
1.0
0.97
0.99
0.98
1.0
1.1
1.0
1.2
1.2
1.1
0.46
0.45
0.45
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In table 4.4 average cross sections (bubble/neutrofstfrBDS over various energy
range provided by the manufacturer are reported.

Table 4.4 Average cross sections of BDS over Various Energy Ranges (BTl Bubble Thecnology Industries,

2012a)
Energy Average cross section [bubble/n*cm”2]
Range
(MeV) 0.0%0.1 0.1-0.6 0.61.0 1.02.5 2.510 10-20
BDS10 5.00E06 2.50E05 2.92E05 2.97E05 4.15E05 4.78E05
BDS100 - 2.27E05 3.14E05  3.23E05 4.47E05 5.09E05
BDS600 - - 1.60E05 3.27E05 4.75E05 5.45E05
BDS1000 - - - 1.32E05 3.50E05 5.90E05
BDS2500 - - - - 2.99E05 8.70E05
BDS10000 - - - - - 4.35E05

Combining those information with detectors raw datd using unfolding procedures
it is possible to evaluate the neutron fluence (neutrofs/asna function of energy.
After each exposure, the spectrometers can hesead through recompression in a
pressure chamber.

4.2 Gamma spectrometry with semiconductor detectors

Gammaray spectrometerare standard instruments used in a wide variety of
scientific and industrial applications. Ganminag spectrometers are used to quantify
both the energy of gamma rays and their relative intensities allowing the identification
and the quantification of radioiclides by the analysis of gamyray energy spectra.

Detection process is based on the absorption by the detector of the energy of
incident gamma rays and the conversion of this energy into an electronic Slggral.
are a large number of possible int#r@an mechanisms between photons and detector
materials but the most relevant for detection are photoelectric interaction, Compton
scattering and pair production.

The most common spectrometry devices currently in use are scintillation detectors
and semicoductor detectors. Scintillation detectors comprise a scintillation crystal
arranged above a phetoultiplier tubethat convers light into the electrical signal
measured. The most common crystal material used is sodium iodide doped with a trace
of thallium Nal(TI) (Knoll, 1989).

Nevertheless a step forward in gamma spectroscopy was achieved with high
density semiconductor detectors, in particular with the advent of Germanium detectors
in the 196006 (Tavendale, et al. 1963).

The operating principle of semiconductor detector is based on their typical
electronic band structure of energy states. When a photon interacts in the crystal, bound
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electrons are excited to the conduction band by the primary electron from the
interaction.These secondary electrons, if sufficiently energetic, can create additional
secondary electrons. Through this cascading process, the energy of the primary electron
is expended in the production of many electhate pairs that are then free to be
collectal at the electrodes of the device. The signal created is then amplified, shaped,
digitized and stored. In figure 4.9 a typical electronic system of a semiconductor
detector spectrometer drawn schematically The system consist of a detector bias
supply, preamplifier, amplifier, analogito-digital converter, a data storage device, a
pulse generator if desired and a computer (Debertin et al., 1988).

S —» Preamplifier »  Amplifier » DC-restorer » ADC |—+ Datastorage

Ge Detector
Pulser Bias supply Pile-up rejector

Figure 4.9 Schematic of electronics system for a semiconductor detector

Germanium is a semiconductbaving a relatively low bandap generating one
electronhole pair on average for every 3 eV deposited, this implies that for 1 MeV
deposited the total number of charge carriers produced is of the order of 330000.
Considering that typically in Nal(Tl) aanergy loss of 1 MeV will generate about
38000 photons and assuming the quanéificiency of photormultipliers is 25% so
the number of chargearriers detected from 1 MeV energy deposit is 8000.
Considering the same amountesfergydeposited, in HPGéné signalgenerated is 40
times higher than in Nal(Tl) consequently the statistical signal variance is significantly
smaller. This results in an energy resolution @1332 keV typically comprise between
0.1% and 0.2% FWHM for HPGe detectors and of about 5%1MWor Nal(Tl)
detectors.

The high energy resolution of semiconductor detectors has been the basis for rapid
progress in a wide fields of applications. The main disadvantages of this kind of
detectors is their need to be cooled cryogenically requirkperesive and bulky
equipment. This fact limits significantly their versatility and making them very
expensive and available mostly in specifically dedicated areas for laboratory
measurement. For this reason there is a growing interest in developingrsimioco
detector with high Z materials able to operate at room tempegatidneroviding at the
same time good energgsolution. To this aim CdZnTe (CZT) detectors seems the most
promising solution. This kind of semiconductor detector has a larger banthaa
germanium allowing room temperature operation. Furthermore the higher atomic
numbers of these materials, and hence larger absorption coefficients, make 2 mm of
cadmium telluride crystal equivalent to 10 mm of germanium in terms of gaayna
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absorpton. Nevertheless a number of factors limit their use: material with a satisfactory
crystalline perfection is not easily available; the charge carrier maotilities in these
materials are considerably lower than those for germanium, especially because of hole
trapping, this means that only small detectors can be made with these crystals; the
energy needed to create each charge carrier is higher than in germanium detectors and
consequently the energy resolution achievable is logarengo, 2002)

In table 4.5s0me of the main feature$ thedetectorgited are reported.

Table 4.5 Gamma spectrometers main features

Energy Energy Commercial priceof
Bandgap pereh Atomic resolution P
I he whol
(eV) 300 K pair number YOume @662 keV thewhole spectrometry

Maximal

(eV) (cm”3) (keV) system(euro)
HPGe 0.67 2.96 32 100 1.1 ~ 70000
CZT 1.57 4.64 49.1 3.4 10.8 ~ 10000
Nal(TI) - - >100 46.5 ~ 30000

In the following subsections detectors used for spectrometry measurements within
this work will be described.

4.2.1 CAMBERRA HPGedetectors

HPGe detectors are semiconductor diodes having-al Btructures in wich the
intrinsic (I) region is sensitive to ionizing radiation. Under reverse bias, an electric field
extends across the intrinsic or depleted region. When photons interact withénhi@lmat
within the depleted volume of a detector, charged carriers are produced and are swept
by the electric field to the P and and N electrodes.

The detector used in this work in particular is a coaxial detector composed of a
cylinder germanium crystal 58m diameter 53 mm length (Figure 4.10, 4.11).
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Controller Camberra | &
AIM556 Q=

HV Power

3 Supply

Figure 4.11 Power supply, Digital Signal Processor and Controller Canberra

The detector has 30% relative efficiency (measured at 25 cm sieteeor
di stance, relative to a 3066x 366 Nal (Tl ) d
keV. The spectrometry system is periodically calibrated in th&83% keV range by
means of multiradionuclide certified reference solution, obtained from an accredited
Standardization Laboratory (Areva CERCA LEA, Pierrelatte Cedex, France). The
calibration process is performed according to the IEC 61452 standard.



80 Chapter 4i Radiation detectors used @xperimental measuremer

4.2.2 Kromek GR1

The Kromek GR1 is a higperformance portable gammnay spectrometer
composed of a 1 chCdzZnTe crystal. The device, with buiit preamplifier, shaping
amplifier, baseline restorer, pulse height digitizer and HV supply, is compsstiély
contaired in 25 x 25 x 63 m (figure 4.12).

Figure 4.12 Kranek GR1

The digitized pulse heights of detected garraasignals are sent to a PC via a
USB port The unit is powered entirely from the USB so no external supply is needed.
The main features of the detector are reportedbite #.6.

Table 4.6 Kromek GR1 specifications

Kromek GR1
Detector 10mm x 10mm x 10mm CZT coplangrid detector
Energy range 30 keVi 3.0 MeV
Energy resolution 2.01 2.5% FWHM @662 keV
Maximum throughput 30000 counts/s
Number of channels 4096 (12 bit)
Dimensions 25mm x 25mm x 63mm
weight 60 gram

The K-Spect software included with the kromek GR1 spectrometer provides the
spectrum acquisition, display and storage functions.
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Experimental measurements

In the present chapter experimental measurements performed in this work will be
described, including those made at the S.Obtdipighi Hospital of Bologna, and in
Inselspital of Bern to validate anety of case to case possibilities. Basically, two kind
of experimental measurements were performed:

a) Monte Carlo simulations were checked in terms of source term accuracy, to
evaluate if the ngron flux modelled with Fluka ian accurate estimation of
the real neutron radiation fieldside the bunker. To this aimeasurements
wereconductedn the Bologna hospital to assess neutron dose field inside the
bunker during irradiation, while in Inselspital Bern neutron spectrometry
measurements with bubbletdetors were performed,;

b) Results of Monte Carlo simulations in terms of neutron activation were assessed
comparing the residual activity estimated with Fluka with the experimentally
measured activity present insittee bunker walls. To this aimondestrucitve
in situ measurements using a portable CZT detector were perforntad in
S.OrsolaMalpighi haspital, while core drilling waperformed irthe Inselspital
bunker and concrete sample measured in HPGe spectrometry.

All the experimentaimeasurements were compared with Monte Carlo simulations

modelled to reproduce as close as possible the real irradiation conditions and this

made possible the overall check of consistence of the results.

In the following a detailed description of the expental work performed is given.

5.1 Assessment of the neutron dose field around the
PETtrace of S.OrsoldVlalpighi Hospital in
Bologna

Measurements of neutron ambient dose equivalent H*(10) vedwen inside the
bunker, around the PETtrace,thre S.OrsolaMalpighi Hospital to validate the MC
model in terms of neutron dose. The experimental setup adopted refers to a previous
work conducted by our group and published by Gallerani, et al. (Gallerani, et al. 2008).
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In that work measurements were conducted indiitp located along 8 directions at

the same height as the target used for the productid¥FdfFigure 5.1): a set of 3
dosimeters for fast neutrons (€3R) and 3 for thermal neutrons (&R0 and GR207)

was used at each measurement point to improveureasnt statistics; all dosimeters
were provided by the Italian National Agency for New Technologies, Energy and
Sustainable Economic Development (ENEA).

For the new series of measurements conducted in the present work were performed
using both active anplassive dosimetersere used

1 The FH 40 GL10 survey meter (Thermo Scientific) with its neutron rem
counter probe FHT/52 describd in chapter 4..1.
1 The set of 12 CR39, supptiddy ENEA described in chapten4?.
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Figure 5.1 Experimental setup usdd the measurement campaign: numbers indicate the position of the
dosimeters (Gallerani, et al., 2008).

To obtain dose rates in the measurement range of the detectors and to limit the effects
of dead time, irradiation tests were conducted witimtagrate current betwee®.005

and 0.05pAh; the uncertainty in the integrated charge, of the order of 5%, was
essentially that of themmetemused for the calibration of the current measuring board.
Data obtained using the neutron reounter were then correctetbr the
experimentally determined de#éiche of the instrument. While the position of the
neutron probe was varied according te #xperimental setup of figurel5 the CR39
dosimeters were left in the same locations for the whole measurement campaign.
Results were normalized to the total charge accumulated on the target in each
irradiation test, expressed pAh and compared with Monte Carlo simulations of
neutron dose field performed in the same conditions of irradiation. Two different



Chapter 5 Experimental measurements 83

neutron transporthresholds were used in different simulations: in the first case, the
predefined transport threshold of the NEYEFA default was used, being 10GeV;

in the second case a transportafitof 200 keV was set to reproduce the features of

the CR39 dosimets. The evaporation of heavy fragments and the coalescence
mechani sms were also activated. Finally, r
modeo, meaning that the radiation decay i s
An irradiation profile ofl h irradiation time and LA extracted proton current was set

and used for all the simulatior(#nfantino, A. et al., 2016

The USRBIN score was used to assess the dose equivalent distribution in a regular

spatial structure (binning detector) independdigeometry. In particular, a Cartesian

mesh XYZ over the whole bunker (10 cm pitch in all directions) was used. The card
AUXSCORE was used to filterut thecontribution of neutronbelow a certain energy

and to apply the fluene®-dose conversion faatos | abel |l ed AAMB740,
ICRP74 (ICRP, 1996) and data from Pelliccioni (Pelliccioni, 2000).

5.2 Neutron spectrometry inside Inselspital cyclotron
bunker of Bern with bubble detectors

The measurements performed in Bern include the assessment of neutron spectrum
inside the bunker during®F production. The three sets of six BubBletector
Spedrometers described in chaptet 8 were placedt the same height as targets used
for the praluction of ®F. In figures 5.2 and 5.8xperimental setup conditions are
shown.

Figure 5.2 Bern facility bubble detectors experimental-sgt
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Targetl

— —

Targets /Jarget6

Figure 5.3 bubble detectors positioning around IBA CYCLONE 18/9

Since the manufacturer of bubble a#tes recommend a reading of about 100
bubbles for optimal visual counting, a quick evaluation of the order of magnitude of
neutron dose rate was preliminary assessed, in order to estimate the approximate
integrated irradiation current necessary to yididud 100 bubbles, avoiding thus
detectors saturation. This was made with a Berthold LB 123 UMo connected to the
moderator detector LB641. The detector was placed at the entrance of the bunker at
about 300 cm from Target 2 and a first trial irradiation pax$ormed for 5 sec with a
target current of 0.87 pA (integrated current 4.5 pAs). The neutron dose rate measured
experimentally was 4.78 uSv/s. Considering approximately 1 mSv as the integrated
dose on detectors corresponding to 100 bubbles, the inggrateent on target
estimated to obtain 1 mSv at measurement position (about 300 cm from target) was 182
MAs. Since all the measurement with bubble detectors were performed at a distance
comprised between 45 and 100 cm, the integrated current estimatedcto an
optimized number of bubble was comprised between 5 and 10 pAs. In table 5.1 specific
irradiation conditions of each experiment are reported:
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Table 5.1 Irradiation conditions

Target 1 Target 2 Target 5 Target 6

Current on Target 0.75 pA 0.81 pA 0.82 pA 0.76 pA
Irradiation Time 7 sec 5 sec 10 sec 4 sec

Integrated Current 5.25 pAsec 5.25 pAsec 8.2 pAsec 3.04 pAsec

Distance of detectors
from Target

1m 0.45m 1m 0.75cm

When not used, the dosimeters were stored in their original box ingtteyarator
(6°C) with bubble recompressed, before measurements they were equilibrate to 20°C
letting them stand for a night exposed to suitable room air or for some hours in a
temperatureantrolled water bath (figure 5.4

Figure 5.4Bubble detectors in a controlled water bath of 20°C

Since the bunker temperature was about 23°C the detectors that have been
equilibrated to 20°C were placed in foam pipe insulation to ensure that the detector
temperature remains at 20°@ the exposurame (figure 5.5.
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Figure 5.5Bubble detectors in foam pipe insulation

After each exposure the individual detectors were counted visually: each detector
tubewas placed in front of a uniform field of light and phaotghed with a camera

(figure 5.6.
i

Figure 5.6 bubble detector after irradiation placed in front of a
uniform field of light
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Three digital pictures were taken, turning the detector at three differel@sang
Images were then transferred to a PC and the bubbles were counted interadtively
the help of the cell counter plugin included in the ImageJ package.
Also in this case, results were normalized to the total charge accumulated on the target
in each irradiation test, expresseduwh and compared with Monte Carlo simulations
of neutran flux performed in the same conditions of irradiation. The USRTRACK score
was used to assess the neutron spectra.

5.2.1 Unfolding procedure

Any kind of row data obtained by different neutron spectrometry systems, such as
activation foils, Bonner sphere and bi# detectors, must be processed through a
deconvolution or unfolding procedure to obtain an estimation of the spectral
distribution. The aim of these procedures is to solve the so called Fredhtagral
equation, that relates the differential neutromxfto the response function of the
detection apparatus through the convolution integral (Seghour and Seghour, 2001):

b O L OO B O Qe Equation 5.1

In which N(E) represents ti#datao b s er ved, K(E, EG) 1is the

r e s

detectiom ppar atus, and 0(E®6) is the differenti.;

Unfolding the neatron spectrum from thaata is complicated, and requires specialized
techniqusbecause the number of detector used (six in this case) is much less compared
to the number of energy intervals in whictetfiux distribution is soughtTherefore,

the system of equations represented by the discrete form of equation 5.1 becomes
undetermined.

Over time, to perform a reliable unfoldirag much as possible free from bias
coming from the imposed computing system conditions, some dedicated codes have
been developed such as BUNKI, LOHUI, GRAVEL, MAXED, BUMS, MITOM,
FRUIT and BESPOKE (Danyluk, 2010, Bedogni et al., 2007, Tomas et al., 2004,
Sweezy, Hertel and Veinot, 2002, gdeatto and Goldhagen, 1999, Matzke, 1994,
Routti and Sandberg, 1985). These codes use different algorithms to unfold the
spectrum from the response of single detectors (foil, sphere or bubble detector); some
derive the final spectrum by perturbing anialiguess spectrum using mathematical
or numerical methods; others model the initial spectrum using a set of physical
parameters. In the codes, quality of the initial guess spectrum considered could affect
the final solution.

I n this work we started from the very
manufacturer. This method was then modified and an iterative procedure implemented.

b a
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The first step for neutron spectrum determinatioasvpubblecounting and the

normalization of such values by dividing the number of bubbleg)(A by det ect or ¢
specific sensitivity (&) reported in table 5.3, where i is an index for the different

detector thresholds and k is an index for the different detectors of the same threshold.

v 0
V Equation 5.2

Then the average valuesfBr each of the six thresholds was calculated.

'Y,B'Y
0

Equation 5.3

Where N in our case is 3.
Detector response can be written as a function of neutroig flx as follows

Y » OB 0Q0 Equation 5.4

Where Ris the standard responsetbéi-th detector with a specific energy threshold
and, 'O is the detector cross sections for neutrons (BTl Bubble Thecnology
Industries, 2012).

The characterisation of the neutron flux densisya function of energy from the
discrete sampling obtained with bubble detector measurements can be derived solving
the following equation system

Y Q ” O B O h Q pm Equation 5.5

Where the continuous integral in Equation 6.4 has been rewritten in a discrete form
over a set of N energy groupsm is the number of bubble detectors with different
energy thresholds anfil is a correction factors variable in the interval 0.7.3,
introduced to take ito account a series of aspects specific to bubble detectors:

1 The BDS algorithm assumes a somewhatmant ur al FfAstepwi seo tr
section values;

only average cross sections of BDS are ¢
detectors threshold and response are influenced by operational temperature that

for technical reasons cannot be warm up to 20°C

1 possible overlapping of two adjacent bins due to the combination of previous

points.

T
il
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However, the unfolded spectrum determineliag equation 5.5 is in this simplistic

way, will maintain the stepwise, narinuous distribution deriving fronthe

assumptions made on the cross sections.

|l ntroducing some fAa priorio knowledge int
realistic, cotinuous distribution. According to nuclear evaporation theory, that

explains the physical phenomena of neutrons polu at the lower energy range

typical of biomedical cyclotras) the energy distribution eeutrons can be described

by a maxwellian distbution function of the form:

£ '0Q0 ¢ 403 Q ~ Equation 5.6

Wh e r e {dallédsuclaar tenmperature, has the dimensions of energy and represents
the most probable energy of the neutrons emitted (Weisskopf, V., 1937, IAEA, 1988).
However, in our measurements the influence of the target material in partially
degrading the neutron spectra should be taken into account, as well as the variations in
the response of the detector as a function of the temperature. The latter, in particular
shows as a modifier in the scale of Energy. To take into account these factors, the
eqguations has been slightly modified as follows:

E0Q0 6 wéEed O Oz Q Equation 5.7

Where A is a scale factand b is the energy modifier.

To improve the deconvolution, results obtained form Eq. 5.5 were then iteratively fitted
according to a maxwellian function. All the parameters and thedorrections factor

fi were determined usg an iterative proces® minimize the root mean square
deviation between experimental values and theoretical maxwellian distribution. The
initial guess maxweldin distribution can be evaluateshaltically, with the adoption

of proper values for the parameters in Eq. 5.7 (IAEA 1988), or be derived by other
means, like a piéminary Monte Carlo simulation

Given the availability of the Fluka results, the latter was the preferred approach in this
work.

A first guess value of 1, corresponding to BTI unfolding procedure was used for the
correction factor$ of Eq. 5.5.

The uncertainties for the unfolded neutron fluence were calculated on the basis of the
counts from edtdetectoraccording to the methadipplied by the manufacturer (BTI
Bubble Thecnology Industries, 2012)he counts in the detectors agpected to
follow a Poisson distribution and have an uncertainty equal to the square root of the
number of counts observed in the detector. Each bin in the unfolding spectrum may
have contributions to its uncertainty that arise from uncertainties froraf dhe
individual bubble counts. The determination of the uncertaingaoh spectral bin is
composed o$everal steps. First, the bubble counts are unfolded to make the spectrum,
the counts for a single detector sensitivity are artificially incremdmnyezhe standard
deviation, and then the unfolding is repeated to make an artificial spectrum; the



90 Chager 57 Experimental measuremen

difference between these two unfolded spectra is calculated. For each bin this yields
the uncertainty in the spectrum due to the count from one bubble defdutocan be
repeated for all detector sensitivities. Because the counts are statistically independent,
so are the spectral differencedculated For this reasons the total cohution to each

bin is the sunin quadrature of the spectral differences.

5.3 Non-destructive activation assessment

As long as an accelerator is operational, experimental measurements for material
activation assessment are problematic mostly because of the impossibitibye
drilling in some facilities Concerning direct measaments inside the bunker, instead,
critical issues are the limited access time, the high radioactive background due to
activated material of the cyclotron itself and the presence of-bhedtradionuclides
with an activity concentration significantly Higr than that of the lorliyved
radionuclides.
In this part of the work we developed a rmbestrudive in situ measurement
methodology for a preliminary activation assessment of a cyclotron bunker, avoiding
the need for e X pensi ng Tha dedectofi chosemaferithise 06 c or
purpose isthe Kromek GRI1described in subsection 4.2.2. The redusize, light
weight and unecessity of cooling of this detectoand its energy resolution
(intermediate between those of Nal(Tl) and HPGe detectors§ thekype of devices
ideal for insitu measurements. On the other hand, the critical aspect of this kind of
measurements in nestandard geometry, is the efficiency calibration of the detect
the unavailability ofa reference source in the complexgeomr v fAin the fiel:
out an accurate experimental calibration.
Once again, Monte Carlo methods offer a solution for problems in complex, non
standard geometries and the efficiency calibration was performed developing an
appropriate model (Zagni, at. 2014).

Experimental measuremeantere conducted inside the Bunker of the GE PETtrace
cyclotron installed athe S. OrsolaMalpighi Hospital in Bologna during cyclotron
maintenance. The measurertgesetup is shown in Figure 5.7
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Figure 5.7 Experimental measurement setup

The detector was placed in contact with the bunker wall inside a 5 cm thick
cylindrical lead shielding. To minimize the background due to the active components
of the cyclotron, a mobile ledshrrier, 5 cm thick, waplacedbetween the cyclotron
and the measurement position. Measurements were conducted inside the bunker in
three different positions (figure 5)8 starting at different times from the end of
bombardment and with different acquisition times. The spectra weralizesdl with
the K-Spectsoftware.
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In Table 5.1 acquisitions specifications are reported

Table 5.1 Acquisitions specifications

Positions Acquisition Average dead Time after last T|fr2 gilﬁfter
time time irradiation . Y

installation

1 15h 0.03 % 130 h 14 years

2 21h 0.02 % 73h 14 years

3 24 h 0.04 % 130 h 14 years

5.3.1 Monte Carlo model of the detector

Geometry of the detector and patrticle physics were modelled using FLUKA. The set

of default parameters chostm this work is EMCASCADE producing an accurate

modelling of the phenomena related to the interaction of photons with matter, such as
Compton scattering, photoelectric absorption, electron and positron scattering
ionization, pair production and bremsdtlung radiation (Fasso, A. et al. 2011). The

energy thresholds for electron and photon production and transport was set at 1 keV.

The detector was accurately modell ed on thi
(Kromek Personal comunications) usittte FLUKA graphical interface Flair 2.2

(Vlachoudis V., 2009) (Figure 50

Figure 5.9 Kromek GR1 MC model

The data supplied by the device producer were supplemented with information coming
from a microCT scan of the detector. To scorgotheot opeak ef fi ci ency t}
card was used, this card givthe energy deposited in one region by one primary

particle and its descendants (Fasso, A. et al., 2011).
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5.3.2 Experimental validation of the model

The MC model was validated simulating a setertified standard soursavailable in

our laboratories and comparing the simulated results with experimental measurements
in terms of photopeak efficiencyrhe aim was to verify that the model was able to
reproduce accurately the response of the detactthe 100 keV2000 keV energy

range and in different standard geometries.

The reference sources used, all manufactured by accredited Standardization
Laboratories, are reported below:

1 A multi-radionuclide point source (Areva CERCA LEA, Pierrelatte Cedex
France) containing’Co, **Ce,>'Cr, 13Sn,®°Sr, 137Cs, 88y, 5%Co.

1 A multi-radionuclide solution in a 5 cm3 vial (Areva CERCA LEA, Pierrelatte
Cedex, France) containing 57Co, 137Cs, 60Co.

1 A 133Ba flood source (CE®RIS (DAMRI), Saclay, France), withn active
diameter of 450 mm and 6 mm thickness.

The first two reference sources were placed 6 cm away from detector and the
measurements were conducted inside a 5 cm thick lead shielding; a plastic sample
holder was used to secure a reproducible actngieometry. For measurements with

the flood source the detector was placed inside a 1.5 cm lead shielding, at a distance of
1.5 cm from the source.

5.3.3 Efficiency calibration

Once the FLUKA model was validated, it was used for efficiency calibration for wal
activation assessment. The geometry model for efficiency calibration included the 5
cm lead shielding setup and the concrete walls.

The first step was the evaluation of the field of view (FOV) of the detector.
Source dimensions were widened until theréase in source size no longer produced
an increase in the detector response.

The bunker wall was therefore modelled as a concrete cylinder of appropriate
dimensions as above, uniformly activated using photons as primary particles at
different energiest21 keV, 165 keV, 320 keV, 344 keV, 391 keV, 514 keV, 604 keV,
661 keV, 795 keV, 834 keV, 898 keV, 1173 keV, 1332 keV, 1368 keV, 1408 keV.
1810 keV, 1836 keV, 2113 keV, 2754 keV. High statistic simulations (1079 primary
particles) were run on a conventibnatel i7 PC with different simulation times
depending on the photon energy (typically <24h). The efficiency calibration curve was
determined by Ordinary last Square Regression (Debertin, K., et al., 1988).

5.3.4 Experimental validation of the model

The ratiobetween photopeak efficiencies obtained in simulations and in experimental
measurements for point source, 5 cm3 vial and flood source acquisition geometries are
reported in Table 5.2, 5.3, 5.4 respectively.
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Table 5.2 Ratio between photopeak efficiencyadsbed in simulations and in experimental measurements
for multi-radionuclide point source

Experimental
Energy measurements FLUKA FLUKA/

Nuclide (kev) i Uncertainty . Uncertainty ~ Experimental
Efficiency (%) Efficiency (%)
5Co 122 1.21E03 1.6 1.21E03 0.9 1.00+0.01
13%Ce 166 1.11E03 1.6 1.10E03 1.0 0.99+0.02
S1Cr 320 3.94E04 1.8 3.91E04 1.6 0.99+0.03
1135 392 2.56E04 1.6 2.59E04 2.2 1.01+0.04
855y 514 1.67E04 1.7 1.57E04 2.8 0.94+0.05
187Cs 662 9.89E05 1.6 9.91E05 3.2 1.0040.05
88y 898 5.50E05 1.8 5.83E05 4.6 1.06%0.09
50Co 1173 3.31E05 1.8 3.36E05 1.7 1.02+0.03
50Co 1332 2.92E05 1.8 2.97e05 5.8 1.02+0.11
88y 1836 1.57E05 2.2 1.59E05 6.8 1.01+0.15

Table 5.3 Ratio between photopeak efficiency obtained in simulations arekperimental measurements
for multi-radionuclide 5 cndVial source

Experimental

. Energy measurements FLUKA FLUKA/
Nuclide i
(keV) Efficiency  UNcertainty .. Uncertainty Experimental
D) Y (%)
5Co 122 7.67E04 1.9 7.35E04 1.2 0.96+0.02
187Cs 662 6.09E05 1.6 6.33E05 4.0 1.04+0.07
60Co 1173 2.42E05 1.8 2.41E05 2.0 1.00£0.04
60Co 1332 1.99E05 1.9 2.03E05 2.2 1.02+0.04

Table 5.4 Ratio between photopeak efficiency obtained in simulations and in experimental measurements
for 1*Ba flood source

Experimental measurements FLUKA

Energy FLUKA/
(keV) Uncertaint ; Experimental
- y - Uncertainty
Efficiency %) Efficiency (%)
276 5,40E05 4.1 5.63E05 1.3 1.04+0.06
303 4,76E05 4.0 4.95E05 1.4 1.04+0.06
356 3,81E05 1.6 3.80E05 1.6 1.00+£0.02

384 3,31E05 1.7 3.32E05 1.8 1.00+0.03
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The results for all the reference sources tested are consistent within uncertainties, with
5% being the maximum discrepancy. The agreement between simulated and
experimental results reflects a good modelling of lnetiector and particle physics.

5.3.5 Efficiency calibration

Modelling of the bunker wall measurement setup showed that the cylindrical volume
of 30 cm of radius by 30 cm depithfront of the detector determined alone more than
99% of detector response. To defithe efficiency calibration curve the source was
therefore modelled as a concrete cylinder of 30 cm of radius and 30 cm depth, in
keeping with this finding.

Photopeak efficiency calculated via Monte Carlo simulation fesitin measurements

are reportedn Table 5.5.

Table 5.5 Photopeak efficiency for activation assessment

Energy Uncertainty

(keV) Efficiency (%)
121 7.89E06 1.1
165 8.11E06 1.1
320 3.99E06 1.6
344 3.57E06 1.7
391 2.94E06 1.8
514 2.04E06 2.2
604 1.64E06 2.5
661 1.44E06 2.6
795 1.17E06 3.0
834 1.07E06 3.0
846 1.08E06 3.0
898 1.01E06 3.1
1173 7.46E07 5.2
1332 6.52E07 55
1368 5.91E07 4.1
1408 5.67E07 4.2
1810 4.43E07 4.8
1836 4.33E07 4.8
2113 3.42E07 5.4

2754 2.63E07 6.2
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The efficiency curve for wall activation assessment was calculated (Figure 5.10).

Figure 5.10 Efficiencycalibration curve. Note thet the error bar (see Table 5.5) are smaller ti
the size of the points.

A dual logarithmic polynomial efficiency curve was used.
Up to 320 keVthe calibration curve calculated is

a & TRPUPAOIMED pd YRA 0 V¢ Equation 5.8

Over 320 keV

TR ¢c@Twp@ 0 1% p&ndl %ve mix Ol %Yo Equation 5.9

wherevis the photopeak efficiency and E is the energyigfrest.
Once the definition of efficiency calibration curve was determined, it was possible
evaluate activity concentrations quantitativélyichi, S. et al., 201p

5.4 Bunker core drilling activation assessment using an
HPGe detector

During the maintenancef CYCLONE 18/9 in Bern it was possible to perform
three core drilling on the bunker walls of the cyclotron (Figure 5.11).
























































































































