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Sommario

[ Qdzii #ef diclottofli in industria, ospedali e centri di riceréaoggigiorno
ampiamente diffuso.ln campo medica ciclotroni sono usati in diagnostica e in
terapia: in diagnostica per la produzione di isotopi radioattivi usati, in particolare,
nei traccianti per Tamografia ad Emissione di Positroni (PET); in terapia oncologica
per il trattamento di tessuti con fasci di protoni o ioni pesanti, quali ad esempio
carbonio] ' NI RAZ2LINRGST A2yS ySttQdziatAl Tl 2 RA | dz

aspetti complessi 8f t I FI &S LINRP3ISGddz £t ST ySttQdziAaf A
decommissioning del sitoln letteratura esistono una serie di guide tecniche,
raccomandazioninternazionali enormeriguardo la progettazion& t QAy adl € € T A 2

guesti acceleratoriTuttavia, queste guidesi basanosu metodi di calcolo analitici

fondati su forti approssimazioni riguardo il termine sorgedieadiazioni e applicati

in condizioni geometriche idealizzate. Tali guide studiano inoltre un solo problema

per volta non consideraral le interconnessioni che questi hanno tra loro: ad

esempiq una scelta accurata dei materiali da usare nella costruzione delle
schermature € indispensabile sia nella fase progettuale, per raggiungere gli

obbiettivi di dose prefissati, sia nella fase dicdmmissioning dato che queste

strutture andranno inevitabilmentecol tempoincontro a fenomeni di attivazione

divenendoun rifiuto radioattivo da gestire smaltire Inoltre, ad oggi, hon esiste un

vero e proprio riferimento, universalmente approvato dattamunita scientificasul
decommissioning di talapparecchiature Data la complessita dei fenomeni fisici

O2Ay @2t GA ySf (GN}aLR2NI2 RA NIRAFTA2YS S 1
Monte Carlo con librerie aggiornate per il trasporto di paatlie cariche e neutroni

con energia inferiore ai 250 MeV, e il continuo incremento della potenza di calcolo

RSA O2YLMzi SNI Y2RSNYASZ NBYRS fQdziAt Al 12 &ASZ
un valido strumento per la progettazione di schermature e lateaioneaccurata,

allo stesso tempodel termine sorgente di radiazioni e di tutte le grandezze
dosimetriche di interesse.

In questo lavoro, il codice Monte Carl®C) FLUKA e stato utilizzatper
AAYdz I NE Af OAOf20NRYS D9 t9¢iNFOS oOmMcdp a
a{ & kRNEIINAEKAE ,quottlirrdeyitet &tilizzatd per la produzione di
radiofarmaci PET. Le simulazioni sono state effettuate per valutare diversi émom
S j dzF Yy G A GL ROQAY(ISNB&aas N} RA2f 23A02 0 NI C
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nucleare Le simulazioni sono state validate, in termini di parametri fisici e di

trasporto da utiizzare nel range energetico caratteristico delle applicazioni mediche,

O2y dzyl &aSNARS RA YAada2NBE ALISNAYSYyllFtAd Ly L
RStfQSljdA@lIt SydS RA R2aS FYoASYyidlrtS RI ySd
strumenti di msura ¢em-counter edosimetri TLD} i risultati confrontaticon le

simulazioni MC. Lamisura®® NJ 8§ adl G O2y Raialiitérna @l YLA 2y |
bunker S YA & dzNJ} Yy R2 tlaQianiitd spétirametria LghiiBnBa?l alta

risoluzione Infine, la produzine di radionuclidi PET, comk!®F e 8%Zr, & stata

confrontata con le produzioni quotidiane. In tutti i casi le simulazioni hanno fornito

un risultato in ottimo accordo con le misure sperimentali confermando i setup fisici

utilizzati.

I modello MC validto € stato quindi applicato ad altri casi pratidno studio di
fattibilita della produzione diretta in ciclotrone d®"Tc, attraverso la reazione
100Mo(p,2nf°"Tg & stato condotto al fine di sviluppare e ottimizzare un target
basso costoLa produzine di radionuclidi ad uso medico e stata studiata simulando
il ciclotrone TR13 (13 MeV) installato presso il centro di ricerca TRIUMF (Vancouver,
/TO0 FGONY gSNBR2 €1 @FtdzitTA2yS RSttt QFGGADAL
sperimentali condotte idoco.L f y dz2 @2 OSY(GNR t9¢ -DRSE Tt Q2alLlS
I FEFOoNARFE RA DbSIAININI 6+SNRBYlI>X L¢v § adl a2z
modello sopra citato. Per il calcolo delle schermature e lo studio della trasmissione
di dose attraverso le penetraziodel bunker e stato creato un modello dettagliato
del ciclotrone ACSI TR19 (19 MeV), installato presso il cehtoampo di dose
YySEttQAYG2NYy2 RA dzy & A dégsaden)di ihiciclarée et A 2y S R
terapia e stato studiato al fine di terminare, per diverse energia dei protoni in
uscita, un set di valori di dose di riferimento da utilizzare nella prima fase
progettuale di una nuova installazionénfine il modello € stato applicato alla
LINEISGGET A2y S RA & LIS Ositd di Bdddzione dizanidngclidr {1 LILI2
ad uso medico, in cui verra installato un ciclotrone da 70 MeV e sei diverse beam
line, e per il parziale decommissionimy un centro PET e la sostituzione di un
ciclotrone Scanditronix MC17 (17 Me¥ijtualmente installatg con una nuova unita
TR19.



Abstract

Cyclotrons are widely diffused and established in industrial facilities, hospitals
and research sitedn the medical field cyclotron are used both in diagnostic and
therapy: in diagnostic they are used in the protac of radioactive isotopes used,
in particular, in the tracers for Positron Emission Tomography (PET); in oncology
therapy for the treatment of tissues with proton or heavy ions beams, such as
carbon.Radiation protection in the use of these acceleratiorglves many aspects
both in the routine use and for the decommissioning of a site: knowledge of the
radiation field around these devices is necessary for the design of shielding, the
classification of areas and the protection of workers and patientsykedge about
the activation of the bunker and of the components of thecelerator is important
in planning the decommissioning ofa site. Guidelines for site planning and
installation, as well as for radiation protection assessment, are given in a nushber
international documents: however, these webtablished guides typically offer
analytic methods of calculation of both shielding and materials activation, but in
approximate or idealized geometry set ypso specific guidelines for the
decommissioningf these type of accelerators have been publishdeurthermore,
these guidelines study singleroblems without consideringhe interconnection
between them: forexample, an accurate choice of the materials to be used in the
shielding is necessary in th@anning, to achieve the dose limits, as well as in the
decommissioning since these matesialill became, in time, a radioactive waste to
be managed.Since the complexity of the physical phenomena involved in the
transport of radiatiors, the availabilityof Monte Carlo (MC) codes with accurate-up
to-date libraries for transport and interactions of neutrons and charged particles at
energies below 250 MeV, together with the continuously increasing power of
nowadays computers, makes systematic use of simanativith realistic geometries
possible, yielding equipment and site specific evaluation of the source terms,
shielding requirements and all quantities relevant to radiation protectainthe
same time

In this work, the welknown MC code FLUKA was usedsimulate the &
PETracecyclotron (16.5 MeV)A y & (i | £ f S R -Malpighéd { oy M ®ERHE A § &
(Bologna, IT) and routaly used in the production of positron mitting
radionuclides. Simulations yieldd estimates of various quantities ointerest,
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including: the effective dose distribution around the equipment; the effective
number of neutron produced per incident proton atiteir spectral distributionthe
activation ofthe structure of the cyclotrorand the vault walls; the activation of the
ambient air, in particularthe production of Ar, the assessment of the saturation
yield of radionuclides used in nuclear medicinehe simulationsvere validated
against experimental measuremernits terms of physical and transport parameters
to be usdl at the energy range of interest in the medical fiehl careful validation of
the dose field around the cyclotron yielded by the simulations, was obtained from
an extensive measurement campaign of the neutron environmental dose equivalent.
Measurements were condtted with different instruments (rerrcounter andTLD
dosimeters)and results were found in excellent agreement, allowance made for
statistical fluctuations. The estimates dfAr in air were validated against
experimental sampling and analysis by highoheson gammaray spectrometry.
Target activation studies for®F and 8%Zr gave results in agreement with
experimental measurements and theoretical yields.

The validated modeWasalso extensively used in several practical application
The feasibility othe direct cyclotron production of nestandard radionuclides such
as®"Tc, through the'*Mo(p,2n¥°"Tcreaction, was studiedProduction of medical
radionuclides at TRIUMF (Vancouver, CA) TR13 cyclotron (13 MeV) was studied by
the assessment ddaturation yieldsand the comparison with Hhouse experimental
productions The new PET facility af{ | ONRc¢5/2df2 NB f O NRA I ¢ | 2&aLIAG !
IT), including the ACSI TR19 (19 MeV) cyclotwas completely desigrkeusing the
MC model developedinvegigation of dose distribution around the cyclotron was
Fdzy RFYSYyGtrt Ay GKS LXFYYyAy3aIs Ay LI NIAOdzZ |
concerned, like ducts and wall penetratiofiXse field aroundhe energy selection
system (degrader)of a proton therapy cyclotron, was assessetb find a set of
neutron and gamma dose equivalent references to use in the very first design of a
new installation Finally,the model was appliedo the design of plugloors for a
new cyclotron facilityin which a 70 MeV cyclotnowill be installedand the partial
decommissioning@f a PET facility, including the replacemenadscanditronix MC17
cyclotron with anew TR19 cyclotron.



Introduction

When discussing the application of particle accelerators, one should also
mention the technical and industrial evolution induced by these applications.
Whereas the front line machines are usually general purgasdities designed for
fundamental physics research such as particle or nuclear physics, these machines
may later find a new life in more applied research fields such as solid state or
material science. They are then followed by dedicated facilities fomae
specialised type of research or process (synchrotron radiation, pulsed neutron
generation, isotope production) and finally by single purpose optimized devices such
as soft Xray generators for microlithography, compact cyclotrons for positron
emitting isotope production, ion implanters or radiotherapy electron accelerators.
They are then produced on an industrial basis rather than designed and built by or
for a research laborator(Barbalat, 1994)

Nowadays the use of pacle accelerators in the medical field is something
considered routine andhat people usually take for granted Knowledge of the
historical evolution of these machines is important not only for a cultural purpose
but also to understand the actual and thetdire evolution of these devicesn
literature it is possike to find a number of review§-riesel & Antaya, 2009/ilton,
1996; Qaim, 2004;Ruth, 2009) part of them more historical and part more
technical, on the evation of particle acceleratorand in particularof cyclotrors
from the first prototype developed bErnest Orlandd.awrence ithem o n Qa ® Ly (K
following a brief historical summary, mostly based on the review published by
Friesel &Antaya, of the evolution of particle accelerators and their application in
medical field is reported.

Particle accelerators were initially developed to address specific scientific
research goals, yet they were used for practical applications, pantigutaedical
applications, within a few years of their invention. The cyclotron's potential for
producing beams for cancer therapy and medical radioisotope production was
realized with the early Lawrence cyclotrons and has continued to grow with more
technically advanced successcrsynchrocyclotrons, sectdocused cyclotrons and
superconducting cyclotrons. While a variety of other accelerator technologies was
RSOSt2LISR G2 | OKAS@®S G(G2RIFHéQa KAIK SySNBHeE |
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the developnent of one type of accelerator, the cyclotron and its medical
applications. These medical and industrial applications eventually led to the
commercial manufacture of both small and large cyclotrons and facilities specifically
designed for applications otlhethan scientific research. This development, which

started with simple electrostatic linear accelerators in 1924 and the Lawrence

OOt 20NRY AYy GKS mMponQasx O2ofilieAWCaBCGERN 2 Rl & 4
Particle energies have increased over tlast 80 years to nearly 1Gimes that

available from naturally decaying elements, and have allowed a rich, if not yet
complete, understanding of the makeup of matter and the Universe.

From its inception in 1930 by Ernest Orlandawrence through its mangesign
variations to increased particle energy and intensity for research, the cyclotron has
been used for a variety of biological, medical and industrial applications. Soon after
the first experimental demonstration of the cyclotron resonance princigié&hrnest
Lawrence and Stanley Livingston, new radioisotopes produced by high energy
particles were discovered and used for the study of both biological processes and
chemical reactions. Lawrence developed the cyclotron for nuclear physics research,
yet he was very much aware of its possible applications in medicihe. earliest
medical applications of cyclotron beams began at the University of California,
.SNJ] StSe 4KSY [ gNBYyOS oNRdzAKG KA& o0NERGKSN.
John Hundale Lawree, a physicist with an M.D. from the Harvard Medical School
(1930), quickly demonstrated the worth of cyclotron produced radioisotopes in
disease research. He became the Director of the Division of Medical Physics at the
University of California at Berlesl. In 1936 he opened the Donner Laboratory to
treat leukemia and polycythemia patients with radioactive phosphofeR)( These
were the first therapeutic applications of artificially produced radioisotopes on
human patients. By 1938, the Berkeleyi@ch (later upgraded to 34nch) cyclotron
had produced'C, ?*Na, 3?P, >°Fe and'3Y radioisotopes, among many others that
were used for medical research. John Lawrence and Cornelius Tobias, another
student of Ernest Lawrence, used this cyclotron to reseanch of the earliest
biomedical uses of radioactive isotopes. They used radioactive nitrogen, argon,
krypton, and xenon gases to provide diagnostic information about the functioning of
specific human organs. In other activities, Dr. John Lawrence and BertRRione
GSNBE GKS FANRG (2 dzaS KIFRNRY GKSNXLER G2 OGN
They began clinical trials treating cancer with neutrons in 1938, just six years after
the discovery of the neutron by Chadwick in 1932. After the World Warrédnewed
interest in neutron therapy precipitated clinical trials at several facilities around the
G2NIR Ay (KS mMpTtnQad 9EOSLII FT2N GKS SI NI @
were conducted using accelerators other than cyclotrons. By the1X®& = vy S dzii N2 y
therapy was no longer used for routine cancer treatment. Robert Wilson, yet
another graduate student of Lawrence, realizing the advantages of the hadron Bragg
peak, proposed the use of higinergy protons and other charged ions to treat
deepseated tumors in the human bodyThe basic physics that makes hadron
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therapy so attractive is the manner in which high energy idose energy while

passing through matter. Energetionizing (charged) particles loose energy slowly

through atomic interactios as they penetrate matter until neahe end of their

range, where they give up the last 8xffetheir energy2 A f a2y Qa LINRB L2 al t f
routine use of high energy ion beams for the direct treatment of localized
(cancerous) tumors within the human badyoday there are over 30 operating lon

Beam Therapy (IBT) facilities around the world, many of them designed and built by
commercial vendors, with several more planned or under construction. Over 60% of

these facilities use one commercial cyclotron desgrthe source of energetic ions

required for the treatment.

Through these and other pioneering werklohn Lawrence became known as the
GCFHUKSNI 2F bdzOf SFNJ aSRAOAYS IyYyR GKS 52yy
OANIKLI I OS¢ ¢KS O Qties? dit NfieyBerkel8ydBatligtiody Sy G |
Laboratory became the crucible for the growth of nuclear medicine and hadron
therapy as an indispensable part of modern health care. Accelerator produced
radioisotopes are now routinely used for imaging diagnostics or tat leseases

An interesting and complete review on the technical evolution of cyclotron can
be foundagainin (Friesel & Antaya, 2009)om where most of the information in
the summary reported below were takeriThe classicakyclotron (also called
GO2y @SYyldAz2ylLfté 2N a[F s6NByOSe¢ OO0t 20NRYyO0 Ay
simple in concept and construction. The underlying physics principles are that
charged ions (protons, electrons, étcare accelerated with electric fieddand
O2y Ul AYSR 2N) ¥F20dzaSR o6& YI3aAySGAO FTASEtRaAD |
orbit period of a particle of chargg massm and velocityv traveling in a circle in a
uniform magnetic field normal to the particle velocity is constant; only thedius
R of the orbit increases with the particle momentunmy). Hence, a constant
frequency sinusoidal oscillating voltage on the accelerating cavities, called dees
because of their shape, matching the cyclotron resonance conditicrgB/m)
accelerates hie particles twice per revolution, causing them to increase their orbit
radius as they gain energy. The repetitive dee gap crossing of the recirculating beam
allows it to be accelerated to high energies with relatively low dee voltages, thus
eliminating the need for the high voltages used on the competing technologies of
the time, the Van de Graaff and Cockcrdfalton linear acceleratorsThe ideal
kinetic energy gain per revolution in a cyclotron for a synchronous particle of charge
gand a ped& dee voltge V,is given byl=4qV.. A critical design issue for all particle
accelerators is the orbital stability of the circulating beam during acceleration. The
particles must remain focused into small bunches in all three spatial dimensions and
orbit oscillatiors about the magnet miglane and equilibrium orbit must be small
enough to keep beams from getting lost on the magnet poles or dee structures.
Electric and magnetic restoring forces must be built into the accelerator to keep the
beam centered in the orbitAlso, the magnetic field must be constant to a high
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precision to maintain a constant orbit frequency that matches the constant RF
electric field frequency throughout the many revolutions of the acceleration cycle.
This laterO2 Yy RA (i A 2igozhrorishafefisGrés that the particles arrive at the
acceleration gap when the RF voltage is near its peak va&leThe two
requirements of beam focusing and isochronism compete with one another in the
classical cyclotron and ultimately limit the maximum energythaé initial design.
Beam focusing and orbit stability in a cyclotron requires a small restoring force to
push a divergent circulating beam back into the #pidne equilibriumorbit. The
magnetic field of a classical cyclotron tends to bulge out and deerslightly with
radius because of leakage near the pole outer edges. The resulting magnetic field
thus has a small radial componer)( that applies weak axial and radial forces to
the circulating beam. The slight field decrease with radius is too sopibvide the
necessary focusing forces to keep the beam in the machine throughout the
I OOSt SNIX A2y OelOfSo [FgNByOoSQa GSIY FRRSR
produce a more rapid field fatiff with radius to provide the required focusing
forces. The shims increase the pole gap from the center outward with radius to
reduce the field in a controlled wayror a constant sinusoiddRF accelerating
voltagexV,, asynchronous particle arriving at the dee gap at the maximum voltage
receives a kinetienergy gain per revolution. The only force maintaining the particle

in synchronism with the accelerating voltage is the magnetic field, which must be
maintained to a very high precision (~0.1%) for particles making hundreds of turns.
Variation in the maget gap or the magnet excitation current will cause the particle
orbit period to deviate from the synchronous valuEor a field constrained to
decrease with radius as required for focusing, the particle orbit periods will be
longer than the synchronous atb and will hence arrive at the dee gap at
increasingly later times relative to the RF period, causing the particles to become
increasingly out of phase with tiRFelectric field. Thid & NB TS RN&EBIQG2 | a4 a
i.e. the particles slowlyslip out ofphase with theRFaccelerating voltage witkeach
passing turn.Two things happen when this occurs. First, the accelerating voltage
experienced by the particle is less th@m by a factor depending othe RF phase
angle g as well as theesulting kinetic aergy gain per turnThe lower energy gain

per turn causes the particles to make a larger number of orbits in the cyclotron to
reach the maximum design energy. In the werase scenario, the particles will
eventually arrive late enough after many turns rieceive no acceleration or even
deceleration. Second, an increase in the particle bunch spatial size and time width
during acceleration. Both effects cause beam intensity loss during the acceleration
process.Yet a third effect of acceleration in any @tebn that causes the particles

to lose synchronism with the fixed frequency RF electric field is that the particle
massm()A Y ONB I 4Sa 6A0GK @St20A0& | OO0O2AMAY I (2
aS+ LINRPO2YQa Yl aa Aa w:>: Kassdickeasd fatkdry 2y S
increases the orbit period adding to the loss of synchronism. To compensate for the
relativistic mass increase with energy, the field must increase with radius in
proportion to the particle mass increase, exactly the opposite of whagquired for
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focusing. Using high dee voltages to reduce the number of turns required to achieve
maximum energy can mitigate the competing requirements of relativity, focusing
and isochronism. Even with this, the maximum proton energy capability of the
classical cyclotron originally invented by Lawrence can be shown to be
approximately 20 MeV. This situation lasted until about 1958 for the classical
cyclotron designOne obvious solution to the classical cyclotron energy limit is to
reduce the frequency fothe RF accelerating voltage with time in synchronism with
the increase in the particle orbit period caused by the effects, primarily relativity,
described abovet KA & G FNBIjdzSyOe Y2RdzE i SRE 0O0FYO
bunch to be accelerateavith the phase of the acderating particles shifted to
between 40° and 60° after the voltage peak. One drawback of the synchrocyclotron
is that once a beam bunch is captured and accelerating, the next bunch cannot be
accelerated until the first is accelded to full energy and the RF frequency reset to
the injection value. Theresulting extracted beam has a pulse period several
thousand times the RF accelerating frequency, compared to the classical cyclotron
pulse period of twice the accelerating RF fregay, significantly reducing the
average extracted beam intensityhe major disadvantage of the synchrocyclotron,
low average intensity pulsed beams, was overcome by the development a third type
of cyclotron known as the isochronous cyclotron which isab#g of accelerating a
continuous stream of particle bunches at a constant orbit frequency to high
energies. The approach to addressihg relativistic mass increase is to allow the
field to increase radially at the same rate as the relativistic masgases during
acceleration.The high energisochronous cyclotron was nobnsidered in the early
days of cyclotrons because tlmcreasing field violated the conditions necessary for
axial stability of the classical and synchrocyclotrons. A method to owercthe
weak focusing properties of the required radially increasing field was proposed in
1938 by Llewellyn Thomas. Thomas proposed to use an azimuthally varying
magnetic field to provide edge focusing for particles entering and exiting the high
and low feld regions of the magnet. This was accomplished by dividing the cyclotron

2 LJS

YF3ySad LRtS FIL0Sa Ayid2 NBIA2ya 2F KAIK FAS
GxlfftSeaé¢ o0x0x &adzOK (KIFdG GKS I @SNFY3IS NI RAL

energy to maintain a constant orbit periodhe azimuthally varying magnetic field
makes the protons travel in necircular orbits causing them to pass through the

AYOGSNFIFOS 0SG6SSy (KS KAIK yR t2¢ TFTASERA

angle. Theradial components of the fields at the interface can be made strong
enough to produce adequate radial and axial focusing forces to maintain beam
stability throughout the acceleration cycle. These forces are proportional to the
Thomas angle k and the ratiof the high and low field values, which must be
calculated during the design of the accelerator. An ion traversing a pole gap with an
axial variation in pole height sees a net axial focusing force back towards the
cyclotron median planeThe pole field vaation required to provide the Thomas
focusing may be done with a sine wave or square wave pole gap variation, and with
radial or spiral ridge pole shapeBhe energy capability of the radial ridge design is
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limited to about 45 MeV by the small Thomas a&nghat can be achieved, which
limits the strength of the axial focusing forces that can be obtained. This constraint
was removed by the introduction of spiral, rather than radial ridge pole tip sectors.
The spiral angle magnet pole sectors caused the laitiog particles to cross the
pole edges at an angle greater than the Thomas angle, producing a stronger axial
focusing force. The spiral pole tip shape can be adjusted during the design process to
select the strength of the focusing required for orbitlstay. This process could not

be done empirically, but required the use of digital computers, which became
available to scientists in the late 1950s. The radial and spiral ridge cyclotrons belong
to a cyclotron group referred to as isochronous, azimuthalarying field, and
sectorfocused cyclotrons. One of the largest spiral ridge cyclotrons, TRIUMF, was
built in Vancouver, B.C. This accelerator, a 6 sector cyclotron, acceléfatmuts to

520 MeV and is physicalige largest cyclotron ever built (potliameter of 17.17n)
because the maximum field was limited to 6 kGotevent magnetic stpping of the

H ions during theacceleration processThe development of the sectdocused
cyclotron required sophisticated machining and fabrication techniques, was
initially available only for scientific research. However, the efficiency and
compactness ofthe design made these cyclotrons ideal for the production of
medical isotopes for SPECT and PET. Today, with the omnipresence of accelerator
design computercodes, the sectefocused cyclotron has become an immensely
practical high energy, efficient and relatively low cost machine that has made the
applications of high energy particle beams a common commercial commodity used
for the production of a large nunds of medical imaging, diagnostic and therapeutic
applications.

Nowadayscyclotrons are widely diffused and established in industrial facilities,
hospitals and research sites. In the medical field cyclotron are used both in
diagnostic and therapy: in diagstic they are used in the production of radioactive
isotopes used, in particular, in the tracers for Positron Emission Tomography (PET);
in oncology therapy for the treatment of tissues with proton or heavy ions beams,
such as carbon. Radiation protectiin the use of these accelerators involves many
aspects both in the routine use and for the decommissioning of a site: knowledge of
the radiation field around these devices is necessary for the design of shielding, the
classification of areas and the peattion of workers and patients; knowledge about
the activation of the bunker and of the components of the accelerator is important
in planning the decommissioning of a site. Guidelines for site planning and
installation, as well as for radiation protecti@ssessment, are given in a number of
international documents: however, these webtablished guides typically offer
analytic methods of calculation of both shielding and materials activation, but in
approximate or idealized geometry set ups; no spechuidelines for the
decommissioning of these typ®f accelerators have been published. Furthermore,
these guidelines study single problems without considering ititerconnection
between them: forexample, an accurate choice of the materials to be useithen



Introduction 7

shielding is necesiry in the planning, to meehe dose limits, as well as in the
decommissioning since these material will became, in time, a radioactive waste to
be managed.

In this work he radiation protectionRP)n the use of particle acceleti@s in the
medical field will bestudied. The application of Monte Carlo simulation in the
energy range of particle aclezators of medical interst will be discussed: special
attention will be given to biomedical cyclotrons used in the production of rati
radionuclides and hadron therapy applicatioi$e welknown Monte Carlocode
FLUKA, a general purpose tool for calculations of particle transport and interactions
with matter, covering an extended range of applications spanning from proton and
electron accelerator shielding to target design, calorimetry, activation, dosimetry,
detector design, Accelerator Driven Systems, cosmic rays, neutrinoicphys
radiotherapy, radiobiology, will be used to study RP problems with a unified
approach

By natue, the work presented in this thesis is dled in different parts, each
whit its material & methods and resultlsut running on acommonthread.

In Chapter 1the main radiation protection problems in the use of biomedical
cyclotron wil be discussed. An overview dhe national and international
regulations in RP extremely important since each calculationgta fit, at the end
the reference or limit valuesrecommended in these publications; general
knowledgeon design of shielding and cyclotron production of radionuclides will be
given to better understand the results obtained in the following of the thesis;
decommissioning of particle accelerators will be dgsed at the end of this chapter.

In Chapter 2a brief introduction on the mathematical basis of the Monte Carlo
Method will be providedThe Monte Carlo FLUKA code will be presented as well as
its graphical interface Flair and the 3Dodder SimpleGeo.

In Chapter 3the creation and the validation, in terms of physical and transport
parameters to be used in the energy range of biomedical cyclotrbtineoMC model
2F GKS D9 t9¢CiNXOS Oeaffd lMEKA (A Y RELIAGTR
will be discussed. In particulathe production of'®F by the wetknown reaction
180(p,n}eF will be studiedto find the set of physical andansport parameters that
gives the best result with the leasputime usage results wil be compared with the
recommended saturation activity for @A (&) provided in the IAEA database for
medical radioisotopes productionNeutron ambient dose equivalén H*(10)
assessment around the PETtracewill be performed with experimental
measurements using a neutron recounter, fitted with a Bl proportionalcounter
and a PHEnoderator,and aset of 12 TLD dosimeters, type CRB8@&asurements will
be compared with NC simulatios. To further validate the modelhe number of
neutrons produced per primary incident protdan the irradiation of a cylindrical

16
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thick target of copper, iron, graphite, tantalum and aluminiwwil be comparel
with data obtained by Tesch in 1883 the 50-250 MeVenergy range andht
extendedenergies characteristic of PET cyclotroRse activity concentration dfAr
within the cyclotron vaulwill be assessed from both Monte Carlo simulation and an
extensive measurement campaigh air sampés Finally, the development of a lew
cost target for the direct cyclotreproduction of ®"Tc¢ via the!®™o(p,2nf*"Tc
reactionwill be studiedusing MC simulatian

In Chapter 4the Monte Carlo simulationvill be applied tothe production of a
number of established and emerging positron emitting radionuclides suckFas
13N, %4T¢,*Sc,%8Ga,®0Y,89Zr, 56Co0,%°Mn, ®1Cu and®*Co, at TRIMF (Vancouver, CA)
TR13 cyclotron from liquid and solid targets. Saturationdyieill be assessed for
each ofthe radionuclidesof interest andresults wil be compared with TR13
experimental productions and IAEA recommended value.

Chapter 5will be dedicated to the practical applications of the validated MC
model in the planning and the decommissioning of cyclotron facilities. The design of
tKS ySg t9¢ FTIFOABRYE /2T aNADANR | RiEABINS |- 0b:
presented. The design of the required thickness of the cyclotron vault e
conducted by the assessment of the ambient neutron dose equivalent H*(10)
around the accelerator in a dual beam irradiation; in a second pepetrations
trough the vault walls Wl be optimized. Activation of air insidéhe bunker wil be
studied to assss the production of!Ar due the secondary neutrons as well as the
activation of shielding and cyclotron components to plan decommission strategies as
requested from the Italian national regulatisnon radiation protection. The
assessment oflose transnssion through several typeof plugdoorsin planning a
new cyclotron facily will be studied to identify igtical pointsand to find possible
solutiors. The partial decommissioning af PET facility and the replacement af
Scanditronix MC17 clotron with a new TR19 unit will bevaluated using the
validate MC modelassessment of the lonterm activation of the vault walland
use of the existinglayout of the cyclotron vaulivith the new cyclotronwill be
evaluated. Finally, a general and simplifieddebof the energy selection system
(degrader)of a hadron therapy cyclotrowill be created to obtain an assessment of
reference dose equivalegtfor neutron and gamma radiation arfor several out
coming proton energiedo use in the very first desigrf a new installation

In Chapter 6 the conclusions of the work presented in this thesis will be
discussed.



Chapter 1
Radiation Protection Problms in the Use of
Biomedical Acelerators

1.1 BiomedicalCyclotrons

The original cyclotron concept, invented Bynest Orlandd_awrence in 1931
(Lawrence & Livingston, 1932)as been developed over the last 8 decades into
machines that can provide any ion and energy desired forareseor applications
given the practical limit of cogChu, 2005)The applications of cyclotron beams in
medicine and industry have grown from the firgtvestigations ofLawrenc® a
brothersin the 1930s to the point where aamercial cyclotrons are designed and
built to specifications to meet a large array of user applications, including industry,
national security and medicingriesel & Antaya, 2009)

Figurel-1- The Lawrence brothers at the console of the first cyclotron used for isotope production and
radiation treatments with neutron beams.

In the field of medicine their use is both in diagnosis and therapy. In vivo
diagnostic sidies are performed usg suitable radionuclides, i.goure gamma
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emitters or positron emitters. Whereas the former are produced using both nuclear
reactors and cyclotrons, the latter, being neutron deficient, can be produced only at
a cyclotron via chaeg-particle-induced reactions. Therapy, especiallith protons

and otherhadrors, on the other hand, is generally carried out either directly by
accelerated ions themselves or by neutrons generated as secondary prodinets
major emphasis is on the production of radionuclides at cyclotrons for utilization in
nuclear medicine, both for diagnosis and therg@aim, 2004)

Cyclotrons have become the tool of choice foogucing the shoHived, proton-
rich radiasotopes used in biomedical applicatiofMilton, 1996;Strijckmans, 2001;
IAEA, 2006)Cyclotron produced medical isotopes are used in planar (2D) imaging
studies with the gamma camesaand tomographic studie3D) such as Single
Photon Emisen Computed Tomography (SPECT) aRdsitron Emission
Tomography (PET). Generally a compound labeled with a radioactive tracer,
prepared in a modular chemistry unit from an irradiated target material, is
introduced in vivo. The tracer elementgammaemitter or positron emitter traves
through the body and accumulatés specific part®r tissues of the body depending
upon the chemistry of the compound, which can then be imaged for clinical
diagnostic pwoses or treatment.The use and need of radiotive isotopes for
biomedical applications continues to increase worildiev(Birattari, et al., 1987a)
The primary SPECT isotodes medical imaging produced by cyclotrons at¥Tc
for bone, myocardial and brain scart$3 for tumor scans ané!in for white blood
cells. PET differs from SPECT not only in the tracer elements sised, lived
positron emitters like''C, 13N, %0, and '®F, but also in the waymages are
generated. Positrons readily annihilate with any free electron in the body yielding a
pair of 511 keV photons. The two 511 keV photons are emitted at nearly 180
degrees from each other. Timing can be used to determine the location of the
positron annhilation event(Time of Flight techniquegnd thus 3D images can be
constructed with computer analysis. The timing also improves the sigrabdise
ratio and fewer events are needed to construct the im@igeesel & Antaya, 2009)

Industry has responded with a variety of cyclotrons to address the particular
needs of different users group$dost of these machines have been installed in
hospitals, researcinstitutes, and commercial facilities specializingpimducing and
seling radioisotopes. Cyclotrons for biomedical radionuclide production are
generally compact, accelerate light ions (proton, deuteron or helium) and are
primarily used to produceshortlived, protonrich radiauclides. The principle
advantage of accelerataproduced radimuclidesis the high specific activitySA)
that can be obtained via the nucleaeactions that produce auclide that is
chemically different from the target element. Another significant advantage is the

I YecificActivity is a measure of the number of radioactiséoms or molecules as compared to
the total number of those atoms or molecules present in the sanfiRleh, 2009)
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smaller amount of radioactive wastgenerated in particle reactions compared to
reactor pioduced radioactive isotopeddost of the reactions used are of the form
(p,n), (p,2n) (p,xn) (p,a) and to a lesser extent reactions involving®Be and*He as
the projectile. Measured cross sectio(tSSYor many of these reactions along with
references for themeasurements can be found IAEA repors (IAEA, 2001dAEA,
2009) In 200, an IAEA report estimated thahere were about 350 cyclotrons
worldwide primarily used for the production of radionuclidésAEA, 2006)Nearly
50% of these were in the 120 MeV energy range and about 75% of the cyclotrons
were being used to produce€F for FDGIt is convenient to categorize the cydlohs
into three broad (proton) energy ranges based on their primary functi®fEA,
2008) (for reasons based on efficiency and cost considerations, some
facilities/manufacturers have chosen accelerators and reactions that ate u
deuterons and heliunas a projectil¢ (Schmor, 2010)These proton energy ranges
are (Schmor, 2010)

1 Cyclotrons with proton energiess than 20 MeVare primarily used for
producing positronemitting radicuclides. These PET isotopes tend to
have short haHives and the cyclotrons are located in regional
centres/hospitals determined by the yield loss due to the delivery time
from cyclotron to patient. Many of the cyclotrons have the capabitit
being shielded with clospacked steel and thereby reduce the need for
the user to provide a heavily shielded bunker. The delivery time of the
radionuclide the patient dose requirement and thactivity required per
day lead to a cyclotron providingputo 6 Yy 2 6 Rl @& A Gato S G SNJ

f SI ping 0>! LISN GFNBSG® alyeéd 2F GKS Odz
capability of using multiple targets on each of two or more extracted
beams.

1 Cyclotrons with proton energieBetween 20 and35 MeVare primarily
used to poduce many of the gammeamitting radiasotopes(commonly
used as imaging radsotopes for SPECT) as well as the production of
several PET isotope¥he much longer halife of SPECT radioisotopes
permits the delivery to more distant users and this leatts dedicated
production facilities with high power targets and larger throughput.

1 Cyclotrors providing protons with energiebetween 35 and 70 MeV are
used in theproduction of a number ofadioisotopes including the ones
usedin radiotherapy. The primary need is for high current cyclotrons with
currents in the 1mA range.

1 Cyclotrons providing proton energigseater than 70 MeVand up to 250
MeV are dedicated tdhadron therapy Typical beancurrent incident on a
target tissueare in the range of §10 nA.Further cetails of this class of
accelerators will be given in the following.
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Figurel-2 ¢ The IBA Cyclone 18/9 cyclotron used in the production of medical radionuclides

In generd most of the commercially available isotope production machines are
room temperature sectofocused cyclotrons employing either radial (< 30 MeV) or
spiral ridge sector magnetsAs in all circular accelerators, one of the most
challenging aspects extiacting the beam once it has reached the desired energy.
For positive ion cyclotrons only in a few exceptional cas#sction efficiencies as
high as 98% have been meind efficiencies in the 75% region are not uncommon.
Isotope production machines nedd be reliable yet operate at high current with
moderate spills. It is very hard to meet these requirements with a positive ion
machine with extracted beams. Internal targets are limited to metallic compounds.
Besideghey provide very little flexibilityto the shape and distribidn of the beam
on target,beam diagnostics are very difficult. Finally and perhaps rropbrtant
the neutrons created in the target produce induced radioactivity in the cyclotron
components. By contrast if ldarticles are acderated, they can be extracted simply
by stripping, using a thin foil to intercept the beafiilton, 1996) Actually he
majority of medical isotope production cyclotrons acceleratéons. Some of thét
ions impingon a thin internal target, calledistripper folE ¢ aSd 4 'y Ay SN
and have theitwo St SO N2y a NBY 2 J St reSultidgh* MRsIfGUO® R ¢ | g &
a reverse curvature orbit (with respect to thé ions) directed out othe cyclotron.

The remaining ustripped ions continue to accelerate to a larger radius where they
can be stripped af higher energy. Multiple thirstripper fils can be inserted at
several radiiwithin the cyclotron, making it possible to extrastmultaneously
severalH" beams of diférent energies from a single cyclotrdfriesel & Antaya,
2009) However everything has its countbalancing problemsThe second H
electron is fairy weakly bound (0.755 eV) amday thus be lost due to interaction

with the background gassécuum strippinyy or by electremagnetic disassociation.
This lost beam causes heating and induces significant radioactivity in the cyclotron
components. To reduce vacuum strippirtd, cyclotronsneed © operate in high
vacuum(Milton, 1996) A partial list ofthe mainavailable commercial cyclotratior
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the production ofmedical radionuclidess reported inTable1-1 (Friesel & Antaya,

2009;Schmor, 2010yallabhajosula, 2009)

The 1946 suggestion of Robert Wilson to use high energy protons to kill deep
seatad tumors in the human body, became a reality beginning in the late 50s, and
has grown into a well establish protocol for curing a host of otherwise untreatable
cancers, as well as a preferred method of curing other cancers while reducing
radiation damage ide-effects. This cancdighting technique is referred to as
0 KSNI LB €
well localized cancerous tumors located within the human body, particularly in the
head and neck areaf-riesel & Antaya, 2009)f'wo important considerations in
radiation therapy are linear energy transfer (LET) and relative biological efficiency
(RBE). Use of hadrons in comparison to conventional therapy can have the
advantage of a be#r physical selectivity, i.e. an improved dose profile and a higher
biological efficiency, corresponding to greater killing in the tumour. However, the
various types of hadrons differ in their properti€@aim, 2004) The basigphysics
that makes hadron therapy so attractive is the manner in which -eiggrgy
particles (protons, deuterons, pions, and heavier ions) lose energy while passing
through matter. While MV photons used in conventional radiotherapy have an

GKIF RNRY
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6SI Y

0 KSNI LJ ¢

exponentially @creasing deptidose profile, almost the entire proton beam is

Tablel-1 ¢ Main available commercial cyclotrons for the production of medical radionuclides and

comparison of some key specifications.

Particle Beam lon

Peak

RF

Plane

Manufacturer Model T Energy Current Source Field Freq. Of P[(\)AV}/]er
ype [MeV] [WA] Type [TT  [MHz] Accel.

ACSI TR13 H 13 100 Cusp 21 74 \ 60
ACSI TR19/(9)  H/(D) 19/(9) 300/100 CUSP 2.1 74137 V 65
ACSI TR24 H 24 300 Cusp 21 83.5 H/V 80
ACSI TR30/(15) HI/(D) 30/15 1500/400 CUSP 1.9 H 150
GE MINItrace H 9.6 50 PIG 2.2 101 \ 35
GE PETtrace H/D- 16.5/8.4 100/65 PIG 1.9 27.2 \ 70
IBA Cyclone 3 D 3.8 60 PIG 1.8 14 H 14
IBA Cyclone 10/5 H/D- 10/5 10035 PIG 1.9 42 H 35
IBA Cyclone 11 H* 11 120 PIG 1.9 42 H 35
IBA Cyclone 18/9 H/D- 18/9 150/40 PIG 1.9 42 H 50
IBA Cyclone 18 H* 18 2000 PIG 1.9 42 H 50
IBA Cyclone 30 H/(D)  30/(15) 1500/? CUSP 1.7 H 180
oa  Cgmero WD ool 2R ow s

SEMENS (CTI RDS Eclipse H 11 100 PIG 1.9 72 H 35

SBEMENS (CTI  RDS111 H 11 100 PIG 1.9

SBEMENS (CTI  RDS112 H 11 100 PIG 1.9

oL.
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stopped at the sme depth, called thd8ragg PeakThe depth of penetration of the

ion beam into the body depends precisely upon the particle type and energy used
for the IBT treatment, as well as the density of the area to be penetrated. This
energy loss property allows the physician to targetciselya tumor located within

the human body while sparing radiation damage to the healthy tissue around it
(Friesel & Antaya, 2009)

The majority of the existing hadron therapy facilities today use protons, but a
few use heavier iondams such as helium, carbon and neon. IBT using pion beams
has also been conductedhere are currently about 30 operating IBT facilities in the
world, of which only a few have a heavy ion capab(igesel & Antaya, 2009Jhe
energies involved in proton therapfPT)range between about 60 and 250 MeV:
actually a 230 MeV proton beam will penetrate 32 cm into the human body, a depth
large enough for most human applications; hence, this has become the canonical
energy for all poton therapy acceleratoré-riesel & Antaya, 2009n general a very
well collimated or sharp pencil beam is required. It has to be of much higher quality
than in the production of neutrons or radioactive tracers. The beatensities
needed are, however, low. A typical beam incident on an organ target may lie in the
range of §10 nA. The incident beam on the collimator/homogenizer, however, may
reach values up to IA (Qaim, 2004)There are onlya few vendors of completely
designed and operational hadron therapy facilities and they are listethiie 1-2
(Friesel & Antaya, 2009)

About 50 %{(Friesel & Antaya, 2009f worldwide hadron therapy facilities are
provided with an IBA system. ThEBBA Proteus 235 Proton Therapy Systemsists in
fully integrated treatment site comprised of a 230 MeV cyclot(Bigure 1-3), an
energy selector, a beam transpoti@n line and one or more gantrie3he cyclotron
uses a fixed field resistive magnet, a fixed frequency RF systech accelerates
protons to a fixed energy of 230 MeV. The cyclotron magnet is 4.34 meters in
diameter, 2.1 meters high, weigl220 tons, and the coils powes 175 kW. The RF
system uses tw@0° dees located in opposite valleys and connected at the cente
The dees operate at 106 MHz, on tH&Rarmonicof the protonorbital frequency.

Table1-2 ¢ Main manufacturers of hadron therapy systems.

Manufacturer Accelerator Type  Maximum Enegy/Particle
lon BeamApplication (Belgium) S.C. Cyclotron 235 MeV/p
Varian Inc. (USA) S.C. Cyclotron 250 MeV/p
Still Rivers Inc. (USA) S.C. Sinchrocyclotro 235 MeV/p
Optivus Proton Therapy (USA) Synchrotron 370 MeV/p
Mitsubishi Heavy Indutries (Japar Synchrotron 370MeV/p
Hitachi (Japan) Synchrotron 250 MeV/p

Sumitomo Heavy Industries (Japa S.C. Cyclotron 235 MeV/p
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The beam extraction is effectdnyy anelectrostatic deflectof(ESDIlocated in one of

the valleys without RIEEavities. The beam extracted at 230 Mis\then adjustedo

the energy required for the treatment by the use ofvariable energy degrader
made of graphite, followed by magnetic analyzer to select the required energy
width. The system formed by the degrader and the magneatialyzer is nanthe
Energy Selection SysteilaS¥$ This energy selection system allows precise tuning of
the continuous proton beam, from 60 MeV to 230 MeV, in under a second. Most
often, proton therapy is delivered in rooms equipped with isocentric gantiiég

IBA isocatric gantry has 3@ degrees of rotation with 0.4 mm radius precision, and a
gantry rolling floor. Each gantry room includes a patient positioning system featuring
a robot controlled patient couchwith 6 degrees of freedom (horizontal, lateral,
vertical, iotation, pitch and roll movement are possibl@pngen, 2010)

Another fully integrated PT system is théarian Proscanbased on a
isochronous superconducting cyclotron, providing 250 MeV beam up to 800 nA. The
use of supercondction technology with its closed cycle, zero Haffl liquid helium
cryosystem allows a high induction that saturatasmpletelythe iron yoke of the
compact machine(Récken, et al.,, 2010)Unlike the IBA andsumitomo Heavy
Industries(SH) isochronous cyclotrons, the AC@Ekian cyclotron is equipped with
four RF cavities to maximize the energy gain per turn and the extraction efficiency.
Here again, a graphite variable energy degrader is used to adjust the protogyener
between 70 and 250 MeV. Then3eter diameter, 1.6 metehigh cyclotron weighs
90 TongJongen, 2010)

Figurel-3 - The IBA C23fesistivecyclotronfor proton therapy.

These &e relatively large and complex facilities compared to the commercial
proton IBT centers. IBA has designed a Hiigld (4.5 T) superconducting agtron
to accelerate ions with a charge to mass rajla=*2 (H*, He, Li, B, C, Ni, O, and Ar)
to 400 MeV/amu This cyclotron, called the C400, is based on the IBT C235 design
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but with higher magnetic fields and a larger diameter (6.4 m vs. 4.7 m). The machine
will be capable to provide 265 MeV protons as well as 400 MeV/amu heavy ions,
making it amall-purposeaccelerator for IBT applications within a very small footprint
and a serious competitor to the synchrotron as a practical and affordable source of
ions for hadron therap (Friesel & Antaya, 2009)

1.2 Radiation Protection Problems

Radiation otection (RP)problems in the use of particle acceleratars the
medical fieldcan be divided in threeategoriesconsidering the working life of the
accelerator itselfFigurel-4):

1 Problems related to thsite planning
1 Problems related to theoutine useof the accelerator;
1 Problems related to thelecommissioningf the accelerator/site.

Guidelines for site planning and installation, as well as foratadi protection
assessment, are given in a number of international documents (some of them will be
analyzed in detail in the next sectionepweer these welestablished guidelines

~
RP problemsin the use

of acceleratorsin
medical field
I

v v v

~
[ Site Planning J(—r Routine use 4—»[ Decommisioning J
>/

sines 0. 465

Cyclotron Produced

Radi i [N S A
Principles and Practice S Research Facilities.

Figurel-4 - Radiation protection problems in the use of acceleratam the medical field.

typically discuss analytic methods of calculation of both shielding and materials
activation in approximate or idealized geometry setukreover these guidines

refer to one problemat atime without any connetion to the other problemsFor
examplethe design of the shieldinduring the siteplanning is a problem strongly
correlated to the decommissioning of the sitshielding thickness should be
calculatedtaking into acount the ability of the different shielding materials to
minimize the volume of radioactivwaste atthe end of the working life of the site
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and the cost of the decommissioning.other cases, works in the scientific literature
try to generalize resultebtained from metaanalysis orfacilities already built, as
reported by Tesch{(Tesch, 1985)or are based on general hypothesis about the
source term (Birattari, et al., 1985;Birattari, et al.,, 1987b) Experimental
measurements of the neutromlose field aroundPETcyclotrons(Gallerani, et al.,
2008; Silari, et al., 2009Guimaraes, et al.,, 2012gan be valuable references, but
inevitable differences (in equipment, configuration, layout) should be carefully
considered when planning new facilities as generalization of experimental results is
not straightforward.

1.2.1 International and NationalRegulatians

lonizing radiation is a potentially dangerous agent, &iLthe sametime it is very
useful in several fields of human activities. Frtra early years after its discower
and initial use, it has been clear that ionizing radiation can be usedfolidyving

al FSGe FYyR LINRPGISOGAZ2Y NUzZ Sao LG akKz2dzZ R

changes with time, not only due to increased scientific knowledge, but also taking
into account health standards, social, economic issues and political factors.
International and National regulation are on the basis of every radiation protection
evaluation.Beyond the calculation, the methodology applied and the fireult
obtained every evaluation has to be performed accordingthe prescriptions of
these regulationslt is important to remember that regulating safety is a national
responsibility. However, radiation risks may transcend national borders, and
international cooperation serves to promote and enhance safety globally by
exchanging experience and by improvicepabilities to control hazards, to prevent
accidents, to respond to emergencies and to mitigate any harmful consequence.
States have an obligation of diligence and duty of care, and are expected to fulfil
their national and international undertakings armbligations. International safety
standards provide support for States in meeting their obligations under general
principles of international law, such as those relating to environmental protection.
International safety standards also promote and assusafidence in safety and
facilitate international commerce and trade.

There is a welestablished hierarchy in thavailableinternational regilations
(Figurel-5).

0S
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UNSCEAR

Data on sources and effects
of radiation

ICRP
Recommendations

Safety Fundamentals
(Principles)

= Safety Reports “Shall” statements,
- TECDOCs Safety Standards f ' !

Safety Guides
(“Should” statements)

EURATOM Other
treaty regions/countries
EU BSS Medical Exposure .
L (Directive 2013/59) ( (Directive 97/43) J Other Regulations...
RP series National
publications Regulations

Figurel-5 - Hierarchy of the international regulations on radiation protection.
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factors; inview of avoidng political and economic influences, this delicate task has
been entrusted to an international commission of highly reputed experts in the field,
the International Commission on Radiological Protect{t@®®). The ICRP is an
independent body: members of the Commission are not indicated by governments,
the ONUor other political or economientities, but are expressed by the scientific
community. The IRP publishes periodical Repottsat, thanks to their bance,
scientific level and value, areonsidered as the basis for amyternational and
national regulation. The ICRP finances its activities with the revenues coming from
selling publications and reportdn the 1990 Recommendations, the Commission
gave the principles of protection for practices separately from intervention
situations. The Commission continues to regard these principles as fundamental for
the system of protection, and has now formulated a single set of principles that
apply to planned, emgency, and existing exposure situations. In these
Recommendations, the Commission also clarifies how the fundamental principles
apply to radiation sources and to the individual, as well as how the seatated
principles apply to all controllable situahs. These principles a(BCRP, 2007)

1 The principle of justificatiod® Ang decision that alters the radiation
exposure situation should do more good thanhérmd ¢ KA &4 YSIFya GKI
introducing a new radiation source, by reducing existing exposure, or by
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reducing the risk of potential exposure, one should achieve sufficient
individual or societal benefit to offset the detriment it causes.

1 The principle of optingation of protectiorth Thé likelihood of incurring
exposures, the number of people exposed, and the magnitude of their
individual doses should all be kept as low as reasonably achievable, taking
into account economic and societal factor® ¢ KA a tWeSdvefaf G K|
protection should be the best under the prevailing circumstances,
maximising the margin of benefit over harifo avoid severely inequitable
outcomes of this optimisation procedure, there should be restrictions on
the doses or risks to individls from a particular source (dose or risk
constraints and reference levels).

1 The principle of application of dose limids Thé total dose to any
individual from regulated sources in planned exposure situations other
than medical exposure of patients shduot exceed the appropriate limits
recommended by the Commissiod® wS3dzf F G2NE R2aS tAYAQ
by the regulatory authority, taking account of international
recommendations, and apply to workers and to members of the public in
planned exposure &iations.

Two principlesare sourcerelated and apply tall exposure situations (justification
and optimization) while one principle is individiralated and applieso planned
exposure situations (application of dose limits).

The findings of théJnited Nations Scientific Committee on the Effects of Atomic
Radiation(UNSCEAR) and the recommendatioh$GRRP, are taken into account in
developingthe Safety Sandardsof the International Atomic Energy Agen(hAEA.

Safety standards are developed in coopgoa with other bodies in theUnited
Nations (UN) system or other specialized agencies, including the Food and
Agriculture Organization of the United Nations, the United Nations Environment
Programme, the International Labour Organization, the OECD Nuéleargy
Agency, the Pan American Health Organization and the World Health Organization. A
global nuclear safety regime is in place and is being continuously improved. IAEA
safety standards, which support the implementation of binding international
instruments and national safety infrastructures, are a cornerstone of this global
regime. The IAEA safety standards constitute a useful tool for contracting parties to
assess their performance under these international conventions. The status of the
IAEA safetytandards derives from the IAE3tatute, which authorizes the IAEA to
establish or adopt, in consultation and, where appropriate, in collaboration with the
competent organs of the United Nations and with the specialized agencies
concerned, standards of safefor protection of health and minimization of danger

to life and property, and to provide for their application. With a view to ensuring the
protection of people and the environment from harmful effects of ionizing radiation,
the IAEA safetgtandards esblish fundamental safety principles, requirements and
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measures to control the radiation exposure of people and the release of radioactive
material to the environment, to restrict the likelihood of events that might lead to a
loss of control over a nucleageactor core, nuclear chain reaction, radioactive source
or any other source of radiation, and to mitigate the consequences of such events if
they were to occur. The standards apply to facilities and activities that give rise to
radiation risks, includinguclear installations, the use of radiation and radioactive
sources, the transport of radioactive material and the management of radigacti
waste. Safety measures and security measures have in common the aim of
protecting human life and health and the environment. Safety measures and
security measures must be designed and implemented in an integrated manner so
that security measures do not compromisafety and safety measures do not
compromise security. The IAEA safety standards reflect an international consensus
on what constitutes a high level of safety for protecting people and the environment
from harmful effects of ionizing radiation. They amsued in the IAEA Safety
Standards Series, whietne divided irthree categoriegIAEA, 2014)

1 Safety Fundamentals Safety Fundamentals present the fundamental
safety objective and principles of protection and safety, and pi@\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 rguirements are governed by the objective and principles of
the Safety Fundamentals. If the requirements are not met, measures must
be taken to reach or restore the required level of safety. The format and
style of the requirements facilitate their use ftine establishment, in a
harmonized manner, of a national regulatory frameworkg&ements,

Ay Of dzZRAY 3y dzY 0 Segiiremenits? adeSeddresSokaszy kst €
statements. Many requirements are not addressed to a specific party, the
implication beinghat the appropriate parties are responsible for fulfilling
them;

9 Safety GuidesSafety Guides provide recommendations and guidance on
how to comply with the safety requirements, indicating an international
consensus that it is necessary to take the measurecommended (or
equivalent alternative measures). The Safety Guides present international
good practices, and increasingly they reflect best practices, to help users
striving to achieve high levels of safety. The recommendations provided in
SafetyGuidet | NB S E LING &taténfientd. & ¢ & K2 dzf Ré

The principal users of safety standards in IAEA Member States are regulatory
bodies and other relevant national authorities. The IAEA safety standards are also
used by cesponsoring organizations and by many organizations that design,
construct and operatauclear facilities, as well as organizations involved in the use
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of radiation and radioactive sources. The IAEA safety standards are applicable, as
relevant, throughout the entire lifetime oéll facilities and activitiesexisting and

new, utilized for peaceful purposes and to protective actions to reduce existing
radiation risks. They can be used by States as a reference for their national
regulations in respect of facilities and activiti@&EA, 2014)

Regarding the Italia national regulation about radiation protection, the most
important doament, to which this thesisefers, is theDecreto Legislativo 230 @7
March 1995(DLgs 230/95). The Dgs 230/95(updated in 2000 and 20013% the
Italian implementation of theCouncil Directive 96/2QEIRATOMof 13 May 1996
Even if at thetime of writing of this thesis a new European directive has been
published 2013/59EURATOM 6&fDecember 20)3taly has not yet implemented an
updated regulation. To make this document more d=ble, specific aspects of the
DLlgs 230/95 dose limits for the workers and the populations, the exemption limit
for the release of radioactive materials in the environment, authorization
procedures, etc.) will be presented contextually to related argurhem the next
chapters.

An important issue to remember is that even if the above regulations provide
the limitations to respectfor a correctradiation safety practice (from a practical
point of view the principle of application of dose limitg) informaion are provided
on how to achievethis goal In other wordsa regulation providing thdRadiation
Protection Office(RPQ or the Qualified ExpertQEor RPEwith the methodology to
dothe calculation and satisfy thHanits mentioned has not beepublished yet at any
level, national or nternational Generally, these methodologies are reported in
égood practice tehnical guides LJdzo f ’accriédidlorgariizationssuch ashe
National @uncil on Radiation Protection aikasurementfNCRP).

1.2.2 Desiqn of Shielding

A numberof referencesregarding the design of shielding of acceleratare
available in literatureNCRP published several dedicated reports in which calculation
methodologesfor design of shielding are proposed:

f NCRP Report No. 144 diatidn RProtection for Particle Accelerator
Cl OA {(NCRR 30633

 NCRP Report No. 147 & { ( NHzOG dzNF f { KASt-Rayy3d 5SaA
LYF3Ay3a (RNCRPA200K)G A S & ¢

" NCRP Report No. 156 { § NHzOG dzN> £ { KASft RAy3 5SaA3,
Megavoltage Xand Gammaw I & wl RA 2 (i K S(NCRRJR00B)F OAf AGA S

While NCRP 147 and 151 repaate dedicatedto a class of accelerators used in the

medical field X-ray tubesand CT ithe 144 and linear acceleratonsthe 151) NCRP
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144 is a more general report about shielding of accelestactually, even if the
NCRP 144 isnall-inclusive report in which many aspscfrom physics to practical
issues, related to acceldaxas are reported, it covers a wide range of energies from
5 MeV to the multigigaelectron \blt energy region. Moreover, a dedicated
calculation methodology for cyclotrons used in the medical fiekpecially for PET
cyclotron <30 MeVijs not provided even if these accelerators are the most widely
installed in the worldfor exampleno information about theUse Factor) or the
Occupancy FactofT] are provided since this publication msostly focused orthe
large accelerat@used inthe research field in which the occupancy near the device
is moderate.The application of NCRP 144 fibis class of accelerators istime end
quite dispersive and time consuming.

A dedicated calculation methodology for PET cycldaras reported in two
standards published by théeutsches Institut fir Normun¢DIN), the German
Institute for standardization:

f DIN6871L.a/ @8O0t 20 NPy &aeadsSvya TF2NIPalAAlGNRY S
WSl dZANBYSYyia T2N O02yadl mmeddoge vt NI RAL G
f DING687R20 G/ @ Of 2GNRYy aeéaidisSvya T2RatR2I2aAAGNRY
WERAFGAZ2Y LINRGSOGAZY {DINDOERY (G K& | YR 61|

Both NCRP reports arfdlN standards are based on analytical methwde/hich
general hypothesis, especially regeglthe source termare madeand appliedto
an idealized or generigeometry that usuallydoesnot fit the real layout that we
want to use. Even if for a simple estimation of the primary barrier these methods
give with a good approximatioa satisfactory resulfor other critical poins, suchas
ducts and mazesot only these analytical methoddo not guarantee satisfactory
resultsbut in some situatioathey cannotbe applied NCRP, 2005)

Finally, scientific literature provides a number of data derived from meta
analysis(Tesch, 1985mnd experimental measuraents, in existing facilities of
several quantities of interest in the design of accelerasbielding such ashe
neutron dose fieldGallerani, et al., 2008)r the neutron spectrgGuimaraes, et al.,
2012; Wiegel, et al., 2009Silari, et al., 2009)simplified calculabn methodology
based on general hypothes{Birattari, et al., 1985Birattari, et al., 1987b)These
data should be carefully considered when planning new facilities as generalization of
experimental reslts is not staightforward given theinevitable differenes in
equipment, configuratiorand layout
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An approach based on NCRP 151 can be applied to biomedical cyslotron
Actually theTransmission FactoB(t,) of the primary barriey of thicknesds, can be
calculated as

00 —" T L E tionl-1
- uationl-
0O 7 I

whereHiim(g,d)is the limit dose equivalenequiredin the directiongat the distance

d from the source (usually reported &hielding Design GoRlin the NCRP reports)
while Hex{g,d) is the expected dose equivalent in the directignat the distanced
from the sourcewithout any barrier.FromEquationl-1 it is clear how the problem
is the correct assesgent of the termin the denominator. In the following chapter

it will be shown how Monte Carlo simulation allows to assess this terone
accurately than to analytical methods.The expected dose equivalent can be
evaluatedanalyticallywith a simple point kerneNCRP, 2003)

) . ) Y'Y :

0 ThQ 'O Th SQ— Equation1-2
where He(qgr) is the dose equivalent in the directiojat the reference distance
from the source (typically 100 cm); is the use factor defined as the fraction of the
primary beam workload that is directed toward a given primary barffeis the
occupancy factor foan area defined as the average fraction of time that the
maximally exposed individual is present while the beam iglagthe distance to the
occupied area of interesind should be taken from the source to the nearest likely
approach of the sensitivergans of a person to the barrier. For a wihis may be
assumed to be not less thah3 m. For a source located above potentially occupied
spaces, the sensitive organs of the perdmiow can be assumed to be not more
than 1.7 m above the lower floor, vife for ceiling transmission the distance of at
least 0.5 m hove the floor of the upper roons generally reasonabidNCRP, 2004)
The order of magnitude of the ternH.(qgr) can be assessed using a simple
calculation methodbased on the knowledge of the neutron yield, expressed in
neutrons emitted per incident proton.Actually, he shielding thickness for proton
accelerators ofmoderately high energy, up td00 MeV, is determined by the
neutron-attenuation characteristics ofhe shielding materialNCRP, 2003)f the
material used in the barrier is concrete, then experience has shown that the barrier
will adequately absorb all photoneutrons and neutron capture gamma rays and no
additional barrieris required. This is due to the relatively high hydrogen content of

2The terms attenuation and transmission are often confused in literature. In proper use, almost
always, an attenuation factor is greater than one, and a transmission factor is less than one. Thus,
e.g., when a shield reduces the radiation intensity byadiaof 10, the attenuation factor is 10 and
the transmission factor is 10
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concrete and its resultantly high neutron absorption cross sec{M@RP, 2005)
Data on the neutron yield for different materialsavailablealsoin the NCRR.44
report, were published by Tesch in 1988 esch, 1985from a metaanalysis
conducted irexistingfacilities in the previous 10 years.
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Figurel-6 - Total neutron yield per pton for different target materials(Tesch, 1985)

The neutron flux can be assesagging the following equation:

wJO0Z® .
%0 ——M— Equation1-3

“Q

where £ is the neutron flux ifcm? s?; Y is a dimensionlesangulardistribution
factor® (NCRP, 1976)» is the proton current in[s']; ny is the neutron yieldper

3NCRP 51 reports typical angular distributions in neutron yield ratios, Yield(@a°)¥d
Y(0°)/Yotar, for several neutrosproducing reactions, here indicated with using Y. only Y. For (p,h)
reactions, with a proton energy >5 MeV, Y can be assumed equals to 1 to be conservative.
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incident proton d is the reference distance iftm]. To convertthe flux into dose
equivalentit is necessary to take into account tieenceto-dose conversion factors
reported in the IRCP 74CRP, 1996)r in the ICRP 116CRP, 201(nd the IAEA
TecRep 4031AEA, 2001bhand the neutron distribution in energy

—@— H*(10) (ambient dose equivalent)*1000 —&— Hp(10,0) (personal dose equivalent, 0°)*100
—a&— Hp(10,45) (personal dose equivalent, 45°)*10 —— Hp(10,45) (personal dose equivalent, 60°)
—=—Hp(10,45) (personal dose equivalent, 75°)/10

1E+06
1E+05
1E+04
1E+03
1E+02

1E+01

Fluence to dose conversion factors [pSv.cm?]

1E+00

1E-01
1E-09 1E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E-02 1E-01 1E+00 1E+01 1E+02

Neutron Energy [MeV]

Figurel-7 - Neutron fluenceto dose equivalent conversion factgtAEA, 2001b)

Under idealized circumstances, the transmission factor may be expressed in the
following equivalent ways:

60 pm’ ¢ ¥ Q7 Equation1-4

where thetenth-value layer (1) is the thickness which attenuates the radiation in
guestion by a factor of 10; thieal-value layer {4) is the thickness which attenuates

it by a factor of 2; and thattenuation length () is the thickness which attenuates it

by a factor ofe Equation1-4 assumes that each additional equal increment of
barrier thickness reduces the radiation by a constant facfdhen expressed as in
Equation1-4 and plotted on a sembg graph as a function af, B(t) appears as a
straight line. Significant deviations from this iddahaviour may occur in the
shielding layers closest to the radiation source. Over a limited range of shield
thicknesses, approximating the radiation transmission by an exponential function
works well. For shields of thickneless than 100 g ¢ the value of/ changes with
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AYONBIaAy3d RSLIIK Ay GKS &KA Softdg 00 NG I Rdkal Qi AR/ S
FNBE FddSydzriSR Y2NB NI LIARf&d® gpdcthulm LINR OSa
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(a change in slope in the attenuation curves) which can be taken into account by

using a value for the attenuation length over the first tenthlue layer (TVL),

designated ad 11 in the shield nearest the radiation source which is different from

TVL used fothick shields A1). Use of a value fofr: different from /1 is similar to

using a buildup factor for the radiation. For a desitetrier transmission factoB

the total barrier thickness is determined from the number of T\f.$) (required

(NCRP, 2003)

Equation1-5

. o AP
¢ 1T C
If /71is significantly different from the equilibrium value of the attenuation length
(/7), the total thicknes$ is given by{NCRP, 2003)

0 € P _ Equation1-6

To take into account the scattering radiation an additional H8/Bddedto the
thickness of the barrier:

0 0 Owo Equation1-7

The nomenclature which is widely used in the literature is repeated here but is
nevertheless confusing. The attenuation length), (tenth-value layer (1), and the
half-valuelayer (1) are related by the equation®CRP, 2003)

_j p Tt Equation1-8

= _ C] E Equation1-9

To add furtherconfusion, the value of the tentlaalue layer aequilibrium is often

denoted as/e, whelS (G KS WWSQQ R®Vyie ke $anfusddyittieX, thatdo NA dzY =
reduces the radiation intensity by a factor @fif the total shielding barrier consgst

of more thanone material, it is necessary to adjust only the material thicknesses

such that the number of 1 of all the materials combined is equal tor (similar

arguments apply both to hailfalue layers and attenuation lengths).
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Figurel-8 - The variation of the attenuation length/ J for mono-energetic neutrons in concrete as a
function of neutron energy. Solid circles indicate the data(Afsmiller, et al., 1969and open ciras those of
(Wyckoff & Chilton, 1973)The solid line shows recommended values of RL and the dashed line shows the high
energy limiting value of 1,170 kg f(NCRP, 2003)

Data about the TVL for drent shielding materials and for both photons and
neutrons can be found in the NCRP IMCRP, 2003nd in the IAEA TRep 283
(IAEA, 1988)Figure1-8 shows howfor neutrons <30 MeV the attenuation length
slowly changesvhen energy increase this case it is safe to use only one value of
TVL(the maximum) for all the energies in the neort spectrum In the other cases,
knowledge of the neutron spectruns fundamental to assess correct values of TVL
for different energy range.

It is known that the intensity((x) of a mono-energeticphoton beam traveling
through a thicknesx [cm] of a given materialfollows the welknown exponential
attenuationlaw

"Ow om ° Equation1-10

where |, is the intensity of the uecollided beam andmis the linear absorption
coefficient in[cnTl]. The assumption of a simple exponential attenuatiaw results

a validapproximation in situations wherphotoelectric effect and pair neduction
predominate:if during the attenuation the beanundergoes Compton scattering

the interacting photons are nateally removed from the initial beam, &s the case
with the other two effects. As a consequence, they can reach the detector degraded
in energy but not in intensity. The contribution of the scattered radiation can be
taken into account considering the salledbuild-up facta B(E,>x) (Sandri, et al.,
2008) The buildup factor is defined athe ratio of the actual photon flux to that
which would be calculated using a simple exponential attenuation with linear
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absorption coefficient (Rockwell, 1956)Taking into account the buHdp factor
Equationl-10 becomes

O 6 OF wlom ° Equation1-11

The buildup factor depends on many factors such as geomeitial energy of the
radiation,distance from the source amdimensiors of the beam.For a narrow beam
the probability that thescattered radiation reads the detectoris negligible and
BEotx)=1® Ly (GKA& OF §ddd ged@netrg [Pt (veisi)@ER dzbroad
beam this probability cannot be neglected aB(E,[ xX)>1, this cases referred to as
¢bad geometryg (D'Arenzio, et al., 2014) & 6 S & G ofh&nhdliKg2the duildup
factor for every sifiation is not yet agreed upon. In literature, a number of empirical
relationshis for the computationof the buildup factor are availabléRockwell,
1956; Sandri, et al., 2008)s well as tabulated datd&or example, one of the most
used relationship, for an isotropic source imdnfinite medium,is given by the sum
of two simple exponentialerms

6 OF & & 0 Q p 0 001Q Equation1-12

where m is the attenuating mediumsis the source geometry anithe parameters

A, |1 and J are functiors of energy.A simple approximation is reported (inoll,
2000)for gamma radiationas a rough rule of thumb, the builth factor for thick

slab absorbers tends to be about equal to the thickness of the absorber measured in
units of meanfree path B d x) of the incident gamma rays, provided the detector
responds to a broad range of gamyray energiesWhen the shield is made up of
severalmaterials, the total relaxation lengthgs the sum of the relaxation lengths of
the various componentéRockwell, 1956)

Other important phenomena to take into account during the shielding design are
0 K Skystiné | y RyroinésBinéad STFSOG @ ¢ KB 2ZINBEOWEHEEE REFK F
well asgroundshine) is not apparent from the literature and is defined here as that
radiation observed at a point on the ground surface which arrives at that point
having undergone one or more largagle scatters in the aifNCRP, 2003)Any
accelerator of sufficient energy will produce neutrons in the accelerator enclosure,
and the energy of these neutrons will be distributed over a wide range. In passing
through the shield, if the shield is sufficienthick, the primary neutrons, degraded
both in energy and intensity, will reacthermal equilibrium with the shielthg
materialmedia Neutrons are the principal component of radiation transmitted by a

4The attenuation length is often calledlaxation lengthto indicate thedistance in a material for
whicht x=1 and thus which attenuates the radiation by a factoreobr 2.7(Rockwell, 1956)
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thick-roof shield and will emerge into the surroundiag. In those cases where the
roof is thin, particle equilibrium may not be achieved and the emerging neutron
spectrum will be intermediate between that of the primary source spectrum and the
ultimate equilibrium spectrum. Skyshine results from scattepngcesses and it is
largelydue tolower-energy neutrons that are scattered back to ground. Heglergy
neutrons, which penetrate the roof, undergo inelastic collisions with air atoms to
generate more lowenergy neutrons in the air augmenting those whiblave
WYS | 1 SRQQ T NRuwantifi skgshindPprarioeena 2 is necessary novk

the intensities and botlenergy and angular distributions of neutrons entering the
sky above the acceleratoDetails on the calculation method for skyshine and
groundshne can be found irfLadu, et al., 1968nd (Chilton, 1974)and in NCRP
Report 51(NCRP, 1976)

1.2.3 Activation of Accelerators andProduction of Radionuclides

Activation ofcyclotron components andhielding is another important radiation
protection problem, especially concerningetllecommissioning of a site asll be
shown in the next section. In the following, general kiedge and definitions about
production of radionglides will be presentedThe terms crossection and yield,
widely used in practical radioniide production, often differ from basic definitions
used in nuclear reactions theotlAEA, 2001aDifferent application orientedroups
use these terms in a nestandard way This fact has created ovéine yearsmuch
confusionin scientific literatureas far aghe terminology usedo define saturation
activity, the saturation and physical yiedthd therelated quantities actuallyit is not
uncommon to find different quantities reported with the same nawe vice versa,
the same quantity reported with different name¥o avoid misinterpretation of &
data and the results reporteth the present thesis, a brief summaiy reported,
with the definitions of the most important quantities describing nuclear reactions in
the field of practical radionuclideproduction and ativation technology

The production of a radionuclide cée expressed in terms of the variationith
time, of the number N of nuclei produced considering the followirdjfferential
equation

QuUo -
0o - Vo Equation1-13
00 mM T

where S is the source term (nuclei produced per unit timahd 1 is the decay

5The terminology dradioisotope productioré  ofteén dza S R A sadiohu@lid&productior:

Gradioisobpest  LINE RdzOiG A2y Ad AGNAQINEI O NRPDI s B¥E 6 ORYARAR

production is always correct, first of all with cyclotrons.
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constant in [8]. Equation1-13 is a nonhomogeneous linear ordinaryffdrential
equation (ODE) thatan be solved considering thillowing integral general
solution (Kreyszig, 2006)

T oA . s~ Equationl1-14

where C is an integration constant. Solvindgzquation 1-13 is now reduced to
evaluatingthe integral inEquationl1-14, which gives (expressing ewthing n terms
of activity)the wellknown equation

00 o Jp Q Equation1-15

where As: is the Saturation Activityin [Bqg] which represents the source term of
Equationl-13, andt is the irradiation time

The Saturation Activity can be expressed i @guivalent ways. The firss often
used in Nuclear Engineering, in particuiar Neutron Actvation Analysis (NAA)
where theneutron flux is generally knowisaturation Activity can be written as

5
0 € %0, 0Q0 " ® 5 %0, O'Q0O Equationl-16

where ncis thenumberof target nuclei in the target materiafE)is the particle flux
(protons or neutrons in the cases studied in this thesis]cim?-sY]; sy is the
microscopic production cross section of the nucldeom the nuclidex in [cn?]; WV
is the mass of the target material fg]; S x is the mass fraction of the nuclideNa is
the Avogadrd &lumber 6 ¢ ® n # atom#mol); A is the mass number of the
nuclidex in [g/mol]; Ein and E..: are respectivelythe incoming ad the outcoming
particle energiesn the target material(E..=0 if completely absorbed Equation
1-16 is a very intuitive form in whiclAsx can be written: actually the product
nfs= xf, wherex is the macroscopic cross sectiagmnothing else that th&eaction
Ratethat is the number of nuclei produced per unit time.

The otherway to write Asxis generally used in Accelerator Physics: is fleld the
quantity that is generally known is the irradiation currehirst of all,consider he
following definitionsthat can be found inhe IAEA TECHDQE11(IAEA, 2001a)

€Ny

f A. or Production Yield or HinA Yielda ¢ KS | OGA@AGe 4G GK
bombardment performed at a constant7A beam current on a target
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during 1 hour is closely related to the measured activity in every day
isotope production by accelerators, the so called1H#f yield, A In
practice, this laer quantity can be used when the bombardment time is
significantly shorter than or comparable with the Risié of the produced
Aaz2i2LIS ¢

 Acor Saturation Yieldd 2 KSy GKS ANNI RAIFGAZ2Y (GAYS

half-life of the produced isotope, a sasttion of the number of the
radioactive nuclei present in the target is reached, and their activity
becomes practically independent of the bombardment time (at a constant
beam current, generallgonsideredlL/A). This activity produced by a unit
number of ncident beam particles is the-salled saturation yield, & ¢

These two quantities are related with the so calldysical Yieltt that is defined

for a target having any thickne$iAEA, 2001a) tharatié@ of the numbebf nuclei
formed in the nuclear reaction to the number of particles incident on the target L
customary to express the number of radioactive nuclei in terms of the activity, and
the number of incident particles in terms of the charge. Thigan be igven as
activity per Coulomb, in units diGBqg/Q. The analytical meaning of thehisical
Yield is the slope (at the beginning of the irradiation) of the curve of the growing
activity of the radionuclideproduced versus irradiation time(IAEA, 2001a)
Remembering the definition of thielass Stopping Powé&k(E)

D Qdmna pQO

Y 0o Q "Qm

Equation1-17

the Physical Yield for a thick tar§ean be defined aBonardi, 1987MclLane, 2004;
Otsuka & Takacs, 2012)

Q0 Equation1-18

where Q=Zeis the charge of the incident particle [C] andM in the molar mass in
[g/mol]. There are close relationships eten the abovementioned yieldsusing
the decay constant of the radionuclide and consideringan irradiation timet of 1
hour, it is possible to obtair{lIAEA, 2001a)

5 A thin target has a thickness so small that the reaction esestion can be considered as
constant trough the whole target. This is equivalent to the energy loss being negligible when
compared to the energy range needed to see significant changes in the reactiorsentiss. A thick
target has its thickness comparable or larger than the range of nbilént particle in the target
material.

A a

M\
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®W 0 O>— 0 _ Equation1-19
p Q B

Equation1-18is calculatedor aunit current(1 C/s) consideringequation1-19 and
the particlecurrentlrin [s1] it is possible to writé\s,:as

o (VI i~
o] — 0 —Q0 Equation1-20
V)

It is important to understand that the two foraof Equationl1-16 and Equationl1-20
are totally equivalent:if the density is explicatedin the definition of the mass
stopping powelit is possible tabtainthe following equivalence

o i~ O GO ~ 20
€ %0, 0Q0 —— » O ﬁé) O Equation1-21
U W Q

where the term onthe right represents the sum (the integral) of the particle track
lengths dx per unit of volume multiplied by the particle currelithat means the
particle flux)and multiplied by the macroscopic cross sectiors), In other words
we obtain again the Reaction Ratés.

In this thesis, theSaturation Yieldwill be indicated with Ys; and corresponds to
IAEA) A; through the following relationship considering the irradiation currdnin
[mA]

8

—_ Equation1-22
(@)

0
It is usually suitable to expre¥s.in [MBg/mA] or [mCifA].

1.2.4 Decommissioningf Accelerators

In 2006 L ! 9! LJdzof AAKSR |y dzLJRI (Brect@ryf of 1 KS R2
Cyclotrois Used for Radionuclide Production in Member Stateporting the
complete list of the cyclotrons installed in all the member states, including technical,
utilization and administrative information: at that time 262 operating cyclotrons
were installed, in the 39 member states, over the ~350 present in the WkHEA,
2006) Nowadays this number hasirely increased not only ievelopedcountries,
but even more in the developing oned.arge concentrations of cyclotrons for
radionuclide production are located in the United States of America, Japan and
Germany Althoughthe USA are the country wittihe highest number of cyclotrons,
the numkbker of machines installed in the EU for medical radionuclide production is
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even higher The number of institutions thatlistribute radiopharmaceuticals and
[*8F]DG, in particular, is largend still growing.Among them 75% of the cyclotrons

are being usedo produce FDG, either for internal use or for distributionisTis
certainly an underestimatioms the commercial suppliers are uneepresented in

the IAEAsurvey.The number of types of cyclotrons available commerciallgise

quite large andincreasing The energies range from a few MeV for PET isotope
production only, to a few hundreds MeV for proton therapy or production of
radioisotopes requiring these high energies. The beam currents range upwards from
40 mA to over 1 mAIAEA, 2006)

The use of isotopes in medical and industrial applicationassreported above,
constantly growingrequiring an increasing number ofifflerent isotopes to be
produced;this lead to the construction of new and improved acceleratbtg the
estimated life expectancy dhese accelerators andhe reasonsfor shuttingthem
down arequite different. Accelerators facilities could be shut down due to extreme
weather conditions experience, such as tropical storms or tornados, as in the case of
the Scanditronix MC40 cyclotroat the Texas Medical Centre operated by the
University of Texas in Houston that became a victim of an extreme tropical Storm in
June 2001. The changes in finances, politics, market switches, improved technology,
changes innstitution goals andaging of equipmentould initiate the shutdown of
an accelerator facilityFor biological protection, electrostatic, linear or circular
accelerators are housed in thigkalled concrete buildings. During the operation of
the acceleratos, the concrete walls become slightly radioactive over time due to the
activation of traces of rare earthend metals present in the concrete dhe
reinforcement bars. Other activation mechanisms give rise to adigtivation of the
metal parts of the &celeratos themselves When considering the dismantling of
such accelerators, considerable amounts of low level solid radioactive waste (several
thousands of mof concrete, plus several hundred tons of metal) have to be taken
into account. The specificcavation levels in these materials may exceed the
exemption limits and the proposed limits for unrestricted clearance by a factor of 50
to 100 (European Commission, 1999he stakeholders want guarantees that all
radioactivity and other hazardous materials have been identified and are or will be
removed during decommsioning of nuclear facilitiesThis is in no way less
applicable in the case of the decommissioning of accelerator facilities. In many case
the site owner of an accelerator facility is not the operator of the facility because
accelerators are operated by universities, research institutes, medical facilities and
local or national governments. The stakeholders would pretmelerator facilities
to be decommissioned and releasddr unrestricted reuse in most cases due to the
type of operators/users not being the same as in other nuclear facilities such as
Power Plants, NFC facilities and Research Reafttussis caled in the practice
partial decommisi®ning).
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To decrease future dismantling costs, which might easily represent up to 4 times
the purchase costs, it is important to quantifjearly the extent of this activation
and to identify possible countermeasures to be taken during the constructiase
of the accelerators.The subject of accelerator deconissioning has become
important only in recent yearsaccelerator dismantling was generally handled in the
past by setting up a plan of systematic measurements after the machine was
shutdown. The indepth study of machine and shielding activatian the
construction phase allowslso a better evaluation of the possible radiological
burden put on workers and the public as a consequence of the dismantling and
disposal options takefEuropean Commission, 199%®egulations today requirt
consider decommissionings part of the design and planning phase for each nuclear
facility and this should be done faaccelerator facilities as wellOperators of
accelerators should ideifly difficulties that could be experienced during
decommissioning so that solutions can be found in time and in some instances
decommissioning of redundant parts/sections of the facility could be done while the
facility is still in operation to reduce bdities at the end of the life cycle
Nevertheless, there is a lack mdferenceson specific procedureso follow during
the decommis®ning of particle acceleratorsAlthough a number of guideline
documents have been publishedvith the radiologicalprotection requirements
during the operation of acceleratorthe decommissioning of these facilities has not
been addressed sufficientiyto date a univocal guideline, fully accepted by the
scientific conmunity, hasnot been publishedyet. Actually, &en if the number of
cyclotrons installed in the world is continuously increasing, only aifetnces of
decommissioning have beawonducted over the worldn literaturethere is a lack of
data about practical experiences of decommissioning of particle l@@ters,
particularly cyclotrons, ananly a few reports try to collecéll these information
(European Commission, 199KEA, 20040pelka, et al., 1979Calandrino, et al.,
2006;Birattari, et al., 1989Carroll, 2002Carroll, et al., 2001Even if these data can
be avaluable source of information, direepplication ofthem in the planning ofts
own decommissioning strategyg not advisable due tdhe differences irthe layout
of the site, in the workload and technology the different acceleratorsThe need to
address the decommissioning of accelerators has been recognised by thandEA
the writing of a reference text is currently ongoing

As will be shown in thefollowing chapters, Monte Carlo simulation allows to
assess the level of activation of cyclotron components and shielding, to identify the
most problematic radionuclides produced and to perform an optimal design of the
whole site including the planning ah adhoc strategy of decommissioning.



Chapter 2
TheMonte CarloFLUKAode

Before introducing the Monte CarldC)code used in this thesis it is necessary,
in my opinion, to give to the reader three genebalt very importantpremises:

f The perfect Monte Carlocoe2 Say Qi SEAaGAT

1 Every Monte Carlo code has a more dedicated field of application;

1 The experimental measurements validate the simulations and not vice
versa.

Are these threegeneral sentences so importghtJnfortunately, it is not uncommon

to read in the sentific literature, or to listen in international congress sentences

in opposition tothe ones reported above. It has to be clear at any level, from the
student that approachesfor the first time the Monte Carlo simulation to the
academic Professor witseveral years of expencee (0 KIF 0 GKS &aaAydz | A
NBadzZ & GKFEG Aa agNRy3IE o6& ylFiadzNBd CANBO 27
remarks common to all th&IC codes(and not only to them) These codes apply
gKIE G Aa Kdnte CabRMetiioktS G asii will be shownm detail in the

next sectiona numerical technique to evaluate integrals. As usual in physicayeve
able to appoximate exactly aphenomenon which means to be ablédrom a
mathematical point of viewto make equalto zero the rest of the approximation
formula and from a physical point of view to take into account all the possible
effects only in a few generadr idealizedcases What happers more frequentlyis

that we arelooking for a solution within a given premn, usually selected by us
Even in the case in which we are able to calculate analyticatiy more precisely
exactly,the solution we cannot finitelyepresentreal numberswhich in theory have
infinite digits in this case we have botinuncation and roundingerrors. Moreover,

we are not always able to take into account all the aspects of a physical problem:
many times we need toeglect some aspects obtain aclosed formulation to solve

a problem or toimplementit in ascript or aprogram thatautomatically performs

the calculation.Different MC cods implement different nuclear modseland not
always a problem can be approachedtire same way. A number obmparisors of
different MC codes, on specific applicatiohaye been publishe{OH, et al., 2011,
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Alpat, et al., 2012¢orbatkov & Kryuchkov, 1996tekl, et al., 200(Beskrovnaia, et

al., 2008;Lee, et al., 2001)If one spends somé&me to understand thenuclear
model implemented ira MC codethe limitation and the context in which this code
has been developed, it will be clear that the different MC codes have a preferable
field of application: i.eit is not recommendedo calculatek.seigenvalues for fissile
sygdems with GEANT instead of MCNRctually MCNP has been developed
historicallyto solve neutron diffusion and multiplication problems in fission devices
at Los Alamos National Laboratd5 Monte Carlo Team, 2003 oppositionthe

use of GEANT in the simulation of detector efficiency gives better results compared
to MCNP(Karamanis, 2003)-inally, and more importanthe result of a simulation

has a phgical meaning only if the motdéas been validatedin terms of physical

and transport parameters)against experimental measurements or theoretical
calculations in welknown problems in which an exact analytical solution can be
evaluated.The result of a simulation should be nevergakinto account without

any experimental confirmations. It is important to note thatthis thesis the term
GOFEARFGAZ2YE A& y20 NBfIIFIGSR Ay Fyeée ¢gl& G2
code it is supposed that this kind of validation has been don¢heydevelopers of

the code and for the pyoose of thiswork validation isintended only in term of
physicaland transport setup.

2.1 The Monte Carlo Method

NowadaysMonte Carlocodes are widely applied imadiation and particle
transport In addition to whatreported above, itsometimeshappens that people
tend to spend a longme studyingthe different codes losing themathematical basis
on which they are foundedOther timesMCuseas have not clear what reallthe
Monte Carlo Method (MCMjs: the answer(i 2 (G KS NHafig thd Rlofite &
Carlo Method® A & remfeditd yfome aspects of the method, such as the
generation of the random numbers, and not to what, from a mathematical point of
view, this method really des For thesereasors, and to understad someaspect of
the FLUKA code, brief introduction tothe MCMwill be reported in the followinglt
is not a purpose of this work to go deeply into the details of the method but only to
recall some fundamental aspects.

The Monte Carlo method was invented by John von Neumann, Stanislaw Ulam
and Nicholas Metropolis (whoamed the methog, and independently by Enrico
Fermi. Originally it was not a simulation method, but a device to solve a
multidimensional integredifferential equation by building a stochastic process such
that some parameters of the resulting distributions would satisfy that equation. The
equation itself did not necessarily refer to a physical process, and if it did, that
process was not necessarily stocti@slt was soon realised, however, that when the
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method was applied to an equation describing a physical stochastic process, such as
neutron diffusion, the model (in this case a random walk) could be identified with
the process itself. In these cases tinethod (analogue Monte Carlo) has become
known as a simulation techniqgue, since every step of the model corresponds to an
identical step in the simulated process. Particle transport is a typical physical process
described by probabilities (cross sectionge dnteraction probabilities per unit
distance). Therefore, it lends itself naturally to be simulated by Monte GBesso,

et al., 2009)

The analysis technique called Monte Carlo is, in essence, a methodology to use
sample neans toestimate population meandore broadly, Monte Carlo is a widely
used numerical procedure that allows people to estimate answers to a wide variety
of problems. In essence, Monte Carlo is a highly flexible and powerful form of
guadratur€, or numercal integration, that can be applied to a very wide range of
problems, both direct and inverg®unn & Shultis, 2012)

Before going deeply o the MCM, &t briefly recall what a quadrature is.
Considetthe following definite integrain whichf(x)isa real integrable function over
the interval[a, b](Quarteroni, et al., 2000)

‘OQ "O'Q w Equation2-1

There areseveral reasons for carrying out numerical integratiém(f): the integrand

f(x) may be known only at certain pomit such as obtained by samplifigpme
embedded systems and other computer applications may need nuaaleri
integration for this reaso)) aformula for the integrand may be known, but it may
be difficult or impossible to find an antiderivatithat is an elementary function;
finally t may be possible to find an antiderivative symbolically, but it may be easier
to compute a numerical approxation thanto compute the antiderivativelf the
function f(x) is known, or can be evaluated, in a finite set of poifx§, fixed or
selected, we can defineguadrature rulg(or quadrature formulaas

"QwQ (@ 1 Qw Equation2-2

"Quadrature is a historical mathematical term which means determining area. Quadrature
problems have served as one of the main sources of problems for mathematical analysis.
Mathematicians of ancient Greeceaccording to the Pythagorean doctrine, understood
determination of area of a figure as the process of geometrically constructing a square having the
same area (squaring). Thus the name quadrature for this process. The term numerical quadrature
(often abbreviated to quadrature) is more or less a synonym for numerical integration, especially as
applied to onedimensional integrals.
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where the (real) numbergx} and{. i} are calledhodesandweights(or coefficient$

of the quadrature rule respectivelyn order that the linear combination dquation

2-2 makes sense, the sum has to be convergantther words, ithas to approacla
given numberfor nY B. The most commormjuadrature rules use rainterpolating
polynomial P,(x), of grade n-1, to approximate the functionf(x) (interpolatory
guadrature ru)leWhenf(x)is a polynomial of grade-1 the interpolating polynomial
corresponds to the integrand function and fitting error is null: in this case the
quadrature rule is exact that means that the r&{f)=0. Thedegree of precisiodis

the highest degree of the polynomial that can be exactly integrated by the
guadrature rule. For highest degréhe quadrature rule can equdle integral even

if the interpolating polynomial is not coincident with the integrand function. When
the quadrature rule is constructedt equally spaced points, thesultingformulas

are calledNewtonCotesquadrature rule§fMonegato, 1998)This kind of rule is the
most basic method for approximating an integral: actually the Riemann integral is
motivated by approximating the area under a curve by the areeeofangles that
touch that curve, which gives a rough estimate that becomes increasingly accurate
as the width of those rectangles shrinks. This amounts to approximating the function
f(x) by a piecewise constant interpolant, and then computing the exatetigral of

the interpolant. When only one rectangle is used to approximate the entire integral,
we have thesimplestNewton-Cotes formula. This approach can be improved in two
complementary ways: increasing the degree of the interpolating polynomial, and
reducing the width of the subintervals over which each interpolating polynomial
applies. Thédirst approach leads to therapezoid ruleand Simpson's rutethe second
yieldscompositerules where the integral ovefa,q is split into the sum of integrals
over subintervalEmbree , 2009)Another important class of quadrature rules are
called Gaussian quadratureules in which the nodegx;} are just the roots of a
polynomial belonging to aas$s oforthogonal polynomials

Qx

¢CKS &adzyYFNE NBLR2NISR 0Sft2¢ 2y ala A
/ I NX 2 a@®unK & Bluklis, 20120 which more details can be foun@ur
exploration of the Monte Carlo Bthod begins by considering continuous functions
of a single variableThemethodology developed here can be appl&doto discrete
functions and to functions of several variablést ®nsider the functiorz(x) which
is dependent on a stochastic (om@om) variablex. Its mean, or expected valugor
population means

(0900 A0 QwQw Equation2-3

where f(x)dxis the probability the random variablex has a value withimx about x.
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The functionf(x) is the Probability @nsity Functioh(PDF) of a stochastic variable
andhasthe following properties:

1. itis defined on an intervdgh,b], whereb > g

2. it is nonnegative on that interval, although itan be zero for some
X, [a,b}

3. itis normalized, i.e. the integral &)over the intervala,b]is equalto 1.

Here, it is assumed that values)ofire in the rangda, b] wherea and b represent
real numbers or infinite limits and the intervals can be either closed or opba.
integral defined by

Ow Qo Equation2-4

where f(x) is a PDF over the intervdh,b] and F(x) is called the Cumulative
Distribution Function(CDF) off(x) Note that, from this definition, &DF has the
following properties:

1. F@)=0
2. F(b)=1,
3. F(x)is monotoneincreasing, becaud§x)is alwayson-negative.

The CDF is a direct measure of probability. The a{xerepresents the probability
that a random sample of the stochastic variakheill assume a value betweenand
X, i.e.,Prob{aO x ; }=CF(x}.

010 1 T T I 1 1 1 12 T T T T T T T
0.80 -
0.40 +
0.0 0.0
0 10 20 30 40 0 10 20 30 40
Random variable x Random variable x

Figure2-1 - The PDF and CDF for the normal or Gaussian distribution m#P0 ands=5.

8 A PDF is a density function, i.e., it specifies the probability per unit 86 thatf(x) has units
that are the inverse oftte units ofx.
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A vast number of physical problems involves tavaluation of integral expressions
such asEquation2-3. The evaluation ofi frgm Equation2-3 is far fom the most
complex problem to Wwich Monte Carlo can be applied. However, it serves as a
useful simple problem that allowt® demonstrate, discuss and understand many of
the essentiafeatures of the Mnte Carlo. It will beshown later how Monte Carlo
can be applied to problems with much more complexityritiaat of Equation2-3. In

this section)et considerer the case which the form of the integral dEquation2-3

is known but the value of the integral is too difficult be evaluatedanalytically.A
guadrature scheme estimates the value ¢f oy constructing a summation of
weighted evaluations of the integrand, namely,

codie 1T aw Qw Equation2-5

Monte Carlo is a technique for estimating expected values,sntethese can be
expressed as integrals and almost any integral can be interpreted as an expectation,
Monte Carlo can be used to estimate the values of definite inteyrshe Monte

Carlo approach to numerical quadrature, the abscissas are chosen randomly
according to thePDH(x)and the expected value is estimated from a sum such as in
Equation 2-5. Explicitly, the straightforward Monte Carlo quadrature scheme
proceeds as follows:

1 generateN values{x;} of the random variable from the PDF(x}
1 define the quadrature abscissas as the sampled vdkigs
1 form the arithmetic average of the correspondivalues of(x), i.e.,

P

ae - aw Equation2-6
A& T :

wherealis the sample mean of a functionz of a random variablex, that is an
estimate of the population meafi nbfained from a finite number oN samples or
ohistorieg Mote that the terms in the summatioof Equation2-6 do not include the
PDF. In effect, the weight factarsthis basic Monte Carlo scheme are of the form

p

— Equation2-7
0 OQw

Quppose one has to evaluatn integral such asn Equation2-1 which is not in the

9The simple estimation of integrals by Monte Carlo has sometimes been chtedministic
Monte Carlo to distinguish it fromprobabilisticor analogMonte Carlo.
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form of an expected value. Such integral can be converted into the same form as
Equation2-3, for example, by rewriting the integral as

O QO Ow w ® d)’Qoo W O QQWQw Equation2-8
b — Qw Equation2-9
= 0

In general, the expected value of a functig) with respect to a functiorh(x) can
be expressed as follows

coa Equation2-10
QwQw

Equations such aBquation2-10, that it is not other than an integral averagean
also be written in the form oEquation2-3 by a simple normalization procedure as
follows

0 KOTAYOXN) Equation2-11

ooa qwb‘—'on A wQWQ W Equation2-12

which is in the form oEquation2-3 and thus can be estimated by Monte Carlo. This
procedure may seem forced, because, if the integralEquation2-11 could be
evaluated without Monte Carlo, then the integral lEguation2-12 most likely could
also be evaluated without Monte Carlo. However, this exampkrely is intended

to demonstrate that Monte Carlo can be applied, in principle, to the evaluation of
any definite integral. Further{li zquld be estimated by using Monte Carlo to
estimate both integrals ifEquation2-10 separately, i.e., M could be evaluated by
the basic Monte Carlo estimatas inEquation2-9, where the{x;} are sampled from

the PDFL/(b-a), and theni zoyld be estimated as Equation2-6, where the{x}

are sampled fronf(x)=h(x)/0 . ThusMonte Carlo can be applie@d many problems
indeed. Monte Carlo quadratre is not limited to estimatesingle integrals: in fact,
Monte Carlo demonstrates its superiority to many other quadrature schemes when
the integrals are highly multidimensional. Regardless ofrthmber of dimesions

m, the precision of the Monte Carlo estimator varies at worsNa$, whereN is the
number of samples Traditionalquadrature rules with prescribed abscissas and
weights, have precisions that vary B3'"™ (Mosegaard & Sambridge, 2008ence,
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Monte Carlo is superior to other quadrature schemes for integrals of dimension
greater than twd®

Two important measures of any PI{K)are itspopulationmeant (z) (the expected
or average value of the function(x)as defired in Equation2-3) and population
variancef*(z) The variance of a random varialdé)is defined! as

, G 6dew ®@OO G @O0 QuwQw WO ®O Equaton2-13

Finally, thestandard ceviation A(z) is defined as the squaneot of the variance.
From Equation2-13 it is seen that the population varianc€(z) depends onii,z y
which often is not known. Thus, one must estimate the population variance with
what is called thesample varianceTo estimate tle variance we can ugequation

2-6 by replacinghe functionzwith [z ]Zoptaining

w O € 5 O( W G}O Equation2-14

: P
=0
However,U B wnknown that is, after all, what is being sought. What is usually done
is to approximatell bwol This estimate ofk*z)with U approximated byiis called
the sample varianceand is denoted bys(z) However, in replacingi byal one
degree of freedom has been used and, for reasons discussed below\ time

Equation 2-14 is, by convention, replaced bM-1. Thus, the sample variance is
defined as

i a k= P aw o Equation2-15

v p

The number ofdegrees of freedofiu is an often used but not always well
understood parameter. In applications such as that being considered, where there

PwSYSYSGSNI GKIFIG GKS ¢NIyaLRNI .2t 0k vdmegs@is Sljdz A2\
equation (3 variables for the position, 2 for the direction vector, 1 for energy and 1 for time)
11 See(Dunn & Shultis, 20129r the demonstration of the relationship.
2The originalN samples were unconstra@a (they were drawn independently) and, thus, in
calculating the sample mear=0andu=N, N is used in the denominator dquation2-6. However, in
forming the sample variance, one of the values[z{k)-U Z ig tonstrained ¢=1) by usingl zoy
estimatedl The differences iN-1 cases are independent of each other; thage random samples
from which a constant has been subtractddowever, the remaining difference must assume a
constrained value, that value being the value that assures that the samples praflcehis sense,
the sample mean used one degree of freedand soc=1 andu=N-1.
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are N independent samples, the number of degrees of freedom is simply the
number of independent variables less the numbecofistraintsc.

In most Monte Carlo applications multiple random variables are involved that often
depend on each other. Similar equations, as the ones reported above for a single
random variable, can be obtained in a multidimensional approach for an array of n
randomvariablesx={x1, X%, &}, Herce, the Monte Carlo estimation ofz Mz)is
calculated as

o , a 0 e Qe Qe a @O Qe O

Equation2-16

. a
e ol Ur

where the functionf(x) is the joint probability density functiorof x and V is the
volume over whickx is defined.

Finally,it is important to discuss the real heart of the MCM that allows to use the
equations reported aboveotfind a solution that is the closeas possible to the real
solution. Monte Carlo is based on two fundamental statisticalutes the law of

large numbersand thecentral limit theorem(CTL)As wehave seen,Monte Carlo
analysidgs useful to calculatan expected valué msing its appraimational The law

of large numbers states that, as long as the mean exists and the variance is bounded

|1

i Edl._ CC(O Equation2-17

(0]

This law states that eventually the normalized summation Exjuation 2-6
approaches the expected value Bfjuation2-3. Here, the quadrature nodes are

G al YLX SRé¢ DA(RNENY thaiddaairature weights are equal 18Nf(x). One

of the important features of Monte Carlo is thétallows to obtain both an estimate

of an expected value (by the law of large numbers) and its uncertainty (by the
central limit theorem).The Catral Limit theoremstatesthat for large values oN,

the distribution of averages (normalised suifiof N independent random variables
identically distributed (according to any distribution with meénarnyd variance

A¥z) B tends to a normal distribution with meaiin angl variancef(zyN . In other

g 2 NRZven ady observable A, that can be expressed as the result of a convolution
of random processes, the average value of A can be obtained by sampling many
values of A acading to the probability distribution of the random process@gsasso,

et al., 2009) The accuracy of MC estimator depends on the number of samples, that
is
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o P

- Equation2-18
[0

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:

Equation2-19

Then, partial distributions, fluctuations and correlations are all faithfully reproduced:
in this case (and in this case only!) there is a real simuléEasso, et al., 2009)

2.2 TheFLUKAode

2.2.1 FLUKA

In this work, theFLUKAode (Bohlen, et al., 2014=errari, et al., 2005)as used
to perform all the simulationsFLUKA is a fully integrated particle physics Monte
Carlo simulation packageLUKAs ageneral purpose tool for calculations of particle
transport and interactions with matter, covering an extended range of applications
spanning from proton and electron accelerator shielding to target design,
calorimetry, activation, dosimetry, detector dgs, Accelerator Driven Systems,
cosmic rays, neutrino physics, radiotherapgdiobiologylt was developed and it is
maintained under an INFRERN agreementhe highest priority in the design and
development of FLUKA has always been the implementatiah isnprovement of
sound and modern physical models. Microscopic models are adopted whenever
possible, consistency among all the reaction steps and/or reaction types is ensured,
conservation laws are enforced at each stgmd resultsare checked against
experimental data at single interaction level. As a result, final predictions are
obtained with a minimal set of free parameters fixed for all energy/target/projectile
combinations. Therefore results in complex cases, as well as properties and scaling
laws, arise naturally from the underlying physical models, predictivity is provided
where no experimental data are directly available, and correlations within
interactions and among shower components are preservEge FLUKA physical
models are described in sena journal and conference pape(sasso, et al., 2003;
Ferrari, 2006 Battistoni, et al., 2007Fasso, et al., 1995pn the technical side the
stress has been put on four apparently conflicting reguonents, namely efficiency,
accuracy, consistency and flexibilityLUKA can simulate with high accuracy the
interaction and propagation in matter of about 60 different particles, including
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photons and electrons from 1 keV to thousands of TeV, neutrinagmns of any
energy, hadrons of energies up to 20 TeV and all the corresponding antiparticles,
neutrons down to thermal energies and heavy ions. The program can also transport
polarised photons (e.g., synchrotron radiation) and optical photons. Time emoluti
and tracking of emitted radiation from unstable residuaictei can be performed
online.FLUKA can handle even very complex geometries, using an improved version
of the weltknown Combinatorial Geometry (CG) package. The FLUKA CG has been
designed to tack correctly also charged patrticles (even in the presence of magnetic
or electric fields). Various visualization and dgbung tools are also availableor

most applications, no programming is required from the user. However, a number of
user interface outines (in Fortran 77) are available forsars with special
requirements(FLUKA, 2010)

For many years FLUKA has been known as one of the main tools for designing
shielding of proton accelerators in the mutieV energy rangéts hadron event
generator has been adopted by the majority of the existing fd@ghlrgy transport
codes, including those used for particle physics simulations). In the last years,
however, FLUKA has gone through an important process of transformatiom whic
has converted it from a specialized to a mypltirpose program, not restricted to a
limited family of particles or to a particular energy domain. If in its original high
energy field FLUKA 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 ® nuclear interactions. Some of these models have even been
updated and extended with original contributions. Other advantages are the special
care devoted to lowenergy electromagnetic effects and the accurate combined
treatment of multiple scattering andnagnetic fields near material boundaries,
essential for a correct simulation of many synchrotron radiation probl@fasso, et
al., 1995)In the last years, FLUKA has been widely used in the medical field to study
different kinds of applications(Battistoni, 2012Mairani, et al., 2013Sommerer, et
al., 2009;Parodi, et al., 2007&arodi, et al., 2007dnfantino, et al., 2011nfantino,
et al., 2015a)even if FLUKA has been validated in the high energy i@rggger, et
al., 2004;Brugger, et al., 2008Brugger, et al., 200Mo specific validations in the
energy range of medical application have been publishedt gl be shown in the
following, in this work a carefully validation of FLUKA, in terms of physical and
transport parameters, was conducted the energy range ahterest in the medical
field.

A_UKAreads user input from an AS@kt file with extensionainpé. The input
consistsof @ NA I 0 f Somyhas® OMIE 2 BRa I £ 42 G2LIIA2y aé .

2T 2yS 2N Y2NBE carlish yBANI redodnd)FadiRard dondaths ¢
one keyword (the name of the commandsijx floating point values called/HAE
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and one character string callé8DUM The typical structure of a FLUKkput file is
the following(Ferrari, et al., 2005)

0 Titles and comments for documentation purposes (optional, but
recommended)

U Description of the problem geometry (solid bodies and surfaces, combined
to partition space into regionsjmandatory)

U Definition of the materials (mandatory unless piefined materials are
used)

U Material assignments (correspondence mategiatjion, mandatory)

Definition of the particle source (mandatory)

U 5STAYAGAZ2Y 2F GKS NBI|jdzSAaG§SR aRSGSOG2 NI
domain (region of space, particle direction and engrgvhere the user
wants to calculate the expectation value of a physical quantity such as
dose, fluence, etc. Various kinds of detectors are available, corresponding
to different quantities anddifferent algorithms used in the estimation
0aSaiAYltécwdilharé oponas But one at least is expected, at
least in the production phase

U Definition of biasing schemes (optional)

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

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

U Starting signal and number of requested histories (mandatory)

c:

In addition, special commands are availabld=ilUKAor more advanced problems

involving magnetic fields, timdependent calculations, writing of history files {so

OFftft SR aO2ttAaAz2y O LISaé¢ ohyevanNdcofingldalliNgiT 2 F 2 LJ
userwritten routines, etc.Details on the cards, theetup and the parameters used

in this work will be given in the followirghapterscontextually to their use.

2.2.2 Flair

Flair (Vlachoudis, 2009)s an advanced user graphical interface for FLUKA, to
enable the user to start and atrol FLUKA jobs completely from a GUI environment
without the need for commardine interactions. Itis an integrated development
environment (IDE) for FLUKA, it does not only provide means for the post processing
of the output but a big emphasis has beget on the 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 highlighting, without hiding the inner functionality
of FLUKA from the users. It provides al®eans for building the executable,
debugging the geometry, running the code, monitoring the status of one or many



2.2-The FLUKA code 47

runs, inspection of the output files, post processing of the binary files (data merging)
and interface to plotting utilities like gnuplot arfdovRay for high quality plots or
photorealistic images. The program includes also a database of selected properties
of all known nuclides and their known isotopic composition as well a reference
database of ~300 predefined materials together with theirrS¢gmer parameters
(Vlachoudis, 2009Flair is also provided with built-in Geometry Editor that allosv

for working on 2D cross sections of the geometitye nteractive visual editing of

the geometry in 2D debuggingof bodies/regions in a graphical wand a fast 3D
rendering of the geometry.
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Figure2-2 - The FLUKA graphical interface Flair (v-8)0

2.2.3 SimpleGeo

SimpleGedTheis, et al., 20063 an interactive8D solid modeer which allows for
flexible and easy creation of the models via drag & drop, as well ahesfly
inspection. In addition it includes new debugging facilities, based on stochastic as
well as deterministic methods, in orddo validate the created geometry with
immediate visual feedback of problematic regionghile the devéoping and the
maintenance of Flaiis strictly connected to the development of FLUKA, SimpleGeo
is an independent project developest CERN and specdity created to unify the
various geometry modelling processes and syntaxes of radiation transport codes
(Polz, 2014)Furthermore, eve if with the lastreleasesof Flairthe potential of the
geometry editor wasontinuously mcreased SimpleGeo still remasrvery helpful in
the developing of complex geometriesmplementing geometries for particle
transport problems is one of the major time consuming tasks. The common
approach of radiation transport codes is based on ConstracSolid Geometry
(CSG) andequires textual input of the @&lean geometry tree. This makes the
creation of models a tedious and error prone task, which is especially hard to master
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for novice users. SimpleGeo allows the user to interactively build ge@seising a
number of basic primitives that are connected by boolean operatidosfacilitate

and enable parametric modeling SimpleGeo has a built in scripting language which
can be used for procedural modeling. This language has access to most ghds of
modeling kernel and thus, allows the user to implement additional specific
functionality himself. SimpleGeo currently allows for importing and view of
FLUKA (oldand new syntax); inaddition new geometries can be created from
scratch and exported td-LUKAA number of plugins are under developmetat
extend the functionality of SimpleGeo beyond solid modelifige pluginsused in
this work arethe DaVi8D, which allows for displaying data on top of the geometry
as well as data extraction and expod finite element software COMSQand the
PipsiCAD 3D, which allowe display particle tracks in 3D, superimposed on top of
the geometry.

O SimpleGeo - TR19_complete - a
é File Edit Objects View CAD2Dtemplate Materials Biasing wizard Macros Window Toolbars and Skins  Advanced-renderer Help
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Figure2-3 - Interface of the 3D solid modeler SimpleGeo (v 4.3.3).



Chapter 3
Monte Carlo Model of the GE PETtrace
Cyclotron

3.1 TheGE PETtraceyClotron

The cyclotron used in thexperimentaltests and to whichsimulations setup
refers, wasa PETtrace (GE Medical System), a compact cyclotron with vertical
acceleration plane, capable of accelerating negatiydrogenH and deuteriumD
ions up to an energy of 16.5 and 8.4 Megpectively Maximumbeam ntensity of
100 mA and 60mA can be achieve(hfter a recent hardware upgradeor hydrogen
and deuterium ions respectivelyThe cyclotron idnstalled andused in thedS.
Orsola-Malpighg University Hospita{Bologna, ITjor the routine production oPET
radionuclides.The beam of accelerated particles can be directed on one of the 6
output ports available. The cwtton is equiped with several targeassenbly, the
componens in which nuclear reactions happen, for theutine production of the
main radionuclides of interest for PET suchH'& N, 18F, 8K and %4Cy in addition
production of nonstandard radiouclides, such a®Zr and*"T¢ are conduted for
research purpose The cyclotron is able toperate in adual beamcondition, i.e.
two targetassemblycan be irradiated at the same time.

In the following, details of the different cyclotron subsystwemill be given;
further information can be found ithe accelerator manualGE MEDICAL SYSTEMS,
2004) The PETtrace can be divided into several subsystems:

Magnet System;
RadiecFrequency (RF) System;
lon Source System,;

Beam Extction System;
Beam Diagnostic System;
Vacuum system,;

Target System

NogohkwhpE
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8. Secondary Water Cooling System
9. Power Distribution System

Figure3-1- The GE PETtrace cyclotron installed at "S. Ordé#dpighi" Hospital.

Targets Stripping Foils Yoke Dee

Diffusion Pump lon Source

Figure3-2 - Overview of the vacuum chamber and the main components of the GE PETtrace cyclotron.
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The bearing structure of the magnetoke is made of standard industrial steel
with low content of carbon (<0.18%); the poles of the magnet, that are also of steel
with a low carbon content (<0.05%), are a single piece forged. The poles of the
magnet are divided into two different areas, thells and valleys the last ones
created by removing radial sectors thie magnet The magnetic field is induced by
magnet coils made ofiollow-core copperconductorsinside which demineralized
water circulates for refrigerationA stabilized power supplfPSMC) provides the
required current for the Magnet Systerithe magnet ivertically oriented. One of
the side yokes, including the pole, is supported on hinges and can be opened like a
door to provide access to the interior of the vacuum chamber.

The paticles are accelerated by applying radiequency power to two
resonators Dee$ within the vacuum chamber. The RF power is generated and
transmitted by the RF System, comprising the following main parts:

1 RF Power Generator (RFPG)
i RF Feeder Cable
1 RF Cawt(RCAV)

The RFPG contains all of the necessary systems for providing RF power to the
resonators including a highly stable frequency generator, preamplifier and power
amplifier with associated output matching network to the feeder cable and dee
voltage feelback control. The RFPG also includes a safety and interlock system. The
RF power is fed to the resonators through a coaxial transmission line, the RF Feeder
Cable. The two resonators are formed by two T3&esand supporting stems
togetherwith the cavitycreated by the gclotron Vacuum Chamber and magnet pole
faces. Finally, the RF system is controlled byAbeelerator Control Un{ACU).

The ion source is located in the center of the cyclotron and it is acatltbde
type Penning ion gauggPIG)soure. The ion source contains two separate
chimneys, one for the production ¢t and the other for theD; both paricles are
produced through the same techniqu#&Vithin a cylindri@l chamber, arelectrical
dischargeis produced by apotential differenceapplied between the anode (side
surface of the cylinder), connected to the ground, and two cathodes (bases of the
cylinder), to whicha negative voltages appliedwhile one of the source gass
hydrogen or deuterium, is flowing@ he plasma of ions and eleatrs whichis created
remains confined inside the chamber for the presence of the magnetic field. On one
side of the chamber there is a small slihe H or D ions exit the chamber when a
positive voltage is applied to the dee which is located close to the slit. The slits for
the two types of particles @& located at opposite positionsheé H are extracted
from the dee mounted in the lower part of the cyclotron, whiteetD are extracted
in the upper part.
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The extradon of the beam is based on thstripping foil technique Two
electrons of the accelerating negative ions are stripped durting the passage of
the beam through a thin foil of carbon (8n thick). The chaje of the accelerated
particles changes from negative to positive, involving a change of tleetiin of
rotation of the beamThe electrons collected by the foil allow a constant monitoring
of the beam current. The PETtrace is equipped with two extractinits each of
which can extract the beam to three of the six output ports. The extraction units
slide on a curvedail mounted along the radius of extraction. Eafdil carousel
contains 6 carbon foils mounted on a revolv€he ACU automatically seleetsew
foil in case of a foil rupturdy rotatingthe carousel Having two extraction units
allows the PETtrace to operate @ual beamin whichtwo targets are irradiated
simultaneously Thestripping foiltechniqueallows an efficiency of extraction dfe
beam equal tdl00%

The Diagnostic System monitors the beam currentifferent positions within
the ¢yclotron and in the Target System to control the beam intensity from the lon
Source to the targetThe system includes fip-in probepositioned at asmall radius
of the orbit of acceleration, the stripping fo#,collimator pairand the body of the
target. All these systems are isolated from the ground to allow a correct measure of
current. Theinternal flip-in probe located at a small radius, closed to the ion source,
allows the beam auwent monitoring at the beginning of the irradiation.The
extraction foils, in addition tochanging the direction of rotation, allow a constant
monitoring of the beam intensity, gasuring the current eated by the electrons
stripped outfrom the negative accelerated ions. The collimataspair of foils in
graphite,are placedn the inner part of the output ports and anesed to center the
beam bycutting each noraligned tail.The body of the targgtmade of aluminumis
isolated from the ground to allow the measure of the effective current present on
the target material during the production of radioisotopes. All tieefulsignals for
the beam monitoring are conected to the nultichannel Current Beam Analyzer

(BCA.

The secondH electron is fairly weakly boun@.755 eV) and so may be lost due
to interaction with the background gas (vacuum stripping), or by electagnetic
disassociation. This lost beam causes heating angcegl significant radioactivity in
the cyclotron components. To reduce vacuum stripping, negative ion cyclotrons
need to operate at vacuum pressures at least one order of magnitude better than
positive machinegMilton, 1996) The vacuum is made with the aid of two pumps, a
rotary pumpto generate the prevacuum and aliffusion pumpto bring the vacuum
inside the chamber in optimum working conditions. The pumps are connected to the
acceleration chamber of the cyclotron througlhnighvacuum valve. To measure the
wide range of pressure inside the vacuum chambgo pressure switchesre
installed: the Pirani pressure switch, capable of measuring pressures from 1 bar to
10°® mbar andthe Penning pressure switch for theeasurement ohigh vacuum (<
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10°® mbar). The vacuum system is fully autated and controlled by the Vacuum
Control Units (VCUhat constantly works.

When the particle beam has passed thedesged extraction foil, ithits the
corresponding target at theyclotron beam exitThe targetsjn terms of the total
assemblyare mounted o a flange at the front of theyclotron. The particle beam
hits and transfes its energyto the target material and thus the nuclear reactions
(required for the radionuclides pduction) take placeln the standard configuration,
the gyclotron has six beam exit portEach beam exit is equipped with a vacuum
gate valve Beam Exit Valver BEV) and a conical fitting for the target body. The
target is locked into position by quidonnections.All external connections to the
targets, target pressure transducers and liquid target fillers (LTF) are located at the
Target Panel. The Targetrigh is mounted in front of the yclotron, close to the
targets. The Helium Cooling System islased system, which facilitates cooling of
the target foils. The system includes the piping and valves for gas distribution, a heat
exchanger, and a compressor for higfeed recirculation of the helium gas.

Target 6: *8F,

Target 5: 11C

Target 4: 18F

Target 3:
Solid Target

Target 2: 13N

Target 1: 18F

Figure3-3 - Targets currently mounted on the GE PETtrace cyclotron.

Each targetonsiss of a front flange for the connection to the cyclotron,Helium
coolingflange, a chamber where the target materialplacedand a rear flangeair
connection to the different cooling and sorting supmofThe front flange guidethe
target in the correct mounting position; all the targetan be easilynstalled and
removed with a lever, which simplifies operations. The target chamber is separated
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from the vacuum chamber of the cyclotron two thin HavafM foils (42.5% Co, 20%
Cr, 17.86% Fe, 13% Ni, 2.8% W, 2% Mo, 1.6% Mn, 0.2% C, 0.04% Be)agretit
resistant alloy.During the irradiation, helium circulates between the two HaW¥ar
foils at a pressure of about 0.5 MPa, which allows the cooling of the metallic foils.
The target materialcan beliquid, gaseousor solid depending on the nuclide to
produce The design anthe type of material used for the construction of various
targets is made in order to dissipate the heat developed by the interactions, to
withstand the intense radiation beam to which the whole body of the target is
subjected and especially to maximizesthuclear reaction of interest. The aluminum

is chosen due to the excellent properties of activation of the metal, in fact, the
activation products have a short hdiffe and are relatively few compared to those
generated inalternative metals. The aluminm has a good ductility and a high
thermal conductivity (247 W K . All target supports (target material, water to
cool the body of the target, helium fdhe coolingof the metallic foils) enter and
leave the target through the rear flange. Because thegyet is made up of several
pieces assembled togethat is crucialto ensurean adequatesealng. The seal is
obtained by interposingO-rings of plastic material, such agiton, or metal
(Helicofex) between the surface§he GE PETtradestalled ata {Otsolaa | € LIA A KA €
University Hospitais equipped with an experimental solid target station, developed
locally(Cicoria, et al., 2006)

The Secondary Water Cooling System provides a closed loop with deionized
cooling water forthe Cyclotron subsystems. This system consists of the Secondary
Water Cooling Unit, which continuously deionizes the water, and two water
manifolds that distribute the cooling water. A primary system for the cooling of the
Secondary Cooling Unit must beogided by the customer. The Primary Cooling

Table3-1-al Ay FSIFGdz2NBa 2F GKS NIRA2ydz0ft ARSa LINRBRdAzOSR NRdzi Ay
l.:.l

R
ab t LIWAKAE | 2aLAGHE @

Target Target Material(form) Nuclear Raction Half-time Chemical Form

Routine Production

8 H*80 (liquid) BO(p,n¥eF 110 min [*8F]F
1c N2 + 1% Q(gas) UN(pa)tic 20 min [*CICa
Solid Target 64Ni (solid) 54Ni(p,nf*Cu 12.7h [6“Cu]Cu
Available Routine Production
13\ H0 (liquid) 160(p )N 10 min [3NING
%0 N2 (gas) ¥N(d,n}*0 2 min [**0]Q
8 2Ne + 1% Hgas) 2Ne(da)'eF 110 min [¥FIR
Research Production
Solid Target 8%y (solid) 89Y (p,n§°Zr 78.4 h [8%Zr]zr

Solid Target "¥Mo or1°Mo (solid)  ®Mo(p,2nf°"Tc  6.01h [**"Tc]Tc
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System can consist of a water cooling tower or a refrigeration system. There
should be a temperature regulation system in the Primary Cooling System to control
the temperature of the Secondary Cooling System. Starand shutdown of the
Secondary Water Cooling System is done automatically by the Control System. Flow
switches in all of the secondary circuits provide interlock signals to the ACU.

The Mains Distribution Panel (MDP) handles the distribution of mains power to
PETtrace subsystes, including the Power Distribution Unithe Power Distribution
Unit (PDU) handles the distribution of mains power to subsystems as the Vacuum
System, the Helium Compressor (Target System), the Magnet door and ofhers.
Accelerator electronics and p@r supplies are housed equipment cabinetplaced
in the technical room outside the cyclotron vault.

The PETtrace system is computentrolled. The Control System comprises four
primary units:

1 Master Systenexercises operational control over the traceroguction
runs and provides the primary interface between the PETtrace system and
its operator.

1 Accelerator Control Unit (AClPgjovides the control interface between the
Master System and the Accelerator.

1 Cheamistry Control System (CC@pvides the controlinterface between
the Master System and the Radiochemistry System.

1 PETtrace Service System (RB&Yides a dedicated maintenance terminal
for system service.

3.2 Monte Carlo Model of theGEPETtracelyclotron

During the research period in which this work veasmducted, several versigmof
FLUKA and Flair were releaséd.the time of writing the thesis FLUKA 2011.2c.0
was released, while Flair 28was available Regarding the applications studied in
this thesis, no significant differencesere found betwen the different releases
used.The geometry of the Monte Carlo model of the cyclotron, the target assembly
and the cyclotron bunker wa created usng the solidmodeler SimpleGeoversion
4.3.3.

In this section the geometry, the definition of the matergadd the source term
aspects commoto all the validation tests performeayill be described whileletails
on the physical and transport parameters and on the scores used will be given
contextually in the following subsections.
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A detail MC model of the GEETtrace cyclotron was realizetieThodelincludes
the magnet and magnet poles (lron), the vacuum chamig&luminium), an
approximation of the coils (Copper) and of the target filling stations panel (LTF)
(Lead and Polyethylenedhe cyclotron vault andhie ducts through the vault walls
Data regardinghe dimensions andeaturesthe cyclotron andts components were
taken from technical sheetand reference manuals of the vend¢GE MEDICAL
SYSTEMS, 200Fhe geometry was créad using simple geomatral entities, called
Gbode > 6adzOK +a LXlFySas OefAyRSNE |yR
aLJ OS NI IRROANS 14 BdgIEHR dpéraionsinion, subtraction and
intersection one material was assignéd eachregion Thecyclotron was accurately
positioned within the model of the vault, carefully reproduced on the basis of the
original construction drawings and on measurements in the facility as built. The
inner dimensions of the bunker are: 650 cm by 535 dth & height of 350 cm and
with 200 cm thickconcrete wallsThe target system modelled was the standard GE
assembly comprised of a silver chamber filled wiloJwater to produce Fluorine
18 by a(p,n) reaction. The front of the target bodfAluminium)and 25 nm thick
| | @ NSwerg& @odddled. The collimator was modeled as showfignre3-8. The
upper and lower collimat@were modeled as only one piece in graghil cm thick;
the hole in the center is &m inwidth by 0.8 crin height.

T - il
() (b)

Figure3-4 ¢ Comparison of the FLUKA MC model of the GE PETtrace cyclotdoharmryclotron vault (a) ofi { @®

LJI
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Orsolaa l f LAIKAE | 23LAGEHE 6AGK Yy 2NAIAYLE G§SOKYyAO
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4

Figure3-5 ¢ FLUKA Monte Carlo nael of the cyclotron bunker dfS. OrsolaMalpighi" Hospital

Figure3-6 ¢ FLUKA Monte Carlo model of tloyclotron bunker of'S. OrsolaMalpighi" Hospital: detail of the
cyclotron and the dcts through the vault walls
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Figure3-7 ¢ Comparison baveen the real (a) and modeled (b¥F target assemblyof the GE PETtrace
cyclotron

Figure3-8 ¢ FLUKAVMIC model of the PETtrace collimator.

Materials were assigned to ea@EGIONT the inputby adedicatedASSIGNMA
card: the assigned material was selected from the Flair material database or created
when necessaryThe [180]-water material, 97% enrichedwas createdwithin Flair
using the dedicateMATERIAANd COMPOUNDards as shown iRigure3-9.

@ MATERIAL

B COMPOUND
11:97.0
fa:

@ MATERIAL Name: 0-18 # 0:0,001429
Z8. Am: 18, 418, dE/dx: ¥

,_/) LOW-MAT Mat:Q-18 v Lowhat 160. Oxygen 16, 296K »

‘Waterl80

@ MATERIAL Name: Water180
z Am: A

[ COMPOUND me Waterl80 v Wiz Atom »

V1 HYDROGEN v 2:1.0
v
‘ame: TarSol
e A
arsol v Voo Volume v
Waterl8O v 2:3.0

ML1:
M3 ¥

Figure3-9 - Definition of the f80}-water material in Flair.




3.2- Monte Carlo Model of the GE PETtrace Cyclotron 59

The LOWMAT card allows to assign the cross section of Oxyb@rto the new
created material®O.

The composition of the air volume within the bunker wa®deled selecting the

A0F YRIRNRYIGSNALFET FNRY GKS CtFANI YIFOGSNAFE RI
NIST dtabase(NIST, 2014)Composition of théIRmaterial is reported imable3-2.

Table3-2 - Composition of "Air, Dry (near sea level)" as reported from NIST database.

Element Fraction by weight

C 0.000124
N 0.725267
o 0.231781
Ar 0.012827

The walls of the bunker wersimulated of standard concrete Portland, with a
density of 2.35 g/cth Both Havar and Portland materials were selected from the
Flair material database and imported to input filequre3-10).

470 Havar

see Porter, NIM 89 (1970) 237, Goodlellow (via Google)

0.04% Be contribution omitted

@ MATERIAL Mame: Havar 83
z Am: E/dx: v

B COMPOUND Mame: Havar v Wi Mass v Elements: 7.8 v
0.2 M1:CARBON v 2:20.0 M2 CHROMIUM
16 M3: MANGANES v ©17.46 144 |IRON »
5:42.5 M5 COBALT » 6:13.0 W& NICKEL v
724 M7:MOLYBDEN v 828 M8 TUNGSTEN v
9: Ma: v

Concrete portland

@ MATERIAL Hame: PORTLAND 235
Z Am: A dEfdx: »

B COMPOUND Hame: PORTLAND v Mic Mass v Elements: 10,12 v
1001 ML HYDROGEN v 2:0.001 M2:CARBON v
3:0.529107 M3 OXYGEN » ©0.016 14 SODIUM v
5:0.002 M5 MAGNESIU v 6:0.033872 M6 ALUMINUM »
7:0.337021 MT:SILICON » 8:0.013 M5 POTASSIU v
10,044 ' CALCIUM ¥ 10:0.014 M0 |RON v

1bg f1z: MIZ:w

Figure3-10 - Definition of Havar and Pdland materials. Composition iseported inmass fraction.

A 16.5 MeV proton beam, elliptically shaped in the direcpenpendicularto beam
direction, was simulated with a Gaussian distribution in eneFyyKIMe=0.08MeV)
both on the x andy axis.In Figure3-11 the definition of the proton beans shown.
Several variables were defined using differgittefine cards: dx and dy are the
maximum dimension, in cm, of the beam spot in thandy direction respectively;
dE is the energy spreadof the beam of +0.1 MeVdp is the corresponding
momentum spreatf calculated using the buiih function dE2dp These variables
were used in theBEAMcard for the definition of the proton beam while the
BEAMPOSard was used to set the atting point of the beam and the direction.
Since in FLUKA the beam is directed by defdolgthe zdirection, theBEAMAXES
was used to rotate the beam reference frame and to correctly orient the beam.

BWwhile it is possible to select the energy of the beam particle, the energy spread must be given
to the BEAM card as momentum spreerrari, et al., 2005)
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dx 14
dy 12
dE =0.1"MeV

#* o -

# dp =dE2dp(0.0165, dE, mMPROTON)
Define the beam characteristics
4 BEAM ) Bean Energy v £10.0165 Par PROTON v
Ap Gauss v Ap:=-(2.355/6)*dp AdC Flatw Ll
Shape(X): Gauss v B¢ =-(2,355/B)*dx Shape(Y): Gauss v by: =-(2.355/8)*dy
Define the beam position
3BEAMPOS x 18, v 0.0 120
120 0.0 15y 0.0 Tyoe: POSITIVE v
J_.BEAMAXES sBix: 0.0 sBxy: 0.0 1sBxz: -1,
Bzx 1 sBzy: 0.0 5Bz 0.0

Figure3-11- Definition of the proton beam.

The x and y-dimensiors of the beam spatthat approximate the real beanwere
found from the result of a sensitivitgnalysisithe maximumdimension on bothx
and y-direction wasvaried in a@der to compare the cuent released on the
collimators and target assemblyscored using theurrent estimatorUSRBDXwith
experimental measurements.

A USRBDX 160 BIN v Name: |coll
Type: J1,LINE LinQ v Feg: Paceln v io Red: CollP v Area. 1

at BEAMPART v Emin: 0.0 Emax: 17 Ebins: 17,
Qmin: 0.0 Dmax §.28 Ohins: 1

AVUSRBDX - Un 60 BIN v Name: far
ype: 11,LinE LinQ v Reg: Hav2 v o Req: Target v Area: 1

Pat: BEAMPART » Emin: 0.0 Emax: 17 Ebins: 17,
Cmin: 0.0 Omax: §,28 (bins: 1

Figure3-12- USRBDX cards used in the modellingleg PETtrace beam spatroton current was measured
both on the collimator and on the target material.

Thebeam wideis a parameter routinely monitored dugnthe daily irradiations and
defined as

(@) ‘O

Equation3-1
0

P
60 pmnik

where luppper liowerand liarg @re the proton current measuredn the upper andower
collimators and the target respectively. An averageebm wide of 11% was
consideredor the comparisonNote that, since the upper and the lower collimasor
were modeled as a one piece, thisSRBDX | NdRIE (&igure3-12) gave directly the
total current|yppetliower The FWHM in th& andy-direction was calculated using the
well-known relationship

Q
Ow™0b ¢cygvd B 9T Equation3-2

where dmaxis the maximum dimension of the spot in ther y direction, considered
equals to6A.

Radiation decay was enabledrough the RADDECA¥ard (Figure 3-13), in
G i@ @S ¢ mearirg $hatthe time evolution is calculated analytically and all
daughter nuclei and all associated radias@re considered, but at fixed timet is
possible to perfon online time evolution of decay radiation, and to score all
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standard quantities (energy deposition, residyadsc) according to a usedefined
irradiation profile (RRPROFlIand one or more useadefined decay times
(DCYTIMBS Radiation transportis performed only once, and the evolutiors
applied as a weight depending on the setting of the estimator, to be defined with
the DCYSCORdard (Ferrari, et al., 2005)n other word, in active mode the decay
radiation is evaluaté analytically, using the welinown exponential equation, but
only at a given time instants set through ti¥CYTIMESard. The IRRPROFard
(Figure 3-13) was used toset an irradiation profile of 1houtmA proton current
(expressedn particle/sas requested in the card}.his irradiation profile was used
for all the simulations to compare selts from simulations with experimental results
coming from different irradiations and reference values available in literature.
Finally, theDCYTIMEG&ard (Figure3-13) was used to set=0, meaning theEnd of
Bombardment(EOB)as the onlycooling time used: again this choice was done to
compare results from simulations witbxperimental and reference values.

% RADDECAY
Vi It ignore v
ee= LPE ignore »

Decays: Active v
1 LFE ignore v
= W ignare v
decay cut: 0.0
413600,

“offv
Vi W ignore v
1wen Blast ignore v
tout: 0.0
T6.21E+12

= It ignare v

4 IRRPROFI

(§DCYTIMES 100

Figure3-13- Cards RADDECAY, IRRPROFI and DCYTIMES used in the simulations.

TheSTARTard Figure3-14) was used to set the number of primary histories to
be simulated in edt cycle. In FLUKA, each run is composed by adefered
number of cycle (default = 5):once a run had been performethe files generated
in each cycle were processed, meaning that they were aver&gebtain a final file
with higher statistic respecto the files obtainedin each cycle. This strange FLUKA
feature it is notother than a computational way to apply the law of large nunber
and the central limit theorem explained in sectioB.l. Knowledge of he total
number of primary particle simulated is extremely importantfor the post
processing of the resultsince these are generally normalized per primary particle
Usually we know the total number gfrimary to be simulatedand so we are
interested in calculatingthe number of primaryparticles to set in STARTknowing
the number of cycls per run and the number of joB% the primary particls in
STARTan be calculated as

M6 R 04 BEYEYE ‘Y"\I_/lﬁ Rl "Qa ®E® Qa6 & ¢
v Y Y T S S e o ahD £ ol

Equation3-3

1 Results are generally normalized per ymimary weight If no bias is used, the primary weight
is equal to 1 and the total number of primary particle simulated is equal to the sum of primary
weights.

% The number of jobs is the number of run performed in parallelessence is the number set,
GAGKAY CEfIFANE AYy GKS NY¥zy YSydz Ayiz2 G4KS FTASER

QAL 6y
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The RANDOMIZcard sets the seeds for the doubjerecision random number
generator while STOPstops the execution of the progranDefault settings were
used for these cards.

Setthe random number seed

@I RANDOMIZ unigl
Setthe number of primary histories to be simulated in the run

# START o 2ET7 Care: ¥
B Time: Report: default v
EuSTOP

Figure3-14- Cards START, RANDOMIZE and STOP.

In the following, where not explicitly indicated, simutais were conducted
simulating a total of 19 primary particles to achieve, in most of the casge
uncertaintieson the final result less than 1%.

3.3 Validation of the Model

3.3.1 Production of*8F

The production ofF by the wetknown reactiont®O(p,n}éFwas studiedo find
the set of physical and transport parameters that allowedtiain the best result
with minimumcputime usageA basic beam transport lineonsisting ira target of
a water solution (1.3 g) 97% enriched fi©, was modelled and inially used to
perform a sensitivity analysis to find the optimal combination of default, physic and
transport parametes. A perfect pencil beam was simulated at this stage to
reproduce ideal beam conditionsThree different set of defaults, predefined
transport settings for the most common problems, weset using the dedicated
DEFAULT&rd Figure3-15) andcompared:

1 NEWDEFAIn which a reasonable minimaket of physical mechanisms
(such astransport of electrons, positrons and photons; low energy
neutron transport; delta ray production; lawy particle bremsstrahlung)
isenabled;

1 HADROTHtr hadrotheapy calculations;

1 PRECI®for maximum precisiosimulations

The defaults used in this validation differ not only in the physical mechanism

enabled but also in the production and transpemergythresholds of primary and

secondary particle

Setthe defaults for precision simulations
@DEFAULTS NEW-DEFA ¥«

Figure3-15- DEFAULT card
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The assessment of thatsiration yield,already defined in sectioh.2.3 of 18F was

performed using the(RESNUCILdard (Figure3-16) to score the activityproduced at

EOB Results were compared with the recommended saturation activity foh 14)

provided in the IAEA database for medical radioisotopes ycbdn: for 16.5 MeV

protons A results to be 13.078 GBgA (IAEA, 2001a)lo allowthe calculation of

the activity of'8F produced at EOBRESNUCLElI NR ¢l a aO2yySOiSRé¢ X
DCYSOREcard Figure3-16), to the cooling time=0.

/> DCYSCORE Cooling £.0.0 ¥ Kind: RESNUCLE »
Det: AcTar v to Det y Ste
Ak RESNUCLE Type: Allw Uni: 30 BIN v Name: AcTar
Max Z: Max h: Red Targetw Vol

Figure3-16 - RESNUCLE and DCYSCORE cards.

For each simulation twoPHYSI® cards(Figure 3-17) were used to enable
coalescence mechanisms and the new FLUKA evaporation model, with heavy
fragment evaporation(Ferrari, et al., 2011)for some 8nulations, PARTTHRcard
(Figure3-17) was used to overwrite the default particle transpahreshold for one

or more typesof particles In this case, proton trangpt threshold wasset to 1 MeV
insteadthe default value of 10 MeV of theEWDEFAlefault.

PHYSICS Type: COALESCE v Actvale On v
EPHYSICS Type EVAPORAT v Wadel New Evap with heavy frag »
-+ PART-THR Tyoe:Energy v ~Eo.ool
Par: PROTON v 12 Par: PROTON v Step: 1.

Figure3-17- PHYSICS and PARHAIR cards.

{AYdzE F GA2ya 6SNB LISNF2NX¥YSR 2y | s&h@NBu AT
hyperthread enabled.

Results of the sensitivity analysis performed on defaults, physical and transport
parameters are summarized Trable3-3.

Table3-3 - Validation of the physics and transport parameters in the energy range of medical applications:
assessment of the saturation yield &fF.

I o
< < < T z S @
L L L = =
=) =) =) Q Q 3] 3]
DEFAULTS = = = x x 0 0
| | ] 2 2 e e
=z Z zZ I T o o
PARTTHR: o, oo o PARTTHR: PARTTHR: o\ oo o PARTTHR: )\ oo o
TRANSPORT as default 0.1 MeV 1 MeV as default 10 MeV as default 10 MeV
(10 MeV) ' for protons (0.1 MeV) (0.1 MeV)
S'm“""m?” Time 4 o5 5.04 3.12 25.17 3.43 25.48 2.26
Yeat 18F 6521+ 13.166+ 13.161+ 13169+ 6508+ 13.200+  6.486 +
[GBq/mh] 0.006 0.009 0.009 0.010 0.005 0.010 0.006

Aol Y FLukaA 2.01+020 0.99+0.10 0.99+0.10 0.99+0.10 2.01+020 0.99+0.10 2.02+ 020
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FromTable3-3, NEWDEFAdefault and a proton transport threshold set at 1 MeV
proved the best combination giving an excellent agreement with the IAEA
recommended value in the shortest simulation tinf;fantino, et al., 2015a)
Actually, considering the production cross section of tH®(p,n}F reaction
retrieved from the IAEA hargedparticle cross section database for medical
radioisotope production(IAEA, 2011a)t is possible to see how large part of the
area under the curve is lost when protons are not transported below 10 MeV
(remember that the integral of this curve is proportional to the activity produced).

800
18 18

700 | 0(p'n) F a  Bair (B4)cormr

= Bair 73)comr

= Kitwanga (30) norm
600 ¢ o ¢ Hess (01)

fit Spline (03)

500 +

Cross section (mb)

B

8

o

2 4 5 8 10 12 14 16 18 20
Particle energy (MeV)

Figure3-18- Cross section of th®O(p,n}8F reaction(IAEA, 2011a)

In a previous work conducted in 201bie production off%Zr, via the?®Y (p,n§°zr
reaction, was studied using FLUKAfantino, et al., 20110 develop a target
capable of maximizintghe production yield. In this worka very simple cylindrical
target, including the Yttrium foil, the target baking, the cooling Helium and the
Havar foil was modeledhe NEWDEFA setvas use¢la spread out 16.5 MeV proton
beam was definedFinally, activity produced after 1hodnA irradiation was scored
using the RESNUCLEard. Simulations were comparedwith experimental
measurements(Ciarmatori, et al.,, 2011and a theoretical assessment conducted
using the TALYS codkoning, et al., 2007 experimental to FLUKA and TALYS to
FLUKAatiosof 1.09 + 0.15 and 1.07 £+ 0.16 wedoaind respectively.

3.3.2 Assessment of the Neutronmbient DoseEquivalent

Measurements of the neutron ambient dose equivalent H*(10) were taken
around the PETtraceo further validate the model with another quantity of
radiological interest The eperimental setup adoptedrefers to a previouswork
02y RdzOUG SR I -8 | LOA{3dK A & NBEaMfraniJAel lalf, 2008)where
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measurements ohmbientdose equivalent H*(10), from thermal and fast neutrons,
were conductedwithin the cyclotron vault Measurements were taken in Jints
located along 8 directionst the same height of target n°1, used in tR&F
production (Figure3-19): a set of 3 dosimeters for fast neutrons (8% and 3 dér
thermal neutrons (GR0O0 and GRO07), all provided by ENEA, wased at each
measurement pointo improve measurement statistics.

A
i

Figure3-19- Experimental setup used in the measurement campaign: nunsbadicate the position of the
dosimeters(Gallerani, et al., 2008)

A new measurement campaign was conducted using@atron remcounter FHT
752 (Thermo Scientific) provided with a sBproportionatcounter and a PE
moderator, calibrated in H*(10and a new set of 12 TLD dosimetetgpe CR39
(ENEA)The main features of the detecto(ENEA, 2013Thermo Scientific, 2013)
usedin the measurement cangignare reported inTable3-4. To obtain dose rates
in the measurement range of the detectoand thuslimiting the effects of dead
time, irradiation tests were congtted with an integrated current between 0.005
and 0.0016"Ah. Results were compared with Monte Carlo simulations performed in
the same conditions of irradiation.

Table3-4 - Main features of the detectors uskin the measurement of the neutron ambient dose equivalent.

FHTF752 (Thermo Scientific) CR39 (ENEA)
Measured Quantity H*(10) H*(10), Hy,(10)
Energy Range 0.025 e\ 20 MeV 200 ke\g 14 MeV
Measuring Range 1 nSv/h¢ 0.4 Sv/h 0.1¢ 20 mSv
Detector BF3(1 bar) CR39 (25x36x1.4 mm)

Neutron: 0.5 $/(nBv/h) for G252  Energy dependence: +509

Response Gamma: <10at 1Sv7h for Cs 137 Angular dependence: £159
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Simulations were performed using th& EWDEFA set; proton transport
threshold was set to 1 MeV, according to the results reported above, using the
PARTTHRcard. Finally, a 1hottmA irradiation profile was simulated and results
were normalized to the total charge imAh. The spread out beam describén
section3.2was usedNeutron ambient dose equivalent was assessed in FLUKA using
the USRBINind the AUXSCORtEards. TheUSRBINard scoresthe distribution of
several quantities(such asenergy deposited, dose, activity, specific activity,
displacements per aim, nonionising energy losses, dose equivalent, fluernea
regular spatial structure (binning detector) independent from the geomé&gearrari,
et al.,, 2011) The AUXSCOREard allows to associate scoring detectors of given
estimator types with dose equivalent conversion factors and to filter scoring
detectors according to auxiliary (generalised) particle distributionsatope ranges
(Ferrari, et al., 2011)

E:-USRBIN Unt 41 BIN v *dosePol
Ty R-@-Z v Rmin: 0,0 Rmaix: 200, MR- 200
Parl: DOSE-EQ v %0.0 .00 he: 72,
Zmin: 0.0 Zmax: 200. 22200
ERUSREIN Ut 42 BIN v doseCar
Ty X-Y-Zw Amin: -600, Amax: 600, NX: 240
Parl: DOSE-EQ v min:-450. fmax. 650, WY 220
Zmin: -200. Zmax: 600. 2160
“r AUXSCORE Type  USRBIN v Par NEUTRON v Sel AMBT4
Della: v D=l dosePal v lo Det: doseCarv Step: 1

Figure3-20- USRBIN cards used for the assessment of the neutron ambient dose equivalent H*(10).

To reproduce the positioning of thdosimeterstwo different USRBIN cards were
set Figure3-20): in the firstone a cylindrical meshiRF -Z was createdin an area
close to the cyclotron witla pitch of 1cm along the radial direction and the height
of the cylinder and with a pitch of 5° on the polar angie the second one, a
Cartesian mesh, on the whole cyclotron vault, with a pitch of 5 cm along the x, y, and
z-direction was createdThe AUXSCORtard allowed to filterthe doseequivalent
from neutrons only and to applyhe fluenceto-dose equivalent conversion
coefficients to obtain results iambientdose equivalent Hf Mmn 0 Y AMB® a S
based on ICRP74CRP, 1996and Pelliccioni(Pelliccioni, 2000data was used.
Results of the simulation are reportedkingure3-21 and Figure3-22.

From the cylindrical mestFigure3-22) data for positions -B were taken while
positions 912 were calculated using an exponential attenuation; data from the
Cartesian mesh Hgure 3-21) were taken, for all the positions, in the same
coordinates as the real dosimeters. Comparison of the simulated and measured
values of ambient dose equivalent is reportedTiable3-5 (Infantino, et al., 2014a,;
Infantino, et al., 2015a)
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Figure3-21 ¢ FLUKA ssessment of the neutron ambient dosguivalentH*(10) over the whole cyclotron vault
(Cartesian mesh)
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Figure3-22 - FLUKA assessment of the neutron ambient dose equivalent H*(10f iaraa close to the
cyclotron(cylindrical mesh)
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Table3-5 - Comparison of neutron ambient dose equivalent obtained with simulatimd experimental
measurements.

Galleraniet al. FLUKARFZ) FLUKAXYZ) FHF752 CR39

Position
Dose + UncertaintyrhSv/nAh]
1 230+ 70 307.9+29 3088+0.5 330+50 400+200
2 300+£100 4539+3  4644+0.6 430+60 300200
3 43+13 1106+1.6 97.82+0.26 93+14 60+30
4 300+£100 459+ 3 4800+0.6 420+60 400+200
5 300+£100 3169+2.7 3309+0.5 330+50 400+200
6 6.21+2.6 197+05 2087+0.11 274 65
7 37+12 550+1.1 7569+024 32+4 1913
8 21+0.9 190+05 1887+0.10 23%4 65
9 19+6 2743+0.26 5293+0.19 55+8 3118
10 59+23 1070+0.14 46.61+0.17 45+7 38%22
11 100+ 30 1319+1.3 1696+0.3 190+28 130%70
12 134 196+04 3800+0.17 22+3 50%29

As it possible to see frorable 3-5, the uncertainty associatedwith the CR39
dosimeters is quite high: this is substantially due to a signifidggendence orthe
energy reponse of the instrument in atense and complex radtion field as the
one whitin the cyclotron vault during an irradiatio®n the other handthe use of
an electronic instrument like the remmounter allows to improve the counting
statistics hanks to the greater dimensions of the probe, comgzhwith the TLDs,
even if thecorrect positioning might be affected fromsagnificativeuncertainty. The
total uncertainty'® associated withthe neutron remcounter was assessed by a
guadratic propagation of the uncertainty dhe reading of the proton curm (~5%),
on the irradiation time (< 3s), on the calibraticactor (~5%) and on the differences
from the caibration spectra (~5%): a total uncertainty of 15% was considered.

Finally, theratio between FLUKA (Cartesian mesh) and the measurements obtained
using he FHT752, the TLB(averageof Galleraniet al. and the new measurement
campaign) and the total average of the experimental measurements-{B&T
CR39+ Galleraniet al) was calculated for each position. Results are reported in
Table3-6. The average for each positiand for the global agreemermnsidering all
positionswas calculatedy weighting the single uncertainties of the measurements
using the followingequations

16 Sometimes the quantitative assessment of the uncertainty is impossibtgite complexin
this case, the uncertainty can be assessed on the basis of the experience of the scientist that
performs themeasurement as suggested in the standAnSI N42.14999(ANSI, 1999)
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Equation3-4

Equation3-5

|o
= |'O

wheredfis theweighted averageand, is thestandard deviation of the meaf®DOM)
(Taylor, 1997)

As shown irfrable3-6, using the physics and transport parameters fouadptimal

in the previous section, the assessment of the neutron ambient dose equivalent
resulted in optimal agreement with the experimental measurements obtained with
the neutron remcounter. Compared to the measurements obtained with the TLDs
FLUKA ovestimates, on average, the dose rate of about 55%: from a radiation
protection point of view FLUKA gives a safe condition, useful during the design of
shielding even if, as reported above, the measurement of the dose equivalent with
this type of dosimeters not recommended.

Table3-6 - Ratio between FLUKA (XYZ) values and experimental measurements.

Position Fluka/FHF752 Fluka/Average TLL Fluka/Average Exf

1 0.94+0.14 1.3+0.3 1.03+0.14
2 1.08+0.16 15+04 1.20+0.16
3 1.04+0.16 22+06 147+0.21
4 1.13+0.17 15+04 1.24+0.16
5 1.01+0.15 1.03+0.28 1.01+0.13
6 0.78+0.12 34+12 19+0.3
7 24+04 26+0.8 24+03
8 0.81+0.12 9+3 56+14
9 0.97+0.15 2608 1.64+0.24
10 1.04+0.16 7527 46+10
11 0.89+0.13 17+05 1.18+0.16
12 1.69+0.25 27x09 1.98+0.27

TotalAverage
0.9910.04 155+0.15 1.30+£0.06
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3.3.3 Comparison withTesclf aata5

As reported in sectiol.2.2, for many years the work published by Te§€hsch,

1985) was widely employed in the design of shielding, especially regardiag t

assessment of the source term. In this context, it was interesting to compare the

y Sdzii NR Y

8AStRA

200 AYSR 08 ¢SaoK A
basic beam transport line was modellem study the radiation field produced in the
irradiation of a cylindrical thick targef copper, iron, graphite, tantalum and

My nQa

aluminium An ideal pencil beam without any spread in energy and direction was

simulated. The number of neutrons produced per primary incident proton was

evaluatedat energies chaacteristic of PET cyclotrons in addition to the ones above
50 MeV reported by Tesch to cover the entire energy range of biomedical
cyclotrons. Proton range in the different target materials was assessed using SRIM

code(Ziegler, et al., 201Qp create a target region thick enough to completely stop

the proton beam.The number of neutrosiproduced persimulatedprimary particle

is available in the standard FLUKA outptibgt file): to improve the statistic the
neutron yield, ata given energy, was calculated from the average of the
corresponding value retrieved from all th&tout files generated during the

simulation.

A summary of the results obtained from simulatigrier the different materials,
is reported inTable3-7 and inFigure3-23.

Table3-7 - FLUKA neutron yields tdined for several target materials.

Energy
[MeV]

Graphite

Aluminum

Iron

Copper

Tantalum

Neutron yield (neutrons/incident proton)

16.5
19
24
30
50
100
150

200

250

(4.8322+0.0012)/B5
(6.7527+0.0016)85
(1.3818+0.0004)84
(4.7514+0.0028)84
(5.173+0.014)©3
(4.19+0.03)B2
(1.145+0.012)©1
(2.098+0.028)©1
(3.30+0.05)B1

(5.381+0.016)D4
(9.77+0.04)D4
(2.458+0.014)B3
(4.93+0.03)03
(1.957+0.020)©2
(8.91+0.12)2
(1.97+0.03)01
(3.01+0.05)B01
(4.88+0.09)B01

(1.927+0.21)D3
(3.12+0.04)03
(6.22+0.05)B03

(1.104+0.017)©2
(3.65£0.07)B02

(1.391+0.028)B1
(2.99+0.06)B01
(4.84+0.11)B01
(7.39£0.17)B01

(2.37+0.03)B03
(3.69+0.06)B03
(6.96+0.11)B3
(1.237+0.022)B2
(4.07+0.09)B2
(1.72+0.04)01
(3.74+0.10)01
(6.02+0.16)B01
(9.170.25)B01

(2.40+0.06)B03
(4.35:0.10)3
(1.061+0.029/D2
(2.12+0.06)B02
(8.00+0.27)B2
(3.890.15)B01
(8.9+0.4)BD1
(1.47+0.06)E+00
(2.28+0.09)E+00

Neutron yields were compared with data reported by Tesch (198fgurel1-6): in
the 50¢ 250 MeV energy range the average ratio between Tesch data and FLUKA
simulatiors was 0.99+ 0.12 for graphite, 1.1 0.14 for aluminum, 1.1% 0.14 for

iron, 1.00+ 0.12 for copper and 0.94 0.10 for tantalum.In the energy range of

interest for proton therapy the overall agreement with Teseasvery goal. Below
30 MeV the agreement wasot as satisfactory (i.e. 1.280.26 for iron and 2.@ 0.4
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for aluminum at 19 MeV); Tesch reported only limited data in this range of energy
which is likely due to the limited diffusion of PET cyclotrons duringlten Q& | y R
M by nAvalidated Monte Carlo model can fill this gap, supplying accurate
prediction of neutron yield in this low energy region as wWhaifantino, et al., 2015a)
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Figure3-23 ¢ FLUKAdtal neutron yield petincidentproton for different target materials
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3.4 Experimental Measurementsf 4*Ar

In the use of biomedical cyclotrond)e activation of air during irradiation and
the consequent releasén the external atmosphere of radioactive effluents is a
radiation protection topic still at theheart of the debate within the scientific
community. In particular, the production, and consequent release in the external
atmosphere of*?Ar is an important aspect of the radiation protection of workers and
representative persons of the population. In a medical cyolotfacility, **Ar (t2 =
109.34m) is produced by the activation of air due to secondary neutron flux during
irradiation, according to thé%Ar(ng)**Ar reactionwhich has a cross section €660
mb at thermal energy(0.025 eV (ENDF, 2014)In literature, some analytical
assessments of th&"Ar production in aiwere published, based on assumptions or
experimental measurement of the neutron flux. A theoretical model of the
production of4'Ar in a cyclotron vault and its release in atmosphewses studied by
Birattari et al.(Birattari, et al., 1985Birattari, et al., 1987h)where hypothesis on
the shape and the energy distribution of the neutron fieldre done.Gutermuth et
al. (Gutermuth, et al., 2005nd Biju et al(Biju, et al., 2013Biju, et al., 2012have
performed FLUKA Monte Carlo assessment’éf concentration around proto
accelerators in the 0:1 GeV energy range; in these works, Monte Carlo simulations
were compared with results of analytical estimations, according to methods
described in the IAEA Report 282EA, 1988br NCRP Report 14ANCRP, 2003)
respectively.An estimation of the production of!Ar due to photoneutrons near a
15 MV linear acceleratovasperformed byChao et al(Chao, et al., 2007pased on
experimental measwment of the neutron flux using Indium foils. Some
experimental results are available as regafdar release from nuclear reactors
(Laurizten, et al., 2003ylladin, et al., 2013)However, there are not reports on
direct measurement of air activation around biomedical cyclotrons

To measure the activity concentration &fAr inside the cyclotron bunker, an
extensive measurement campaign was performed: Marinelli beakers of 1000 cm
were placed inside the bunker, dag a routine production of®F, in a series of
marked msitions as reported irFigure 3-24. Beakers 1, 2, 3, 4 were placed at a
distance of 1, 2, 3, 4 m from the taagrespectively; beaker 5 was placed at 1 m
gKAtS 0SIF{SNAR ¢ FYyR v Fd wH Y FTNRY GKS
the target. All the beakers were placed at the same height of the target assembly
used in the irradiationsTo assess the averagalue of**Ar concentration within the
entire bunker, beakers were placed in a variety of different position. Marinelli
beakers were sealed to simulate the absence of the ventilafrmrmally present
within the cyclotron vault andfixed at 15 air change per hou): under the
hypothesis of thin plastic thickness of the beaker, the activation of the air inside the
beaker is equal to activation of air outside the beal&trthe end of the irradiation,
after a measured waiting time of 10 to 20 minutes, thdow to enter the bunker

al
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Figure3-24 - Sampling positions adopted during the measurement campadafrt'Ar within the bunker.

and remove the samples, the beakers were measured in gamamnapectrometry

using a HPGe-Nype detectorThe highresolution gammaay spectrometry system

is based on digital electronics (Areva Canberra, distributed in Italy by TNE, Milan).
The HPGe detector has a 30 % relative efficiency and a resolution of 1.8 keV at 1332
keV.The spectrometry system was calibrated in thel®336 keV range by means of

a multiradionuclide certified reference solution, obtained from an accredited
Standardization Laboratory (Areva CERCA LEA, Pierrelatte Cedex, FFaece).
calibration process waperformed accordingly to the IEC 61452 stand&iéC,
1995) using the Genie 2000 softwar&.dual logarithmic polynomial efficiency curve
was used.

The method implemented in the software accounts for the propagation of the
uncertainties in the calibration of the reference source2% at 1 sigma level,
depending on the peak in the mixture), in the tabulated yield (typically <1%), in the
net peak area (<1% for calibration peaks) and in the interpolation of the curve
(typically 8%). The calibration uncertainties results thus of abod at 1 sigma
level (Zagni, et al., 2014 Samples were measured for 1800 seconds and all the
experimental measurements were decay corrected to EDR. dfferent densty of

the samplescomparedto the calibration source, was taken into account: the
efficiency curve for an equivalent gaseous Marinelli calibration source was evaluated
using the software Labso¢B8ronson, 2003Venkataraman, et al., 200%rovided

with the acquisition package Genie2000 (Canberra). A correction factor for efficiency
for the 1294 keV peakhe most important gamma line fat*Ar, was calculated and
applied to the experimental measurements.
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A FLUKA MC modeeproducingthe measurement setup was create#igure
3-26). NEWDEFAdefault and proton transport threshold set to 1 MeV were used;
an irradiaton profile of hour-1mA was simulatedCoalescence and evaporation of
heavy fragmentwere enablal through PHYSIC&rds; RADDECA¥ard was set in
Gl Ol A @ STévo diffarenStgpes of score were useBRESNUCLahd USRTRACK
scores. ThR&RESNUCM&s used to directly score the activity concentratiorf'@fr in
the air volume at EOBSeveraRESNUCLdards were ged to score the activity of
4Ar in the whole air volume, within the Marinelli beakers and in34mlumes
centred in the same position as the Marinelli beakers. IBRTRAGKore was used
to assesdhe differential neutron fluence distribution in energy within the target
region, in an energhinning basisTo reach a high statistic, ¥0Oprimary particles
were simulatedrunning 16 parallel jobs on a remote clusterin this way it was
possible to reuce the total CP4ime usage (running times were about 20 hours for
eachjob) and to reduce the variance

»DCYSCORE Codling t: 0.0 v Kind: RESNUCLE v
Det: AcAir v o Det: AcAirv Step: 1.
|4 RESNUCLE Type Allw Unt 30 BIN v Name: ACAIr
Max Z: Max M Red: AIrB v +121560333
P USRTRACK Ui 50 BIN v lame: spech
Tyoe: Linear v Reg AIB v Vol 121560333,
Part: NEUTRON v Emin: 0.0 Emax 0.02 Bins: 200,

Figure3-25- RESNUCLE and USRTRACK scores used in the asses$iemrboicentration.

Figure3-26 - Section of the FLUKA Monte Carlo model used in the simulations: The model reproduces one of
the experimental setup adopted.

" The remote cluster used for these simulation was ggh@sical processors Intel® Xeon® E5410
(@ 2.33 GHz) provided with 4 cores each.
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Figure3-27 - Neutron spectra in the whole air volume within the cyclotron vault.

Figure 3-27 shows the neutron spectrum in the whole air volume within the
cyclotron vault. 1t$ possible to see how neutrons are generated around 1 MeV and
then slowed down to thermal energy with a peak around ~4xugV .

One of the main features of FLUKA is the possibility to calculate the residual
nuclei produced in inelastic interactions in afithed region. To assess the
radionuclide inventory, FLUKA bases its calculation on inelastic hadronic interaction
models except for lovenergy neutrons where tabulated cross secBare used
(Brugger, et al., 2007 ransportof neutrons with energies lower than a predefined
threshold energy is performed in FLUKA by a multigroup algorithm: for neutrons
with energy lower than 20 MeV, as in the case of interest, FLUKA uses a specific
neutron cross section library in which thee¥gy range is divided into 260 energy
groups of approximately equal logarithmic width (31 of which are thermal), and
containing more than 250 different material¥his library has a larger number of
groups and a better resolution in the thermal energy rangrespect to the original
one (Ferrari, et al., 2011)In addition to direct assessment performed with
RESNUCLEO2 NB>X G(GKS LINPRAzOOA2Y fANSIER diad yaAl 9Gd
VII.O cross sections libraENDF, 2014 combination with neutron fluence data
obtained withthe USRTRAC#Core The saturation activity can be writtein this
caseas

0 £ %0, 5 0QO0 Equation3-6

where nqpoar is the number of*°Ar atoms in the target materialf(E) is the neutron
flux distribution in energy andn g4 is the cross section of tH8Ar(n g*'Ar reaction
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Figure3-28 - Example of a generic spectrum obtained with the USRTRACK score of FLUKA.

Using the USRTRACKcore it is possible to obtaindirectly the differential
distributions of fluence in energ@/(EYdE in units of cnt?> GeV* per incident
primary unit weight®. Actually, onsidering a generic spectrum obtained with
USRTRAQKIgure3-28) andN+1 points in energyj( = 1 , é), thatcbrrespod to

N energy binsi( = 1 , )éwe Nan transform the integralf Equation3-6 into a sum
over the FLUKA 260 energy Bths

5
o) "R % %0, 5 0QO
" VI Equation3-7
e i V) Y% O .0 S,,_O
P yo » °

where mis the density of the target materighir); V is the volume of the target
region;d saris the mass fraction dArin air (Table3-2); Asarin the atomic weight
of “Ar,NaA & | @2 3 RNRIDE is iedaidth ®MNhei™ energy bin.Calling
F(E) the differential neutron fluence distribution as a function of engrgy thei™
bin, obtained using th&/SRTRAGKore we can obtain

n most of the ases each primary particle simulated has a weight equal to 1 and the sum of

the primary unit weights equals the total number of the primary particles simulated. It is important to
remember that generally this is not true, in example when a bias is used.

19 Note that the energy groups armumbered in order of decreasirenergy (group 1 corresponds
to the highest energy).
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0 00, 75 O YO Equation3-8

where Np is the number of primary particles per second defined in the IRRPROFI
card The offline calculation of the saturation activity using external cross section
RFEGF & Extetal CibsS Bectibpn Mettiod 0 9 (Infaatito, et al., 2015b)
Since the constrain of the fixed energy structugguation3-8 was implemented in a
spreadsheet that firsttadapiedsé the ENDF cross sectoni 2 (L&WS Engrgy
Neutrong?° (LEN) structure; then the convolutionwas performed and activity
concentration for lhour-1mA irradiation was calculatedThe adapted CS were
calculated by weighting the ENQSrespect toparticle energy(Equation3-9).

B R 0 oF

” Q Q p (p T . !

” ” s ﬁ ! '?‘Q :O 3 Equat|0n3 9
Q

)(1 Fﬁ"
37

In Figure3-29 it is possible to see how considering only the cross section value at
0.0025 eV, a# wasdone in the pasin the already published worksignificantly
underestimate the production ofAr.
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Figure3-29 - Differential neutron fluence distribution as a function of energyd fit of the 4°Ar(n,g**Ar cross
section tothe low energy neutrons structure. The figure gives an idea of the convolution process.

About 68 samples, distributed in 8 different positions in the bunker and during
different 17 irradiations, were taken to reach a good statistic. The values of activity

2FLUKA considets[ 26 9 Y SNHE& b Sdzi NP yaa énergyflebs tharke8 Me/S dzil NP y & 4 A
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Table3-8 - Results of the experimentaheasurements of!Ar in the different positionsFor each beaker the
weighted average, over 17 samples, and standard deviation of the mean were calculated.

Weighted average + SDONM
[Ba/dm®* mAh]
0.721+0.023

0.69+0.03

0.711+0.025

0.82+0.03
1.00+0.05
1.01+0.05
1.07+0.06

8 0.83+0.04
Total 0.86 + 015

Beaker

N o oA WN PR

of 4*Ar corrected to the EOB were then normalized for the charge accumulated on
the target in each bombardment, expressedniith. Average*Ar concentration in
eachposition, including the standard deviation of the mean (SDGivB, listed in
Table3-8. The values of activity concentration in air show some differences between
the different positions of sampling; this is considered due to the positadative to

the walls: the closer to the wall, the greater the fluence of thermal neutrons.
Despite these differences, the values show a substantial uniformity, being the
coefficient d variation of the results 19%; it wasconsideed thus practical to
expressthe resultsin a synthetic form using an overall averagend its standard
deviation, of the activity concentration of'Ar praduced in air, that results 0.86 +
0.15Bg/dm?* nAh.

Direct activation of the air within the cyclotron vault, obtained with the RESNUCLE
score, can be represented as adiinensional map (atomic vs mass number) of the
radionuclides produced Higure 3-30). As the figure shows, traces of other
radionuclides can be produced in air during irradiatidratfle 3-9); however,the
order of magnitude of the activity concentration at EOB of these radionuclides is at
least two order of magnitude less than that ®fAr, and this only in thease of
radionucides with halflifes of seconds or minutes. For all the other, longer lived
radionuclides, the evaluated activitconcentrations are 5 or more order of
magnitude less thar*!Ar; their production can then be neglectedhe “!Ar
concentrations obtained dire¢ly using the RESNUCLE card (already reportédbie

3-9), and indirectly by the neutron fluende-cross section convolution, both over
the whole air volume (~126°), are compared ifable3-10, as well as the ratio of

the simulated concentration to the experimental average.
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Figure3-30- Bi-dimensional map of the radionuclides produced during irradiation in the air volume within the
cyclotron vault: Concentrations were normalized for the charge accumulated on the target, expresgaghin

Table3-9 - Activity concentration, at EOB, of the radionuclides produced in air during irradiation.

Activity
Isotope tie Concentration
[Bg/dm3* mAh]

“Ar 109.34m  (2.18+0.11)E+00
AT 269y  (1.76+0.63)E08
YAr  35.04d  (3.3+1.2)E05
S 505m  (4.9+1.6)E02
%C|  3.01e5y  (2.9+2.9)E13
16N 7.13s (2.5+0.7)E02
“C 5730y (4.235+0.012)E05
128 2020ms  (1.9+1.9)E03
3H 12.33y  (1.39+0.04)E05
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Table3-10- FLUKA assessment of the\r concentration: total air volume.

4IAr Concentration Ratio
[Bg/dm3* mAh] FLUKA/EXp
Direct
(RESNUCLE 2.18 £ 011 25+05
Convolution
(USRTRACK 2.19 + 007 25+05

The ratio between theFLUKAsimulated concentration of!Ar (direct assessment,
FD and convolution fluencéo-CS,FQ and the experimental measuremestwas
compared for Marinelli beaker and £molumein positiors 1-4 (Table3-11).

Table3-11- FLUKA assessment of th#\r concentration: ratio of the simulated concentrations for Marinelli
beakers and 1frvolumes over experimental measurements.

Marinelli Beakers 1m3-volumes
Beaker
FD/Exp FC/Exp FD/Exp FC/Exp
1 n/a 3.58+0.18 74 3.01+0.14
2 n/a 351+0.20 35+1.2 3.13+0.16
3 n/a 356+0.19 3.0+1.3 3.05+0.14
4 n/a 3.36£0.19 2.6+0.8 2.99%+0.16

Even ifthe results reported inTable 3-11 are substantially equal within the
uncertainties, a tendency can be observdtie larger is the volume in which direct
and fluenceto-CS convolutiorassessment of!Ar concentration is perfoned, the
less is the ratio of FLUKA simulagdo the experimental measuremestThis trend

is due tothe very low reaction rate of thé®Ar(ng**Ar reaction: actually, direct
assessment in the Marinelli beakers €16°) did not produceany results whé in

the 1mP-volumes*'Ar was produced in a detectable quantity. Regarding the results
obtained from fluenceo-cross section convolution, again it is possible to see how
increasing the volume of integration the ratio FLUKA to experimental decreases and
tends to the ratio obtained considering the whole air volume inside the cyclotron
vault (~120 ).

In conclusion,@mpling air within a bunker in irradiation conditions is a relatively
complex task; althe main aspectsvere addressed, including significancé the
sampling, timing between sampling and gamma ray spectrometry analysis,
correction of the efficiency calibration accounting for sample's density. Individual
measurement resulted affected by uncertainties of the order of 5 % at 1 sigma level,
being he results quite similar in the different sampling positionsy#s possible to
evaluate an overall average, within ariability of less than 20 %h@&se resultwere
consideredsatisfactory and useful, particularly to support the planning stage of new
facilities and the choices regarding proper regulation of the ventilation system.
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As a first, reevant result, it wasonfirmed that, as expected, production BfAr
is the only significant air activation process. Nevertheless, we only obtain an
agreement within a factor of 2 3 between simulations and experimental results. A
similar level of discrepancy has been observed in other attempts to model activation
in maerials not directlyinterested by the primary bear§Vincke, et al., 201 Biju, et
al., 2013,Gutermuth, et al., 2003rugger, et al., 2007)

Thereasons for these differences should be investigaite low energy physical
models used in current Monte Carlo programs, particularly when applied to target
nuclei present at a very low concentration in a compound media.

However, it has to be noted that analytical approaches to calcufdfe
production inair require a relatively complex series of calculations, based on rough
approximations of the real geometry, neutron spectra and fluence distribution. Their
accuracy cannot expected to be better than those obtained using Monte Carlo
methods, based on a me accurate description of the real problem.

Monte Carlo simulations can instead allow for an accurate geometrical
description of the real setup, and provide an elegant solution to the problem of
assessing air activation, while in the same time provide information on other
relevant radiation protecbn quantities, like neutron fluence, ambient dose
distribution, activation of cyclotrostructures and perimetral walldnfantino, et al.,
2015a)

Finally,simulations produced an overestimation, by a factor measurable in an
order of magnitude of about 2, of the concentration“@Ar produced in air. Further
studies are necessary in order to improve the precision of Monte Carlo simulations,
as regards activation of materials due to secondary radiation; however, the
observed disrepancies being in terms of a cautious overastion, the results
confirmed the usefulness of FLUKA in the perspective evaluation of the radiological
impact of new cyclotron installations.

3.5 Cyclotron Production of"Tc¢

The established method for the@duction of**Mo, based on fission in nuclear
reactors, is still critical due to the plants aging and the significant investments
needed for maintenance or for their renewal. Much research work is thus in
progress on the study of alternative methods fdnet production of °*"Tc in
guantities and with the degree of purity required for clinical use. Between them, the
cyclotron production of°™Tc via the?®Mo(p,2ny°"Tcreaction has turned out as the
most attractive alternative and several works have already proved its feasibility
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using medical cyclotrons accelerating protons up to 19 MeV. One critical aspect
regarding the direct production d°™Tc with cyclotron is theeed for a robust and
reliable production process leading to a target capable of withstanding high beam
currents and long irradiation time and granting the production of large amounts of
9MTc. Several techniques have been indicated as extremely promisavgever
these methods require specialized instrumentation and complex operations to be
performed handling activated materials in order to recover irradiated Mo. Although
several groupgMorley, et al., 2012Gagnon, et al., 201 Hanemaayer, et al., 2014;
Richards, et al., 201&aim, et al., 2014 ebeda, et al., 2012;ucconi, et al., 2013)
have already investigated alternative techniques, a reliable production methogolog
is far from being established and this aspect is still an open idsueeoni, et al.,
2014)

The developmenbdf a lowcost target produciblethrough a relativéy fast and
easy methodology andapable of granting a local sugpwas studied usingC
simulation In particular FLUKA was used to find the best material that maximize the
production yield of**™Tc (minimizing the radionuclide impurities) and the optimal
target thickness to be irradiated detailed MC model of the Bd target assembly,
including the PETtrace collimatoFigure 3-8) and the copper backing for the
positioning and the cooling of the solid targetas createdKigure3-31). Figure3-32
shows the MC model of the two different target spsimodeledDifferent target
setups (including material composition and dimension of the target) were simulated.

Figure3-31- FLUKA M@odel of the solid target assembly mounted on the GE PETtrace cypciotr
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Figure3-32- Target setups used in the simulatiof?t1%Mo foil (a) anda’100MoQ; pellet (b).

Table3-12 - Data of the different targets simulated. For th®Mo0O;s pellet target impurities reported in
the batch certificatewere modeled.

Target Thickness Diameter [mm] Density [g/cm3]
naMo foil 100nm 13 10.22
100Mmo foil
. 100mMm 13 10.22
(99.01% enriched]
ntMoQ:s pellet 1 mm 13 4.69
100Mo s pellet 1 mm 13 469
(99.01% enriched; '
& MATERIAL 001022
742 492 Eidx ¥
@ MATERIAL J 01022
Z:42 Ag4 dEMx: w
& MATERIAL 3 001022
7042 A G5 dEidx: w
@ MATERIAL J 01022
242 A Q6 dEidx »
& MATERIAL 3 001022
2142 A ay {Eidx: w
@ MATERIAL 01022
242 Ao iE/dx:
@ MATERIAL 0:10.22
242 {E/dx: ¥
@ MATERIAL 01022
Z:42 . dEidx: w
£ LOW-MAT Natural Malybdenum (2), 296K v
> LOW-MAT . Natural Molybdenum (2), 296K v
£ LOW-MAT Natural Malybdenum (2), 286K v
{7 LOW-MAT . Natural Molybdenum (2), 296K »
;7 LOW-MAT . Natural Molybdenum (2), 296K v
£ LOW-MAT Natural Malybdenum (2), 296K v
> LOW-MAT . Natural Molybdenum (2), 296K v
£ LOW-MAT Natural Malybdenum (2), 286K v
@ MATERIAL B
] COMPOUND . * Mass v
1:0.09 220,06
f3:0.1 p11
5008 i6:0.55
199,01 f8:
f3:
@ MATERIAL B
1 COMPOUND Wi Atom v
110 f2:3.0

Figure3-33- Example of the definition of the target material{®Mo0Os) using the MATERIAL and COMPOUND
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Table3-13 - Natural isotopic abundancéor natural and enriched Molybdenum used in the simulations

natMO 100M0
Isotope (A) - -
Fraction (%) Fraction (%)
92 14.84 0.09
94 9.25 0.06
95 15.92 0.1
96 16.68 0.1
97 9.55 0.08
98 24.13 0.55
100 9.63 99.01

Data on the different targets simulated are reportedTiable3-12 while isotopic
compositions for@Mo (De Bievre & Taylor, 1998hd 1Mo are reported inTable
3-13. The different target materials were created using several MATERIAL and
COUMPOUND cardsigure3-33).

A 16.5 MeV proton beam was modeleding theBEAMand BEAMPOS8ards: a
spread out beam, ellipticahaped, with FWHM=0.71 cm, FWHMO0.51 cm,
FWHM #0.0785 MeVand FWHM, +~0.001 mradwas setto reproducean average
experimental BW of 12.5%. On average 79.8%h®extracted current hithe target
material.

NEWDEFAset with proton transport threshold set to 1 MeV was used,
coalescence andwvaporation of heavy fragment werenabled through PHYSICS
cards and 1houfnA irradiation was simulated. Assessment of the saturation yield
was condated offline through the convolution of proton fluence within the target
material to cross sectioabtainedfrom TALYS simulatioBigure3-35).

# volTar =(pi*b(target,7)**2)*b(target,4) _
WUSRTRACK Unit- 50 BIN v = fluence

yoe: Linear v Reg. Targetw Vol =yolTar
Fart: BEANMPART » Emin: =12*MeV Emax: =16.5*MeV Eins: 18,

Figure3-34 - Scores used in the assessment of the productiofP6Tc.

Compared tahe results ofsection3.3.1and 3.4 for the '8F and*'Ar respectivelyin

this case we were interested in scoriaqiuclide thais in a metastable state. At the
moment, FEUKA is not able to reproduce the correct branching ratio between
ground and metastable stas . & Sy | Rachilsod FRKE IaG Ay GKS
card it is possible tosplit (half-half) the production of a spefic isotope between
ground and isomeric stage (if the latterexists) Furthermore other thar®™Tc, a

large number of possible impurities cée produced in a metastable stat@igure

3-35).

w !



3.5- Cyclotron Production of 99mTc 85

900

--=-101Tc —=—100Tc

800 —+— 98Tc —=—97gTc o
—#—97mTc —— 96gTc PR

—+—96mTc ——95gTc , \
700 | g5mTc ——94gTe
—=—94mTc —=—93gTc )
600 ——93mTc —=—92Tc s
91gTc —a—91mTc /

- = = 99gTc

—+—99mTc

o [mbarn]

15
Proton energy [MeV]

Figure3-35- Cross section databtained from TALYS simulatidor the irradiation with 16.5 MeV protons of a
99.01%'9Mo-enrichedtarget.

Considering this aspect, it was decidé® & ¢ A ( ORGatch2iSors  Fafidbtd a
produce d the isotopes at ground state. ECSM takes into accotime different
branching ratio between groundnd metastable state since saturation activity is
directly calculated from the correct production @®section.

Moreover, another important aspect is thd®"Tc can be produced from more
than one reaction channel: in the energy range considered the two most probable
reactions are!®Mo(p,2nf°"Tcand *®Mo(p,9°°"Tc The ECSM was modified to &k
into account all the reactiorchannels. The saturation activity f6P™Tc can be
written as

%0, 5 '0Q0
Equation3-10

%0, 5 0QO

Transformingntegrals io sum it possible to obtain
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0 Yo @ %0 , n O +—
Equation3-11

%0 , r O 5

The twoterms can be summedp since they work on the same index

o o~ . . o~ |
0 Yo " ® %0 , i 06_
Equation3-12
1
” h ‘O ~
h 0
We can extend what it was found f8P™Tc in Equation3-12 in a more general
formulation overM reaction channels as reported Equation3-13

”

® %00 ., O — Equation3-13

The second sum oEquation 3-13 shows how, for each energy E;, the total
production cross section, for a given radionuclide, is obtained weighting the single
cross sections for all the reaction chammahd for the isotopic abundance of the
target material. Differential proton fluence distributiogin energy obtained using

the USRTRACK score are reporteBigure3-36 and Figure3-37 for the foil and the
pelletrespectively.

Results of the simulations were comparedthwexperimental tests conducted
from the group of the Medical Physics Departmentiof ® kRNHE AZIAITIKA E | 2 a LA
(Lucconi, et al., 2013;ucconi, et al., 2014Measurements were performed through
gammaray spectroméy using the same detector reported in sectidnk.
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Figure3-36 - Differential proton fluence distributiorin energy within a 100mm thick"aMo foil target (bin each
0.25 MeV) A similar protonspectrum within the random uncertainty, was obtained for the enriched target.
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Figure3-37 - Differential protonfluence digribution in energy within a 1 nm thick"MoG; pellet (bin each
0.25 MeV) A similar proton spectrumwithin the random uncertainty, was obtained for the enriched target.
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Table3-14 - Results oFFLUKA simulation of a 10@m thick"@Mo foil and comparison with experimental

measurements.
Yexp YrLuka
[MBa/ 7] [MBa/ 7] Yexp/ Y FLUKA

%mTe  1102+15 73.0499+0.0018 1.509+0.021
9mTe  170+90 181584+ 0.004 0.9+0.5
%daTc 388+4 284431+0.007 1.364+0.014
%mTec  375+13 153227+0.004 2.45+0.08
99T 448+5 479743+0.012 0.934+0.010
%mTec 1660+2.0 163320+0.004 1.016+0.012
%9Tc 1600+2.0 425356+0.010 0.376+0.005
%mTc 2620+5.0 89.2254+0.0022 2.94+0.06
%9Tc  69.0+1.0 952014+0.0024 0.725+0.011
%mTe  112+04  17.5946+0.0004 0.637+0.023
92Tc 290+ 60 227.032+0.005 1.28+0.26
%9Nb 120+0.4 3.34993+0.00008 3.58+0.12
92"Nb  3.96+0.14 7.02240+0.00017 0.564+0.020
“Mo 6.18+0.10 2.95731+0.00007 2.09+0.03

Table3-14 shows the results obtained, in terms of saturation yield, for tiklo foil
target, including the ratio of experimental measurements to FLUKA simulations; an
average ratio, weighted on undeinties, of 0.664 + 0.003 was found.Table3-14,
FLUKA results were reported only for the radionuclides found in the experimental
measurements.

Regarding thé®Mo foil, direct experimental measuremestvere not performed.
To assess the saturation yieldr the enrichedtarget it is in general necessary to
take into account the ratio between the magactionsof the target isotope ito the
target material. Actuallyconsidering only one reaction chann&r example the
100Mo(p,2nf°"Tg the ratio between saturation activity o"™Tc obtained from a
nat\Mo (N) targetanda 1®Mo-enriched E) target can be written as

"R —— %O, 0Qo ,

o] Y& 0

Equation3-14

YO s £ %0, ; 0QO0

= x

Unfortunately, as already explained abov&TTc can be produced from motban
one reaction channel. Considerirthe °Mo(p,2nf°"Tc and the *®Mo(p,9**"Tc
reaction channels, the ratio &quation3-14 becomes
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mh

. " d %0 B , O — %0 B w O =

Yo 1 1

w . . . . Equation3-15
"® %0 B ., O = %0 B ., O - q

mh

Equation3-15shows how it is incorrect, in this case, to get the saturation activity for
the enriched target, from the valuebtained in the irradiation of a naturaarget,
simply considering the different isotopic compositionrable 3-15 shows the
experimental saturation yields, calculated from the ones obtained for the natural
target, the results of FLUKA simulations andréie of experimental to simulation

An average ratipweighted on uncertaintiesof 0.664 = 0.003vas found for the
100Mo-eriched foil target.

Table3-16 shows the results obtained, in terms of saturation yield, for #1003
pellet target, including the ratio of experimental measurements to FLUKA
simulations; an average ratioveighted on acertainty,of 0.486+ 0.013was found.

In Table3-16, FLUKA results were reported only for the radionuclides found in the
experimental measurements.

Table3-17 shows the results obtained, in terms of saturation yield, for {##f#00;
pellet target, including the ratio of experimental measurements to FLUKA
simulatiors; an average te, weighted on uncertaintypf 0.274+ 0.008was found.

In Table3-17, FLUKA results were reported only for the radionuclides found in the
experimental measurements.

Table3-15- Results of FLUKA simulation of a 16 thick1°Mo foil and comparison with experimental

measurements
Yex Yi

[MB(e]/pnA] [MBF(;L/J::A] Yexp/ Y FLUKA
99T e 1127 + 15 746.954 + 0019 1.509 + 0021
9MT ¢ 3.8+20 4.04222 £ 00010 0905
99T ¢ 3.07 £ 003 2.25031 + (00006 1.364 + 0014
96mMT ¢ 295+ 010 1.20348 + (00003 2.45 + Q08
980T ¢ 2.93 £ 003 3.14188 + (00008 0.934 + 0010

%mTe  1.091 + 0013 1.07317 + (DO003 1.016 + 0012
%9Tc  1.014 + 0013 2.69664 + (00007 0.376 = 0005
94mTe 1.66 + 003 0.564788 + 00014  2.94 + Q06
%9Tc  0.465 + 0007 0.641427 + MO0017 0.725+ 0011
%mTc  0.0756 £ 00027 0.118712 + MO0003  0.637 + 0023
92Tc 1804 1.37751 + (00004 1.28 £ 026
%Nb  0.279 £+ 0009 0.0778783 + 000020 3.58 + 012
92"Nb  0.0250 + 00009 0.0443453 + 000011 0.564 + 0020
“Mo 66.7 + 11 31.9083 + 00008 2.09 £ Q03
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Table3-16 - Results of FLUKA simulation ofltanm thick"2MoGO; pellet and comparison with experimental

measurements
Yex YrLuka
[MBq/pnA] [MBa/ 7] Yexp/ Y FLUKA
0T¢ 1.8+0Q7 0.608001 + MO0013 29+12
9T ¢ 137 +8 1157608 = 00024 1.18 £ 007
9"Tc 350+ 40 288069 + 0006 121 +012
%9Tc 690+ 30 470276 + 0010 1.46 £ 007
%mTc 790+ 90 264.201 + 0005 3.0x03
%9Tc 64040 731543 + 0015 0.87 + 005
%mTe 267 + 14 247.107 + 0005 1.08 £ 006
9%49T¢c 152+ 9 607.675 + 0012 0.251 + 0015
%4mTc 300+ 40 1308284 + 00027 2303
%9Tc 354+ 23 40.2793 £ 00008 0.88 + 006
SBmTe  6.2+17 1.39206 + (00005 45+ 12
%2Tc 500 + 200 322827 + 0007 1.7+06
9Nb 24+04 1.62126 + @0O0003 1.48 £ 026
%BNb  17.7x11 3.85728 + (000008 459 + 029
%mNb 10.1+06 0.64484110.000013 15.6 +Q9
2"Nb 8.0+ 04 10.32713 + 0021  0.78 + Q04
89Nb 2900 =500 1.85071 + Q00004 1545 + 290
“Mo 11.9+0Q6 2.36190 + (00005 5.06 = 027
Table3-17 - Results of FLUKA simulation of a 1 mm thie®1oO; pellet and comparison with experimental
measurements
Yex YeLuka
[MB(e]/pnA] [MBqL/JnA] Yexp/ Y FLUKA
01T ¢ 3.9+05 6.42349 + 000013 0.60 + 007
99T ¢ 1320 + 80 1218373 + 0025 1.08 + 007
99T ¢ 2.74 £0.15 3.75279 + 00008 0.73 £ 004
96T ¢ 15+5 2.09361 + 00004 7024
959Tc 205+011 4.88305 + (00010 0.419 + 0024
95T ¢ 0.82 £ 005 1.66230 = (D0003 0.496 + 0029
949Tc 0.51 + 004 3.96893 + (00008 0.128 £ 0010
94T e 0.93 £ 012 0.857017 + (000018 1.09+014
93T ¢ 0.27 £ 010 0.267992 + (DOO005 10+04
9"Nb 215+ 21 17.1286 + 00003 126 £ 012
%INb  0.252+0019 0.0903441 + MO00018 2.79 + 021
%mNph  0.077 £ 0008 0.0151033 + 000003 51+05
92"Nb 0.0230 + 00027 0.0666878 + M000014 0.35 + 004

99MO

108 £ 6

24.9534 + 00005

4.31 +023
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In conclusion the data reported frofable3-14 to Table3-17 show that using
the ECMShe saturation yield of®Tc is reproduced, considering dfiet targets,
with an overallaverage experimental to FLUK&tio of 1.13 + (05. Even if*"Tc is
reproduced with a good agreement this it is not true for all the radionuclides
produced during the irradiation: the average agreement, for the different tagget
resulted spanning in the range 30.7. The reasons of these results have to be
searched both in the experimental measurements and in simulations. Problems in
obtaining an accuratemeasure ofactivity, ina so complex spectrurrare related to
the largenumber of peaks that can given some casesterference anothercritical
aspectis the correction of the amount ofneasuredactivity due to the possible
decay from a parent radionuclide, as happéor example forP°®Mo/°°"Tc. Regarding
the simulations,the main source of error might be, in this particular case,be
searchedin the crosssection data obtained from TALYS simulation. On the other
hand TALYS was used insteafcexperimental cross sectiarsince the wide range of
data, not always in agreeent each other, available in literature.






Chapter 4
Modeling of TRIUMF TR1Biquid and $lid
Target Assembly

In this chaptera summary of groject conducted at TRIUMRCanada's national
laboratory for particle and nuclear physics, in the period frofriNbvember 2013 to
28" February 2014under the supervision of Dr. Guelia Hoehiis reported

The Monte Cad code FLUKA wassed to simulate the production of a number
of established and emerging positron emitting radionuclidés, 3N, ®*Tc,44Sc %8Ga,
86Y,897r,%6C0,%Mn, 61Cu and®®Co, on a small medical cyclotron with a proton beam
energy of 13 MeV. Direct simulated yields agree well with experimental data
collected at the TR13 cyclotron at TRIUMF as well as with the convolution of
simulated proton fluence and cross sections froteréiture. A summary of the
results obtained is available {infantino, et al., 2014knfantino, et al., 2015b)

¢twL! aCQa ¢ w(H6)s & seffshigdédNdxtgrnal ion source cyclotron
that accelerates negativaydrogen ions to 13 MeV. The TR13 cyclotron has two
extraction ports each with a target selector. On each target selector, four targets can
be mounted. The selector is mounted on a bellows and can be dhbweezontally
and vertically: iaen a target is setted for irradiation, the bellows moves it into
position in the proton beamProtons areextracted from the cyclotron via carbon
extraction foils, stripping off the two electrons, thereby reversing the electric charge
of the ion and bending outwards itsajectory in the magnetic field; 26A can be
routinely extracted onto one targeDetails of the cyclotron are given {haxdal, et
al., 1994;Buckley, et al., 2000)Since the main purpose of the project was the
assssment of the saturation yield for the radionuclides reported above, it was
decided to model only the liquid and solid target assembly and the collimation
system: actually these are the parts which the beam interact with after the
extraction.



94 Chapter 4- Modeling of TRIUMF TRLRjuid and 8lid Target Assembly

Figure4-1 - The TRIUMF TR13 cyclotron.

4.1 Monte Carlo Model of the TR13iduid and Solid
Target Assembly

4.1.1 Geometrical model of the target

The collimation system and the target assembly, for the liquid and the solid
target, of the TR13 cyclotrowere modeled on the basis of information taken from
original technical drawing&igure4-2 showsa section of the target selectamn which
two different targets are mounte: a liquid (left) and a gdsight) targetassemblyfor
the production of'®F and'C respectivelyFigure4-3 shows a detail of the main two
components of the TR13 collimation system: the baffle plate and the four pieces
conical collimator
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Figure4-2 ¢ Section of the of the target plate: in the figung is possible to recognize the baffle, two collimator
rings (two for each target), the conical collimator (one for each target) composed from four pieces, the liquid

and the gas target.
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Figure4-3 - Detall of the TR13 baffle (a) and four piecesnical collimator (b).
The target plate is mounted on a bellow which can be moved horizontally and
vertically. On the plate, four targets can be mounted: whera@et is selected for
irradiation, the bellow moves it in position into the proton beam. The proton beam
is first collimated by the baffle (graphite) and then is further collimated by two
collimator rings (anodized aluminum) mounted closely together. Tiodop beam
then goes through a conical shaped collimator (graphite) composed from four

isolated pieces.



96 Chapter 4- Modeling of TRIUMF TRILRjuid and 8lid Target Assembly

Let now consider the liquid target on the left Bfgure4-2 and Figure4-4 (a). the
target is mounted on the target plate via the insulator flange (anodized aluminum).
Then the beam goes through a 32 mm in diameterngbthick aluminum foil that
separates the vacuum from the target assembly. The foil is cooled with a helium
flow (10 psi) through the Helium window. Because the helium has to be separated
from the target material, a foil of HAVAR, 32 mm in diameter anan®9thick, is
installed. At the end, the proton beam enters the liquid target material that is

contained in a chamber 12 mm in diameter, 8 mm deep. The target body is made
out of niobium.
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Figure4-4 ¢ Section of the original technical drawings the TR13 liquida) and solid (b}arget assembly
(Buckley, 2006)

The solid target(Figure4-4 (b)) is, substantially, a modified liquid target: the
target foil, 32 mm in diameter, is mounted instead of the HAVAR foil and another

helium window is installed after the target foil to provide cooling from the back. At

the end, water cooled aluminurblock, acting as beam dump, is mounted cltse
the system.

Figure4-5 shows the final FLUKMC model of the TR13 liquid (a)nal the solid

(b) targetassembly asthey appear in Flajf-igure4-6 and Figure4-7 showthe 3D
obtained using &ipleGeo
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Figure4-6 ¢ 3D of the FLUKA I@model of theTR13liquid target with (a) and without (b) the baffle plate

(b)

Figure4-7 ¢ 3Dof the FLUKA I@model of theTR13solid targetwith (a) and without (b) the baffle plate
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4.1.2 Composition of the argets

In this section, the targecomposition and specificationas implemented in
FLUKA, are presentedd number of nuclear reactionswere studied such as
180(p’n}8|:, nato(p’x}3N, natMo(p’X)MmTQ ”atCa(p,x‘)“Sc natzn(p’X98Ga natsr(p,)éey’
naty (p,x§%Zr, "Fe(p,x3°Ca "ACr(p,xy’Mn, "Zn(p,x§*Cy "Ni(p,xf°Ca Due to the
large number of radionuclide productions studied instlwork, the target materials
were divided into two overarching categories: liquid targets, which include the
water soluions of several salts and solid targetSLUKA uses the natural isotopic
abundance for all elements, but it was decided to input the natural isotopic
compositions from the literaturéDe Bievre & Taylor, 1998)to the cale to know
the exact atomic contentall the isotopes of an elementere created with several
MATERIAtards whle the final natural element werereated using th&COMPOUND
card where the isotopic mass fraction was given. For all the liquid targets, tee ma
fraction of all the components of the target mixtuveascalculated and inserted into
FLUKA for the definition of the target material. The main features of the target
materials used in this work are reportedtime following.

Note: The density is the one used inside FLUKA

@ MATERIAL Name: 1 60 # 0.001429
) Am AlB dEidx: W

£ LOW-MAT 1t 160 ¥ Lowliat 160, Oxygen 16, 296K ¥

@ MATERIAL Name: 1 70 # [:0.001429
-] Am A7 dEidz: ¢

£ LOW-MAT Wal: 170 ¥ Lowlial: 160, Oxygen 16, 296K ¥

@ MATERIAL Name: 1 80 # 0.001429
) Am LT dEidx: W

£ LOW-MAT 1t 180 ¥ Lowliat 160, Oxygen 16, 296K ¥

@ MATERIAL Name: Onat # [:0.001429
Z: Am A dEidz: ¢

B COMPOUND Narme: Onat v Mis: Mass ¥ Ekmeni=1,3 v
1:99 757 M 160 ¥ 12:0.038 M2:170 ¥
13:0.205 13180 ¥

Natural Water

@ MATERIAL Hame: Wat_nat # £1.0
Z: A : dEdz: W

Material H2_natQ
B COMPOUND Name: Wat_nat v Mis: Atom ¥ Ekmenl=1,3 v
n:2.0 W1 HYDROGEN ¥ 2:1.0 2 Onat ¥

W3
Hydrogen Peroxide
@ MATERIAL Name: Pe roxi # EERE!
z Am: A dEidz ¥
Hydrogen Peroxide
B COMPOUND Name: Peroxi v Mis: Atom ¥ Ekmenl=1,3 v
n20 W1 HYDROGEN ¥ 12:2.0 12 OXYGEN ¥
[ WAy
Target Solution mix

@ MATERIAL Nams: TarSol R o
. Am: A

Target Solution 99.5% Natural Water and 0.5% Hydrogen Peroxide

E COMPOUND Hare: TarSol ¥ is: Mass ¥ Ekmeni= 1.3 ¥
1:0.994 Wi Wat_nat ¥ 12:0.008 12: Peroxi ¥
[ by

Figure4-8 - Example of the definition o complex target material: a solution ofiater+HNQ was created
using several MATERIAL and COMPOUND cards.

4.12.1 018

The targetwascomposedof enriched'®O-water (96% in volume)ith a solution
density of 1 g/crh The mass fractions calculateeere . 1gaval 1 P P C wal=0/OR
respectvely.

4.1.2.2 O-nat
The targetwas composedof deionised water with 0.5% in volume of hydrogen
peroxide (HO;) with a solution density of 1 g/cfh The mass fraains calculted



4.1- Monte Carlo Model of the TR13 Liquid and Solid Target Assembly 99

were « wal N1 ® i i npe=D.§0Brespectively The natural isotopic abundancesed
in the simulatiorfor Oxygen is reported ifiable4-1.

Table4-1 - Natural isotopic abundance of natural Oxygen.

Isotope(A) Fraction(%)

16 99.757
17 0.038
18 0.205

4.1.2.3 Mo-nat

The salt used as targetwas ammonium molybdate tetrahydrate
(NH:)6"@M07024:4H0O: 19.9 g of saltvere dissolved in 12 ml water and 1.2 ml
hydrogen peroxide (#D,). The salt densitwas2.498 g/cnt while the final solution
densitywas0.995 g/cm. The mass fractions calculatagre . saf 1 ® p dagi>361.
I Y Re=0.040respectively The natural isotopic abundanaeesed in the simulation
for naturalMolybdenum is reported iTable4-2 (Hoehr, et al., 2012)

Table4-2 - Natural isotopic abundancef natural Molybdenum

Isotope (A) Fraction (%)

92 14.84
94 9.25
95 15.92
96 16.68
97 9.55
98 24.13
100 9.63

4.1.2.4 Canat

Two different targetsvere simulated: a liquid target (a salt of Calcium dissolved
in water) and a solid targeThe natural isotopic abundance of Calcium is reported in
Table4-3. The salt used as targatasCalcium nitrate tetrahydraté?'Ca(NG)2-4H0:
54 g of saltveredissolved in 25 ml water.

Table4-3 - Natural isotopic abundance of naturaCalcium

Isotope (A) Fraction (%)

40 96.940
42 0.647
43 0.135
44 2.086
46 0.004

48 0.187
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The salt densityvas1.82 g/cnt while the final solution densitwas1.55 g/cni. The

mass fractions calculatedere . saf 1 ®c y nwad0. Pl respectively. The solid
target was a foil, 1.26 cri of surface and 2.5 mm thick, of Ca 99.99% puve.
Aluminumfoil, same surfacasthe target and 0.0125 mm thickyasplacedin front

of the target to protect the cyclotron from th&aporized calciunSeverin, et al.,
2012) The density of Calciumas1.55 g/cns.

4.1.2.5 Znnat

Two different targetswvere simulated: a liquid target (a salt of Zinc dissolved in
water) and a solid targefhe natural isotopic abundae of Zinc is reported ihable
4-4. The salt used as targ&ias Zinc nitrate hexahydratéZn(NQ).-6H0: 75 g of
saltwere dissolved in 22.7 ml of water and 2.3 ml of HNI®. The salt densitwas
2.065 g/cnt while the final solution densityvas 1.56 g/cn?. The mass fractions
calculatedwere + saf 1 O T fad 51 PH H P acidt0yOBR respectively. The solid
target was a foil, 32mm in diameter and 0.1 mm thick, of Cr 99.95% pure. The
density of Zinevas7.133 g/cn.

Table4-4 - Natural isotopic abundance of naturainc

Isotope (A) Fraction (%)

64 48.63
66 27.90
67 4.10
68 18.75
70 0.62

4.1.2.6 Srnat

The salt used as targetas strontium nitrate "3Sr(NQ).: 43.6 g of salivere
dissolved in 25 ml water. The salt densitgs 2.98 g/cn® while the final solution
density was 1.43 g/cnf. The mass fractions calculatedere . sa=0.636 and
- wat=0.364respectively The natural isotopic abundance of Strontiismeported in
Table4-5.

Table4-5 - Natural isotopic abundance of naturaStrontium.

Isotope (A) Fraction (%)

84 0.56
86 9.86
87 7.00
88 82.58

4.1.2.7 Y-nat
The salt used as targetas Yttrium (Ill) nitrate hexahydratéy (NG)s-6H0:
37.46 g of salivere dissolved in 33.735 ml water and 2.265 ml of HNM. The salt
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densitywas 2.682 g/cni while the final solution densityvas 1.43 g/cni. The mass
fractions calculatedvere . saf 1 ®p Fafl I P A p Naci0PAIrespectively The
natural isotopic abundance of Yttrium is reportedTiable4-6.

Table4-6 - Natural isotopic abundance of natura¥ttrium.

Isotope (A) Fraction (%)
89 100

4.1.2.8 Fenat

The targetwasa foil, 32 mm in diameter and 0.1 mm thick, of Fe 99.99% pure.
An additional collimator in Aluminum, 32 mm in diameter and 0.7 mm thick, with a
hole of 5 mm in diameter at the centmgas placed in front of the targeSimulations
were performed with and wthout the Al collimator. The density of lromas7.784
g/cm? and its natural isotopic abundance is reportedriable4-7.

Table4-7 - Natural isotopic abundance of naturdton.

Isotope (A) Fraction (%)

54 5.845
56 91.754
57 2.119
58 0.282

4.1.2.9 Crnat

The targetwasa foil, 32 mm in diameter and 0.5 mm thick, of Cr 99.99% pure.
The density of Chromiurwas 7.18 g/cn? and its natural isotopic abundance is
reported inTable4-8.

Table4-8 - Natural isotopic abundance of naturaChromium

Isotope (A) Fraction (%)

50 4.4
52 83.8
53 9.5
54 2.4

4.1.2.10Ni-nat

The targetwasa foil, 32 mm in diameter and 0.25 mm thick, of Ni 99.98% pure.
The density of Nickelas8.902 g/cni and its natural isotopic abundance is reported
in Table4-9.
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Table4-9 - Natural isotopic abundance of naturallickel

Isotope (A) Fraction (%)

58 68.07
60 26.22
61 1.114
62 3.63
64 0.93

4.1.3 Beam Analysis andviodelling

A high level of detail waseached in the geometrical model, and an acdera
modeling of the source ternthe proton beamwasnecessary. In FLUKA, the BEAM
card can easily model a pafe beam: as shown in sectidh?2 this ard requires
several parameters such aarticle energy, momenim spread, beam divergence,
and beam shape. To find the parameters that best approximate the real beam, data
were taken from (Laxdal, et al.,, 1994)(Papash, 1993)and from inrhouse
experimental measurements. The control system of the cyclotron records the
current measured on the extraction foil, the baffle, the conical collimator and the
target throughout the entire irradiation. To find reference values for the mea
behavior of a realistic beam, data from eight different irradiations on three different
targets mounted on both extraction ports over the course of a week with proton
beam currents on the targets ranging from 10 pA 26 pA were averaged
normalizedto the sum of the total extracted current

The beamwasthen simulated with FLUKA, starting from the theoretical data as
discussed irfLaxdal, et al., 1994nd (Papash, 1993Wwith a Gaussian distribigin in
energy and in divergence, and an elliptical shape in the plane perpendicular to the
direction of the beam, with a Gaussian distribution on both the x aiwlirgction,
perpendicular to the beandirection z Through an iterative process, the beam
parameters in the simulatiorwere adjusted and the beam currents on the baffle,
collimator and target assessed via the current estim&a&RBDXMntil the current on
these components best meled the experimental dataThe USRBDXcore gave
directly the ratiol, between the particles crossirtge surface (current) of the region
considered and the total primary particles simulated. Since the very short range of
protons in the materials which composed the baffle, the collimation system and the
target, at the energ considered, it is possible to assume that all the particles that
enter a region are absorbed and consequently give a current signal to the
measurement system. An assessment of the proton range in these matesasls
conduded using the software SRIZiegler, et al., 2010}f we calllz the current in
the region of interest)sthe proton current at the probe and if we consider a unitary
surface, we can write the following relationship between the currents:
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QQOHOT 0 Qo ddi o
Nl Q& HHOwo QOHB®Q

Equation4-1

The agreement between the averaged experim@nmeasurementsand FLUKA
simulatiorsis summarized iffable4-10.

Table4-10- Comparison of extracted beam currents on several extraction elements between FLUKA and the
averaged experimentat 2-sigma level) The beam currents on the different elements are normalized to the
sum of the total extracted curreninfantino, et al., 2015b)

Baffle Conical coII|.mator Target
(sum of 4 pieces)

Normalized current (%)

FLUKA simulation 0.33 +0.16 13.63+0.16 85.984l + 0.0026
Experiment(k=2) 0.61 £ 0.28 140+ 24 90+6

A USRBINcore, Cartesian mesh, was addo visualize the fluence of primary
particle as additional chedFigure4-9 and Figure4-10). From this study, the best
parameters to approxnate the mean behavior of the beam werf®und to be
FWHM=0.69cm and FWHM=041 cm, anenergyspreadFWHM #298.3keVanda
beam divergencef FWHM, +~=11.775mrad.
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Figure4-9 - Proton beam intensitympinging onto the collimator and target in the xz plang=0).
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Figure4-10- Proton beam intensity impinging onto the collimator and targét the xy plane(z=0).

Proton beam energiesf 12 and 12.5 MeWere set for liquid and solid targets
respectively. InFigure4-11 the definition of the beam used in the simulatios
reported.

Xmax 175
ymax 105
=12*MeV

* W H R
o

dE =380"keV

# dpmax =dE2dp(Eprot, dE, mPROTON)
Define the beam characteristics
$#BEAM Beam Energy v E0.012 Par: PROTON v

Lp:Gauss v Ap:=-{2.355/(2*1 644))*dpmax L0 Gauss v A§:11.775

Shape(X): Gauss v fix: =-(2,355/6)"xmax Shape(Y): Gauss v Ly =-(2.355/6) 'ymax
Define the beam position
43BEAMPOS 0.0 0.0 -12.93
1940.0 15v:0.0 Tyoe: POSITIVE »

Figure4-11 - Definition of the proton beam used in the simulation of the TR13 liquid target assembly.

4.1.4 Physical Parameterand Scores

The NEWDEFAdefault was used and proton transport threshold was set to 1
MeV through the PARTTHRcard. Radiation decayvasactivated in analogue mode
(RADDECAcéard)and all the isotopesvere simulated to be produced in their ground
state. An irradiation profile of Rour-1mA was set for all the simulationsFor the
calculation of the differential proton fluence distributiadf(E)/dE inside the target
region, two more cardsvere added: with the cardMCSTHREBe Multiple Coulomb
Scattering (MCS) for primary and secondary protaas enabled whilewith the
card FLUKAFIXe loss of energy at every step, for charged hadrevessset to 0.01
(1% of the initial energy). ThELUKAFIXard does not modify the number of
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protons’lin the volume but only the resolution of the spectrum since in FLUKA,
energy loss for prans is treated as a discrete procéBerrari, et al., 2011)

/>MCSTHRES Primary: 1, Secondary: 1
¢ FLUKAFIX Ekin frac: 0.01
at:TarSol v

Figure4-12¢ MCSTHRES and FLUKAFIXsassdd in the simulation of the TR13 targassembly

Two different scoregypes wereused: theRESNUCL&hd the USRTRAGC3Core.
The RESNUCLdard alloved to directly assess the activity produced the end of
bombardment. The USRTRAGC#Core was used to calculate the differential proton
fluence distribution in energy inside tharget region on an energyinning basigo
apply the external cross section methdtie size of the binningvaschosen on the
basis of the cross section datatnieved from the IAEAIAEA, 2011aand EXFOR
(IAEA, 2014database To achieve high statistics and a lower than 1% uncertainty in
the activity and proton fluence scored, ®@rimary particlesvere simulated for all
the reactions.Simulations were performed on the WestGrid Clus(@/estGrid,
2013)

4.2 Results of the &ulations

4.2.1 Reference ¥lues

The experimentafand literature)values used for the comparison with FLUKA are
listed inTable4-11. For each isotope, the saturation yieYep and the number of
irradiations conducted are reported. THé%Sc (solid target) measurement is not
related to TR13 but is added to compare the liquid target performance to a solid
target ¢ KS y20F A2y & ¢unpublishedégxpaiimedial SaRiesFhe NJ
saturation yields were normalized to the beam currentthe target material For all
the experimental values, a statistical analysis conducted. Since thdarge
fluctuation on the irradiation parameters from an irradiation to another, the mean
value of the saturation yield and the standard deviation of the mean, for each
isotope, was calculatel by weighting the single uncertainties of the measurements
using Equation 3-4 and Equation 3-5. Experimentalvalues were obtained from
gammaray spetrometry analysis all the calculationsvere performedstarting from
the raw data of activity at the EOB and from the uncert@stin the single
measurements.

21 This was verified by the comparison of the integral of several spectra obtained with different
values of the FLUKAFIX option.
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Table4-11 - Experimental (and literature) vales of the saturation yield for the radioisotopes of interest.

Isotope Yerp Number of Reference
[MBg/mA] Irradiations
Liquid targets
43¢ 49+0.3 9 (Hoehr, et al., 2013)
58Ga 137.8+ 1.7 3 TR13
86y 36.4+£0.6 3 TR13
%4Tc 49+6 3 (Hoehr, et al., 2012)
897r 3464 £ 2.4 6 TR13
18 4930+ 60 9 TR13
BN 259+ 3 12 TR13
Solid targets
4Sc(Solid target) 215+ b n/a (Severin, et al., 2012
%Co 1400 + 200 5 (Buckley, 2006)
52Mn 900+ 100 4 (Topping, et al., 2013
61Cu 130+ 17 3 TR13
%Co 181+ 2 1 (Ferreira, et al., 2007

4.2.2 Direct Assessment

The direct assessment of the saturation yieldth FLUKAvas performed using
two different setups of the BEAM card: in the first case, a perfect pencil lveasn
simulated; the second case refers to a spread out beam in bothtaireand energy
as determmed in sectior4.1.3

The modelwas validated by comparing the result obtained for tA#(p,n}eF
reaction (8191.2 2.2 MBgfmA) with the recommended saturation yiefatovided by
the IAEA Nuclear Data Service (932Bg/mA) (IAEA, 2011a)The ratio ofsimulated
yield using a pencil beam t&EAvas0.86+ 0.09

The comparison of the results obtained wkhUKA to the experimental values is
reported inTable4-12 where Yp and Yserefer to the saturation yields obtained with
the pencil beam and the spread out beam, respectively. The saturation yields are
both normalized to the current reaching the tatgmaterial. Given the limitation of
FLUKA to predict the correct branching ratio for the production of metastable states,
the experimental value fot*Sc (Liquid target) anfTcwasgiven as the sum of the
saturation yield of the ground and the metastabttates. For all isotopes, the
experimental saturation yielavas smaller than the simulated saturation yiel@his
can be explained again with losses in the transfer system for the liquid target, as well
as losses in the vials when the solid targets argsalved before the gamma
spectroscopy takes place.
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Table4-12 - Comparison of the saturation yields obtained with FLUKA with the pencil beaghalyd the spread
out beam in direction and energy §¥ to the experimental values (¥g). The saturation yields are both
normalized to the current orthe target material.

Isotope Yexp/YP Yexp/Y'se

Liquid targets
4“Sc 0.43+0.03 0.42 +0.03
%8Ga 0.972+0.012 0.969 £ 0.012
8oy 1.108 £ 0.018 1.111+0.018
%Tc 0.65+ 0.08 0.65+0.08
897y 1.152 £+ 0.008 1.151 +0.008
18 0.601 +0.007 0.601 £ 0.007
13N 0.1686 + 0.002C 0.1659 + 0.001¢
Solid targets
#“3c 0.82 +0.06 0.83 +0.06
%6Co 0.61 +0.07 1.29+0.15
52Mn 0.211+£0.024 0.211 £0.024
1Cu 0.32+0.04 0.32+0.04
%Co 3.3+04 3.4+£04

The only exceptiowas °®Co with an experimental saturation yield about 3 times
higher than both simulated saturatiogields. From the EXFOR databaksevas
possible to retrieve data about the cross section of tH##li(p,.a)*>Co reaction
(Levkovskij, 1991)No resonances or an energy threshold in the energy range of
interest are reported that could explain the discrepancy. Results obtained for the
production of %°Co from referencegBrugger, et al., 2007Brugger, et al., 2006;
Brugger, et al., 2004)ere in good agreement with experimeal values within a
factor of 2: in these references the production wias a higher energy range and
with different starting material, therefore using completely different cross sections.
In conclusion, the model implemented in FLUKA may not adequately predict the
production of*®Ni(p,a)>°Coat low energies.

FromTable4-12 it is possible to calculate the average ratio for bdtjuid a solid
targets as well as the totalveragefor all the radionuclides studied:hese data are
reported inTable4-13.

Table4-13 - Average values of the ratio of theeYpto Yeand Ysefor both liquid and solid targets and total
average for all the radionuclides studied.

Yexp/YP Yexp/YSE
Liquid targets 0.7+04 0.7+04
Solid targets 11+£13 12+13

Total average 0.9+08 0.9+Q9




108 Chapter 4- Modeling of TRIUMF TRILRjuid and 8lid Target Assembly

FromTable4-13, one can see that there reasonably good agreement between the
simulated and the experimental data for liquid targets and a somewhat less
consistentagreementfor solid targetsEspeciallyegardingliquid targets, theresults
obtained are very good we considertthat Monte Carlodoes nottake into account
factors such as thermahd fluid-dynamic effects such asdensity reduction, as well

as loss of activity during delivery from the cyclotron in the transfer sysiesults
obtained for solid targets might be affected also from the very small thickness of the
target material.

In Table4-14, the comparison between the saturation activitiebtained using the
pencil beam, the spread out beam and the experimental values is repoltesl.
important to remember that in the pencibeam setup, the beam is in ideal
conditions: the beam is perfectly aligned with the target and there is no spread in
direction and energy; moreover, there is no loss or scattering of particles in the
collimation system. Therefore, when the spread out bemmused, the simulated
proton beam is much closer to the experimental beam and the agreement is better.
In (Brugger, et al., 2008he ability of FLUKA to predict the induced activity in a
medium was reported: a proton beam ofl20 GeV on different target materials
(copper, iron, titanium, stainlesgel, aluminum, and concrete) wasmulated and

the results were compared with experimental values. In this publication a
comparison of the results obtained with a pencil beam tGaussian bem gavea
difference of about 30%. In thvgork the difference between the saturation

Table4-14 - Comparison of the saturation activities obtained with FLUKA with the pencil beagadfand the
spread out beam in direction and energy {fsg3. The saturation activities take into account the curreom the
target material.

Isotope [MQ; 7;’\] [MSSS;S;A] Asais#A sap
Liquid targets
4Sc 11.39+0.08 9.98+0.08 0.876+0.010
%Ga  1417+0.3 12220+0.28 0.863+0.003
86y 3290+0.15 2820+0.14 0.857+0.006
%Tc  7558+0.22 65.28+0.21 0.864+0.004
897Zr 300704 2587+04 0.8605+0.0018
18 81912+22 70470+2.1 0.8603%0.0003
BN 15364+1.0 1342.8+1.0 0.8740+0.0008
Solid targets
4s¢ 2607+04 2234+04 0.8571x0.0020
%Co 23496+1.2 8600x0.8 0.3660+0.0004
Mn  41540+1.7 35727+15 0.8601+0.0005
51Cu 4073x£0.5 3496+0.5 0.8584+0.0016
%%Co 5413+0.18 46.38+0.18 0.857+£0.004




4.2 - Results of the Simulations 109

activities obtained with the pencil beamsar, and the spread out beam in direction
and energyAsasg wasabout 15%, showing the same trend as Bruggeal. The>5Co
production differs from this trend assAséAsar is 0.3660 instead of the average
~0.86 for all other reactions. This is due to the presence of an additional collimator
in front of the target foil to limit the size of the activaticerea on the foil. The
additional collimator is a disk of aluminum, 0.7 mm thick with a 5 mm inner
diameter. The energy spectrum in the target disk obtained in FLUKA with this
additional collimator shows that protons are not completely stopped by the
collimator, but only have their energy reduced to 5.3 MeV. This is close to the
energy threshold for thé®Fe(px)P®Co reaction(AFAbyad, et al., 2009While with a
pencil beam all protons passing through the collimator might contribute to*te
production in the simulation, in the case of the spreadt beam only a portion
might have enough energy. The effect of the reduced proton flux might be larger
than the increased energy of some of the protons in the FLid#nal production
mechanism, resulting in a much reduced saturation activity.

4.2.3 External Cross Sections Method (ECSM)

Simlarly to what seen in sectioB.4, the external cross section methogdas
appliedto all the reactions studied. Actually, the saturation activity can be written as

. .0, — — .
O e” W 6_U o0 , O YO Equation4-2

where Ei, and E. are the energies of the incoming and outgoing proton beam
respectively The other symbols have the same meaningEqguation 3-8. When
possible the cross section data and the recommended saturation yields, used in the
validation of the méhod, were retrieved from the IAEA Nuclear Data SerJigeEA,
2011a;IAEA, 2011b)TheUSRTRACKorewasset to have the same energy bin size

(in general 0.1 MeV) and the same energy range as in the IAEA cross section data. In
all the other cases, the cross section datasretrieved from the EXFOR database
(IAEA, 2014and was chosen considering the year of publication and the energy
range Toautomaticallyperform the folding between the external cross sections and
the fluence data of thetUSRTRACI dedicated MATLABcript was written The
script worked with ASCII cross sectidites formattedas in thelAEA Nuclear Data
Serviceslatabase Moreoverthe script provided also the fitting dhe cross section

data to have the corresponding value every 0.1 Mew assessment of the
coefficient of determination #of the fitting and the uncertainty of the convolutign

1Asay Calculated by the propagation of the independent uncertaintéghe cross
section data andthe fluence. Finally, the saturation yieldes in MBg/mA was
calculated as the ratio of the saturation activiyxto the irradiation current.
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| YYO B &
Y p YUY p B o o Equation4-3

L 0¢ X Ppm D0 0 Equation4-4

where in Equation4-3 SSEs the deviation of the observations from their predicted
values whileS$y is the deviation of the observations from their medm assess the
differential proton fluence distribution aa function of energy, within the target
material, all the simulationswere performed simulating 1®primary particles that
allowed, for this score and in these conditions, to achieve an uncertaintfjuence
data less than 1 %.ypical proton spectra obhtned for liquid and solid targets are
reported inFigure4-14 and Figure4-15: the artefacts at thenigher energieof the
proton spectra are due to the way in which FLUKA treats the loss of energy of
charged patrticles: actually, above a fmet threshold,charged particle energy loss
(ionization is modeled by FLUKA a discrete ways adtray production (Ferrari, et
al., 2011)

# tarvol =(pi*b(Target, 7)**2)*b(Target, 6)

WUSRTRACK 32 BIN v Mame: Fluence
Type:Linear v Req Target v Vol =tarvol
Par: PROTON v Emin =2 5*MeV Emax =29.8*MeV Bins: 273

Figure4-13- USRTRACK score used in the assessment of proton fluence distribution in energy within the target
material.
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Figure4-14- Proton fluxdistribution in energyin aliquid target of H180.
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Figure4-15- Protonflux distribution in energy in a solid target cktFe
The calculationwasvalidated again using the wedhown reaction from the IAEA
Nuclear Data Servicé2O(p,n}®F. TheECSMalculated yield fof¥Fwas6780 + 120
MBg/mA; the literature value is 952 MBqg/mA (IAEA, 2011a)resulting in a ratio
YiaedYcsof 0.71+ 0.07 This is a good agreement given that liquid targets have
complicated internal thermodynamic behavior and lossesthe transfer. The

calculation washen repeated for all radioisotopes investigated where external cross
sectiors were available in the discussed energy range, and the resudte

Table4-15 - Saturation yields obtained with the external ces section method (4 and comparison to the
direct assessment with FLUKAaNnd the experimental valueseY, where cross section data is available

Ycs Uncertainty

Isotope  Cross Section Reference Reaction [MBq/ 7A] %

Yo/Ycs Yexd/Ycs

Liquid targets

44Sc (Krajewski, et al., 2013) 44Ca(p,n) 7.1E+00 3.1 1.6 0.68
68Ga (AkSaleh, et al., 2007) "Zn(p,x) 9.2E+01 2.2 1.8 15
8oy (IAEA, 2011b) 8Sr(p,n)  1.5E+02 1.8 021  0.24
897r (Omara, et al., 2009) 89Y(p,n) 8.5E+02 2.0 0.35 0.41
18 (IAEA, 2011a) 1®(p,n)  6.8E+03 1.8 1.2 0.73
13N (IAEA, 2011a) 160(pa) 4.6E+02 3.5 3.3 0.56
Solid targets
4Sc (AFSaleh, et al., 2007)  44Ca(p,n) 5.3E+01 2.2 4.9 4.0
56Co (AFAbyad, et al., 2009)  SSFe(p,n) 1.7E+03 45 14 0.86
52Mn  (Tanaka & Furukawa, 195¢ 52Cr(p,n) 3.0E+03 2.3 14 0.29
61Cy (Levkovskij, 1991)  64Zn(pa)  1.6E+02 2.6 2.5 0.81

55Co (Levkovskij, 1991)  SNi(pa) 9.1E+01 1.9 053 20
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compared with the data obtained from the direct assessment with FLUKA and with
literature values. Furthermore, since the RESNUCLE score gives information about
the radionuclidic inventory inside the target region, the calculation was extended to
435¢,5’Ga %“Mn, and®Y.Results are reported ifiable4-15.

It should be mentioned that the literature cross section data used refer to the
most probable reaction that can ke place in the target volume, for example the
8O(p,n¥eF or the %h 6 LIENh while other reactions, which oacontribute to the
production of the radioisotope investigatedyere not taken into account. The
assumption was that only the main reaction contrutes significantly to the
production of the desired radioisotope, while the contribution of other reactions is
negligible; this assumption is justified in the energy range of the TR13 cyclotron of
12 ¢ 0 MeV. Since FLUKA uses nuclear models to asseszdibactivity induced in
the target region, the yield calculation automatically takes into account all particles
that can be found in the target region while, for the ECSM, only protons as
projectiles were considered. Again, for the energy range of thel3Rt can be
assumed that onlyprotons significantly contribut¢o the activation @& the target
material The final uncertaintiesvere calculated propagating the independent
uncertainties of the cross sections and the fluence data; it is important to note that
while the uncertainty in the fluence dataasless than 1%, the uncertainty in the
cross section valuewasin the range of 1€20%. This uncertainty translates into a
large uncertainty inYcs The data inTable 4-15 show relatively good agreement
between the Ycs and the experimental data or thelirect assessment of the
saturation yield with FLUKA. The agreement achiewed strongly dependent on
the quality of the cross sections. The cross section data have to fit certain
requirements, including a large set of data points itieapanning the eergy range
from crosssection threshold to 13 MeV with small uncertaintieslightly better
results were obtained with the very welknown reactions and the solid target
materials which confirnagainthe impossibility to take into account the thermal and
fluid-dynamic effects as well as the unloading efficiency with the Monte Carlo
method. In the case ofCo the convolution of the cross sectiowith the fluence
data resuled in better agreement with the experimental value: in this particular
case indirectassessment of the residual nuclei with FLUK#&s able to better
reproducethe experimental datacompared vith the direct assessment.



Chapter 5
Application of theDevelopedModel

5.1 Planning of a New PETa€ility

In this sectiorthe applicationof the validded Monte Carlo modelChapter 3 to

the design of thenew PET facilitgf & { | O NR5 2 yiz2/NIBt | 6 NRegrar ITI 2 & LIA G |- €

is presented The calculations performedith the developed MC modelere added

to the radiation protectiontechnical report used for the licensingf the site.
Adually, the licensing fosuch kind of facility requiresn Italy, a complex request of
approval coordinated by the Ministry of the Economic Development in agreement
with the Ministry of Interior, the Ministryof Health, the Ministry of Labour, ¢
Ministry of the Environment, the national institute for the environmental protection
and research (ISPRA) and the ltalian regions of intefidst. facility was built in
between 20132014 and the first beam was extracted in January 2015, after the
licenshg approval.

5.1.1 Description of the Mw PETRacility

5.1.1.1 Layout of theNew PETRacility

A new building, composed diree floors, was builg A G KAy GKS O02YLX SE
Cuore5 2y /I f I 6 NJolhdld tHe 2y&lbtiani Hurikey the technical room
containing the egipment for the cyclotronthe control room;a micrePET scanner
and the laboratory for the injection of the animal§ur laboratories for the
synthesis of radiopharmaceutical$flabeled 'Glabeled, peptides and research);
a quality control (QC) lalatory; several officesThe cyclotron was installed at
ground floor: inFigure5-1 it is possible to recognize in particular the cyclotron vault
(006); the control rom (008); the technical room (007) and the water package room
(010). At first floor figure 5-2) the mainrooms of interest, for the design of
shielding, are: the hot cells technical room (104); #Elabeled (112) and!G
labeled (109) laboratory®®Galabeled and peptides laboratorfl05); a research
laboratory (108) and the QC laboratory (122).

Ny



114 Chapter 5- Application of theDevelopedviodel

—_— |E]
iod o] [&]

ALy

Fi"}J““]’[:::I\EJ"':J\ FHEE

Figure5-1 - Layout of theground floornew PET facility of "Sacro CueBon Glabria" Hospital
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Figure5-2 - Layout offirst floor of the new PET facility of "Sacro Cueb®n @labria" Hospital
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5.1.1.2 The TR19lotron
¢CKS OeOf 20NRY Ayasilyt t/SIRE FFOGNAG {1 O NeRA LIAdZZ NB A
(Figure5-3), an external ion source cyclotron that accelerates negative hydrogen
ions up to 19 MeV, provided withtwo target selectos able to host 4 targets
assemblyeach, that allow a dual beam irradion, and two local shields composed
of a proprietary mixture that allow a significant reduction of the dose field around
the target selectorsThe main features ahe TR1Scyclotronare reported inTable
5-1.

Figure5-3 - The ACSI TR19 cyclotron.

Table5-1 - Overview of the main features of the TR19 cyclotr@xCSlI, 2014)

TR19 Specifications

Type of cyclotron Negative Hydrogen RF System Number of Dees? (45 degrees)

External lon Source Dee Voltage50 kV
2 Extracted Beams RF Frequency3 kW
8 External Targets Energy per Rev200 keV

Beam current Nominal 150 mA H lon Source Type Multi-cusp

OutputCurrent 2.8 mA

Beam Energy Energy range Vacuum System Operating Pressure: 5xI@orr

13 to 19 MeWH Base Pressure: 2xI0orr

Pumps: 2 Cryopumps,
1 Turbomolecular,
2 Twostage Rotary Vane
Magnet Weight 22 Tons Shielding Local shielding on each
Geometry 4 Sectors target selector
Hill Angle45 degrees
Magnet Power19 kW
Pole Radiu$7 cm
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In the following, a detailed description of th&RT9 subsystems govided:the
information reported below, retrieved from the TR19 man(aCSl, 2014js helpful
in understanding the developed MC model

The main magnet consists of a magnet yoke made ofdason steel, two
nickel plated poles madefdow-carbon steel, and two magnet c@bksembly each
mounted in the yoke and connected to water cooling headers. In the TR18fthe
ions are accelerated on a vertical plane. The main magnet assembly weighs 22,000
kg and has an outside dimension of 170@080x100 mm. The poles of the magnet
have a radius of 600 mm. The magnet yoke opens along its longitudinal axis to
provide access to the main vacuum tank and the interior of the cycloffbe. four
sector radial ridge magnetic poles have four Hills and fdalleys. The average
magnetic field strength is 1.2 Tegkt nominal operating conditions of 490,Ayith
Hill and Valley average magnetic field strength of 1.9 and 0.55 Tesla respectively.
The Hill gap varies with radius, but is about 40 mm, and thieywghp is 200 mm.

The Hill angle varies from 40° to 45°. Each magnet coil assembly consists of five
modular coils or pancakes. These coils are made of haltoe, low resistivity,
copper conductors. The conductors are giiser insulated and cast in egy. The

coils are cooled by circulating genized water in the hollowcore conductors. The

Main Magnet power supply requirement is 60 kVA (480 Volts / 3 phase)voliitige
stability of £ 5%. It is connected to the coils through four power cables. The Ma
Magnet requires 22 kW of DC pow€ne of the Main Magnet yokes is mobile on a

rail allowing to be opened for maintenance purposes.

The Radidrrequency (RF) System on the TR19 cyclotron is a single frequency
systemthat resonates at 74MHz for proton$he negative ion$t are accelerated in
the TR1%at the fourth harmonic of theirotation frequency. The RF control system
is designed to allow the TR19 to be runtbg computer control system, without any
Operator intervention. The RF system calso be gerated in manual mode for
operational, maintenance and diagnostic purposéfe RF system on the TR19
consists of a resonator, a power amplifier, and a coaxial transmission line from the
power amplifier to the cyclotron, a rediime RF control system and radio
frequency generator. The radio frequency parameters are monitored through pick
ups inside the resonator cavity. Inside the TR19 cyclotron are two Dees, with Dee
angles that vary from 40° to 45°. The Dees are precisely machined out of low
resistivity copper and are designed to optimize the energy transfer from the RF
system to the accelerating hydrogen ions. The shape of the Dees serves to reduce
the capacitive losses due to edge effects, impedance and the attenuation interaction
between the Dees anthe Dee liners. The nominal Dee voltage is 50 kV for protons.
The Dees and Dee stems are water cooled as is the power amplifier using flow and
temperature controlled deonized water.The power amplifier is based on an EIMAC
water cooled triode running ia grounded grid configuration. The power amplifier is
driven by a commercially available solid state amplifier built to -3péc
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requirements. The frequency is generated by a high stability frequency synthesizer.
The other components that make up the Rfpdifier are proven, commercially
available components such as the power supply, instrumentation and-lvaak
devices. The RF Control System is interlocked with the computerized Control System
to monitor the RF amplitude, frequency and phase.

To reduce bam degradation, minimize neutron activation and residual radiation
within the cyclotron, and to minimize maintenance and operating costs, the TR19
vacuum system is ekigned around high efficiencyryopumps. The main tank
cryopump is inserted into the magnh#o utilize its high water vapor pumping speed
of 4000l/s. By using cryopumps, there are few sources of contamination witten t
TR19 ygclotron. A key feature of the vacuum system is its modularized design that
permits the different subsystems on theyclotron to be valved off from the main
vacuum tank. Maintenance on the targets and extraction system can be done while
the main tank remains at high vacuum. Also, the externally mounted ion source
eliminates the need to vent and access the vacuum tanketdorm maintenance on
the ion source and injection system. Venting to atmosphere is done using a dry
nitrogen system. The main vacuum tank is formed by the two nickel plated magnet
poles and an aluminum ring called the vacuum wall. The vacuum tankig;mdddor
operation down to a high vacuum of 5x10rorr. Unless the cyclotron is being
serviced, the main tank is normally kept at high vacuum.

TheH ion sourcg(lS)is made up of a cylinder 10 cm in diameter, and 17 cm long.
Hydrogen gas is fed into then source from bottles mounted next to the cage.
Between the Hbottles and the flow controller is a copper tube, while between the
ion source and the needle valve is a plastic pipe to insulate against the electric
potential of the lon Source (25 kV).téngsten filament is situated in the middle of
the ion source body. The filament is heated by fik@ment current and biased te
100V, with respect to the ion source body, by the arc power supply. Electrons are
evaporated off the hot tungsten filament tproduce an arc between the filament
and the body. The arc heats the ias and converts the gas into a plasma of
energetic ionsThe voltage and current settings of the arc can be set to control the
dynamic resistance of the plasma which in turn deterrsiniee beam current and
emittance from the ion source. Surrounding the ion source and filament are
permanent magnets which produce a magnetic field which contains the plasma. The
permanent magnets are high field strength rare earth magnets. As a resufieof t
manufacturing process, these rare earth magnets are very brittle. These magnets are
also sensitive to heat and must be kept below XD0The ion extraction optics
consists of a series of electrodes set at specific voltages which are used to extract
andfocus the negativéd ions before they pass into the injection line. Between each
electrode is an insulatoNext is the Injection Beam Stop (IBS). The IBS is a disk that
can either be retracted from, or inserted into, the path of the beam. The IBS is used
as a shutter to change the status of tiie@ Of 2 4 NR Yy FENRUYZ 4D IYY 2ZFyFé
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When retracted, and provided the ion source gate valve is open, the beam is allowed
to be injected intothe cyclotron.The ion source is mounted in a vacuum chamber
that is pumped by a turbomolecular pump on the source side, and a cryopump on
the injection line side of the extraction electrodes.

Figure5-4 - The external ion source of the TR19 cyclotron.

The TR19 cyclotron isgeipped with two beam extractorgFigure 5-5), 180°
apart, so that two beams can be extracted simultaneously. Extraction is achieved by
stripping the electrons ofthe hydrogen ions using a thiiim pyrolytic carbon foil.

The two variable energy extraction probes allow simultaneous extraction of beams
with beam currents variable in ratios from 1:100 to 1:1 at a variable energy of 13
MeV to 19 MeV. Thextracted bears exit the TR19yclotron along two extraction
ports, which are designated as Target Selectors 1 and 2. The extraction probes also
have an azimuthal motion of + 4mm for steering the beam down the center of the
target selector. This adjustment plus the tatgselector positioning are used
together to position the target in the middle of the beam and align the angle of the
beam so it comes straight into the target. The correct alignment is mostly an issue
for the longer gas targets where the beam should gaight down the target and

not hitting the sides.

Each of the two target selectol$igure5-5) can position any one of the four
mounted targets into the beam for a total of eight targefBhe target bodies
supplied with the TR19 share a common interface with the target seleGioe.
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targets are modularized and interchangeable, and are designed to allow rapid
attachment and removal from the target selectdro minimize residual activity, the
target selectors are made primarily from aluminwand baffles and collimators are
made from grapite. The targets are moved into position by a gimbal arrangement.
The gimbal has tw@ivot axes which allow the selector to move in either a
horizontal or vertical directionA stainless steel bellows is used as a flexible beam
tube that maintains vacuumwhile allowing the gimbal freedom to mov&ach target
selector and extraction probe can be isolated from the main vacuum tank by a
vacuum isolation gate valve. The vacuum isolation valve allows the targets to be
changed or maintenance to be done on thegets without affecting the high
vacuum in the main tankThe cooling of target windows is done by spraying high
velocity, turbulent, helium gas over the surface of the two windows. The closed loop
helium cooling systens located in the utility cabinetWater cooling to the targets

and target selector is frorthe same cooling circuit as for the cyclotron.

Figure5-5 ¢ TR19 target selector with two targets mounted. In the top of the picture it is possiblede also
one of the extraction probes.

All the target bodies supplied with the TR19, without regard for the specific
isotope being produced, share a common interface with the target selector. The
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targets are designed to allow rapid attachment and remofrain the target
selector. The target bodies are water cooled to carry away the heat produced by the
beam current absorbed by the target bodigslost target bodies are made of
aluminum. Niobium is used in th&F]FDG production targets because itatatively

inert with respect to fluoride ionsThe first portion of the target assembly consists

of a solid aluminum plug pierced by a 10 mm hole. The outside of the plug has a
groove in which is mounted the-fihg used to make the vacuum seal between the
target body and the target selector. Between the plug and the target bodydisk

with windows on both sides. The two thin foil windows separate the target material
from the high vacuum within the cyclotron. The first window is the vacuum window
for the beamline, and the seconaheis the target window. The windows are cooled

by high speed streams of helium gas supplied by a recirculating closed loop cooling
system located in the target services cabinet. The Target bodies are insulated from
ground to albw the measurement of beam current.

Advanced Cyclotron Systems Inc. has developed a compact, composite shielding
material. The shielding material is a mixture of high density and low density
materials, along with a neutron sink, that permits the composiigerial to act as a
compact and effective shield for both gamma radiation and neutrons. A composite
borated material is included in the composition of the loshlielding Figure5-6),
two doors that completely enclose the target selector on each side, to absorb
thermal neutrons. The composite locadhield that is supplied with the TR19
cyclotron helps to minimize the shielding requirements. Because of its high dénsity
is extremely effective in reducing the attenuation length of the 6 MeV gamma rays
to be approximately the same as that for neutrons.

Figure5-6 - TR19 locakhielding: when closed, the locahieldencbsesthe target selector completely.
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5.1.2 Monte Carlo Mbdel of the TR1@yclotron

The FLUKAMIC modelof the TR19 cyclotron and the cyclotron vaultgre
created using SimpleGeo and then exported to FlEire main components of the
cyclotronwere modeled including the yoke, the magnet poles and the magnet coils,
a simplified model othe collimation system and the target selector,'# target
assembly for each side, the two local shielding, and the external ion sdeigere
5-7). The hyout of the cyclotron vault was accurately reproduced from original
technical drawingsafter the assessment of the required thickness of the vault walls,
ducts were acadrately reproduced to perform the study oflose transmission
through them The inner dimensions of the bunker are: 460 cm by 540 cm with a
height of 380 cm and witl200 cm thickconcrete walls(after design of the
shielding) Figure5-8 shows thefinal geometrical modelA *¥F liquid target assembly
was modeled including the Havar foithe Helium cooling window and théO-
eriched water targetKigure5-9). The average composition and density of the local
shielding was modeled from private communications with the manufacturer to
preserve the proprietary mixture.

Figure5-7 - 3D of the FLUKA MC model of the TR19 cyclotron.
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Figure5-8 - 3D of the FLUKA MC model of the TR19 cyclotron, the cyclotron vault and the ducts threeigh t
vault walls.

(b)

Figure5-9 - Comparison between the original technical drawirfg) and modeled (b}éF target assembly of the
TR19%cycbtron.

A 19MeV proton beam was modeled using tBEAMand BEAMPOSards: a
spread out beam, ellipticadhaped, with FWHMO0.25 cm, FWHN=0.2 cm,
FWHM #0.0001 GeMc was set. BEAMAXES$ard was used to rotate the beam
reference frame according to the geometry reference franal beam was
simulatedmerging the scores ohtned simulating the irradiation of a target selector
at atime
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NEWDEFAdefault andcoalescence and evaporation of heavy fragmemre
enablal through PHYSIC&rds. A irradiation profile of hour-1mA was simulated
andRADDECA¥ I NR ¢l & aSi dnlations @erehp@rdrnedYr2higls &
statistic simulating 19primary particlefor each target selector

5.1.3 Design of shielding and ducts

The design of the required thickness of the cyclotron vault was conducted by the
assessment of the ambient neutron dose equivalent H*(10) around the accelerator
in a dual beam irradiation; in a second step, an optimization of ducts trough the
vault walls vas performed. Activation of air within the bunker was studied to assess
the production of*'Ar dueto the secondary neutrons as well as the activation of
shielding and cyclotron components to plan decommission strategies as requested
by the Italian nation&regulation on radiation protectian

The targets are the dominant source of radiation within the TR19. It is important
to bear in mind that for the(p,n) reactions used in proton cyclotrons for the
production of PET radioisotopes, the amount of radiafiwaduced in the target is a
direct function of the production rate of the radioactive isotopes. In a proton
cyclotron the neutron flux is maximum during the irradiation'®D to produce'®F.

For this reason, all the simulations were conducted simulativeyitradiation of a
8O-water target.

100

Local Shielding Local Shielding
SOUTH NORTH

200 _
z x

-100 0 100 200

Figure5-10- Assessment of the attenuation factor of the local shield. In the picture, local shields are made of
air, simulating their absence. Point A (0°) and poBit(90°) are both at 1m from the target.
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In a first step, the efficacy of the local shield was verifiedelagluatingthe
attenuationfactor: this step was fundamental since the composition and the density
of the local shieldwere not completely known The neutron ambient dose
equivalent H*(10) was assessedround the cyclotronthrough USRBINCartesian
mesh, pitch 10 cm) and AUXSCOREscdrde cyclotron was simulated with and
without the local shield (simply switching the material to ai® this stage the
cyclotron vault was not simulatedhe neutron ambient dose equivalent H*(20as
scoredin two points, both Im from the target: pointbA¢ was at 0° (beam direction)
from target while pointoBe at 90° (sed-igure5-10). Local shielding, as well as the
GFrNBSGEa aStSOU2NAS 6SNB f+F0StSR abhwel
the beam along thek EA &Y defefred ® bdsitive xdirection. This ntation
was used also for the walls of the cyclotron valesults of the simulations are

3

by

reported inTable5-2Y NB adzf §a | NS NBLR2NISRw2YEe odAN

similar results, within the random uncertaintyere obtained for the local shielding

a { h | drdadiating the corresponding target selectoAn average attenuation
factor of 146 + 8 was found: the manufacturer reported an average attenuation
factor of about 100. Since the variabilitytime composition of the mixture within the
local shield it was decided, at this stage, to retain acceptable riweled
composition.

Table5-2 - Assessment of the atteuation factor of the local shield.

A B

H*(10) Without LS
[mSv/imAh]

H*(10)With LS
[mSv/mAh]
Attenuation factor 159+11 134+12

Average 146+ 8

592+7 4317

3.73+0.27 3,21+0,27

Using USRTRAGKore it was possible to assegee differential neutron fluence
distribution in energy in air around the cyclotr@figure5-11). In a very first stage of

the design, the inner dimensions of the bunker were modeled following the
indication of the cyclotron manufacturer; an air box of about 68was thus created
arourd the model of the acceleratoFigure5-12 and Figure5-13 show the neutron
spectra obtained: the presence of the local shied thermalizes part of the neutrons
and shifts the peak from about 1 MeV (production peak) to about 0.1 MeV.
shown in the followingthe thermalization effect iiigher when concrete wallare
included inthe model.

WUSRTRACK Unit:31 BIN v Name: gpeN
Type: Linear v Red: AirBox v Vol 68046582
Far: NEUTRON v Emin: 0,0 Emax: 0,02 Bins: 200,

Figure5-11- USRTRACK score used in the assessment of the neutron fluence distribution in air.
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Figure5-12 - Differential neutron fluence distribution in energy, in air, without local shielding.
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Figure5-13- Differential neutron fluence distbution in energy, in air, witHocal shielding.

The design othieding of the cyclotron vault was performestcording to the
thus assessedieutron dose field. The expected dose equivalefte{qg,d), in the
direction g at the distanced from the source without any barriewas assessed for
several points Kigure5-14), located along diffieent directiors. In addition to the
points reported inFigure 5-14 a point in the roof and one in the floor were
considered
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Figure5-14 - Design of shielding: the expected dose equivalétqr) was assesed in several points, along
different direction, to assess the required thickness of the walls.
The shielding design goal was fixed to 1 mSy#aily dose limit for the population
prescribed by D.Lgs 230/9%)r points from B1 to D3, including the roof atige
floor; in the external area (Al to A3) a safety goal of 0.5 mSv/y was. U$ed
reference dose equivalerti(g,100, in the directiong at the reference distancef
100 cm from the targetwas assesseffom FLUKA simulationseatron ambient
dose equivalent H*(10) was assessed using USRBRIN scores (cylindrical mesh; 5 cm
pitch in both R and-direction; 5° pitch in angle) and AUXSCORE card to filter the
contribution of neutron only Figure5-15 and Figure5-16). From Figure5-15 and
Figure5-16 H*(10) was taken along all the directi®af the points Al to D3; then the
expected dose equivalenitle(gd) was compute using Equation1-2 and data
reported in Table5-3. The transmision factorB(t,) of the shielding was computed,
for all the points, usindgequation1-1. The thickness of the barrier, in concrete, was
computed choosingVL,=31.8 cm(for 20 MeV neutrons) and@VL~28.5 cm(for 1
MeV neutrons)IAEA, 1988)an averageffectivethickness of 132 + 22 gnncluding
the additional HVL to shield scattering radiatiomas calculated. To take into
account a safst factor of 20% and theinaccuracy of thecompositionof the local
shield it was decided to add an additional HVL thus build0§ cm thick concrete
walls.




























































































































































