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Abstract of doctoral thesis

The goal of this work was to determine field output factors, ngz’;gfe’; , using EBT3

radiochromic films and W1 plastic scintillator as reference detectors on two different linear
accelerators. Secondly, we aimed to provide a large and consistent set of data for detector

fclinrfref

specific output correction factors, dein,Qref

, for small static fields for seven solid state

fclin’fref

detectors and seven small ionization chambers. In the case of ionization chambers, kQ inQres
clin

were determined in two orientations — parallel and perpendicular, to test the hypothesis, that

fclin'fref

QuiinQrer A€ lower and therefore advantageous for parallel orientation.
clinvcre

giiﬁ:g‘i’; were determined for 6 and 10 MV photon beams with and without flattening filter
and for nine fields ranging from 0.5 x 0.5 cm? to 10 x 10 cm?. Signal readings obtained with

EBT3 radiochromic films and W1 plastic scintillator were fitted by an analytical function.

fclin'fref

Quiin ey WETE determined empirically for 14 clinically used small detectors, under the same
clinvcre
experimental conditions.

fclin:fref

It has been found that, for a given linear accelerator, Q"
QCllleTef

need to be determined for every

combination of photon beam energy, filtration, and field size as the differences between them
can be statistically significant (p < 0.05). Further, it has been demonstrated, that the parallel
orientation of ionization chamber is advantageous over the perpendicular, which is an important
contribution to the present international dosimetry protocol for small fields IAEA TRS-483.
Use of two reference detectors for the determination of field output factors for small static fields

in MV photon beams is a novel approach and has been justified in our thesis.

Large set of kgci‘:”";re’; data for seven solid-state detectors and seven ionization chambers in
clinvre

four MV beams determined on two linear accelerators by a single group of researchers can be
considered a valuable supplement to the literature and the IAEA TRS-483 dataset.
Recommendation on the orientation of ionization chambers is the last significant outcome of

our work.

Key words: W1 scintillator, EBT3 films, diodes, ionization chambers, small fields, field output
factors



Sazetak doktorske disertacije

Uvod

Novi medunarodni protokol za dozimetriju uskih snopova fotona visokih energija (dalje mala
polja) IAEA TRS-483 je objavljen prije nesto viSe od godinu dana. Njime su dane preporuke
vezano za referentnu 1 relativnu dozimetriju malih polja, koje se temelje na vrlo opseznim
istrazivanjima velikog broja istrazivackih grupa koje se bave dozimetrijom malih polja.
Nedostatak izvornih podataka koji su objavljeni u protokolu je odredena nekonzistentnost,
odnosno njihova rasprsenost, §to je posebice navedeno i u samom dozimetrijskom protokolu
TRS-483. One se ocituju u nacinu odredivanja specifi¢ne veli¢ine polja (posebno veliine
najmanjih polja), koristenoj radnoj udaljenosti, dubini u vodi na kojoj se mjeri ili raCuna, te
mjestu definiranja veli¢ine polja (na povrsSini fantoma ili na referentnoj dubini). Unato¢ tome
Sto je znacajan broj istrazivanja proveden koriStenjem razliCitih vrsta detektora (diode, male i
mikro ionizacijske komore, dijamantni detektori, plasti¢ni scintilacijski detektori, alanin i
radiokromski filmovi) u objavljenim podacima c¢esto nedostaje odgovarajuéa procjena

nesigurnosti svakog od koraka u odredivanju, kako faktora polja, tako 1 korekcijskih faktora.

U svrhu nadopune i poboljSanja protokola za dozimetriju malih polja postavljene su hipoteze

doktorskog rada:

Hipoteza 1: Na temelju mjerenja pomocu referentnih detektora (plasti¢ni scintilacijski detektor
1 radiokromski film) i odredivanja faktora polja moguce je eksperimentalno odrediti ukupne
korekcijske faktore za diode i ionizacijske komore u uskim snopovima X-zraka visokih energija

proizvedenih linearnim akceleratorima.

Hipoteza 2: Korekcijski faktori polja za male i mikro ionizacijske komore su manji ukoliko su
odredeni u tzv. paralelnoj orijentaciji ionizacijskih komora. Tako odredeni faktori predstavljaju
poboljSanje u odnosu na one odredene u okomitoj orijentaciji ionizacijskih komora koja je

preporucena u dozimetrijskom protokolu TRS-483.



Materijali i metode

Eksperimentlani dio rada je proveden u Ljubljani i Talinu na dva razli¢ita linearna akceleratora
elektrona, Elekta Versa HD i Varian TrueBeam. Mjerenja na oba linearna akceleratora
provedena su u megavoltnim snopovima X-zraka od 6 MV i 10 MV, s filterom (WFF) i bez

filtera (FFF) za homogenizaciju snopa.

Mjerenja su provedena u izocentri¢noj mjernoj postavi, na udaljenosti od fokusa do povrSine
fantoma SSD = 90 cm. Detektori su bili postavljani na dubinu od 10 cm. Istrazivanje je
provedeno za devet polja zraéenja od 0.5 x 0.5 cm? do 10 x 10 cm?, s tim da je polje 10 x 10 cm?
odabrano kao referentno polje za izracun faktora polja i za svaki detektor specifi¢nih
korekcijskih faktora. Istrazivanjem je obuhvaceno 16 detektora: plasti¢ni scintilacijski detektor
Exradin W1 (W1 PSD), radiokromski film EBT3, Sest dioda (IBA SFD dioda, IBA Razor dioda,
PTW 60008 Diode P, PTW 60012 Diode E, PTW 60018 Diode SRS i SN EDGE dioda), jedan
dijamantni detektor (PTW 60019 microDiamond) i sedam malih ionizacijskih komora (IBA
CCO04, IBA Razor, PTW 31016 3D PinPoint, PTW 31021 3D Semiflex, PTW 31022 3D
PinPoint, PTW 31023 PinPoint i SI Exradin A16). Svi detektori su odabarani sukladno
preporukama danim u dozimetrijskom protokolu TRS-483 i na temelju njihove §iroke uporabe
za relativnu dozimetriju. Kao referentni detektori odabrani su scintilacijski detektor (W1 PSD)
1 radiokromski film EBT3. Razlog za to je $to su po svojim fizikalnim karakteristikama gotovo
ekvivalentni vodi te pokazuju zanemarivu energijsku ovisnost. Pomoc¢u njih su odredeni faktori

felinSre f

pOlja 'Qchin,Qref'

Uprosjeceni odzivi M{;gl‘;‘ izmjereni filmom EBT3 i detektorom W1 PSD su korigirani za efekt

volumnog usrednjenja k,,; i normirani na odziv M(];::; izmjeren u referentnom polju. Na taj
fclin:fref

QetinQrey 22 mala polja koja se koriste klinicki.

nacin su odredeni diskretni faktori polja (1

felin
fclin:fref — Qclin k

chin'Qref Mfref
Qre f

vol

fetinfre f

Vrijednosti QQC”n‘QM,

odredene na temelju mjerenja pomocu referentnih detektora, su

uskladene pomocu analiticke funkcije koju su predlozili Sauer i Wilbert:

n

sn.
Q(Scrin) = Poo ln_l_c—llsr;l + Seo (1 — e P Sctin))

clin



Za sve detektore i sva polja zracenja S, obuhvadena ovim istrazivanjem izracunate su

diskretne vrijednosti specifi¢nih korekcijskih faktora:

fclin’fref
fclin'fref _ chin'Qref
chin'QTef (SClin) B Mfclin /Mfref
chin Qref
gdje k7o (s predstavlja ukupni korekcijski faktor za pojedini detektor u ovisnosti o

chin'Qref

veli¢ini klinickog polja S_jin-

Rezultati i rasprava

fclinjfref

Faktori polja i korekcijski faktori dem_Qre p

za detektore obuhvacene istraZzivanjem su prikazani

kao analiticke funkcije te kao diskretne vrijednost. Utvrdeno je da su razlike u faktorima
statisticki znacajne (p < 0.05). Zbog toga za svaki linearni akcelerator faktori malih polja trebaju
biti eksperimentalno odredeni za sve veli¢ine polja i u svakoj od kombinacija snopa X-zraka sa

i bez filtracije.

fclin'fref

za vecinu
chin'Qref

U slucaju dioda 1 dijamantnog detektora utvrdeno je da se vrijednosti k

najmanjih polja (< 1.5 cm) statisticki znacajno (p < 0.05) razlikuju od vrijednosti publiciranih

u dozimetrijskom protokolu. Za PTW microDiamond detektor je utvrdena statisticki znacajna

razlika (p < 0.05) za kg"i‘:"”;”’; za sve snopove manje od 1.5 x 1.5 cm? proizvedene linearnim
clinXre

akceleratorom Elekta Versa HD. Na istom akceleratoru je utvrdena statisticki znacajna razlika
izmedu korekcijski faktora malih polja ovisno o tome je li snop filtriran ili nije. Kod istog

felinSre f

: i do 6% za nominalno jednake snopove na
chlanref

detektora utvrdene su razlike u ovisnost k

dva koriStena linearna akceleratora. Isti trend je uocen i kod dioda, §to ukazuje da razliciti
sustavi za kolimaciju snopa mogu znac¢ajno utjecati na veli¢inu korekcijskih faktora najmanjih

polja S.;in < 0.8 cm.

fclin'fref
Su
QclinQref

U slucaju ionizacijskih komora, nasi rezultati za korekcijske faktore polja k
usporedeni s podacima za tri ionizacijske komore istog tipa objavljenim u dozimetrijskom
protokolu TRS-483. Vrijednosti korekcijskih faktora za ionizacijske komore IBA CC04, PTW
31016 PinPoint 3D 1 SI Exradin A16, dobivene u sklopu ovog istrazivanja, potvrdile su

vrijednosti  objavljene u dozimetrijskom protokolu TRS-483. Publicirane vrijednosti za



kfclin'fref

Qetin Qrer U dobivene samo za okomitu orijentaciju ionizacijskih komora pa usporedba s naSim
clinv<¥re

fclin'fref

rezultatima za k"
chm'Qref

dobivenim za paralelnu orijentaciju za spomenute tri ionizacijske

komore nije bila moguca. Korekcijski faktori za ostale Cetiri ionizacijske komore IBA Razor
IC, PTW 31021 3D Semiflex, PTW 31022 PinPoint 3D and PTW 31023 PinPoint, prikazani u

ovom istrazivanju, se mogu smatrati vrijednom nadopunom dozimetrijskog protokola TRS-483.

Nadalje, nasi eksperimentalni podaci su potvrdili pretpostavku da su korekcijski faktori za
ionizacijske komore manji ukoliko se mjerenje provodi tako da je glavna os ionizacijske
komore postavljenja paralelno u odnosu na sredi$nju os snopa (paralelna orijentacija), nego li

kad je glavna os ionizacijske komore postavljena okomito na srediSnju os snopa (okomita

fclinvfref

orijentacija). Posto su ko

uvijek manji kod paralelne orijentacije statistiCka znacajnost

razlika je ispitana koriste¢i Studentov t-test. Ovisno o orijentaciji ionizacijske komore, utvrdena

f clin'f ref

je statisti¢ki znacajna razlika (p < 0.05) kod korekeijskih faktora chlin Qres

za najmanja polje.

fclinvfref

_ za najuze snopove X-zraka dobivene u okomitoj
chanQref

Drugim rije¢ima vrijednosti k
orijentaciji su u pravilu statisticki znacajno veée od onih dobivenih u paralelnoj orijentaciji.
Jedinu iznimku predstavlja ionizacijska komora IBA CC04 kod koje nije utvrdena statisticki

fetinfre f

_ u ovisnosti o orijentaciji ionizacijske komore niti u jednom od
chm’Qref

znacajna razlika kod k

osam koriStenih snopova X-zraka na dva linearna akceleratora. Razlog tome je sto IBA CC04
ionizacijska komora ima priblizno jednake dimenzije efektivnog volume u dva ispitivana
smjera (promjer Supljine je 4.0 mm, a njezina duzina u smjeru centralne elektrode je 3.6 mm)

Sto rezultira prilizno jednakim volumnim usrednjavanjem odziva u dvije orijentacije, koje u

fetinfre f

QutinQre” Vrijedi napomenuti da je za ionizacijsku

najve¢oj mjeri doprinosi vrijednosti k

komoru PTW 31021 Semiflex 3D utvrdena statisti¢ki zna¢ajna razlika vezana za orijentaciju
samo kod najmanjeg polja zra¢enja (0.5 x 0.5 cm?) u dva snopa X-zraka (10 MV WFF i FFF)
linearnog akceleratora Elekta Versa HD dok to nije utvrdeno niti kod jednog od Cetiri snopa X-
zraka linearnog akceleratora Varian TrueBeam. Stoga mozemo zakljuciti da i1 kod te
ionizacijske komore, zbog njene konstrukcije, mozemo ocekivati priblizno jednaku vrijednost

odziva u obje orijentacije.

fclin'fref

Ukratko, vrijednosti korekcijskih faktora dem,Qre -

ionizacijskih komora obuhvacenih ovim

istrazivanjem su bile manje u slu¢aju kada je ionizacijska komora bila postavljena na nacin da

njena glavna os bude paralelna sa srediSnjom osi snopa X-zraka. Zbog toga preporucujemo da



se za odredivanje korekcijskih faktora malih polja kgiii:gee’; koristi paralelna orijentacija

ionizacijskih komora, §to je u suprotnosti s preporukom u dozimetrijskom protokolu TRS-483.

Zakljucak

Primjena dva referentna detektora, EBT3 radiokromskog filma i W1 plasti¢nog scintilacijskog
detektora, kao i primjena analiticke funkcije predstavljaju novi i potpuno opravdan pristup

odredivanju faktora polja uskih snopova X-zraka visokih energija, ¢ime je potvrdena prva

fclinrfref

hipoteza. Nadalje, odreden je znacajan skup korekcijskih faktora k QetinQrey

za Sest dioda, jedan

dijamantni detektor te sedam ionizacijskih komora u po Cetiri snopa X-zraka razlic¢itih veli¢ina
polja zracenja na dva linearna akceleratora. To je napravljeno slijedeéi stroge eksperimentalne
zahtjeve pa se moze smatrati vrijednom nadopunom recentnog dozimetrijskog protokola za

dozimetriju malih polja TRS-483.

fclin'fref

Nadalje, rezultati provedenog istrazivanja vezani za odredivanje korekcijskih faktora k QetinQres
ciin
ionizacijskih komora, unato¢ tome §to su u suprotnosti s preporukama danim u dozimetrijskom

protokolu TRS-483, potvrduju nasu drugu hipotezu. Dakle, korekcijski faktori kgi;;:g:i’; su
manji ukoliko se mjerenje ionizacijskom komorom provodi u paralelnoj orijentaciji. Zbog toga
se mjerenje ionizacijskim komorama malog volumena u paralelnoj orijentaciji preporuca kao

fetinSre f

metoda izbora za odredivanje korekcijskih faktora k™
chm:Qref

. To takoder predstavlja vaznu

nadopunu dozimetrijskog protokola TRS-483 u kojem je preporucena isklju¢ivo okomita

orijentacija ionizacijske komore za odredivanje faktora polja.

Kljucéne rijeéi: dozimetrija malih polja, W1 scintilator, EBT3 film, diode, ionizacijske

komore, faktori polja



TABLE OF CONTENTS

L INTRODUCTION ... .ottt e e e as 1
1.1 Background and thesis rationale.............cocooiiiiiiiiiii e 1
1.2 Thesis hypotheses and ODJECLIVES ...........coiiiiiiiiieiei s 4
1.3 THESIS OULIINE ...ttt en e sre et eneenreas 6

2 BASIC PHYSICS OF SMALL FIELDS. ..., 7
2.1 Beam related small field CONAItIONS .........cooviiiirieiei e 7

2.1.1 Loss of lateral charged particle equilibrium ... 7
2.1.2 Partial SOUICE OCCIUSION ......viuiiiiieiiiie ettt nnees 9
2.2 Detector related small field cONditioNS..........cccooeiiiiiiiii e, 10
2.2.1 VOIUME QVETAGING ...ttt bbbttt 11
2.2.2 Detector perturbation effectS.........cciiiiiiicii i 11

3 IAEA TRS-483 CoP FORMALISM FOR REFERENCE AND

RELATIVE DOSIMETRY oottt 14
3.1 Reference dosimetry of small fields ...........cccooveiiieiicie e, 14
3.1.1 Chamber calibrated specifically for the fimsr......ccoevriiriiiiii e, 15
3.1.2 Chamber calibrated for a conventional reference field, with generic beam quality
correction factor available. .............ooe i 15
3.1.3 Chamber calibrated for a conventional reference field, without generic beam quality
correction factor available.............ooov oo 15
3.1.4 Conventional linear aCCEIEIatOrS. ........ccuiiiereeie s 16
3.2 Relative dosimetry of small flelds ..., 16
3.3 Field output factors and detector specific output correction factors ............c.cceeveevenene. 18
4 DETECTORS FOR RELATIVE SMALL FIELD DOSIMETRY ........... 21
4.1 Cylindrical ionization ChambErS..........cooiiiiie e 21
4.2 SHCON IOUES ...ttt te et et e e e eseente e e e sreesraeeeeneenneas 23
4.3 Synthetic micro diamond deteCTOr ...........coiiiiiiieie e 25
4.4 RAAIOCNIOMIC FIlM ..o 26
4.5 PIAStiC SCINTHTALOT ........eeiiieie ettt e e ae e nrees 28
5 MATERIALS AND METHODS ..ot 29

5.1 EXPEIIMENTAL SEE-UP ...veiviiiiiiieieie ettt bbbt 29



5.2 RadioChromiC fIlMS EB T 3 ..ottt e e ee e e e eeeeeeeees 30

5.2.1 Film preparation and irradiation ............ccoceeeieiineniiee e 30
SIS Tox: 10 1o o ST SP RS PP 31
5.2.3 Dose calculation and field dimeNSIONS ..........cccoviieriiiiiiieneee e 31

5.3 Equivalent square Small field SIZE Sclin .....veveeeriereiiiiiiiesieee e, 32
5.4. Exradin W1 plastic SCINGHIALON ..........ccoooiiiiiie e 32
5.5 SOlid-State UEIECTOIS. .. .uiiveeiieiete ittt sttt 33
5.6 10NIZAION ChAMDETS.......iiiiiieiie bbb 36
5.7 Volume averaging COMMECLION .........ccueiieiueiieieerieeiesee e seesreesre e eesaeeee s e saeeneesneenneens 39
5.8. Field OULPUL TACTOTS .......couieiieieie et 41
5.9. OULPUL COITECTION TACTOTS .....cvvieveeeeestietete et 42

B RESULT S ... e e e e e e e e et e e e s s bree e e e e ennees 44
6.1 Equivalent square Small field SIZE Sclin ...c.veveierirreieieiisisise e 44
6.2 FIeld OULPUL TACTOTS ... .ccveeiicie et sre e ene e 45
6.3 Detector specific output COrreCtion faCtOrS.........coccveiieieeiieiieie e 52
6.3.1 SOlIA-StAte AELECIOIS ... .iivieieeeie ettt sre e ere s e 52
6.3.2 10NIZatioN ChAMDEIS ..o e 61

T DISCUSSION. ...ttt e e e e aees 73
7.1 Field OULPUL FACKOTS ......ccveeiece ettt ene e 73
7.2. Detector specific output correction factors for solid-state detectors.............cccveevennen. 74
7.2.1. Comparison with data given in TRS-483.........ccoooiiiiiiirieee e 75
7.2.2. Influence of beam filtration and collimating system on output correction factors . 78
7.2.3. PTW 60019 microDiamond deteCtor ..........cocvvviiereeie e 80

7.3. Detector specific output correction factors for ionization chambers.............cccceeveeneen. 82
7.3.1. Comparison with data given in TRS-483.........cccccciviieiieiececcce e, 82
7.3.2. The orientation of ionization Chambers ... 83
7.3.3 Clinical relevance of the thesis reSUILS ..o 90

B CONCLUSIONS ... e e 92
O BIBLIOGRAPHY ...t 95
10 APPENDIIX L. a e e 102

1 Output correction factors for perpendicular and parallel orientation of ionization
chambers on Elekta Versa HD lINAC.........cccoooiiiiie i 102



2 Fitting parameters for the analytical function for output correction factors for ionization

chambers on Elekta Versa HD liNAC..........ccccoveviiiiiicii e 109
3 Output correction factors for perpendicular and parallel orientation of ionization
chambers on Varian TrueBeam lNAC ........covveiiiiiiieie e e 112
4 Fitting parameters for the analytical function for output correction factors for ionization
chambers on Varian TrueBeam lNAC ........covveiiiiriieie e e 119
11 BIOGRAPHY ot 122
12 LIST OF SELECTED PUBLISHED WORKS. ..........cooiiieeee e, 123
10.1 Original SCIENLITIC ArtICIE ..o 123
10.2 Professional @rtiCle ..........c.ooivieiiiiie e 124
10.3 Published scientific conference contribution or abstract..............cccccevviieiiecniiennnn, 125

10.4 Book or a chapter in a monography...........ccoeiieiiieii e 128



1 INTRODUCTION

1.1 Background and thesis rationale

Radiotherapy is one of the three main modalities for cancer treatment, the other two being
surgery and systemic therapy with drugs, e.g., chemotherapy and hormonal drug therapy. The
objective of radiotherapy is to deliver a lethal dose of ionizing radiation to tumor tissue while
at the same time minimizing the dose to the surrounding normal tissues and organs at risk. To
realize this objective, we need to precisely deliver required dose to the predefined target volume
(tumor), which is one of the most important clinical tasks for medical physicists. To achieve
this, we need to measure radiation, and we need to fully understand dosimetry methodology
and its limitations. Many dosimetry protocols have been developed in the past for reference
dosimetry in external radiotherapy and brachytherapy, including detail guidelines for
dosimetric measurements, and remain a backbone for successful and predictive outcome of

radiotherapy treatment.

The reference dosimetry of megavoltage (MV) photon beams used in conventional external
radiotherapy using linear accelerators is currently based on various international dosimetry
protocols, such as, TRS-398 Code of Practice (CoP)! published by the International Atomic
Energy Agency (IAEA) and TG-51 protocol? with its Addendum? published by the American
Association of Physicists in Medicine (AAPM). These protocols provide a guidance on clinical
reference dosimetry using ionization chambers that have been calibrated in terms of absorbed
dose to water in a reference beam of quality Qo (usually ®Co) and reference field size
10 x 10 cm?. Having a calibration coefficient of the ionization chamber one can determine the
absorbed dose to water D,,, in the beam quality Q under reference conditions following
guidelines from those dosimetry protocols. Beam calibrations are done under conditions that
are very close to the real situation of a conventional radiotherapy treatment, for example, 3D
conformal radiotherapy, with respect to the field sizes as well as the calibration depth. In
general, we can say that in conventional radiotherapy absorbed dose is determined for broad
beams comparable to the size of clinically used radiation fields and at depth where

charged-particle equilibrium exists.

In the last two decades, the availability and wide utilization of modern technologies has

facilitated the use of radiotherapy techniques such as intensity modulated radiation therapy



(IMRT), volumetric modulated arc therapy (VMAT), stereotactic radiosurgery (SRS) and
stereotactic body radiation therapy (SBRT) for the treatment of cancer patients using external
beam radiation therapy. These techniques use many non-standard photon fields for the planning
and delivery of the prescribed dose. Non-standard fields can be small and used for the treatment
of small tumors e.g. in the case of SRS, or can be composed from many small fields for
treatments of irregularly shaped larger lesions or tumors in the vicinity of organs at risk. Several
dedicated treatment units such as and GammaKnife® (Elekta Instrument AB, Stockholm,
Sweden), Tomotherapy® (Accuray, Sunnyvale, CA, USA) and CyberKnife® (Accuray,
Sunnyvale, CA, USA), use small or composite fields for the delivery of complex radiotherapy
treatments, although conventional linear accelerators (linacs) have very similar capabilities. In
this respect, it should be noted that the IAEA TRS-398 or AAPM TG-51 and TG-51 Addendum
protocols provided guidance for reference and relative dosimetry in conventional (broad) fields
and do not provide guidance for dosimetry in small fields. Misunderstanding of this basic
concept and its limitations, as well as the absence of a suitable dosimetry protocol for small
fields resulted in the occurrence of dosimetric errors in clinical practice and several accidents
and erroneous patient treatments involving the incorrect use of small fields were reported in the
literature.*® For example, use of too large ionization chamber resulted in incorrectly determined
(too low) output factors for small fields and subsequently wrong calculation of number of
monitor units, resulting in fatal outcomes. Already two decades ago, Das et al.® found difference
up to 12% in output factors measured at different institutions for stereotactic photon fields
having a size bellow 2.0 cm. All that has contributed to the publication of several documents
on dosimetry of small MV photon beams: IPEM Report Number 103 published by the Institute
of Physics and Engineering in Medicine,” formalism for small field dosimetry published by
Alfonso et al.® and ICRU Report 91 published by the International Commission on Radiation
Units and Measurements.® However, until the recent joint publication of the International CoP
TRS-483 for reference and relative dosimetry of small static fields in external beam
radiotherapy published by the IAEA and the AAPM, %! no national or international guidance
for performing reference and relative dosimetry in small fields was available to the practicing

medical physicists.

New international dosimetry protocol for small fields TRS-483 provides several
recommendations regarding the reference and relative dosimetry of small static fields for high
energy photon beams up to 10 MV based on published data from research studies conducted

until 2015.*2 However, we need to read and use the TRS-483 protocol with awareness of



difficulties with which were authors of this protocol confronted and were explicitly pointed out:
“Unfortunately, the published data are rather scattered for certain field sizes, especially for
the smallest fields, and lack homogeneity with regard to the SSD or SDD used, the depth of
measurement or calculation, the definition of field size at the surface or at a reference depth,
etc.”’*% Although a considerable amount of research was done on small megavoltage photon
beams using various types of detectors: diodes, small (sometimes denoted as mini) and micro
ionization chambers, diamond detectors, plastic scintillators, alanine and radiochromic films,
to mention only few, most of the published data also lack a proper estimation of the uncertainty
in the various steps involved.® Those research efforts were not limited only to the necessary
physical characterization of various detectors but were predominantly focused on the
determination of field output factors and associated detector specific output correction factors,
which are also central issues in the present thesis, since they are the most important dosimetric
quantities in small field dosimetry. If output factors for small photon fields are not correctly
determined and introduced in the treatment planning systems (TPS), serious complications can
occur during radiotherapy treatments with unfavorable and even fatal outcome for patients.

To derive field output factors for small fields from the data published in the literature,
TRS-483 considered three types of datasets. One of these datasets includes the reference
detectors which are perturbation free except for volume averaging (the other two being
detectors with known output correction factors and detectors with Monte Carlo calculated
output correction factors). Main characteristics of these detectors are their near water
equivalency, with radiological properties close to the corresponding values for water, which
also have weak or negligible energy dependence in the MV radiotherapy photon beams.
Examples are some passive detectors such as alanine and radiochromic films. The only
commercially available active dosimeter with properties close to that of water and weak energy
dependence is plastic scintillator detector. In our study, plastic scintillator and radiochromic

film were utilized as reference detectors for the determination of field output factors.

Response of detectors in small fields and the determination of detector specific output
correction factors has been extensively investigated for a range of detectors by several research
groups, using one of the following three techniques: (i) empirical approach, where uncorrected
signal ratios were determined and compared to the field output factors determined with
reference detectors,'*3® numerical approach, where output correction factors or chamber
properties were determined with Monte Carlo (MC) simulations,3*6 and (iii) semi-empirical

approach which combines both, measurements and numerical/analytical calculations, and



where output correction factors were most commonly determined through the comparison of
measured uncorrected detector’s signal ratios with MC calculated field output factors.*748:49.50
There are advantages and disadvantages of each of these approaches.®® However, since the
numerical MC calculations have to be verified and validated with measurements, in this study
an empirical (experimental) approach for the determination of field output factors using two
reference detectors was used. Also detector specific output correction factors for a large number
of different types of detectors were determined using an experimental approach following the

guidelines from TRS-483.

Experimental determination of field output factors in small fields is challenging because
detectors that can be used to accurately determine field output factors, without requiring
corrections for non-water equivalency of their sensitive measuring volume and volume
averaging due to their finite size, are presently not commercially available. Furthermore, for
very small fields with dimensions below about 2.0 x 2.0 cm?, small positional uncertainties can
lead to significant uncertainties in the measurement results. This means that there are no ideal
detectors for measurements of field output factors in small fields. Although a large amount of
experimental and numerical data for field output factors and output correction factors for
different detectors are available in the literature, there is considerable scatter of such data for
the smallest field sizes; additionally, lack of homogeneity in the measurement set-up (SSD or
SDD), the definition of field size and different procedures for positioning the detector in the

central beam axis makes the interpretation of such data very challenging.*°

1.2 Thesis hypotheses and objectives

Based on present theoretical knowledge on small field dosimetry, a formalism published in the
TRS-483 Code of Practice, a lack of published data for field output factors and detector specific
output correction factors for many detectors presently used in clinical dosimetry, especially for
smallest fields below 1.0 x 1.0 cm? and 10 MV photon energy, among other issues, lead us to

the two central hypothesis and subsequent objectives of our thesis.

HYPOTHESIS 1: Total detector specific output correction factors can be determined
experimentally for solid state detectors and ionization chambers suitable for relative dosimetry
in small fields, considering radiochromic films and plastic scintillator as reference detectors for

the determination of field output factors in small megavoltage beams from linear accelerators.

The hypothesis was tested through the following two objectives:



Objective 1: to develop a novel empirical method for the determination of field output
factors on two different linear accelerators for 6 and 10 MV photon beams with and without
flattening filters using radiochromic films and plastic scintillators as reference detectors
and to provide specific datasets for field output factors for nine square fields ranging from
0.5 x 0.5 to 10 x 10 cm? for all investigated beam energies. Since these two detectors are
referred to as perturbation free, except for volume averaging,'® later was studied in
particular, aiming to develop an analytical approach for the calculation of corresponding

volume averaging correction factors.

Objective 2: to provide a large set of data for detector specific output correction factors,
based on the obtained field output factors from Objective 1, for seven solid state detectors
and seven ionization chambers with small sensitive volumes, suitable for small field
dosimetry. The purpose was to provide detector specific output correction factors in the
form of an analytical function as well as in the form of discrete values based on the
experimental data, using consistent measurement conditions and methodology and
following the recommendations given in the TRS-483 and ICRU Report 91.° Such
compilation of mostly unpublished data is considered as a valuable supplement to the

literature and served to validate the data sets given in TRS-483.

HYPOTHESIS 2: Detector specific output correction factors for small and micro ionization
chambers are smaller and therefore advantageous if they are determined for parallel orientation
of the ionization chamber with respect to the beam axis compared to the perpendicular
orientation as advised in the TRS-483 CoP.

This hypothesis was tested in one specific objective:

Objective 3: to obtain detector specific output correction factors for seven small and micro
ionization chambers utilizing parallel orientation with respect to the beam axis, where an
ionization chamber is positioned with its main axis parallel to the central axis of the beam.
This approach does not follow the specific advice given in the TRS-483 where
perpendicular orientation is recommended. We aimed to present comprehensive set of
results along with statistical analysis and provide alternative and justified recommendation
for the orientation of ionization chambers for the determination of output correction
factors, and hopefully resolve the ambiguities and dilemmas on this particular challenging

issues in small field dosimetry.



Throughout the study, the same experimental set-up was used for all measurements for all
detectors, following the recommendations given in TRS-483. Field output correction factors
and detector specific output correction factors, presented in analytical form in this study, may
serve as a reference dataset for comparison with other studies, and for small fields not used
explicitly in our measurements, considering similar or comparable experimental set-up and

conditions.

1.3 Thesis outline

Chapter 1 provides a background of the thesis and presents some challenges in small field
dosimetry of megavoltage photon beams, followed by the hypotheses and objectives of the
thesis. Chapter 2 describes basic physics of small beams, while chapter 3 presents a TRS-483
formalism for relative and absolute dosimetry in small fields, which was applied in the thesis.
A brief description of basic properties for five different types of detectors used in the study is
given in chapter 4. Chapters 5, 6 and 7 cover original contribution of our work and encompass
a description of the theoretical and experimental methodology and equipment used, a
comprehensive report on the obtained results with subsequent analysis and comparison with the
datasets from TRS-483. Final Chapter 8 presents a summary of our findings and provides
recommendations on measurements of small field output factors and on the orientation of the

ionization chambers in the megavoltage photon beams, among others.

The thesis is mainly based on the published paper Casar B, Gershkevitsh E, Mendez |,
Jurkovi¢ S, Hug MS. A novel method for the determination of field output factors and output
correction factors for small static fields for six diodes and a microdiamond detector in
megavoltage photon beams. Med Phys. 2018; https://doi.org/10.1002/mp.13318,% published

presentation at conferences and unpublished work with small and micro ionization chambers.


https://doi.org/10.1002/mp.13318

2 BASIC PHYSICS OF SMALL FIELDS

There are three main physical conditions, which determine if a megavoltage (MV) photon beam
can be considered as small:

i. aloss or lack of lateral charged-particle equilibrium (LCPE);
ii.  partial occlusion of the primary radiation source by the machine collimating devices;

iii.  the size of the detector is comparable to the field dimensions

First two conditions are beam related conditions, while the last one is detector related. If at least
one of previous three conditions is fulfilled, an external megavoltage photon beam can be

designated as small.

2.1 Beam related small field conditions

2.1.1 Loss of lateral charged particle equilibrium

In broad megavoltage photon beams charged particle equilibrium (CPE) exists in both
directions, in longitudinal and in lateral. LCPE occurs since the number of charged particles
exiting the sensitive volume (cavity) of the detector - “out-scattering” - is equal to the number
of charged particles entering the sensitive volume (cavity) of the detector — “in-scattering”.
Hence, “out-scattering” from the region of interest is compensated by the “in-scattering”
toward the region of interest, which is illustrated in Figure 2.1 - A. However, if the photon beam
is too small in its lateral dimension, out-scatter from the beam is not compensated by the in-
scatter as shown in Figure 2.1 - B., leading to the violation of CPE.

Loss (or lack) of LCPE occurs when the half width or radius of the beam is equal to or
smaller than the lateral range of the secondary electrons in the medium. Since the water collision
kerma K, ,, is equal to the absorbed dose to water D, as long as CPE exists, ratio D, /K .
can be used as a measure of the degree of CPE. Relationship between D, /K, ,, and different
nominal beam energies is presented in Figure 2.2. The minimum half width (radius) of the beam
at which K., ,, = D, still holds is defined as the lateral charge particle equilibrium range

r.cpe|cm] and is given in the TRS-483 by

TLCPE[Cm] = 8369 * TPR20110(10) - 4382 (21)



TPR,010(10) is tissue-phantom ratio in water at depths of 20 and 10 g/cm?, for a field size of

10 x 10 cm? and source-to-chamber distane of 100 cm used as the beam quality index.

LARGE FIELD - LCPE SMALL FIELD - LOSS of LCPE

Figure 2.1. Drawing A: situation in large field where lateral charge particle equilibrium exists;
drawing B: situation in small field, where loss (lack) of lateral charge particle equilibrium sets
in. Lengths of arrows illustrate lateral range of charged particles r;cpg.
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Figure 2.2. Ratios of dose-to-water to water-electronic kerma D,, /K, ,, for various nominal
beam energies and beam radii..X° Arrows show the point where D,, /Kerw becomes lower than

unity for particular energy and indicate the lateral charged particle equilibrium 7, -pg for that
energy. Figure from P Andreo et al. Fundamentals of ionizing radiation dosimetry (2017).



It can be seen from Eq. (2.1) and Figure 2.2 that the loss of LCPE is more pronounced for
beams having higher energies, meaning that the loss of LCPE occurs at larger field sizes for
higher energies (in that case the electron ranges increase). An example: for 6 and 10 MV beams,
which were used in our study, TPR,1,(10) values are 0.67 and 0.76 respectively, thus the
corresponding values for r;-pg are approximately 1.2 cm and 2.0 cm. We can conclude that in
6 MV beam small field, loss of LCPE exists for fields with diameter (width/length in the case
of square fields) smaller than 2.4 cm, while in 10 MV beam the limiting field size (diameter) is

around 4 cm. 6 and 10 MV beams were also used throughout the experimental part of the study.

2.1.2 Partial source occlusion

Partial source occlusion is related to the finite size of the primary photon source, denoted also
as focal spot, which is created by a narrow electron beam coming from the flight tube of linear
accelerator and impinging the target. In the target itself, photons are produced by the
bremsstrahlung interactions. Since the effective size of the photon source is finite, it may
become partially obscured by the field collimating system, viewed from the point of
measurement in the phantom as shown in Figure 2.3. However, partial occlusion of the primary
photon source becomes important only when the field size is comparable to the size of the focal
spot, which is below 5 mm for modern clinical linear accelerators. Thus, partial source

occlusion steps in at field sizes smaller than those where the loss of LCPE starts.

Large photon field Small photon field
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Figure 2.3. lllustration of the partial source occlusion. Left figure A presents the situation in a
large photon beam where the source is not obscured by collimators. Figure B on the right shows
the case of a small photon beam where the source occlusion exists and results in overlapping
penumbrae. Adapted from Aspradakis et al.’



Partial source occlusion leads to the overlapping of penumbra resulting in lower beam
output (Figure 2.4) In addition, apparent field widening occurs, meaning that there is a
mismatch between nominal field size as defined by the collimator settings and true radiation
field size defined at the full width half maximum (FWHM) of the lateral beam profile. True
radiation field size can be significantly larger than the nominal field size, particularly for square
small fields with dimensions below 1.0 x 1.0 cm?. Both issues can have serious negative impact
on radiotherapy treatments if the data required for the treatment planning systems (TPS) are not
adequately obtained or have been incorrectly imported in the TPS. Moreover, since the
definition of field size has not been unique in the past and was not explicitly reported in some
of the research studies conducted in the last decade, published data are to some degree scattered

with respect to the definition of the field size.
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Figure 2.4. Effect of overlapping penumbrae on the true radiation field size (red color) in terms
of FWHM and comparison with nominal field size marked with blue color. There is no effect
neither on the field size nor on the field output for broad beams (left figure a); as the field
becomes smaller, output becomes lower, however still without any significant difference
between nominal and true radiation fields (middle figure b); significant decrease in beam output
as well as pronounced difference between true and nominal fields is present in very small fields
(right figure c). Figure from Das et al.>®

2.2 Detector related small field conditions

There are two main issues related to the characteristics of the detector which cause incorrect
response of the detector in small fields: volume averaging effect and the density of the detector’s

sensitive volume along with physical properties of extra-cameral components.

10



2.2.1 Volume averaging

When exposed to radiation, a detector produces a signal which is proportional to the average
absorbed dose across its sensitive volume. If the size of the detector is comparable to the
dimension of the high dose region of small field, the measured signal will be always lower than
the true dose in the center of the field as if it would be measured with an ideal infinitesimally

small point detector, which does not exist; the situation is illustrated in Figure 2.5.
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Figure 2.5. Schematic presentation of the volume averaging effect when an ionization chamber
is placed in a small beam with comparable dimensions. lonization chamber will not produce a
signal proportional to the maximal dose in the center of the field. Instead, measured signal will
be reduced with respect to the true dose due to the volume averaging effect over the portion of
the beam that coincides with the sensitive volume of the chamber. Figure adapted from
Wuerfel >

The size of the detector leads, in general, to an under-response in small beams below
2.0 x 2.0 cm? due to volume averaging effect, since the size of presently available detectors is
comparable the size of such small radiation field. Volume averaging effect can be considered
as purely geometrical concept and thus dependent only on the shape and the size of the
detector’s sensitive volume and the size of small field. Volume averaging consideration will be

thoroughly discussed later in the chapter Materials and methods.

2.2.2 Detector perturbation effects

In addition to the volume averaging, there are important issues related to the perturbation effects
caused by the detector material and its overall constructional characteristics. Response of the

detector depends strongly on the density of the detector’s sensitive volume as well as on the

11



physical properties of the extra-cameral components such as wall, electrodes, stems, etc. Upon
the detector’s mass and electronic density, it can under or over respond caused by the difference
in mass (or electronic) density with respect to water. In the case of high-Z materials, for
instance, extra-cameral components can increase the response of the detector, since the number
of electrons reaching the cavity (sensitive volume) is relatively higher than it would be in the
case if those components would have physical properties same as water. It is especially
important for solid-state detectors (silicon diodes and diamonds) which have higher mass
density than water. On one hand, higher density of those detectors yields to higher signal to
noise ratio, which is an advantage over small ionization chambers having air filled cavities.
However, due to higher density of active volume and other components of solid-state detectors,

an over response in small fields is usually observed, which requires corrections.

To summarize, volume averaging and perturbation effects can significantly influence the
detector’s response in small fields. Although the corrections of measured signal may add up to
unity in some specific cases, for example, if the under response of the detector due to the volume
averaging is equal to the over response due to higher detector’s density Also, they strongly

depend on the type of the detector used for measurements.

Therefore, volume averaging and perturbation effects are critical in the small field
dosimetry and require corrections which can be considerably large as well as uncertain.
Although the corrections of measured signal may add up to unity in some specific cases, for
example, if the under response of the detector due to the volume averaging is equal to the over
response due to higher detector’s density, we need to understand basic physics of small fields

and execute measurements with great care.

To minimize or eliminate correction factors related to the volume of the detector and its
material we would need to use a detector having very small sensitive volume with density equal
or close to that of water. Unfortunately, there is no such detector presently available on the

market.

Another approach to by-pass the introduction of unacceptably large correction factors is to
avoid small field conditions described. In that case, the size of the square field defined by
FWHM has to fulfil the condition

FWHM 2 2 . rchE + d (22)

where 1, -pg IS lateral charge particle equilibrium range as defined earlier, whilst d is the largest

dimension of the detector’s (ionization chamber) outer boundary as schematically shown in
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Figure 2.6. Note, that in general, largest dimensions in longitudinal and radial directions are not
necessarily equal. Since r;qpg is rather large already for 6 MV beams - around 1.2 cm as shown
earlier — small field condition from Eq. (2.2) is fulfilled only for field sizes larger than around
2.5 x 2.5 cm? even for the smallest ionization chambers presently available. Because there is a
necessity to determine output factors for field sizes well below those that satisfy relation in
Eq. (2.2), we are unavoidably confronted with small field dosimetry problems connected to the
loss of LCPE and to the determination of accurate correction factors of measured signals using

different detector types, which was one of the pivotal aims of our study.

Flcpe
= Ficee Flcre
> d;
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Figure 2.6. Schematic drawing (beam’s eye view) of small field condition with respect to the
lateral charged particle equilibrium (LCPE) and dimensions of the ionization chamber in this
specific example. Small field conditions exist when the radiation field defined by full width
half maximum (FWHM) extends at least a distance r;-pr beyond the outer boundaries of the
ionization chamber. Note, that in the above case longitudinal dimension d. of the ionization
chamber is larger than the radial dimension dr, hence we need to consider dr for the calculation

of 7.cpe-

13



3 IAEA TRS-483 CoP FORMALISM FOR REFERENCE
AND RELATIVE DOSIMETRY

The IAEA TRS-483 CoP provides guidelines for reference and relative dosimetry in small static
fields used in radiotherapy. In addition to the recommendation on the characteristics of detectors
suitable for reference and relative dosimetry, as well as on required measurement conditions,
TRS-483 presents a dosimetry formalism based on the work of Alfonso et al.,® some aspects
are presented in the following sections in particular the guidance for the determination of field
output factors and detector specific output correction factors in small fields which were two key

elements in our work.

3.1 Reference dosimetry of small fields

The formalism for reference dosimetry in the TRS-483 is the same to that recommended by
Alfonso et al.2 with some minor modifications. Several important definitions for field sizes

were introduced in the new formalism:

fref — conventional reference field 10 cm x 10 cm used for calibrations at the standard

laboratory and for clinical reference dosimetry for radiotherapy machines where such field

can be established in reference conditions i.e., SAD =100 cm and 10 cm depth

fmsr — mMmachine specific reference field for radiotherapy treatment units where
conventional reference field 10 cm x 10 cm cannot be established e.g., GammaKnife®,
Tomotherapy®, and CyberKnife®. The msr field is usually the largest achievable field as

close as possible to the size of the conventional reference field

feiin — Clinical small radiation field at which we need to determine the absorbed dose to

water

The formalism is based on the use of an ionization chamber and allows three different
approaches depending on the type of calibration coefficient provided by the standard laboratory

for the ionization chamber and beam quality for which a calibration coefficient is available.

14



3.1.1 Chamber calibrated specifically for the fmsr

If the user has a calibration coefficient of an ionization chamber measured for the f,., the
absorbed dose to water at the reference depth z,., in water in the absence of the ionization

chamber is given by:

Dfmsr — MfmST . meST (31)

W,Qmsr Qmsr D,w,Qmsr

where Mgr’::r is the reading of the ionization chamber in the user’s beam under the reference

conditions corrected for environmental and other influencing quantities, while Nl’;f"}f,gmsr is the

calibration coefficient in terms of absorbed dose to water obtained at the machine specific
reference beam quality Q,,s, and machine specific reference field size f,,,. This is the preferred
approach, however, only few standard laboratories provide calibrations of ionization chambers

in the user’s reference field f,,s,- and beam quality Q,,,-

3.1.2 Chamber calibrated for a conventional reference field, with generic
beam quality correction factor available

Usually, the standard laboratories measure calibration coefficient of an ionization chamber in a
reference beam quality (in most cases ®°Co) and a conventional reference field 10 cm x 10 cm.

In that case, the absorbed dose to water in the absence of the ionization chamber is given by:

Dfmsr _ Mfmsr . Nfref . kfmsr:fref (32)

W,Qmsr Qmsr D,w,Qo Qmsr.Qo

where Mg’:;: is the reading of the ionization chamber in the user’s beam under the reference

fmsrifre f
QmsrQo

beam quality correction factor to correct for the difference between the response of ionization

conditions corrected for environmental and other influencing quantities, while k is the

chamber in a conventional reference calibration field f,.., and beam quality Q, used in the
standard laboratory and the response in the machine specific reference field f,,, and user’s

beam quality Q,,;

3.1.3 Chamber calibrated for a conventional reference field, without generic
beam quality correction factor available

In this case, a third approach has to be followed and the absorbed dose to water for the £, and

Qs 1S given by
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fmsr _ fmsr . fref . fref . fmsr;fref
DW'QmST - MQmsr ND,W,QO kQ,QO kaSTlQ (33)

Most of the radiotherapy treatment units that cannot realize 10 cm x 10 cm reference field can

realize the f,,,s, substantially above the limits which define conditions for small fields as defined

in Eq. (2.2). Therefore, kg:;:’;”f correction factors are close to unity with the exception of

GammakKnife® machine which can presently generate only beams up to 18 mm in diameter.

3.1.4 Conventional linear accelerators

In our study, we have investigated properties of small fields on conventional linear accelerators
which can form reference field 10 cm x 10 cm. In this case, the machine specific reference field
is equal to the conventional reference field, f,s = frof. Substituting all indices msr with

indices ref, Eq. (3.2) reduces to the formalism from TRS-398,

fref _ fref . fref . fref:fref
W,Qref - MQref D,w,Qo QrefQo (34)

Further omission of the redundant indices f;..r and ref, yields to
DW,Q - MQ " ND.W.Q() - kaQO (35)

which is the same equation for the determination of absorbed dose to water under the reference

conditions as it is used in the TRS-398 dosimetry protocol.?

3.2 Relative dosimetry of small fields

IAEA TRS-483 provides general recommendations regarding the detectors suitable for relative
dosimetry of small fields emphasizing that there is no ideal detector for measurements in small
fields. Also, recommendations on suitable phantoms and set-up are provided in details.
Particular attention is given to the orientation of various point detectors with respect to the
central beam axis. For example, for measurements of lateral beam profiles, a general rule is that
detector is oriented with its smallest dimension of active volume perpendicular to the scanning
direction, which is not always possible. For ionization chambers, it is advised to orient chamber
with its stem parallel to the central beam axis to minimize stem effect. Recommendations on
possible orientations of an ionization chamber and a solid-state detector with respect to the
central beam axis are given in Table 3.1 for measurements of lateral beam profiles and the

determination of field output factors. Figures 3.1 - A and B provide a graphical illustration of

16



suitable orientation for ionization chambers and solid-state detectors (diodes and diamond

detector).
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Figure 3.1. Recommended detector orientations for measurements of lateral beam profiles: Left

diamond detector). Figure adapted from TRS-483.10

drawing A for ionization chambers and right drawing B for solid-state detectors (diodes and

Table 3.1 Advised detector orientation, with respect to the central beam axis in small photon

fields. Table adapted from TRS-483.1°

Lateral beam

Field output factors

Detector’s
Detector type i .
geometrical reference profiles
Cylindrical micro ) Parallel or .
. y . AXis . Perpendicular
ionization chamber Perpendicular
Silicon shielded .
) AXIS Parallel Parallel
diode
Silicon gnshlelded AXis Parallel Parallel
diode
Diamond detector AXis Parallel Parallel
Radiochromic film Axis Perpendicular Perpendicular
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3.3 Field output factors and detector specific output correction
factors

In the relative dosimetry of large fields, the quotient of the absorbed dose in a clinical field f;;,,
and the absorbed dose in a reference field f,..r is termed as total scatter factor (Scp) or relative
dose factor (RDF), or sometimes simply as output factor (OF). It is usually approximated by
the ratio of detector readings My (fciin) and M (fref) in clinical and reference field respectively

as

DW,Q (fclin) . MQ (fclin)

~ (3.6)
Duw,o(frer)  Mq(frer)

OF(fclin) =

The approximation is based on the fact that stopping power ratios and perturbation factors are

practical constant with field size, for large fields, at a given photon beam energy.

In the case of small fields, this does not hold true anymore, since the perturbation factors
and volume averaging effects depends considerably on the field size, on the detector type, size,
and its material and on the type of accelerator which was discussed in the previous chapter.
Using the notation from TRS-483, it is necessary to apply the exact definition of output factor

as a dose ratio in two fields, f,;;, and foqr

felin
fetinfmsr _ __W.Qclin
Qchin,Qmsr = N fmsr (37)
W,Qmsr

The symbol Qfcinfmsr cq)jed field output factor is introduced at this point, to emphasize that it

chin,Qmsr

is not identical to the conventional OF (or RDF or Scp). As the Qf cimfmsr s not equal to the

chin,Qmsr
dose ratio between detector readings M{;;ll‘:: and ng:;: in clinical and machine specific
reference fields, the ratio of readings is multiplied by a proportionality factor called output

correction factor k/¢tin/msr , Or more appropriately, detector specific output correction factor,

chin,Qmsr

leading to the final expression for field output factors in small fields as defined in the TRS-483

felin f 5
fetimfmsr _ __Qclin . clinJmsr
QQClin.QmST o fmsr chlin,Qmsr (38)
Qmsr

Combining Egs. (3.6) and (3.7) we can write down the general equation for detector specific

f clin,f msr

output correction factors k as

Q clin, Qmsr
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fclm / fclin

fetinfmsr _ W Qclin Qclin
chin,Qmsr - fmsr Mfmsr (39)
W,Qmsr Qmsr

In principle, kéiiiﬁé"if; depends on many factors such as the perturbation of particle fluence

and volume averaging effects, in particular, on the field size, detector type, and the design, size,
and non-water equivalency of most of the detectors.
Similar as we did in section 3.1, we can modify Egs. (3.8) and (3.9) in the case of

conventional linear accelerators, which can realize reference field 10 cm x 10 cm, by

substituting msr indices with ref, yielding to simplified expressions for field output factor

f ; felin f f
clin’J ref __ Qclin . clin,J ref
Qchin,Qref - Mfref chlin,Qref (310)
Qref
and detector specific output correction factor
fclm / fclin
fclin,fref W Qclin Qclin (3 1 1)
chin,Qref fref / fref )
W Qref Qref

for this specific case. Since we have conducted our experimental part of the study on

conventional linear accelerators, the last two equations are most relevant for our study.

6 M\'/ meas.‘ 3 10 M‘V mea;
()] [}
w w
o] 3
2 2
© ©
) ©
0 2 4 6 8 10 12 14 16 18 Y0 2 4 6 8 10 12 14 16 18
(a) SES/cm (b) SES/cm

Figure 3.2. Measured uncorrected dose in 6 (a) and 10 MV (b) beams for different detectors
normalized to 10 cm x 10 cm reference field, fitted by an analytical function. SES denotes
side of equivalent square field. Figure from Sauer and Wilbert.™®

The fact is, that field output factors decrease rapidly with decreasing field size, most
notably for field sizes below 2.0 cm x 2.0 cm, which is shown in Figure 3.2. from one of the
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early experimental studies by Sauer and Wilbert.'® They have experimentally determined output
factors for several detectors in 6 and 10 MV beams and fitted the data by an analytical function.
Although the study was conducted before new small field dosimetry formalism has been
published by Alfonso et el., there are already some similarities to the TRS-483 formalism in the

approach by Sauer and Wilbert.

Lastly mentioned study was of particular importance for our work since we have applied
the analytical function proposed by Sauer and Wilbert for the determination of field output
factors based on the measurements performed with two reference detectors, the approach which

will be presented in detail in the fifth chapter Methods and materials.

While there are several known factors that influence the field output factors and detector

specific output correction factors discussed earlier in chapter 2, it is also of interest to know

whether Q7 and k/<n/Ter qanend also on the way the field is collimated on the linear
chm,Qref chm’Qref

fclinrfref

accelerator (e.g., using multileaf collimator - MLC or jaws) and whether chlin Qres

significantly

depend on the orientation of the ionization chamber in small photon fields. These issues were
also investigated in the experimental part of our study and are addressed and discussed in the

continuation of the thesis.
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4 DETECTORS FOR RELATIVE SMALL FIELD
DOSIMETRY

Several detector types have been used in the past for relative small beam dosimetry, including
cylindrical ionization chambers, silicon diodes, diamond detectors, plastic or organic
scintillators, radiographic and radiochromic films, metal oxide semiconductor field-effect
transistor detectors (MOSFET), thermoluminescent dosimeters (TLD), alanine, to mention
some of them. Detector choice for small field dosimetry can be made considering three main

rules:10

Q) The detector has a small active volume to minimize volume averaging effect. In
the ideal case, the detector should sample the fluence at a point

(i) The detector is water equivalent, i.e., it is constructed of materials which minimize
perturbation effects

(ili)  The detector has a linear response which is energy independent or with clearly

known energy dependence

Presently there is no commercially available ideal detector, which would fulfill all key
conditions outlined above. In the following sections, the most important characteristics of five

different detector types will be shortly presented, since those detectors were used in our study

fclin:fref

, and detector specific output correction
chm,Qref

for the determination of field output factors Q

fclin,fref

factors kany Qres

in small beams as defined in the previous chapter.

4.1 Cylindrical ionization chambers

While in general there are two different types of air-filled ionization chambers, parallel-plate
and cylindrical (thimble), we limit our description to the last type only since cylindrical

ionization chambers have been proven as most suitable for clinical reference dosimetry.

Cylindrical ionization chambers are the most frequently used type of detector in
radiotherapy. They have been a backbone of clinical dosimetry for decades and all present
reference dosimetry protocols,>3 based on the determination of absorbed dose to water, rely

on the measurements using ionization chambers.
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An ionization chamber is composed by an air-filled cavity surrounded by a conductive
outer wall having a central collecting electrode in the middle of the cavity on the chamber’s
axis as schematically shown in Figure 4.1. The wall usually consists of graphite and
polymethylmethacrylate (PMMA), while the central electrode is commonly made of aluminum
although some chambers have a graphite or steel electrode. To minimize leakage current, outer
electrode (wall) and central electrode are separated by an insulator. Most widely used
cylindrical ionization chambers is that of Farmer type having 0.6 cm? active volume. While
Farmer-type ionization chamber is not suitable for relative dosimetry of small fields due to its
large volume, it is still a gold standard in conventional radiotherapy dosimetry, in particular for

absolute calibration of megavoltage beams from linear accelerators in terms of dose to water.

Graphite Central electrode
Quter electrode

.

Aluminium

PTCFE Insulator

¢

Dural

Figure 4.1. Schematic drawing of a cylindrical Farmer-type ionization chamber showing its
basic components and materials. Figure from E.B.Podgorsak, Radiation Oncology Physics: A
handbook for teachers and students (2005).

Principles of operation are following: when a suitable polarizing voltage is applied to the
chamber which is exposed to radiation, air in the chamber’s cavity becomes ionized. Positive
ions are attracted to the negative electrode (cathode) and the negative electrons to the positive
electrode (anode) causing a flow of electrical current which is measured by an electrometer and
is proportional to the released charge. Operating voltage range typically from 100 to 800 V
depends on the type of the ionization chamber, most frequently from 300 to 400 V. If the applied
voltage is to low, some of the electrons and ions may recombine before they reach electrodes.
In that case, a collection of ions and electrons is incomplete, and we need to correct the
electrometer’s reading by the recombination correction factor. A formalism from the 1AEA
TRS-398 CoP can be applied for the determination of absorbed dose to water after correcting

measured charge for environmental and other influencing quantities.
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Instead of Farmer-type chambers, several small vented air ionization chambers and
microchambers of a volume of 0.01 — 0.3 cm? have been designed specifically for dosimetry
measurements in small fields. Smaller ionization chambers exhibit smaller volume averaging
effect. However, signal to noise ratio might be a limiting factor for clinical use of a chamber
having very small active volume. Even if some ionization chambers have extremely small active
volume, for example below 0.01 cm?®, we cannot consider them as a point detector; there is
always a small field under which a volume averaging would be unacceptable large, leading to

a high under response at very small fields.

While small and micro ionization chambers might have a slightly different design compared

to the Farmer-type chambers, their basic components and operational characteristics are similar.

4.2 Silicon diodes

Silicon diodes are widely used radiation detectors for clinical dosimetry. The diodes are
produced in two types as p-type and n-type diode depending on the lightly doped base silicon
substrate. Since n-type diode is more affected by the radiation damage, only p-type diode is
suitable for clinical dosimetry. Figure 4.2 shows a schematic drawing of a p-type diode as well
as the related x-ray image.

i s0
silicon

0.4 -4 —

R epox/

Figure 4.2. Schematic drawing (left) and x-ray image (right) of an IBA SFD unshielded silicon
diode. Dimensions shown in the figure are in mm. Figure from McKerracher and Thwaites.>®

One of the main advantages of diode detector over ionization chamber is its higher
sensitivity, i.e., better signal to noise ratio. Considering the energy needed to produce an ion

pair in silicon and in the air (3.6 eV for silicon versus 34 eV for air), and the difference in their
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densities (2.3 g/cm? for silicon versus 1.23-107 g/cm? for air), silicon diode will produce close
to 18000 higher signal than an air-filled ionization chambers of the same volume. That brings
us to the second significant advantage of diodes — they can be made very small. Indeed,
commercially available diodes have very small active volumes which are at least two or three
orders of magnitude smaller than the corresponding volumes (air cavities) in micro and mini
ionization chambers (see Tables 5.1 and 5.2 in chapter Methods and materials), which makes
them pertinent for relative small field dosimetry.

However, an important disadvantage of diodes is their energy dependence; they over-
respond to low energy scattered photons due to high mass energy absorption coefficient ratio
(Uen/P)siw OF silicon (Zg; = 14) relative to that of water (Z,¢f,, = 7.42), as shown in Figure
4.3. The absorption coefficient ratio (u.,/p)s; increases significantly at low photon energies

exhibiting a peak around 20 keV.
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Figure 4.3. Ratios of mass energy absorption coefficients u.,,/p and electron stopping powers
S.1/p for silicon and air relative to water.

Over-response of diodes is their important characteristic in large fields, while in small
fields, where the amount of low energy photons is reduced, over-response becomes less
significant. To absorb some of the low energy photons, several silicon diodes are energy
compensated, i.e., their sensitive volume is shielded with high-density material. However, such

shielded diodes have an unwanted effect in small fields, where the scattered radiation is
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reduced, and the amount of low energy photons becomes very low. Namely, the presence of
high-density material increases the fluence of secondary electrons in the silicon, resulting in
over-response of diodes in small fields. Therefore, for measurements in small fields, unshielded

diodes without metallic shielding are recommended.©

4.3 Synthetic micro diamond detector

Synthetic micro diamond is one of the newest detectors suitable for small field dosimetry.
Presently, the only commercially available synthetic diamond detector is PTW 60019
microDiamond (PTW, Freiburg, Germany) shown in Figure 4.4. Its properties are similar to
those of silicon diodes such as high sensitivity (7000 times higher response compared to the air
filled ionization chamber of the same size) and small size of the active volume. However, micro
diamond detector has one important advantage over silicon diodes: since the mass absorption
coefficient ratio of diamond to water (u.,,/p) ¢ 1S Nearly constant over a wide range of photon
energies, micro diamond detector is nearly energy independent and does not suffer from over-
response to low energy photons as silicon diodes.

SFD
CvD

4 mm

Figure 4.4. Photo of a PTW 60019 microDiamond detector (A) and digital x-ray image of micro
diamond and one of the smallest silicon diode presently on the market, IBA SFD (B). Figure B
is adapted from Larraga-Gutierrez et al.>®

The micro diamond detector consists of a single crystal layer of 1 um thickness and

2.2 mm in diameter, yielding a sensitive volume of around 0.004 mm?, which is the smallest
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active volume among presently available detectors used in small field dosimetry. It is embedded
in RW3 solid water (PTW, Freiburg, Germany) housing, filled with epoxy raisins. In principle,
the detector operates as a Schottky diode with a zero external bias voltage, similar as in the case

of silicon diodes.

Despite small dimensions of sensitive layer, volume averaging effect can play an important
role in a very small fields below 1.0 x 1.0 cm?, since the diameter of sensitive volume becomes
comparable to the field dimensions, which may require non-negligible correction of measured

signals.

Excellent physical characteristics of micro diamond detector have attracted several
research groups to investigate its behavior in small megavoltage beams,3444856-5859.60 \w/hjle
there is a large number of publications on this subject, there is no definite consensus on the
behavior and response of micro diamond detector in a very small fields below 1.0 x 1.0 cm?.
Presently it is still an interesting topic and a matter of debate.**?* Micro diamond detector and

its response in small fields is discussed in detail also in the present thesis.

4.4 Radiochromic film

Radiochromic film is a two-dimensional radiation detector. Presently, the most widely used
type of radiochromic film is Gafchromic EBT3 film, schematically shown in Figure 4.5. It
consists of an active layer with nominal thickness of 28 um sandwiched between two matte
polyester sheets with a thickness of 125 um each. Such film structure makes the film symmetric,
with the same response regardless of the utilized orientation. The composition of EBT3 film is

shown in Table 4.1 by elemental composition.

Matte Surface Clear Polyester Base, 125 pm
Active Layer, 28 um

Matte Surface Clear Polyester Base, 125 nm

Figure 4.5. Schematic drawing of Gafchromic EBT3 film components.
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Table 4.1 Elemental composition and effective atomic number Zess of Gafchromic EBT3 film

Composition of EBT3 Gafchromic film [%)]

H Li C @) Al Zeg*

384 01 437 177 02 6.71

Radiochromic films have three important strengths which make them suitable for dose
measurements in radiation fields with steep dose gradients, and in particular for dosimetry in
small fields of megavoltage photon beams where we have lack (loss) of lateral charged particle

equilibrium:

i They have very weak energy dependence in clinical megavoltage photon beams.®:62
ii. Their composition is near water (tissue) equivalent.®®
iii. They have very high spatial resolution, resolving details of at least 25 um or even

smaller

Also, radiochromic film does not require physical, chemical or thermal post-irradiation
processing which is an advantage compared to the conventional radiographic films. It develops
by itself, due to polymerization of the active layer of the film. As a result of polymerization
induced by radiation, the film changes color and can be analyzed using the software after being
scanned by a flatbed scanner. However, since the color changes due to polymerization is a slow
process, it takes time to complete development — typically 24 hours.

Radiochromic films are less sensitive than radiographic films. However their wide dynamic
range from 0.2 to 10 Gy (for EBT3 type), makes them suitable for many applications in clinical
dosimetry. They are almost insensitive to visible light and can be immersed in water. Since they
exhibit some sensitivity to UV light and temperature, they need to be appropriately stored in
boxes in a room with stable and controlled temperature, although no temperature corrections

are needed.

Unlike many other radiotherapy dosimeters, radiochromic film has non-linear dose-
response which should be corrected for. Therefore a calibration procedure is required before
measurements. For the calibration purpose, a set of films is irradiated with known doses to
obtain a calibration or sensitometric curve for the subsequent determination of doses for

particular clinical dosimetry measurements.

27



4.5 Plastic scintillator

Plastic scintillators are relatively new detectors used in clinical radiotherapy, although
scintillation dosimetry has been known for a long time. First commercially available plastic
scintillator is Exradin W1 plastic scintillating detector (W1 PSD) manufactured by Standard
Imaging (Standard Imaging, Middleton, W1, USA).

The W1 PSD is made of scintillating polystyrene fiber enclosed by an acrylic scintillator
housing as shown in Figure 4.6. The physical density of plastic scintillating fiber is 1.05 g/cm?,
with a sensitive volume of 1 mm in diameter and 3 mm in length. When exposed to radiation,
atoms in the scintillating fiber excite. The scintillation light produced in the active volume of

the detector is guided through a 3 m long optical fiber to a photodetector (photodiode).

SCINTILLATING FIBER

SCINTILLATOR HOUSING

OPTICAL FIBER

OPTICAL FIBER ———
JACKET

S

Figure 4.6. Schematic drawing (left) and a photo (right) of a plastic scintillator detector Exradin
W1,

Photodetector splits up the light (photons in the visible part of the spectrum) into two
components: green which is mainly scintillating light, and blue, mainly produced by Cerenkov
radiation. Optical output is converted into electrical signal which can be measured with suitable
electrometer as collected charge in two separate channels. For the elimination of unwanted
Cerenkov part of the signal, two channel electrometer is commonly used. Such configuration
allows automatic correction for the Cerenkov part of the signal. Alternative approach is to use
two electrometers, each for one of the output channels; in that case, contribution of Cerenkov
radiation has to be calculated manually, providing that preliminary calibration has been

performed.®*
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5 MATERIALS AND METHODS

5.1 Experimental set-up

Dosimetry measurements were performed at two hospitals on two different state of the art linear
accelerators, Elekta Versa HD™ (Elekta AB, Stockholm, Sweden) and Varian TrueBeam™
(Varian Medical Systems, Palo Alto, CA), using high-energy photon beams of 6 and 10 MV.
Beams with flattening filters (WFF) as well as flattening filter free (FFF) beams, denoted
hereafter as 6 MV WFF, 6 MV FFF, 10 MV WFF, and 10 MV FFF, were used for all
measurements. The measurement geometry consisted of an isocentric set-up with a source-to-
surface (SSD) distance of 90 cm, a depth of 10 cm and gantry at 0°. For each point measurement,
100 MU were delivered, for nine square fields with nominal side lengths of 0.5, 0.8, 1.0, 1.5,
2.0, 3.0, 4.0, 5.0 and 10.0 cm. The 10 x 10 cm? field size was used as the reference field size
for the calculation of field output factors and detector specific output correction factors. At least
three measurements were taken for each specific set-up unless otherwise specified. For all point
measurements in water, a reference class PTW Unidos"®'"® (PTW, Freiburg, Germany)

electrometer was used throughout the study.

In this study, the dose response of 16 types of detectors was investigated. These consisted
of a plastic scintillator Exradin W1 (Standard Imaging, Middleton, W1, USA), radiochromic
film EBT3 (Ashland Inc., Wayne, NJ, USA), seven solid-state detectors, i.e., six diodes and a
synthetic micro diamond detector, and seven ionization chambers, i.e., detectors which are
commercially available, in regular clinical use and recommended in the TRS-483 CoP as
suitable for small field dosimetry. For the solid-state detectors and ionization chambers, the
same detectors with the same serial numbers were used for measurements on both linacs; EBT3
films from two different lots were used for measurements in the two linacs. The Exradin W1
plastic scintillator detector (W1 PSD) and the EBT3 film detectors were considered as the
reference detectors and were used for the determination of an analytical function for field output
factors. Based on this analytical function, detector specific output correction factors for the
seven solid-state detectors and seven ionization chambers were obtained in the form of an

analytical function and as discrete values.

A 3D water phantom (Blue Phantom 2, IBA Dosimetry, Schwarzenbruck, Germany) was

used for the measurements in the first center on an Elekta Versa HD linac for all detectors
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except for the EBT3 films, for which RW3 Solid Water phantom (PTW Freiburg, Freiburg,
Germany) in the form of 30 x 30 cm? slabs were used. Radiation fields were shaped with MLC

in cross-line (x) direction and with jaws in the in-line (y) direction.

For all detectors, except for EBT3 films, an MP3-M water phantom (PTW, Freiburg,
Germany) was used for measurements in the second center equipped with a Varian TrueBeam
linac. For EBTS3 films, 30 x 30 cm? slabs of Virtual Water (Standard Imaging, Middleton, W1,
USA) were used. To match the nominal field sizes on Varian TrueBeam with those on the
Elekta Versa HD, radiation fields on Varian TrueBeam were collimated using the linac jaws in

both axes, x and y.

5.2 Radiochromic films EBT3

Weak energy dependence,®®? near water-equivalence,®® and high spatial resolution are the most
important properties of radiochromic films, that justify their use as a reference detector for
relative dosimetry in small fields in MV photon beams. However, since uncertainties in data
obtained using films can become significant from mishandling of films, careful handling of
films is crucial to obtain meaningful and accurate results. A strict protocol for film dosimetry
was therefore followed throughout this study, from film cutting to final scanning considering

various corrections related to radiochromic film dosimetry. 5566

5.2.1 Film preparation and irradiation

Gafchromic EBT3 films from lot 04071601 were used for measurements on Elekta Versa HD
linac and from lot 06291702 on Varian TrueBeam linac. From each lot, two films were
employed for calibration. Each calibration film was cut into seven strips with dimensions
20.32 x 3.5 cm?. One strip was left unexposed; the other six were irradiated with a 6 MV WFF
beam. Calibration strips cut from both films were irradiated with 50, 100, 150, 200, 250, 300,
350, 400, 450, 500 (two pieces) and 600 MU on Elekta Versa HD, and with 60, 120, 180, 240,
300, 360, 420, 480, 540, 600 (two pieces) and 720 MU on Varian TrueBeam. Field sizes of

25 x 25 cm? were used to expose them with homogenous doses.

Field output factors were measured with three pieces of films for each combination of field
size and photon beam. In total, 108 pieces of films (i.e., four photon beams times nine fields
times three measurements) were irradiated on each linac. To reduce film uncertainties,®’ central

doses were kept to about 2 Gy or higher than that for all fields. On Elekta VVersa HD, films were
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irradiated with 500 MU for field output factor measurements, while on Varian TrueBeam linac
they were irradiated with 600 MU. The difference in MU reflects the fact that Elekta linac was
calibrated isocentrically (1 cGy/MU at source-to-surface distance SSD = 90 cm, and depth 10
cm), while Varian linac was calibrated at the depth of maximum ionization (1 cGy/MU at SSD
= 100 cm, depth dmax). Latter also explains the selection of MU for calibration films. Five
unexposed films were also scanned to apply lateral corrections. The orientation of all films (i.e.,
calibration strips, films employed for field output factor measurements and unexposed films)

were marked to ensure consistency in scanning.

5.2.2 Scanning

To reduce uncertainties, all films were scanned prior to and following irradiation. An Epson
Expression 10000XL (Seiko Epson Corporation, Nagano, Japan) flatbed scanner was used for
measurements made on the Elekta linac, while an Epson Expression 11000XL was used for
measurements made on the Varian linac. Scanners were warmed up for at least 30 minutes
before readings. A frame, cut out from a transparency sheet was employed to place films in a
reproducible and centered position on the scanner. Whenever there was a gap between the frame
and the film pieces along the axis parallel to the lamp, it was closed with idle film pieces to
minimize the cross-talk effect.®® Before acquisitions and after long pauses, five empty scans
were taken to stabilize the lamp. Each reading was repeated five times, and the first scan was
discarded. Scans were made in reflection mode and portrait orientation. Images were acquired
with Epson Scan v3.49a software in 48-bit RGB mode (16 bit per channel) with processing
tools turned off, and saved as TIFF files. Resulting images were obtained as the average of
repeated scans. To correct for inter-scan variations, every film was scanned together with an
unexposed calibration strip. Calibration films and field output factor film pieces were scanned
with 50 dpi and 150 dpi resolution, respectively. Lateral corrections were derived from the

unexposed films and the calibration strips.

5.2.3 Dose calculation and field dimensions

Doses were computed using the Multigaussian model® for radiochromic film dosimetry
implemented in Radiochromic.com v3.0,7° after applying lateral and inter-scan corrections.

Data analysis was carried out with the R statistical computing environment.”®

For each film, field dimensions along x and y directions were determined from

measurements of the full width at half maximum (FWHM), and central doses as the mean of
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the dose values in a circular region of interest (ROI) drawn in the central part of the irradiated
field with a diameter of 0.5 mm. The center of the irradiated field was defined as the center of
the dose profiles in both directions. Since central doses and field dimensions were calculated
from measurements made on three different film pieces for each field, the final results were

taken as the average of these three measurements.

5.3 Equivalent square small field size Sciin

Nominal field sizes were converted to the equivalent square small field sizes S;;,, for each field
following the approach originally suggested by Cranmer-Sargison et al.,”? used by other
authors®” and adopted by TRS-483 according to

Sciin =VA-B (5.1)
where A corresponds to the radiation field width (FWHM) in the in-line direction y and B
(FWHM) for the cross-line direction x perpendicular to the former. S;;,, has the same meaning
as FS,¢y in the original work by Cranmer-Sargison et al. Radiation field widths A and B were
determined from EBT3 film measurements as described earlier, and have been applied for all
detectors used in the study. In the present study, A and B correspond to the field widths defined
by the FWHM at the measurement depth of 10 cm.

Applicability of the expression for equivalent square small field size S, is conditional,°

meaning that A and B have to fall within the limits as follows
A
0.7 < B <1.4 (5.2)

Since in general, measured field sizes defined by FWHM could be rectangular even if they are
nominally square as it was the case in our study, especially for smallest fields. Fulfillment of

this condition was checked for all investigated field sizes.

5.4. Exradin W1 plastic scintillator

W1 PSD has radiological properties similar to EBT3 films with densities close to the values of
water and belongs to the group of reference detectors, which are perturbation free except for
volume averaging.'® Near water equivalency and small dimensions makes W1 PSD suitable for
relative dosimetry in small fields and thus was used as the second reference detector for the

present study in combination with EBT3 films,256473.7475
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The scintillator signal is contaminated with Cerenkov radiation, produced in the active
volume of the scintillator and in the optical fiber, which needs to be corrected for. The most
practical and widely used method for correcting the Cerenkov signal is spectral discrimination
technique which is considered as an accurate and adequate method for removing Cerenkov

signal/light.”®""” This method was also adopted in the present study.

In the present study, W1 PSD axis was always oriented parallel to the beam axis. The
Cerenkov calibration procedure recommended by the manufacturer, Standard Imaging, for
small-field measurements, based on the method described by Morin et al.”® and adopted by

others, 2537280 was followed in the present study.

Cerenkov light ratio (CLR) coefficient, needed for correction of the scintillator signal, was

calculated as

Chi Chl
Mmax,lo -M

CLR = min, 10 (5.3)
Mrcnf(llzx,lo - Mrcnf;rzz,lo

where superscripts Chl and Ch2 stand for measured charge M with first and second channel
respectively. With PTW Unidos"®" electrometer we measured scintillation signal (green
light) in Ch1l, while for Ch2 we used standard PTW Unidos electrometer for measurement of
charge mainly produced by Cerenkov radiation (blue light). Subscripts max and min
correspond to maximum (~30 cm) and minimum (~10 cm) fiber length which is in the radiation
field, and subscripts 10 stand for the nominal radiation field 10 x 10 cm? applied during the

Cerenkov calibration procedure. The Cerenkov-corrected signal (collected charge) Mg . fora

particular small clinical field f,;;,, was then obtained from two readings in both channels as

My = M —CLR - M{"2 (5.4)

- felin felin

CLR coefficient was determined for all four photon beams on both linacs, Elekta Versa HD and
Varian TrueBeam. For each photon beam, the energy-specific values of CLR were obtained

from three sets of measurements, and the average value was used as the final value for particular

CLR. Note, that M . in Eq. (5.4) has the same meaning as M(’;gl[l‘;‘ in Eq. (3.10).

5.5 Solid-state detectors

Six diodes and a micro diamond detector were selected among variety of solid-state detectors

for the determination of their specific output correction factors: IBA SFD diode and IBA Razor
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diode (IBA Dosimetry, Schwarzenbruck, Germany), PTW 60008 Diode P, PTW 60012 Diode
E, PTW 60018 Diode SRS, PTW 60019 microDiamond (PTW, Freiburg, Germany) and SN
EDGE detector (Sun Nuclear, Melbourne, FL, USA). The selection was based on their physical
dimensions, characteristics, and availability for clinical use. Figure 5.1 shows all solid-state
detectors used in the present study while Table 5.1 lists their basic physical properties and

dimensions.

Figure 5.1. The photo on top of the figure and x-ray image at the bottom of seven solid-state
detectors, six diodes and micro diamond detector used in the present study. From left to right:
PTW 60019 mD, SN EDGE Detector, IBA Razor diode, IBA SFD diode, PTW 60008 Diode
P, PTW 60012 Diode E and PTW 60018 Diode SRS.
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It is worth mentioning that PTW 60008 P and PTW 60012 E diodes were superseded by
newer models, PTW 60016 P and PTW 60017 E diodes respectively. However, the physical
construction of the newer models is basically identical to their predecessors.'® The equivalency
between the PTW 60008 P and 60016 P diodes and 60012 E and 60017 E diodes has also been
demonstrated in the MC study by Francescon et al, 8 where the output correction factors were

found to be the same.

Table 5.1. Summary of basic characteristics and properties of the seven solid-state detectors
included in the study.

Active volume Sensitive Material Reference
Detector type . i : density Ze
dimensions [mm] material 3 depth [mm]
[o/cm®]
IBA SFD Disc, @ 0.6 -
diode thickness 0.06 Silicone 2.33 14 0.8
IBA Razor Disc, © 0.6 s
diode thickness 0.02 Silicone 2.33 14 0.8
PTW 60008 Disc, @ 1.2 -
Diode P thickness 0.03 Silicone 2.33 14 2.0
PTW 60012 Disc, @ 1.2 -
Diode E thickness 0.03 Silicone 2.33 14 13
PTW 60018 Disc, @ 1.2 -
Diode SRS thickness 0.25 Silicone 2.33 14 13
SN EDGE Square 0.8 x 0.8 h
detector thickness 0.03 Silicone 2.33 14 0.3
PTW 60019 Disc, @ 2.2 Synthetic
mD thickness 0.001 diamond 3.53 6 10

Before measurements, which were performed with the PTW Unidos"¢*'"® electrometer for
all solid-state detectors, each detector was positioned with its effective point of measurement
(physical depth) at the reference depth of 10 cm, and with its stem parallel to the beam axis.
The only exception was the SN EDGE detector, which was positioned with its stem

orthogonally to the beam axis, due to its different design (see Figure 5.1).

Lateral alignment of detectors along the central beam axis was made in three consecutive

steps for each detector separately after the initial CAX alignment has been performed:

a) initial set up using room lasers;
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b) repositioning (centering) of the detector after acquiring lateral beam profiles along

cross-line and in-line directions;

c) finally, each detector was moved in manual mode in 0.2 mm (0.1 mm if necessary)
steps along both x and y directions and irradiated with 100 MU to find the position

where the collected charge was maximal.

The position where the collected charge reached the highest value was assumed as the
central beam axis, i.e., the center of the field, and the final position for each detector. The above
procedure for lateral alignment of detectors was done separately for each photon beam. Similar

alignment procedure is also recommended in the ICRU Report 91.°

For each radiation field, three consecutive measurements of 100 MU each were taken.

Méifiz in Eq. (3.8) represents the average value of the three measured values. To limit the

influence of environmental conditions, Mf””; for 10 x 10 cm? reference field was always

Qre
measured prior to the smallest clinical field and at the end of each measurement session for the

selected beam energy. For reference field, the average value of six measurements was

fref

considered as the final value for MQM.

5.6 lonization chambers

Seven mini and micro ionization chambers were selected for the determination of their specific
output correction factors: IBA CC04 and IBA Razor (IBA Dosimetry, Schwarzenbruck,
Germany), PTW 31016 3D PinPoint, PTW 31021 3D Semiflex, PTW 31022 3D PinPoint, PTW
31023 PinPoint (PTW, Freiburg, Germany) and SI Exradin A16 (Standard Imaging, Middleton,
W1, USA). The selection was based on their physical dimensions, characteristics, and suitability
for clinical use, following the recommendations from the TRS-483. Two ionization chambers,
IBA Razor and Sl Exradin A16, included in the study, are classified as micro ionization
chambers having the active volume V < 0.01 cm?, while the rest of the chambers belonging to
the group of small, sometimes denoted as mini ionization chambers with active volumes

0.01 cm® <V < 0.3 cm®. Table 5.2 lists their basic physical properties and dimensions.

It is worth noting that PTW 31022 3D PinPoint and PTW 31023 PinPoint chambers
superseded previous models PTW 31016 3D PinPoint and PTW 31014/31015 PinPoint,
respectively. Newer models are mostly the same as their predecessors without notable

constructional or geometrical differences. However, there is a difference in the nominal
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chamber voltage as specified by the manufacturer: for PTW 31023 PinPoint chamber the
nominal voltage is 200 V, while for older models PTW 31014/31015 PinPoint the nominal
voltage is 400 V. Throughout the study manufacture’s specification regarding the nominal

voltage were followed without exception.

Similarly, IBA Razor ionization chamber superseded previous model IBA CCO1.
However, in this case, there are constructional differences. Unlike the old model having a steel
electrode, a newer model has been designed with a graphite one. The rest of the characteristics,

i.e., cavity dimensions, wall material, and wall thickness, remained unmodified.

Table 5.2. Summary of basic properties of seven ionization chamber used in this study.

Cavity Cavity Wall

Detector type ~ volume length/radius WaI_I thickness Central
3 material > electrode
[cm7] [mm] [g/cm?]

IBA CC04 0.04 3.6/2.0 C552 0.070 C-552

IBA Razor 0.01 3.6/1.0 C552 0.088 Graphite
PTW 31016 PMMA + .
PinPoint 3D 0.016 2.9/1.45 Graphite 0.085 Aluminium
PTW 31021 PMMA + -
Semiflex 3D 0.07 4.8/2.4 Graphite 0.084 Aluminium
PTW 31022 PMMA + -
PinPoint 3D 0.016 2.9/1.45 Graphite 0.084 Aluminium
PTW31023 415 5.0/1.0 PMMA + 0085  Aluminium

PinPoint Graphite
S| 'i‘lrgdi” 0.007 2.4/1.2 C552 0.088 Steel®

& Silver plated and cooper clad steel wire

For the determination of field output factors in small photon fields, the recommended
orientation for ionization chamber, with respect to the central beam axis, is perpendicular i.e.
chamber’s axis (stem) is perpendicular to the central beam axis.’® TRS-483 CoP does not
recommend parallel orientation since at the time of publishing, there were only limited data
available for the orientation with the chamber stem parallel to the central axis of the beam. Such

an approach was additionally explained in the recent publication by the authors of the TRS-483

37



CoP in their response to the “Comments on the TRS-483 protocol on small field dosimetry ”” and

can be considered as appropriate.'?#2

However, some air-filled ionization chambers show noticeable stem effect, which can be
minimized if the chamber is oriented with its stem parallel to the beam axis. Further, many
air-filled ionization chambers are designed in a way that they have relatively large cavity
lengths in the direction of the chamber axis. Later can significantly increase volume averaging
effect if a chamber is placed with its stem perpendicular to the beam axis. Both concerns, as
well as lack of data for parallel orientation in the present literature, brought as to the conclusion
to perform measurements in both orientations as shown in Figure 5.2., and present data which
might be valuable supplement to the present data sets in the literature and can possibly lead to
the alternative recommendation regarding the orientation of ionization chamber in small photon

beams.

The execution of measurements was in principle the same as in the case of solid-state
detectors and is described in section 5.5, with one exception. For lateral alignment of the
ionization chambers with central beam axis, lateral beam profiles along cross-line and in-line
directions were acquired in the same orientation of the ionization chamber as it was used for
point measurements subsequently. That means that for the perpendicular orientation of the
chamber we had to perform beam profile measurements in the orientation which is not
recommended in the TRS-483 CoP. On the contrary, for the parallel orientation of the ionization
chamber we performed profile scans in the advised orientation, and from apparent reason, we
kept the same orientation for point measurements, the orientation which is not recommended in
the TRS-483 CoP. In brief, measurements with solid-state detectors were always performed in
advised orientation (for profile scans and point measurements), while it was not the case with
ionization chambers since it was not possible following our measurement protocol; an

ambiguity, connected to our experimental approach, which we tried to resolve in our work.
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IC axis perpendicular to the central beam axis IC axis parallel to the central beam axis

RECOMMENDED IN THE IAEA TRS-483 CoP NOT RECOMMENDED IN THE IAEA TRS-483 CoP
for field output factors for field output factors
DIFFERENCESIN k/in/7ef
Qciin-Qref
ANALYSIS OF k/<tinres
chm:Qref

— |

RECOMMENDATIONS
on orientation

Figure 5.2. Two experimental set-ups with respect to the orientation of ionization chambers;
perpendicular, as advised in the TRS-483 CoP (left) and parallel, which is not recommended.

in kfclin:fref

Observed differences ,
QclinCQre f

values between perpendicular and parallel orientation

were thoroughly analyzed and are discussed later in the thesis for all seven ionization chambers.
Based on our findings, recommendation regarding the orientation of ionization chambers in

small photon beams was given.

5.7 Volume averaging correction

Since EBT3 films and W1 PSD detector are almost water equivalent and have weak energy
dependence, it is assumed in the present study that they have no perturbation correction
factors.’® However, their signals still need to be corrected for volume averaging effects for the
determination of field output factors. It is evident for scintillator as it has a finite size. However,
it might not be so evident for radiochromic films. Radiochromic film is considered as a detector
with almost infinite resolution. Inherently it might be the case. However, there are two
limitations which need to be considered in clinical dosimetry - scanning resolution, which the
user decides upon and the selected size of the film detector. Both need to be defined, i.e., one
needs to define a specific finite area (ROI) of the film which will be used as a detector area of
the EBT3 film for data analysis as well as scanning resolution which will be used for subsequent
evaluation. As mentioned earlier, in the present study, the ROl was chosen to have a diameter
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of 0.5 mm, and the scanning resolution was chosen to have a value of 150 dpi for field output

factor measurements.

According to IAEA TRS-483 CoP, kgzzzgiee; for these two detectors can be simplified as

follows

fclinrfref _
chinJQref - kw)l (55)

where k,,,; is the volume averaging correction factor due to the detector’s finite size and
represents the only correction factor that was considered for the two reference detectors in the

present study and has a purely geometrical concept.

Combining Egs. (3.10) and (5.5), average signal readings M{;;’l‘;‘ of EBT3 films and W1

PSD can be corrected for volume averaging k,,,; to determine discrete field output factors for

small clinical fields as

f ; felin

clin’Jref __ Qclin

Qchin,Qref - Mfref kvor (5.6)
Qref

Doses measured from EBT3 films were employed to calculate k,,,; factors. For each small field
Sc1in and beam energy E, film doses in a region of interest with dimensions 3 mm x 3 mm (i.e.,
from -1.5 mm to +1.5 mm in cross-plane direction x and in-plane direction y) centered on the

beam axes were fitted to a bivariate Gaussian function

£y, S E) = a - e 2L6) &) 57)

using fit parameters, a, b and c. The volume averaging correction factors k,,,; were calculated
as

-1

kyot = (a - 1r?) (a - j f £, Seiins E) dx dy) 5.8)
A

This approach is similar to the previously published studies by Morin et al.”® and
Papaconstadopoulos et al.>>* r in Eq. (5.8) is the radius of the detector’s sensitive volume in a
plane orthogonal to the beam axis. The detector’s radius r was replaced with the size of the
equivalent square field side length d (note that this “equivalent square field size length d” is
defined here for performing the integration of Eq. (5.8); this is different from the “equivalent
square small field size S.;;,,” defined in Eq. (5.1)), applying the expression mr? = d? yields the

result
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dZ

d d
2nthc - erf (\/_/ b> erf (\/f/zc>

Therefore, given the field size S.;;,, and beam energy E, the parameters d, b and ¢ are necessary

(5.9)

kyor =

to calculate the k,,,; factor of a specific detector; note that parameter a cancels out already in
the Eq. (5.8) The first parameter d was obtained from the detector specifications, with the
exception of EBT3 films, where the diameter of the detector (i.e. central ROI for the EBT3
films) was chosen as 0.5 mm. For W1 PSD we used the value r = 0.5 mm following vendor
specifications. The other two parameters were derived from film dose fit. k,,,; were calculated
for all solid-state detectors including the EBT3 and W1 PSD using the expression given in
Eqg. (5.9).

To check whether 150 dpi scanning resolution was adequate and sufficient for the
determination of k,,,;, several sets of films were scanned for the smallest field sizes using the
1200 dpi resolution and the values of k,,; thus obtained were compared with those obtained
using the 150 dpi scanning resolution. No detectable differences in k,,,; were observed between
both approaches; therefore 150 dpi scanning resolution was used for film scanning throughout
the present study.

5.8. Field output factors

For the determination of field output factors, EBT3 films and W1 PSD were used equivalently,

without any preference.

Signals Mgzll:Z(EBT3) measured with EBT3 films were corrected for volume averaging as

M) (EBT3) oy = My (EBT3) - k)& (EBT3) (5.10)

vol

where k’¢tn denotes volume averaging correction factor for specific clinical field f;;, (in the

vol

present study f.;in = Scin)- IN @addition to volume averaging correction, signals for the W1 PSD

detector, M(’;;l;’: (W1 PSD), were further normalized as

M) (W1 PSD) - k1™ (W1 PSD)

vol

MfClm (Wl PSD)N corr —

(5.11)
€
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Where € is the average value of ratios of measured signals between W1 PSD and EBT3 films

for each particular photon beam of the specific linac, calculated as

vol

Mfclm (EBT3) kfclm (EBT3)

1~ M)eim(W1 PSD) - klim (W1 PSD)

felin

where summation goes over all nine clinical small fields selected in this study.

M/ C“"(EBT3)COW values obtained from Eq. (5.10) determined by EBT3 films and

M{;g:;‘ (W1 PSD)y corr Values from Eq. (5.11) determined by W1 PSD, were fitted together by

the analytical function proposed by Sauer and Wilbert,

Sk o
Q(Sqin) = —ln -:l;‘nn + 500(1 —e P Sclm) (5.13)

clin

which was normalized to Q(S;;, = 10 cm) = 1. Py, S, [, n and b are the fitting parameters,
adjusted according to a routine, which optimizes the maximum likelihood estimation (MLE).

For brevity and to avoid potential ambiguity, subscripts and superscripts were omitted from

fclinrfref

_ which is used for
chmrQref

Q(S:in), Which is in the form of an analytical function, unlike the Q

discrete values of field output factors. Furthermore, S.;;,, was kept in the same form as in
Eq. (5.1) to emphasize that it stands for the equivalent square small field sizes rather than the
nominal field sizes; it has the same meaning as symbol s, used by Sauer and Wilbert in their
original work. The use of analytical function, instead of the discrete values for field output
factors, reduces uncertainties in W1 PSD and EBT3 film measurements. In addition, the
functional form of field output factors Q(S.;;,,) allows one to calculate discrete values for field
output factors for any equivalent square small field size within the range of small field sizes

used in this study.

5.9. Output correction factors

For every solid-state detector and seven ionization chambers discrete values of detector specific

fclm fref (S

output correction factors k 1in) Were calculated for each measured equivalent square

small field size S.;;;, as

fclin'fref
Q
fclm fref _ chin Qref
chlm ref( Clln) fclm/ fref (514)
chln Qref
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fclin'fref

, were obtained from the analytical function
chm’Qref

Discrete values of field output factors Q

Q(S,y,) in Eq. (5.13). k)< (5. values were fitted by the analytical function published

QclinQref
in TRS-483 1°
_10-a
KSein) = 2 4 (S — 10) (5.15)
1+d-e b

with fitting coefficients, a, b, ¢ and d. Instead of symbol S, which is used in TRS-483 CoP, in
the analytical function in Eqg. (5.15), symbol S.;;, was used instead to emphasize that in the
present study equivalent square field sizes were used without exception. As in the case for field
output factors, subscripts and superscripts are omitted in the notations for output correction

factors in EqQ. (5.15) to indicate that in this case, output correction factors have functional form.

fclin’fref

Also, the discrete values of k,“*
chanQref

(S.1in) Were calculated and reported for all detectors,

photon beams and small fields, applying Eq. (5.14).
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6 RESULTS

6.1 Equivalent square small field size Sciin

For each nominal field size, corresponding equivalent square field sizes S.;;, (clinical field)
were calculated based on EBT3 film measurements and applying Eq. (5.1). Data for nominal
and equivalent square small field sizes are presented in Table 6.1. Throughout this thesis field
sizes will be indicated with nominal values, however, they will represent, without exception,
the corresponding S.;;,, values. For brevity, square field sizes will be denoted as nominal square
field side lengths, e.g., instead of 0.5 x 0.5 cm?, notation 0.5 cm will be used henceforth.

Table 6.1 Nominal field sizes and corresponding equivalent square small field sizes S.;;;, on
Elekta Versa HD and Varian TrueBeam linacs measured with EBT3 radiochromic films and

applying Eq. (5.1).

Nominal Sciinlem] - Elekta Versa HD Sciinlem] - Varian TrueBeam

square field

sidelength g My 6MV  10MV 10 MV 6MV  6MV 10MV 10 MV
[em] WFF  FFF  WFF  FFF WFF  FFF  WFF  FFF
05 060 059 062  0.58 056 054 057 055
0.8 087 085 087  0.86 081 082 084 081
1.0 103  1.03 106  1.04 101 099 103 102
15 151 152 155 152 150 149 152 151
2.0 204 203 205 204 200 1.99 201  1.99
3.0 306 304 308 3.2 303 300 300 298
4.0 404 403 406 401 403 399 402  3.98
5.0 504 501 505  4.99 502 500 501  4.96
10.0 1004 994  10.05  9.90 1003 996 1002  9.87

While equivalent square small field sizes S.;;,, are nearly identical to the nominal field sizes
for field sizes > 1 cm, they differ rather significantly for the two smallest fields, 0.5 and 0.8 cm,

regardless of the photon beam or collimation (linac) being used.

The uncertainty of field size dimensions was determined from EBT3 films and was found
to be < 0.1 mm. The same level of uncertainty of field set-up reproducibility was determined
with repeated measurements of lateral beam profiles with several diodes at FWHM for smallest

field sizes.
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6.2 Field output factors

Figure 6.1 shows graphs for field output factors determined from measurements made on Elekta
Versa HD linac with EBT3 films and W1 PSD detector. The red circles and blue triangles
represent field output factors for the EBT3 film and W1 PSD detectors respectively. Measured
signals were corrected for volume averaging using Egs. (5.8) and (5.9) when k,,,; exceeded
0.1%. For the Elekta linac, these values are given in Table 6.4 for all photon beams. The
uncertainties for each data point correspond to 1 SD. The solid lines in Figure 6.1 represent fits
to both sets of data using the analytical function given in Eq. (5.13). Relative uncertainties
(1 SD) of the fits were largest for the smallest field size of 0.5 cm and were found to be 1.0%,
1.3%, 1.2% and 1.4% for photon beams 6 MV WFF, 6 MV FFF, 10 MV WFF and 10 MV FFF

respectively. In addition to the curves in Fig. 6.1, discrete values of field output factors

fclin:fref

Qeiin@rer WET calculated using Eq. (15) and are given in Table 6.2 for all selected small fields

and energies for the Elekta Versa HD linac.

Table 6.2 Discrete values of field output factors for nine selected field sizes calculated from
the analytical function in Eq. (5.13) for all investigated photon beams on Elekta VersaHD linac.
Uncertainties (1 SD) are shown in brackets and represent absolute uncertainties in the last digit.

Field Elekta Versa HD
size?
[cm] 6 MVWFF o6MVFFF 10MV WFF 10 MV FFF

05 0454 (5)  0.478(6)  0.438 (5) 0.481 (7)
0.8 0.620(5) 0.640(6)  0.584(5) 0.626 (6)
1.0 0678(5)  0.703(6)  0.650 (5) 0.688 (6)
15 0763(5) 0.786(6)  0.750 (5) 0.780 (6)
2.0 0.804(5) 0.825(6)  0.801(6) 0.835 (6)
3.0 0849(5) 0.870(6)  0.858 (6) 0.890 (6)
4.0 0.880(5)  0.900(7)  0.891(6) 0.923 (7)
5.0 0907 (5)  0.924(7)  0.918 (6) 0.945 (7)
100  1.001(0)  0.999(0)  1.001 (0) 0.999 (0)

4 Field size is indicated as nominal square field side length. The relationship between the
nominal field size and the corresponding equivalent square small field sizes S.;;,, is provided in
Table 6.1 for all photon beams and field sizes. Note that because S;;,, are not exactly equal to
10.0 cm for reference field size (Table 6.1), corresponding field output factors slightly differ
from value 1.000 for that field.
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Elekta Versa HD 10 MV FFF

1.0+

0.84

0.6

Field output factor

0.44

1 2 3 4 5 6 7 8 9 10
Equivalent square small field size Sg;, [cm]

Figure 6.1. Field output factors vs. S.;;;, on Elekta Versa HD linac for four investigated photon
beams. The red circles and blue triangles represent field measured field output factors along
with their respective uncertainties (1 SD) determined using EBT3 film and W1 PSD detectors
respectively. The solid lines represent fits to both sets of data using the analytic function given
in Eq. (5.13).

Field output factors determined from measurements made on the Varian TrueBeam linac
with EBT3 films and W1 PSD detector are shown in Figure 6.2. The red circles and blue
triangles represent field output factors for the EBT3 film and W1 PSD detectors respectively.
Similar to the Elekta linac, measured signals were corrected for volume averaging using
Egs. (5.8) and (5.9) when k,,,; exceeded 0.1%; for the Varian linac values of k,,,; are given in
Table 6.4 for all photon beams. The solid lines in Figure 6.2 represent fits to both sets of data
using the analytical function given by Eq. (5.13). Largest relative uncertainties (1 SD) of the
fits were again found for the smallest field size of 0.5 cm and were found to be 2.0%, 2.2%,
2.5% and 1.6% for photon beams 6 MV WFF, 6 MV FFF, 10 MV WFF and 10 MV FFF
respectively. Discrete values of field output factors for all selected small fields and energies for
the Varian TrueBeam are given in Table 6.3. These values were calculated using the fitting

function given by Eq. (5.13).
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Table 6.3 Discrete values of field output factors for nine selected field sizes calculated from
the analytical function in Eq. (5.13) for all investigated photon beams on Varian TrueBeam
linac. Uncertainties (1 SD) are shown in brackets and represent absolute uncertainties in the last

one or two digits.

Field Varian TrueBeam
size?
[cm] 6 MVWFF 6MVFFF 10 MV WFF 10 MV FFF
05  0482(9) 0513(11) 0412(10)  0.468 (7)
08  0632(8) 0654(10) 0556(8)  0.615(7)
10  0694(8) 0.701(10) 0625(9)  0.687(7)
15  0761(9 0.772(11) 0730(9)  0.780 (8)
20  0793(9) 0806(11) 0.785(10)  0.828 (8)
30  0834(9) 0844(11) 0844(10)  0.881(8)
40  0866(9) 0871(11) 0880(10)  0.914(9)
50  0893(9) 0.895(10) 0.907(10)  0.937 (9)
100  1.001(0) 0999(0)  1.000(0)  0.999 (0)

@ Field size is indicated as nominal square field side length. The relationship between the
nominal field size and the corresponding equivalent square small field sizes S;;,, is provided in
Table 6.1 for all photon beams and field sizes. Note that because S.;;,, are not exactly equal to
10.0 cm for reference field size (Table 6.1), corresponding field output factors slightly differ
from value 1.000 for that field.
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Figure 6.2. Field output factors vs S.;;,,0n Varian TrueBeam linac for four investigated photon
beams. The red circles and blue triangles represent field output factors along with their
respective uncertainties (1 SD) determined using EBT3 film and W1 PSD detector respectively.
The solid lines represent fits to both sets of data using the analytic function given in Eq. (5.13).
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Table 6.4 Calculated volume averaging correction factors k,,,; for EBT3 films and W1 PSD
for the three smallest field sizes on Elekta VVersaHD and Varian TrueBeam linacs; these values
were taken into account for the determination of field output factors.

Elekta Versa HD

Fieldsizet EBT3  W1PSD EBT3  W1PSD
[cm] 6 MV WFF 6 MV FFF
05 1.002 1.008 1.002 1.008
0.8 1.000 1.002 1.000 1.002
1.0 1.000 1.001 1.000 1.001
10 MV WFF 10 MV FFF
0.5 1.002 1.007 1.002 1.007
0.8 1.000 1.002 1.000 1.002
1.0 1.000 1.001 1.000 1.001

Varian TrueBeam

Fieldsizet EBT3  WILPSD EBT3  W1PSD
[cm] 6 MV WFF 6 MV FFF
0.5 1.002 1.009 1.002 1.009
0.8 1.000 1.004 1.000 1.002
1.0 1.000 1.001 1.000 1.000
10 MV WFF 10 MV FFF
0.5 1.002 1.008 1.002 1.008
0.8 1.001 1.004 1.000 1.003
1.0 1.000 1.001 1.000 1.001

4 Field size is indicated as a nominal square small field side length. The relationship between
the nominal field size and the corresponding equivalent square small field sizes S;;,, is provided
in Table 6.1 for all photon beams and field sizes.

The five fitting coefficients of the analytical function from Eq. (5.13) are given Table 6.5

for all investigated photon beams on both linacs.
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Table 6.5 Values of fitting parameters for the analytical function given in Eq. (5.13). This
function was used to fit the field output factor datasets obtained using the EBT3 films and W1
PSD detectors on the two linacs for four photon beams.

Py n l Seo b

Elekta Versa HD

6 MV WFF 0.751 2.701 0.542 0.384 0.105
6 MV FFF 0.767 2.614 0.514 0.299 0.151
10 MV WFF  0.774 2.183 0.578 0.313 0.130
10 MV FFF 0.829 1.791 0.511 0.198 0.214

Varian TrueBeam

6 MV WFF 0.741 2.646 0.461 0.508 0.072
6 MV FFF 0.790 2.097 0.419 1.424 0.016
10 MV WFF  0.816 1.844 0.588 0.478 0.050
10 MV FFF 0.816 1.904 0.497 0.227 0.173

To quantify the statistical significance of differences between field output factors given in
Tables 6.2 and 6.3 for WFF and FFF beams for particular photon beam and linac, one-tailed

Student’s t-test was performed. These results are shown in Table 6.6.
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Table 6.6 Statistical significance (p-values) of differences of field output factors between WFF
and FFF beams on Elekta Versa HD and Varian TrueBeam linacs for 6 and 10 MV beams. For
the determination of p-values one-tailed Student’s t-test was performed.

p-values

Field Elekta Versa HD Varian TrueBeam
size® 6 MV 10 MV 6 MV 10 MV
[em]  WFF/IFFF  WFF/FFF WFF/FFF  WFF/FFF
0.5 0.023 0.010 0.049 0.012
0.8 0.034 0.009 0.069 0.008
1.0 0.023 0.010 0.263 0.009
15 0.026 0.015 0.189 0.014
2.0 0.034 0.014 0.166 0.022
3.0 0.033 0.016 0.213 0.030
4.0 0.039 0.019 0.333 0.035
5.0 0.058 0.028 0.427 0.043
10.0 0.006 0.015 0.001 0.038

2 Field size is indicated as nominal square field side length. The relationship between the
nominal field size and the corresponding equivalent square small field sizes S;;,, is provided in
Table 6.1 for all photon beams and field sizes.

6.3 Detector specific output correction factors

6.3.1 Solid-state detectors

Figures 6.3 and 6.4 shows in four separate graphs detector specific output correction factors

fclin'fref

QutinQref (Sain) as a function of equivalent square small field sizes S.;;,, for seven solid-state
detectors and four photon beams; these were determined using Eq. (5.14) on Elekta Versa HD

linac. The solid curves in these figures represent fits to the data points using the analytic

felinSfre f

function k (S, given by Eq. (5.15). For brevity kéﬁﬁiﬁéﬁiﬁ (Scuin) Will be denoted as k" ™"

henceforth. The data points obtained from Eq. (5.14) were fitted down to the field size of
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0.8 cm to ensure acceptable fit of the selected fitting function — values of output correction

factors for field size 0.5 cm were omitted from the fit.

fclin'fref

For comparison and further analysis, individual discrete values for kQ i Qrof
cliinv

, obtained
for the Elekta Versa HD linac using Eq. (5.14), are provided in Table 6.7 for all photon beams

and selected field sizes. It should be noted that the kéiiizgr:} correction factor thus determined

represents the “total” correction factor for a particular detector and includes contributions for

both volume averaging correction factor as well as perturbations correction factors. The

fclin'fref

QutinQro factors thus determined can then be compared directly with those reported in

TRS-483 for the corresponding detectors.
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Figure 6.3. Detector specific output correction factors kéii:g:; for seven solid-state detectors

for 6 MV WFF and FFF on Elekta Versa HD linac. Output correction factors are presented as
individual values/points and as analytical function applying Egs. (5.14) and (5.15) respectively.
Measured data represent “total” correction factors and include contributions from both, volume
averaging effect as well as perturbation correction factors. 0.5 cm field was not considered for
fitting.
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Figure 6.4 Detector specific output correction factors kgziz:’;:ee’; for seven solid-state detectors

for 10 MV WFF and FFF beams on Elekta Versa HD linac. Output correction factors are
presented as individual values/points and as analytical function applying Egs. (5.14) and (5.15)
respectively. Measured data represent “total” correction factors and include contributions from
both, volume averaging effect as well as perturbation correction factors. 0.5 cm field was not
considered for fitting.
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Table 6.7 Detector specific output correction factors kgjz:];:ee; obtained on Elekta Versa HD linac for six diodes and a microDiamond detector

and four investigated photon beams. These values were obtained by using Eq. (5.14). Values in brackets show absolute uncertainties (1 SD) in the
last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume averaging effect as well as
perturbation correction factors.

Field IBA SFD IBA Razor PTW 60008 PTW 60012 PTW 60018 SN EDGE PTW 60019
size® (cm) diode diode Diode P Diode E Diode SRS Detector mD
0.5 1.002 (10) 0.966 (10) 0.890 (9) 0.945 (10) 0.906 (9) 0.930 (10) 0.922 (10)
0.8 1.018 (8) 0.999 (8) 0.923 (7) 0.986 (7) 0.964 (7) 0.945 (7) 0.964 (8)
1.0 1.018 (7) 0.999 (7) 0.937 (6) 0.992 (7) 0.973 (7) 0.953 (7) 0.968 (7)
1.5 1.025 (6) 1.019 (7) 0.974 (6) 1.010 (6) 1.000 (6) 0.981 (6) 0.984 (7)
?Nl\él\:/ 2.0 1.028 (7) 1.024 (7) 0.991 (6) 1.019 (7) 1.010 (6) 0.996 (7) 0.991 (7)
3.0 1.027 (6) 1.024 (6) 1.000 (6) 1.020 (6) 1.014 (6) 1.003 (6) 0.995 (6)
4.0 1.023 (6) 1.020 (6) 0.999 (6) 1.016 (6) 1.011 (6) 1.000 (6) 0.995 (6)
5.0 1.019 (6) 1.017 (6) 0.999 (6) 1.013 (6) 1.009 (6) 1.000 (6) 0.994 (6)
10.0 1.001 (0) 1.001 (2) 1.001 (1) 1.001 (0) 1.001 (0) 1.001 (2) 1.001 (3)
0.5 0.962 (12) 0.970 (12) 0.916 (12) 0.955 (12) 0.927 (12) 0.930 (12) 0.925 (12)
0.8 1.001 (9) 0.999 (9) 0.930 (9) 0.983 (9) 0.971 (9) 0.949 (9) 0.962 (9)
1.0 1.011 (9) 1.006 (9) 0.948 (8) 0.994 (8) 0.985 (8) 0.961 (8) 0.966 (8)
1.5 1.026 (8) 1.015 (8) 0.977 (7) 1.010 (8) 1.004 (8) 0.984 (8) 0.983 (8)
6|:I|\:/I|Y 2.0 1.025 (8) 1.016 (8) 0.987 (8) 1.015 (8) 1.007 (8) 0.990 (8) 0.985 (8)
3.0 1.022 (7) 1.015 (7) 0.995 (7) 1.014 (7) 1.010 (7) 0.997 (7) 0.990 (7)
4.0 1.020 (8) 1.013 (7) 0.999 (7) 1.013 (7) 1.010 (7) 0.999 (7) 0.992 (7)
5.0 1.018 (8) 1.012 (8) 1.000 (8) 1.012 (8) 1.009 (8) 1.000 (8) 0.994 (8)
10.0 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (1) 0.999 (0) 0.999 (1) 0.999 (0)
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Table 6.7 (continued) Detector specific output correction factors kgzngz obtained on Elekta Versa HD linac for six diodes and a microDiamond

detector and four investigated photon beams. These values were obtained by using Eg. (5.14). Values in brackets show absolute uncertainties
(1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume averaging effect
as well as perturbation correction factors

E Field IBA SFD IBARazor ~ PTW 60008 PTW 60012 PTW60018  SNEDGE  PTW 60019
size? (cm) diode diode Diode P Diode E Diode SRS Detector mD
0.5 0.969 (12) 0.971 (12) 0.906 (11) 0.972 (12) 0.950 (12) 0.969 (12) 0.906 (11)
0.8 0.984 (8) 0.988 (8) 0.913 (8) 0.977 (8) 0.952 (8) 0.939 (8) 0.936 (8)
1.0 0.992 (8) 1.002 (8) 0.929 (7) 0.987 (8) 0.968 (8) 0.946 (7) 0.955 (8)
1.5 1.008 (7) 1.005 (7) 0.962 (7) 0.999 (7) 0.989 (7) 0.969 (7) 0.977 (7)
1\(/)V|I\:/IFV 2.0 1.011 (7) 1.007 (7) 0.977 (7) 1.003 (7) 0.996 (7) 0.980 (7) 0.984 (7)
3.0 1.012 (7) 1.006 (7) 0.990 (6) 1.007 (6) 1.001 (7) 0.990 (7) 0.988 (7)
4.0 1.011 (7) 1.006 (7) 0.995 (6) 1.007 (6) 1.003 (7) 0.994 (6) 0.992 (7)
5.0 1.011 (7) 1.007 (7) 0.997 (7) 1.007 (7) 1.004 (7) 0.998 (7) 0.995 (7)
10.0 1.001 (0) 1.001 (2) 1.001 (1) 1.001 (1) 1.001 (2) 1.001 (1) 1.001 (3)
0.5 0.929 (13) 0.957 (13) 0.908 (13) 0.957 (13) 0.931 (13) 0.937 (13) 0.905 (13)
0.8 0.982 (10) 0.991 (10) 0.926 (9) 0.985 (10) 0.973 (10) 0.951 (9) 0.946 (9)
1.0 0.993 (9) 0.998 (9) 0.945 (8) 0.997 (9) 0.986 (9) 0.961 (9) 0.963 (9)
1.5 1.006 (8) 1.007 (8) 0.968 (7) 1.001 (8) 0.995 (8) 0.972 (7) 0.979 (7)
1%'FV'FV 2.0 1.012 (8) 1.011 (8) 0.983 (7) 1.006 (8) 1.001 (8) 0.982 (8) 0.984 (8)
3.0 1.013 (7) 1.008 (7) 0.992 (7) 1.008 (7) 1.005 (7) 0.991 (7) 0.990 (7)
4.0 1.014 (8) 1.010 (8) 1.000 (7) 1.011 (8) 1.008 (8) 0.998 (7) 0.994 (7)
5.0 1.015 (8) 1.011 (8) 1.002 (8) 1.011 (8) 1.010 (8) 1.003 (8) 0.998 (8)
10.0 0.999 (1) 0.999 (1) 0.999 (0) 0.999 (2) 0.999 (2) 0.999 (1) 0.999 (1)

aFjeld size is indicated as nominal square field side length. The relationship between the nominal size and the corresponding equivalent square small field sizes
Sciin 1S provided in Table 6.1 for all photon beams and field sizes.
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TelinIref g1 seven
chin'Qref

Figures 6.5 and 6.6 shows detector specific output correction factors k
solid-state detectors for four photon beams on Varian TrueBeam linac. Output correction
factors are presented as individual values/points and as analytical function applying Egs. (5.14)
and (5.15) respectively. The data obtained from Eq. (5.14) were fitted down to the field size of
0.8 cm to ensure acceptable fit of the selected fitting function — points for field size 0.5 cm were

omitted from the fit.

fclin'fref

For comparison and further analysis, individual discrete values for ko i Qrer
clinXre

are provided

fclin'fref

in Table 6.8 for all photon beams and field sizes. chlianref

represent “total” output correction

factors for a particular detector and include contributions from both volume averaging effect as

well as perturbation correction factors.
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Figure 6.5. Detector specific output correction factors kgcun'f "/ for seven solid-state detectors

clinQref

for 6 MV WFF and FFF beams on Varian TrueBeam linac. Output correction factors are
presented as individual values/points and as analytical function applying Egs. (5.14) and (5.15)
respectively. Measured data represent “total” correction factors and include contributions from
both, volume averaging effect as well as perturbation correction factors. 0.5 cm field was not
considered for fitting.
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for 10 MV WFF and FFF beams on Varian TrueBeam linac. Output correction factors are
presented as individual values/points and as analytical function applying Egs. (5.14) and (5.15)
respectively. Measured data represent “total” correction factors and include contributions from
both, volume averaging effect as well as perturbation correction factors. 0.5 cm field was not
considered for fitting.
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Table 6.8 Detector specific output correction factors k

fclin'fref
chin'Qref

obtained on Varian TrueBeam linac for six diodes and a microDiamond detector
and four investigated photon beams. These values were obtained by using Eq. (5.14). Values in brackets show absolute uncertainties (1 SD) in the

last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume averaging effect as well as
perturbation correction factors.

£ Field IBA SFD IBA Razor PTW 60008  PTW 60012  PTW 60018 SN EDGE PTW 60019
size® (cm) diode diode Diode P Diode E Diode SRS Detector mD
0.5 1.004 (20) 0.987 (19) 0.920 (18) 0.993 (20) 0.949 (19) 0.957 (19) 0.983 (19)
0.8 1.014 (13) 1.002 (13) 0.930 (12) 0.990 (13) 0.969 (13) 0.955 (13) 0.971 (13)
1.0 1.032 (12) 1.020 (12) 0.957 (11) 1.008 (12) 0.991 (12) 0.974 (12) 0.986 (12)
1.5 1.036 (12) 1.024 (11) 0.984 (11) 1.018 (11) 1.007 (11) 0.991 (11) 0.993 (11)
?Nl\él\:/ 2.0 1.036 (12) 1.024 (12) 0.993 (11) 1.020 (12) 1.012 (12) 0.998 (11) 0.996 (11)
3.0 1.034 (11) 1.025 (11) 1.002 (11) 1.023 (11) 1.017 (11) 1.005 (11) 1.000 (11)
4.0 1.029 (11) 1.020 (11) 1.000 (11) 1.017 (11) 1.013 (11) 1.004 (11) 0.999 (11)
5.0 1.021 (11) 1.013 (11) 0.998 (10) 1.012 (11) 1.008 (10) 1.001 (10) 0.996 (10)
10.0 1.001 (1) 1.001 (0) 1.001 (1) 1.001 (2) 1.001 (2) 1.001 (2) 1.001 (0)
0.5 1.010 (23) 0.992 (22) 0.936 (21) 1.000 (22) 0.966 (22) 0.969 (22) 0.983 (22)
0.8 1.019 (16) 1.005 (15) 0.940 (14) 0.996 (15) 0.977 (15) 0.963 (15) 0.967 (15)
1.0 1.024 (15) 1.007 (15) 0.952 (14) 1.000 (14) 0.986 (14) 0.967 (14) 0.968 (14)
1.5 1.045 (15) 1.029 (14) 0.988 (14) 1.025 (14) 1.015 (14) 0.996 (14) 0.989 (14)
6F'\F"Q’ 2.0 1.047 (14) 1.031 (14) 1.000 (14) 1.030 (14) 1.021 (14) 1.006 (14) 0.994 (14)
3.0 1.040 (13) 1.026 (13) 1.003 (13) 1.027 (13) 1.020 (13) 1.008 (13) 0.995 (13)
4.0 1.029 (12) 1.017 (12) 0.998 (12) 1.018 (12) 1.013 (12) 1.002 (12) 0.991 (12)
5.0 1.018 (11) 1.009 (11) 0.993 (11) 1.010 (11) 1.005 (11) 0.996 (11) 0.987 (11)
10.0 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (1) 0.999 (1) 0.999 (0)
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(’;Cff”’g:i; obtained on Varian TrueBeam linac for six diodes and a microDiamond
cuan

detector and four investigated photon beams. These values were obtained by using Eg. (5.14). Values in brackets show absolute uncertainties
(1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume averaging effect
as well as perturbation correction factors.

Table 6.8 (continued) Detector specific output correction factors k

. Field IBA SFD IBA Razor __PTW 60008 _ PTW 60012 _ PTW 60018 __ SNEDGE __ PTW 60019
size? (cm) diode diode Diode P Diode E Diode SRS Detector mD

05 0979 (25)  0975(25) 0896 (23)  0979(25) 0938 (24) 0947 (24) _ 0.969 (24)
0.8 0980 (14)  0978(14)  0896(13)  0970(14)  0943(14)  0930(14)  0.956 (14)
1.0 0990 (14)  0986(14)  0915(13)  0977(13)  0957(13)  0938(13)  0.961(13)
15 1007 (13)  1.002(13)  0954(12) 0997 (13)  0982(12)  0964(12)  0.978(12)

v 2.0 1010(13)  1.003(13)  0971(12)  1000(13)  0990(13)  0975(12)  0.982(12)
3.0 1012(12) 1007 (12)  0987(12)  1005(12)  0999(12) 0989 (12)  0.988 (12)
4.0 1013(12)  1007(12)  0994(12)  1007(12)  1.002(12)  0995(12)  0.993 (12)
5.0 1010(11)  1005(11)  0995(11)  1.005(11)  1.002(11) 0996 (11)  0.994 (11)
10.0 1,000 (1) 1.000 (1) 1.000 (1) 1.000 (0) 1.000 (1) 1.000 (1) 1.000 (0)
05 0982 (17)  0977(16) _ 0919(15) 0984 (17) _ 0953(16)  0955(16) _ 0.977 (16)
0.8 0993(12)  0988(12)  0920(11)  0981(12)  0962(12)  0945(12)  0.966 (12)
1.0 1011(11)  1005(11)  0944(10) 0997 (11)  0982(11)  0962(11)  0.980 (11)
15 1018(10)  1.011 (10) 0.970 (9) 1.006 (10) 0.996 (9) 0.976 (9) 0.985 (9)

1%'FV'FV 2.0 1016 (10)  1.008 (10) 0.979 (9) 1.005(10)  0.999 (10) 0.982 (9) 0.986 (9)
3.0 1.016 (9) 1.009 (9) 0.992 (9) 1.007 (9) 1.004 (9) 0.992 (9) 0.991 (9)
4.0 1.017 (9) 1.010 (9) 0.998 (9) 1.010 (9) 1.008 (9) 0.999 (9) 0.996 (9)
5.0 1.016 (9) 1.010 (9) 1.000 (9) 1.009 (9) 1.008 (9) 1.002 (9) 0.999 (9)
10.0 0.999 (1) 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (1) 0.999 (1)

aFjeld size is indicated as nominal square field side length. The relationship between the nominal size and the corresponding equivalent square small field sizes
Sciin 1S provided in Table 6.1 for all photon beams and field sizes.
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6.3.2 lonization chambers

fetntref o0 saven

Figures 6.7 and 6.8 show detector specific output correction factors kQC”n Qres

ionization chambers included in the study, for four photon beams on Elekta VVersa HD linac.
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fclin:fref
QclinQref
for 6 MV beams and two investigated orientations of ionization chambers on Elekta Versa HD
linac. Output correction factors are presented as individual values/points and as analytical
function applying Egs. (5.14) and (5.15) respectively. Measured data represent “total”
correction factors and include contributions from both, volume averaging effect as well as
perturbation correction factors.

Figure 6.7. Detector specific output correction factors k for seven ionization chambers
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Figure 6.8. Detector specific output correction factors kgzzzgi’;

for 10 MV beams and two investigated orientations of ionization chambers on Elekta Versa HD
linac. Output correction factors are presented as individual values/points and as analytical
function applying Egs. (5.14) and (5.15) respectively. Measured data represent “total”
correction factors and include contributions from both, volume averaging effect as well as
perturbation correction factors.

for seven ionization chambers

Data are presented separately in eight graphs for two investigated orientations — with chamber’s
axis perpendicular to the central beam axis and with chamber’s axis parallel to the central beam

axis as described in chapter 5. For comparison and further analysis, corresponding individual

values for k’ /7 are provided in Tables 6.9 and 6.10.
chmJQref
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Table 6.9 Output correction factors &</ re/
QclinQref

beams shown for perpendicular orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show
absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both,
volume averaging effect as well as perturbation correction factors.

obtained on Elekta Versa HD linac for seven ionization chambers and four investigated photon

E _ Field IBA CCO4 IBA Razor PTW_310_16 PTW 31_021 PTW_310_22 PTW 31_023 S_I
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
0.5 1.245 (19) 1.119 (17) 1.199 (18) 1.461 (25) 1.131 (18) 1.198 (20) 1.152 (17)
0.8 1.104 (9) 1.036 (9) 1.099 (9) 1.157 (10) 1.047 (10) 1.074 (9) 1.073 (9)
1.0 1.054 (7) 1.017 (7) 1.059 (7) 1.077 (8) 1.020 (7) 1.026 (7) 1.042 (7)
1.5 1.011 (6) 1.001 (6) 1.020 (6) 1.020 (6) 1.005 (6) 1.007 (6) 1.015 (7)
?NI\IAZI\:/ 2.0 1.004 (6) 0.998 (7) 1.008 (6) 1.008 (6) 0.997 (6) 1.004 (6) 1.010 (7)
3.0 1.002 (6) 1.001 (6) 1.003 (6) 1.001 (6) 0.996 (6) 0.999 (6) 1.007 (6)
4.0 1.000 (6) 1.002 (6) 1.002 (6) 0.999 (6) 0.995 (6) 0.998 (6) 1.004 (6)
5.0 1.000 (6) 1.004 (6) 1.004 (6) 1.000 (6) 0.996 (6) 0.998 (6) 1.003 (6)
10.0 1.001 (0) 1.001 (1) 1.001 (0) 1.001 (0) 1.001 (0) 1.001 (1) 1.001 (2)
0.5 1.267 (22) 1.096 (18) 1.180 (20) 1.427 (26) 1.142 (22) 1.187 (21) 1.143 (19)
0.8 1.092 (11) 1.025 (10) 1.070 (11) 1.124 (12) 1.055 (11) 1.075 (11) 1.048 (11)
1.0 1.049 (9) 1.015 (9) 1.042 (9) 1.072 (9) 1.034 (9) 1.034 (9) 1.035 (9)
15 1.010 (8) 1.003 (8) 1.017 (8) 1.018 (8) 1.007 (8) 1.010 (8) 1.016 (8)
6F'\F/||;/ 2.0 0.998 (8) 0.992 (8) 1.003 (8) 1.001 (8) 0.996 (8) 1.000 (8) 1.009 (8)
3.0 0.994 (7) 0.995 (7) 0.996 (7) 0.994 (7) 0.991 (7) 0.991 (7) 1.006 (7)
4.0 0.996 (7) 0.998 (7) 0.999 (7) 0.995 (7) 0.992 (7) 0.994 (7) 1.006 (7)
5.0 0.997 (8) 0.999 (8) 0.999 (8) 0.996 (8) 0.995 (8) 0.995 (8) 1.006 (8)
10.0 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0)
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Table 6.9 (cont.) Output correction factors k

fclin'fref
chin'Qref

obtained on Elekta Versa HD linac for seven ionization chambers and four investigated

photon beams shown for perpendicular orientation relative to the beam axis. These values were obtained by using Eg. (5.14). Values in brackets
show absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from
both, volume averaging effect as well as perturbation correction factors.

P ~Field BAccos  BARazor  PTW3I0I6  PTW31021  PTW31022  PTW 31023 S
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
05 1.230 (19) 1.099 (17) 1.211 (19) 1.499 (26) 1.167 (21) 1.265 (21) 1.143 (18)
0.8 1.085 (10) 1.017 (9) 1.070 (10) 1.135 (11) 1.057 (11) 1.061 (10) 1.042 (11)
1.0 1.053 (9) 1.009 (8) 1.051 (9) 1.079 (9) 1.011 (9) 1.034 (8) 1.020 (8)
15 1.012 (7) 0.996 (7) 1.020 (7) 1.024 (7) 1.005 (8) 1.011 (7) 1.008 (7)
18V'\F"FV 2.0 0.998 (7) 0.989 (7) 1.000 (7) 1.004 (7) 0.993 (7) 0.997 (7) 1.002 (7)
3.0 0.994 (6) 0.992 (6) 0.993 (6) 0.994 (6) 0.988 (6) 0.989 (6) 0.999 (6)
4.0 0.994 (6) 0.995 (6) 0.995 (6) 0.993 (6) 0.990 (6) 0.992 (6) 0.999 (6)
5.0 0.996 (7) 0.998 (7) 0.997 (7) 0.995 (7) 0.993 (7) 0.995 (7) 1.000 (7)
10.0 1.001 (1) 1.001 (0) 1.001 (0) 1.001 (1) 1.001 (1) 1.001 (0) 1.001 (1)
05 1.202 (20) 1.061 (17) 1.126 (18) 1.425 (24) 1.118 (18) 1.148 (19) 1.098 (17)
0.8 1.065 (11) 1.011 (11) 1.063 (11) 1.109 (12) 1.051 (11) 1.053 (11) 1.038 (11)
1.0 1.042 (10) 1.009 (9) 1.042 (10) 1.068 (10) 1.020 (10) 1.027 (11) 1.027 (9)
15 1.009 (8) 0.997 (8) 1.016 (8) 1.020 (8) 1.002 (8) 1.009 (8) 1.011 (8)
1%'FV'FV 2.0 1.004 (8) 0.993 (8) 1.003 (8) 1.005 (8) 0.996 (8) 1.002 (8) 1.009 (8)
3.0 0.995 (7) 0.993 (7) 0.994 (7) 0.996 (7) 0.989 (7) 0.990 (7) 1.002 (7)
4.0 0.998 (7) 0.998 (7) 0.997 (7) 0.998 (7) 0.992 (7) 0.994 (7) 1.003 (7)
5.0 1.001 (8) 1.001 (8) 0.999 (8) 1.000 (8) 0.997 (8) 0.997 (8) 1.005 (8)
10.0 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (1) 0.999 (0) 0.999 (0)

2Fjeld size is indicated as nominal square field side length. The relationship between the nominal field size and the corresponding equivalent square small field
sizes S¢;i, 1S provided in Table 6.1 for all photon beams and field sizes.
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Table 6.10 Output correction factors kggzzg:ee’; obtained on Elekta Versa HD linac for seven ionization chambers and four investigated photon

beams shown for parallel orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show absolute
uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume
averaging effect as well as perturbation correction factors.

P ~Field oAccos | |BARazor  PTW3I0I6  PTW31021  PTW31022  PTW 31023 g
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
05 1223(19) 1037 (15) 1.096 (16) 1.394 (23) 1043 (15) 1016 (14)  1.112(16)
0.8 1.090 (9) 1.012 (9) 1.047 (9) 1.145 (10) 1.029 (9) 1.012 (8) 1.049 (9)
1.0 1.046 (7) 1.003 (7) 1.024 (7) 1.075 (8) 1.009 (7) 1.000 (8) 1.022 (7)
15 1.009 (6) 1.001 (6) 1.007 (6) 1.021 (6) 1.002 (6) 1.001 (6) 1.009 (6)
?N'\Q\F’ 2.0 1.003 (6) 1.005 (7) 1.004 (6) 1.007 (6) 1.002 (6) 1.003 (6) 1.008 (7)
3.0 1.002 (6) 1.005 (6) 1.003 (6) 1.000 (6) 1.000 (6) 1.001 (6) 1.007 (6)
4.0 0.999 (6) 1.004 (6) 1.000 (6) 0.998 (6) 0.998 (6) 1.000 (6) 1.005 (6)
5.0 1.000 (6) 1.005 (6) 1.000 (6) 0.999 (6) 0.998 (6) 0.999 (6) 1.004 (6)
10.0 1.001 (0) 1.001 (2) 1.001 (0) 1.001 (1) 1.001 (0) 1.001 (0) 1.001 (2)
05 1222 (21) 1019 (16) 1.085 (18) 1.397 (25) 1100 (18) 1047 (17) 1075 (18)
0.8 1073(11) 1005 (10) 1.054 (11) 1.117 (12) 1033(10)  1.008(10)  1.026 (10)
1.0 1.044 (9) 1.001 (9) 1.022 (9) 1.071 (9) 1.016 (9) 1.002 (9) 1.019 (9)
15 1.009 (8) 0.998 (8) 1.005 (8) 1.017 (8) 1.002 (8) 1.000 (8) 1.012 (8)
6F'\F"g’ 2.0 0.999 (8) 0.996 (8) 0.998 (8) 1.003 (8) 0.997 (8) 0.996 (8) 1.007 (8)
3.0 0.994 (7) 0.995 (7) 0.996 (7) 0.995 (7) 0.994 (7) 0.994 (7) 1.006 (7)
4.0 0.995 (7) 0.997 (7) 0.997 (7) 0.994 (7) 0.995 (7) 0.996 (7) 1.006 (7)
5.0 0.996 (8) 0.998 (8) 0.998 (8) 0.996 (8) 0.996 (8) 0.995 (8) 1.007 (8)
10.0 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (1)
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Table 6.10 (cont.) Output correction factors k

fclin'fref
chin'Qref

obtained on Elekta Versa HD linac for seven ionization chambers and four investigated

photon beams, shown for parallel orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show
absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both,
volume averaging effect as well as perturbation correction factors.

P ~Field Accos  /BARazor  PTW3I0I6  PTW31021  PTW31022  PTW 31023 S
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
05 1.207 (19) 1.010 (15) 1.104 (17) 1.386 (23) 1.063 (16) 1.012 (15) 1.082 (17)
0.8 1.064 (10) 0.989 (9) 1.037 (9) 1.123 (10) 1.023 (10) 1.002 (11) 1.017 (9)
1.0 1.039 (8) 0.991 (8) 1.015 (8) 1.076 (9) 1.008 (8) 0.999 (8) 1.012 (8)
15 1.011 (7) 0.994 (7) 1.004 (7) 1.024 (7) 1.001 (7) 0.998 (7) 1.003 (7)
l\?VII\:/IFV 2.0 1.000 (7) 0.995 (7) 0.997 (7) 1.005 (7) 0.995 (7) 0.993 (7) 0.996 (7)
3.0 0.994 (6) 0.995 (6) 0.994 (6) 0.994 (6) 0.993 (6) 0.991 (6) 0.998 (6)
4.0 0.994 (6) 0.996 (6) 0.994 (6) 0.993 (6) 0.993 (6) 0.993 (6) 0.998 (6)
5.0 0.996 (7) 0.996 (7) 0.996 (7) 0.995 (7) 0.995 (7) 0.995 (7) 1.000 (7)
10.0 1.001 (1) 1.001 (1) 1.001 (1) 1.001 (0) 1.001 (0) 1.001 (0) 1.001 (1)
05 1171(19)  0.981(15) 1.072 (17) 1331 (22) 1.043 (17) 1.016 (16) 1.056 (17)
0.8 1047 (11)  0.983(10) 1.038 (11) 1.097 (12) 1.022 (11) 1.005 (11) 1.011 (11)
1.0 1.022 (9) 0.992 (9) 1.023 (10) 1.064 (10) 0.997 (9) 0.995 (10) 1.011 (9)
15 1.006 (8) 0.989 (8) 1.005 (8) 1.019 (8) 0.996 (8) 0.997 (8) 1.002 (8)
1‘;'F\AFV 2.0 1.002 (8) 0.993 (8) 1.003 (8) 1.007 (8) 0.997 (8) 0.996 (8) 1.002 (8)
3.0 0.995 (7) 0.992 (7) 0.997 (7) 0.995 (7) 0.991 (7) 0.993 (7) 1.000 (7)
4.0 0.998 (7) 0.995 (7) 1.001 (8) 0.997 (7) 0.994 (7) 0.995 (7) 1.004 (7)
5.0 1.001 (8) 1.000 (8) 1.002 (8) 0.999 (8) 0.998 (8) 0.999 (8) 1.007 (8)
10.0 0.999 (1) 0.999 (0) 0.999 (2) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0)

2Fjeld size is indicated as nominal square field side length. The relationship between the nominal field size and the corresponding equivalent square small field
sizes S¢i, 1S provided in Table 6.1 for all photon beams and field sizes.
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ionization chambers included in the study, for four photon beams on Varian TrueBeam linac.
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Figures 6.9 and 6.10 show detector specific output correction factors k
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Figure 6.9 Detector specific output correction factors kécif"'ge’; for seven ionization chambers
clinv¥re

for 6 MV beams and two investigated orientations of ionization chambers on Varian TrueBeam
linac. Output correction factors are presented as individual values/points and as analytical
function applying Egs. (5.14) and (5.15) respectively. Measured data represent “total”
correction factors and include contributions from both, volume averaging effect as well as
perturbation correction factors.
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chambers for 10 MV beams and two investigated orientations of ionization chambers on Varian
TrueBeam linac. Output correction factors are presented as individual values/points and as
analytical function applying Egs. (5.14) and (5.15) respectively. Measured data represent
“total” correction factors and include contributions from both, volume averaging effect as well
as perturbation correction factors.

Figure 6.10 Detector specific output correction factors k for seven ionization

Data are presented separately in eight graphs for two investigated orientations — with chamber’s
axis perpendicular to the central beam axis and with chamber’s axis parallel to the central beam

axis as described in chapter 5. For comparison and analysis, corresponding individual values

for kgz;i:’;:‘:’; are provided in Tables 6.11 and 6.12.
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Table 6.11 Output correction factors kggzzgee’; obtained on Varian TrueBeam linac for seven ionization chambers and four investigated photon

beams, shown for perpendicular orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show

absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both,
volume averaging effect as well as perturbation correction factors.

E _ Field IBA CCO4 IBA Razor PTW_310_16 PTW 31_021 PTW_310_22 PTW 31_023 S_I
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
0.5 1.335(31) 1.135 (25) 1.228 (28) 1.472 (35) 1.148 (25) 1.226 (28) 1.151 (26)
0.8 1.101 (15) 1.031 (14) 1.084 (15) 1.146 (16) 1.054 (14) 1.080 (15) 1.051 (14)
1.0 1.054 (13) 1.020 (12) 1.057 (13) 1.076 (13) 1.035 (12) 1.047 (13) 1.040 (12)
1.5 1.012 (11) 1.003 (11) 1.020 (11) 1.016 (11) 1.010 (11) 1.010 (11) 1.018 (11)
i 2.0 1000(11)  0995(11)  1.003(12)  1.002(12) 0999 (11)  1.000(11) 1011 (12)
3.0 1.001 (11) 1.001 (11) 1.001 (11) 0.999 (11) 0.999 (11) 0.998 (11) 1.012 (11)
4.0 1.000 (11) 1.002 (11) 1.001 (11) 0.998 (11) 1.000 (11) 0.997 (11) 1.010 (11)
5.0 0.997 (10) 0.999 (10) 0.998 (10) 0.996 (10) 0.998 (10) 0.995 (10) 1.005 (10)
10.0 1.001 (1) 1.001 (0) 1.001 (1) 1.001 (0) 1.001 (1) 1.001 (0) 1.001 (0)
0.5 1.323 (33) 1.130 (27) 1.222 (30) 1.469 (38) 1.140 (28) 1.224 (30) 1.157 (28)
0.8 1.079 (17) 1.019 (16) 1.069 (17) 1.130 (18) 1.035 (16) 1.060 (17) 1.050 (16)
1.0 1.024 (15) 0.997 (14) 1.029 (15) 1.047 (15) 1.007 (15) 1.019 (15) 1.025 (15)
1.5 1.004 (14) 0.999 (14) 1.012 (14) 1.008 (14) 1.000 (14) 1.003 (14) 1.022 (14)
6FI\F/I|;/ 2.0 0.999 (14) 0.996 (14) 1.003 (14) 1.000 (14) 0.996 (14) 1.000 (14) 1.019 (14)
3.0 0.997 (13) 0.998 (13) 0.999 (13) 0.998 (13) 0.995 (13) 0.995 (13) 1.016 (13)
4.0 0.993 (12) 0.995 (12) 0.995 (12) 0.991 (12) 0.991 (12) 0.991 (12) 1.009 (12)
5.0 0.989 (11) 0.990 (11) 0.991 (11) 0.988 (11) 0.988 (11) 0.988 (11) 1.003 (11)
10.0 0.999 (0) 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (1)
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Table 6.11 (cont.) Output correction factors k

fclin'fref
chin'Qref

obtained on Varian TrueBeam linac for seven ionization chambers and four investigated

photon beams, shown for perpendicular orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets
show absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from
both, volume averaging effect as well as perturbation correction factors.

P ~Field sAccos | 'BARazor  PTW3I0I6  PTW31021  PTW31022  PTW 31023 g
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16

05 1294 (36) 1099 (17)  1.206 (33) 1.423 (40) 1138 (3) 1207 (33)  1.124 (30
0.8 1.091 (17) 1.017 (9) 1.079 (16) 1.137 (17) 1051 (16)  1.072(16)  1.033(16)
1.0 1.046 (15) 1.009 (8) 1.047 (15) 1.070 (15) 1025 (14)  1.034(14) 1017 (14)
15 1.010 (13) 0.996 (7) 1.018 (13) 1.016 (13) 1001 (13)  1004(13)  1.006 (13)

lev'\F"FV 2.0 0.995 (13) 0.989 (7) 0.997 (13) 0.098 (13) 00991 (13)  0993(13)  0.998 (13)
3.0 0.991 (12) 0.992 (6) 0.991 (12) 0.91(12)  0986(12)  0987(12)  0.996 (12)
4.0 0.993 (12) 0.995 (6) 0.994 (12) 0.092(12)  0990(12)  0991(12)  0.998 (12)
5.0 0.994 (11) 0.998 (7) 0.994 (11) 0.993(11) 0991 (11)  0992(11)  0.998 (11)
10.0 1.000 (0) 1.001 (0) 1.000 (0) 1.000 (0) 1.000 (0) 1.000 (0) 1.000 (0)
05 1291 (25) 1118 (30)  1.204 (23) 1.430 (28) 1133 (21)  1205(23) 1125 (21)
0.8 1085(14)  1016(15)  1.077 (14) 1.128 (14) 1044 (13)  1.060(13)  1.037(13)
1.0 1050 (12)  1.000(14)  1.055(12) 1.074 (12) 1031(12)  1.039(12)  1.030(12)
15 1012(10)  0993(13) 1020 (10) 1.017 (10) 1006 (10)  1.008(10)  1.012(10)

1‘;'F\AFV 2.0 0.096 (10)  0985(12)  0.998 (10) 0.998 (10) 0.093(10)  0.994 (10) 1.001 (10)
3.0 0.992 (9) 0.989 (12) 0.992 (9) 0.992 (9) 0.990 (9) 0.988 (9) 1.000 (9)
4.0 0.996 (9) 0.994 (12) 0.997 (9) 0.995 (9) 0.994 (9) 0.994 (9) 1.003 (9)
5.0 0.998 (9) 0.995 (11) 0.999 (9) 0.998 (9) 0.997 (9) 0.995 (9) 1.005 (9)
10.0 0.999 (0) 1.000 (1) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (1)

2Fjeld size is indicated as nominal square field side length. The relationship between the nominal field size and the corresponding equivalent square small field
sizes S¢i, 1S provided in Table 6.1 for all photon beams and field sizes.
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Table 6.12 Output correction factors k

fclinrfref
chinJQref

obtained on Varian TrueBeam linac for seven ionization chambers and four investigated photon

beams, shown for parallel orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show absolute
uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both, volume

averaging effect as well as perturbation correction factors.

E _ Field IBA CCO4 IBA Razor PTW_310_16 PTW 31_021 PTW_310_22 PTW 31_023 S_I
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16
0.5 1.283 (29) 1.030 (22) 1.131 (25) 1.430 (34) 1.090 (24) 1.038 (23) 1.081 (24)
0.8 1.088 (15) 1.006 (14) 1.042 (14) 1.148 (16) 1.032 (14) 1.016 (14) 1.031 (14)
1.0 1.052 (12) 1.012 (12) 1.031 (12) 1.079 (13) 1.024 (12) 1.016 (12) 1.031 (12)
1.5 1.014 (11) 1.007 (11) 1.011 (11) 1.017 (11) 1.003 (11) 1.001 (11) 1.018 (11)
(\SNI\IA:I\:/ 2.0 1.004 (12) 1.004 (12) 1.003 (12) 1.003 (12) 0.999 (11) 0.998 (11) 1.012 (12)
3.0 1.003 (11) 1.007 (11) 1.003 (11) 1.000 (11) 1.000 (11) 1.000 (11) 1.014 (11)
4.0 1.001 (11) 1.005 (11) 1.001 (11) 0.999 (11) 0.998 (11) 0.998 (11) 1.010 (11)
5.0 0.998 (10) 1.001 (10) 0.998 (10) 0.996 (10) 0.996 (10) 0.996 (10) 1.007 (10)
10.0 1.001 (0) 1.001 (0) 1.001 (0) 1.001 (0) 1.001 (0) 1.001 (1) 1.001 (0)
0.5 1.270 (31) 1.027 (25) 1.130 (27) 1.418 (35) 1.088 (26) 1.037 (25) 1.089 (26)
0.8 1.068 (17) 0.996 (16) 1.031 (16) 1.131 (18) 1.029 (16) 1.012 (16) 1.029 (16)
1.0 1.022 (15) 0.989 (14) 1.008 (15) 1.048 (15) 1.003 (15) 0.996 (14) 1.017 (15)
15 1.006 (14) 1.000 (14) 1.004 (14) 1.006 (14) 0.999 (14) 0.998 (14) 1.022 (14)
6F'\F/||;/ 2.0 1.002 (14) 1.003 (14) 1.002 (14) 1.000 (14) 1.000 (14) 1.001 (14) 1.022 (14)
3.0 0.998 (13) 1.002 (13) 1.000 (13) 0.995 (13) 0.999 (13) 0.999 (13) 1.019 (13)
4.0 0.993 (12) 0.996 (12) 0.995 (12) 0.991 (12) 0.994 (12) 0.994 (12) 1.011 (12)
5.0 0.990 (11) 0.992 (11) 0.991 (11) 0.986 (11) 0.990 (11) 0.991 (11) 1.004 (11)
10.0 0.999 (0) 0.999 (1) 0.999 (0) 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (0)
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Table 6.12 (cont.) Output correction factors k

fclin'fref
chin'Qref

obtained on Varian TrueBeam linac for seven ionization chambers and four investigated

photon beams shown for parallel orientation relative to the beam axis. These values were obtained by using Eq. (5.14). Values in brackets show
absolute uncertainties (1 SD) in the last one or two digits. Measured data represent “total” correction factors and include contributions from both,
volume averaging effect as well as perturbation correction factors.

P ~Field sAccos | 'BARazor  PTW3I0I6  PTW31021  PTW31022  PTW 31023 g
size® (cm) IC 3D PinPoint 3D Semiflex 3D PinPoint PinPoint Exradin A16

05 1244 (38)  1012(27) _ 1.101(29) 1.378 (38) 1068 (28) 1026 (27) 1052 (28)
0.8 1076 (16)  0.985(15)  1.027 (16) 1.140 (17) 1022 (15)  1.004(15)  1.008 (15)
1.0 1038(15)  0985(14)  1.012 (14) 1.073 (15) 1008 (14) 0996 (14)  1.003 (14)
15 1010(13)  0.994(13)  1.003 (13) 1018(13) 0996 (13)  0990(13)  1.001(13)

18V'\F"FV 2.0 0.098 (13) 0992 (13)  0.995 (13) 1002 (13) 0992 (13)  0989(13)  0.999 (13)
3.0 0.093(12) 0994 (12)  0.993(12) 0.093(12)  0991(12)  0990(12)  0.999 (12)
4.0 0.094 (12) 0996 (12)  0.994 (12) 0.093(12)  0993(12)  0992(12)  1.000 (12)
5.0 0.994 (11) 0996 (11)  0.994 (11) 0.993(11) 0993 (11)  0993(11)  1.000 (11)
10.0 1.000 (0) 1.000 (1) 1.000 (0) 1.000 (0) 1.000 (0) 1.000 (0) 1.000 (0)
05 1240 (24)  1013(19) 1107 (21) 1.378 (28) 1069(20) 1019 (19)  1.057 (20)
0.8 1069 (14) 0990 (12)  1.029 (13) 1.127 (14) 1022 (13)  1.000(13)  1.015(13)
1.0 1043(12) 0999 (11)  1.024(11) 1.075 (12) 1019 (11)  1.005(11) 1019 (11)
15 1011(10) 0998 (10)  1.007 (10) 1.018 (10) 1.000 (10) 0.995 (9) 1.010 (10)

1‘;'F\AFV 2.0 0.098 (10)  0.993(10)  0.996 (10) 1.001 (10) 0.094(10)  0.991 (10) 1.004 (10)
3.0 0.994 (9) 0.995 (9) 0.994 (9) 0.993 (9) 0.992 (9) 0.991 (9) 1.002 (9)
4.0 0.997 (9) 0.998 (9) 0.997 (9) 0.996 (9) 0.996 (9) 0.996 (9) 1.006 (9)
5.0 0.998 (9) 1.000 (9) 0.999 (9) 0.997 (9) 0.998 (9) 0.996 (9) 1.007 (9)
10.0 0.999 (0) 0.999 (0) 0.999 (1) 0.999 (1) 0.999 (1) 0.999 (0) 0.999 (0)

2Fjeld size is indicated as nominal square field side length. The relationship between the nominal field size and the corresponding equivalent square small field
sizes S¢;i, 1S provided in Table 6.1 for all photon beams and field sizes.
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7 DISCUSSION

7.1 Field output factors

In the present study field output factors for small fields were determined with two reference
detectors, radiochromic EBT3 films, and Exradin W1 plastic scintillator, which are considered
as perturbation free except for volume averaging. The study was conducted on two different
linacs, Elekta Versa HD and Varian TrueBeam, for four photon beams: 6 MV WFF, 6 MV FFF,
10 MV WFF, and 10 MV FFF. On Elekta Versa HD linac, small static fields were shaped with
MLC and jaws, while on Varian TrueBeam only jaws were used for field shaping. Measured
data were corrected for volume averaging effect obtained from film measurements, and fitted
by the analytical function proposed by Sauer and Wilbert. Volume averaging correction factors
k., are found to be almost negligible for EBT3 films (maximum values around 0.2% for the
smallest field size) while for W1 PSD they reach almost 1% for the smallest nominal field size
of 0.5 cm (see Table 6.4). The data for W1 PSD indicate that volume averaging has to be
considered in the determination of field output factors for this detector and other detectors of
similar size. The present novel approach for calculating k,,; from 2D dose matrices obtained
with EBT3 films and fitted to bivariate Gaussian function is a viable option for correcting
measured signals for volume averaging effect, not only for two selected reference detectors, but

for any small detector with known dimensions of its sensitive volume.

The analytical function from Eq. (5.13) yielded excellent fits to the measured data:
uncertainties of the fit ranged from 1.0 t01.4% (1 SD) for the smallest field size of 0.5 cm when
measurements were performed on the Elekta Versa HD linac for the photon beams investigated.
Results of measurements on Varian TrueBeam exhibited higher uncertainties than on Elekta
Versa HD, ranging from 1.6 to 2.5% (1 SD) for the smallest field size of 0.5 cm. Higher
uncertainties are possibly due to the higher inhomogeneity of the EBT3 films in the lot that was

used on the Varian TrueBeam linac.

As expected, a rapid decrease of field output factors was observed for field sizes below 2.0
cm, regardless of the photon beam or linac used. This decrease is primarily due to the loss of
lateral charged-particle equilibrium and partial occlusion of the primary radiation source by
different collimating devices used in the study, which is thoroughly described in the

literature,10-51:53.83
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It can be seen from Tables 6.2 and 6.3 that the field output factors for FFF beams of given
beam energy are always larger than the field output factors for the corresponding (same energy
and linac) WFF beams for all investigated fields. The results of one-tailed Student’s t-test given
in Table 6.6 show that for 6 and 10 MV beams on Elekta Versa HD and 10 MV beams on
Varian TrueBeam, statistically significant differences (p < 0.05) are observed for field output
factors between the FFF and the corresponding WFF beams for all investigated fields. The only
exception is 5.0 cm field for 6 MV beams on Elekta Versa HD where no statistical significance
was observed. For 6 MV beams on Varian TrueBeam, similar differences of the same level
were found only for the smallest field of 0.5 cm. The present results suggest that in general, for
a given linac, small field output factors have to be determined individually for every
combination of beam energy and filtration (WFF or FFF) and field size as the differences (see
Table 6.6) from each other are/can be statistically significant. Thus, the data presented in this
study can potentially be used as a reference data set for field output factors for the two linacs

investigated.

While the present novel method for the determination of field output factors was proven
as appropriate, it requires significant expertise and high experimental skills in handling W1

PSD detectors and EBT3 films; moreover, it is very time-consuming and demanding.

7.2. Detector specific output correction factors for solid-state
detectors

Figures 6.3 to 6.6 show plots of the output correction factors vs. equivalent square small field
size S, for all six diodes and the microDiamond detector. An analysis of the graphs for
k(S.in) displayed in those four figures show that the curves for all diodes follow a general
pattern for all investigated photon beams. As can be seen, for a given value of S.;;,,, the curves
for the output correction factors are at the top of the graphs for the IBA SFD diode, followed
by IBA Razor diode, PTW 60012 Diode E, PTW 60018 Diode SRS, SN EDGE detector and
PTW 60008 Diode P. PTW 60019 microDiamond detector exhibits somewhat different
behavior although its curves are very similar to the curves of the PTW 60018 Diode SRS, SN
EDGE detector and PTW 60008 Diode P.

In the following two sections, results for investigated solid-state detectors are analyzed,
and comparison with the data from IAEA TRS-483 CoP is presented. However, a separate
section is devoted to the discussion on the results obtained with the PTW microDiamond

detector, which was extensively studied by several research groups.
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At this point, we underline that the upcoming analysis and comparisons were strictly done

for equivalent square field size S,;;;,, as defined in the chapter 5 of the thesis.

7.2.1. Comparison with data given in TRS-483

fclin’fref

TRS-483 has recently recommended values of output correction factors chlm Qres

for many

detectors for 6 and 10 MV WFF and FFF beams for performing accurate relative dosimetry

fclin'fref

(i.e., measurements of field output factors) in high energy photon beams. Values of chlin Orer

for different detectors are given as a function of photon beam (i.e., 6 MV and 10 MV) as well

as equivalent square small field size S,;;,,. The data given in TRS-483 for kgzii:];:‘:; does not

distinguish between linacs, filtration of beams (i.e., does not distinguish between WFF and FFF
beams), and the types of collimation used, i.e., output correction factors do not depend on

whether the collimation is performed using MLC, jaws or SRS cones.

fclin’fref
chinJQref

those recommended in the IAEA TRS-483 CoP for six solid-state detectors for both the filtered
(WFF) and unfiltered (FFF) 6 MV and 10 MV photon beams. TRS-483 did not provide any

data for the IBA Razor diode, therefore, comparisons could not be performed for this detector.

Comparisons were performed between the k values obtained in the present study and

For every photon beam energy, detector and S.;;;, combination used in the present work,

felinSre f

the values of chlianref

from TRS-483 were obtained by linear interpolation of the
corresponding data given in TRS-483. A two-tailed Student’s t-test was performed to evaluate

the statistical significance of differences between the data for kgzzzgfei given in TRS-483 and

the corresponding data in the present study. Unless stated otherwise, only statistically

significant differences will be pointed out in the rest of the discussion.

For IBA SFD diode statistically significant differences (p < 0.05) were found only for the
smallest field of 0.5 cm on Elekta linac for 6 MV FFF and 10 MV FFF beams.

For PTW 60012 Diode P statistically significant differences (p < 0.05) were found on both
linacs for 10 MV WFF beams for small fields 1.5 and 2.0 cm. The comparison was not made

for fields below 1.5 cm as the data for these fields are not provided in the TRS-483.

For PTW 60012 Diode E statistically significant difference (p < 0.05) was found only for
one beam, 6 MV WFF on Elekta linac for the smallest field 0.5 cm.
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In the case of PTW 60018 Diode SRS, statistically significant differences (p < 0.05) were
found on both linacs; on Elekta linac for the smallest field 0.5 cm for 6 MV WFF and FFF
beams as well as for 0.8 cm field for 10 MV WFF beam, whilst on Varian linac only for 10 MV
WFF beam for field size of 0.8 cm.

fclinjfref

QutinQres values for SN EDGE detector revealed statistically significant

Comparison of k

differences when 10 MV WFF beams are used on both linacs for small fields 0.8, 1.0, 1.5 and
2.0 cm with p-values of 0.033, 0.009, 0.013 and 0.024 for the Elekta linac and 0.033, 0.012,
0.026 and 0.034 for the Varian linac respectively. Comparison was not performed for 0.5 cm

field since the data for this field are not provided in the TRS-483. One-tailed Student’s t-test

fclinvfref

was used in this case for the statistical evaluation as the k,“™
chmrQref

values from the present study

were lower than the corresponding values from TRS-483 for all field sizes.

Similar differences were also observed when the values of kgzt:g:ee’; from TRS-483 were

compared with those obtained from the present study for the PTW 60019 microDiamond
detector. For this case, however, statistically significant differences (see Tables 7.1 and 7.2)
were found for all photon beams on the Elekta Versa HD linac for fields ranging from
0.5 to 1.0 cm; additionally, for the 10 MV WFF and FFF beams, this behavior was observed
for fields up to 2.0 cm,

On the Varian linac statistically significant differences (p < 0.05) were found only for
10 MV WFF beam for small fields 0.8 and 1.0 cm with p-values of 0.033 and 0.022 respectively.

Similar to the SN EDGE detector, the kéjiz};ﬁ values of the PTW 60019 microDiamond

detector from the present study were found to be always lower than the corresponding values
given in TRS-483. A one-tailed Student’s t-test was used to evaluate the statistical difference

between the two sets of data.
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gzz:z:; (Sqim) published in the TRS-483 and those obatined in this study on Elekta Versa HD linac in four

investigated megavoltage beams for PTW 60019 mD detector. Data represent ,,total* correction factors and include contributions from both, volume
averaging effect as well as perturbation correction factors. TRS-483 data were obtained by linear interpolation of published data matching clinical
field sizes S, from our study (see Table 6.1).

Table 7.1. Output correction factors k

Output correction factors kgizzf " for PTW 60019 microDiamond

Qref
TRS-483 THIS STUDY

Field

size? 6 MVWFF 6MVFFF 10 MV WFF 10 MV FFF 6 MVWFF 6MVFFF 10 MV WFF 10 MV FFF
[cm]

0.5 0.968 0.967 0.969 0.967 0.922 0.925 0.906 0.905
0.8 0.979 0.979 0.979 0.979 0.964 0.962 0.936 0.946
1.0 0.985 0.985 0.986 0.985 0.968 0.966 0.955 0.963
1.5 0.993 0.993 0.993 0.993 0.984 0.983 0.977 0.979
2.0 0.997 0.997 0.997 0.997 0.991 0.985 0.984 0.984

8Field size is indicated as nominal square field side length. The relationship between the nominal size and the corresponding equivalent square
small field sizes S,;;,, is provided in Table 6.1 for all investigated photon beams and field sizes.
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Table 7.2 Statistical significance (p-values) of the differences between output correction factors
fclin'fref
chinrQref

the present study evaluated with one-tailed Student’s t-test. Data for 6 and 10 MV beams from

TRS-483 were compared with data from present study for both filtered (WFF) and unfiltered

(FFF) 6 MV and 10 MV beams on Elekta Versa HD linac.

for PTW 60019 mD detector given in TRS-483 and the corresponding values from

p-values

Field Elekta Versa HD

size* Tg MV 6MV__ 10MV 10 MV
A M wrF FFF WFF FFF
g 05 0.001 0.003 0.001 0.001
o
=} 0.8 0.027 0.025 0.001 0.004
E 1.0 0.014 0.014 0.002 0.010

15 0.070 0.059 0.016 0.027

2.0 0.118 0.042 0.023 0.031

& Field size is indicated as nominal square field side length. The relationship between the
nominal field size and the corresponding equivalent square field sizes S, is provided in
Table 6.1 for all photon beams and field sizes.

7.2.2. Influence of beam filtration and collimating system on output
correction factors

fclin'fref
QclinQref for

As stated earlier, TRS-483 provided tabulated data for output correction factors k
several solid-state detectors as a function of the equivalent square small field size S.;;,,. These
data do not distinguish between WFF and FFF beams for a given beam energy. Furthermore,
the data also do not distinguish between the types of collimation that are used to create a small

field, i.e., whether the fields are collimated using MLC, jaws or SRS cones. To investigate the

felinSfre f

validity of that approach, an analysis was done to determine the dependence of the chl_n Qres

values for different detectors on beam collimation and beam filtration for a given beam energy.

First, for given beam energy and a selected linac, all small field kéci‘:n'gre’; values for the
clinr<re

investigated detectors for WFF and FFF beams were compared with each other to determine
whether output correction factors differed significantly from each other or not. No significant
differences were observed for measurements done with the IBA Razor, PTW 60012 E, and
PTW 60019 mD detectors on both Versa HD and TrueBeam linacs using both

78



6 MV WFF/6MV FFF and 10 MV WFF/10MV FFF beams. For the other four detectors,
significant differences (p < 0.05) were found for the smallest field sizes when measurements
were done on the Elekta Versa HD linac. Measurements with IBA SFD diode showed
significant differences using both 6 MV WFF/FFF and 10 MV WFF/FFF beams for field size
0.5 cm. In the case of PTW 60012 diode E, significant differences were found for 6 MV
WFF/FFF beams for 0.5 cm field, while comparison of measurements performed with PTW
60018 Diode SRS and SN Edge detector showed significant differences for 10 MV WFF/FFF
beams for field sizes 0.8 and 0.5 cm respectively. The PTW 60008 P diode showed a significant
dependence on beam filtration for 10 MV beams on the Varian linac; statistically significant
differences (p < 0.05) were found for field sizes 0.8 and 1.0 cm, and this was the only case
where significant differences were found between WFF and FFF beams on Varian linac.

Second, ké‘if”’ére’; values for selected beam energy and filtration on one linac was
clinv¥re

fclinrfref

QuiinQres values for

compared to the corresponding values on the second linac, e.g., k

6 MV WFF beam on Elekta linac were compared to the corresponding values for 6 MV WFF
beam on the Varian linac, etc. Analysis of the results show that statistically significant
differences (p < 0.05) were found for all detectors but the IBA Razor diode, predominantly for
the smallest clinical field 0.5 cm for 6 MV WFF (PTW 60008 Diode P, PTW 60008 Diode E,
PTW 60008 Diode SRS, SN EDGE and PTW mD detectors) and 6MV FFF beams (IBA SFD,
PTW 60012 E, PTW 60008 Diode SRS and PTW mD detectors).

For both, the 10MV WFF and 10MV FFF beams, significant differences in kgci‘:"”;:‘:?

values were found between the two linacs when the PTW 60019 mD detector was used for
measurements in the smallest field 0.5 cm. For this detector, observed differences for 0.5 cm
field were 5.9% (p = 0.009), 5.5% (p = 0.019), 6.1% (p = 0.017) and 7.1% (p = 0.004) for
6 MV WFF, 6 MV FFF, 10 MV WFF and 10 MV FFF beam respectively. For all the other
detectors, no statistically significant differences were observed for both the 10 MV WFF and
10 MV FFF beams.

It can then be concluded that different collimation system affects the output correction
factors significantly for 6 MV WFF and 6 MV FFF beams for the smallest investigated field
size 0.5 cm for all solid-state detectors included in the present study, with the only exception of
IBA Razor diode for which no differences were seen. PTW 60019 mD detector showed

differences in output correction factors for the smallest field also for 10 MV WFF and FFF
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beams. The other detectors did not show any beam collimation dependence for the 10 MV WFF

and 10 MV FFF beams. These results show that for given beam energy, the kgzzzgzﬁ values

obtained from different linacs (i.e., different collimation system) using different detectors can
be different for S.;;, < 0.8 cm.

7.2.3. PTW 60019 microDiamond detector

Properties of the PTW 60019 mD detector (mD) have been studied extensively, in particular,
the determination of field output correction factors in small fields for combinations of various
types of linacs, photon beam energies, and collimation systems. While the reported data for
field output correction factors are reasonably consistent for field sizes of about 1 cm or larger,
they diverge for field sizes below 1.0 cm.%® Remarkably, published data show a specific pattern

for the smallest fields around 0.5 cm. Monte Carlo (MC) studies and hybrid studies (partly

fclinvfref

Monte Carlo, partly experimental) report k™"

values which are close to unity or slightly

fclinrfref

Qcan lin'Qref Val Ues

higher,223944.56-5884 ‘indicating that an under-response (an increase of k

compared to the next larger field size) of the mD detector was observed for the smallest field
size. On the contrary, in several experimental studies, authors have found a rather continuous

increase of over-response of the mD detector down to the smallest field sizes, yielding

kfclin:fref

_ values, which are always few percent below unity.1418.20.36
chtnrQref

Andreo et al. reported two different results within their MC study.** First, they calculated
field output correction factors for the mD detector following the manufacturer's blueprints of
its design and components. In this part of the study, they found a similar response of the mD
detector for the smallest field sizes as it was reported in several other MC studies, 22:3%44:56-58.84
However, they found that the dimensions of the mD detector did not match those stated by the
manufacturer, which brought them to repeat the calculations based on the new data for the active
volume of the mD detector. Results from that part of the study were in close agreement with
the experimental data. Interestingly, in the study by Marinelli et al.,?* published shortly after
the paper by Andreo et al., no differences between manufacturer’s stated active volume and
experimentally determined active volume were found, hence contradicting the approach and
results from the second part of the study by Andreo et al. Nonetheless, we need to wait for new
studies, experimental and MC, which might contribute to the understanding of the behavior of
mD detector in small MV photon beams.
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While it is not easy to understand neither to explain those differences between both
approaches, experimental and MC, it seems that one of the poosible origins of observed
differences in output correction factors could be a mismatch between real detector geometry

and the geometry provided by the manufacturer or the geometry chosen for MC studies.

In our study kécif"’gre’; values for the mD detector were below unity for all investigated
clinrXre
clinical field sizes, regardless of the beam energy, filtration or linac used. Lowest kgcif"’];:ee’;
cliine

values (largest corrections needed) were found for the Elekta Versa HD linac for 0.5 cm field
size - 0.924 and 0.906 for 6 and 10 MV beams respectively, which represent an average of the
data set for the WFF and FFF beams (see Table 6.7). For 6 MV beam, our values are around
3-4% lower than the corresponding values from TRS-483 and values from previously
mentioned experimental studies,'#8203¢ while for the 10 MV beam, the present data for

kfclin'fref

QuiinQrep '€ lower than corresponding data reported in TRS-483 by close to 6% for 0.5 cm

field size. These differences are outside the uncertainties reported in both studies. For the Varian

TrueBeam, corresponding averaged values of kgzt:’;:‘;’; are 0.983 and 0.973 for 6 and 10 MV

beams respectively (Table 6.8), which is around 1-2% higher compared to data from TRS-483,

however, within the reported uncertainties. On Elekta linac, we noticed continuous over-

fetinSre f

response (chun,Qref

< 1) of the mD detector down to the smallest field size, while it was not

fetinfre f

the case for the Varian linac, where k
chm'Qref

for 0.5 cm field size were always higher than

those for the 0.8 cm field size for all photon beams; we attributed this to the type of linac and
different collimating systems used. It is important to note that for the mD detector, published

fetinSre f

values for k QuiinQrof

in TRS-483 are exactly the same for the 6 and 10 MV beams, which clearly

suggests, that there is no distinction in the field output correction factors for the mD detector
regardless of the beam energy, filtration, collimation system and linac, an observation, which

was not confirmed in our work.

In the present study, differences of up to 6% for 6 MV and close to 7% for 10 MV were
observed for field output correction factors for 0.5 cm field size when measurements were made
using the mD detector on Varian and Elekta linacs. This observation suggests that for field sizes
below 1 cm, field output correction factors for the mD detector depend on the combination of
linac type, photon beam energy and beam collimation system used. It is worth noting that

similar but less pronounced differences of field output correction factors were also observed for
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the smallest field size for two different collimation systems in the experimental study by

Underwood et al.®

fclinrfref

QetinQres values for the

To summarize, the results of our experimental study show that k

mD detector are below unity for field sizes below 1 cm, regardless of the linac type, beam
collimation system, and beam energy or filtration used; this confirms observed over-response
(regardless of the field size) from several experimental studies,'*1829% as well as form the
second part of MC study by Andreo et al.** Moreover, present results also suggest that the mD
detector cannot be considered as an almost correction-less detector for small field dosimetry;
additionally, the field output correction factors for this detector depend on the type of linac,

beam energy and collimations used.

7.3. Detector specific output correction factors for ionization
chambers

7.3.1. Comparison with data given in TRS-483

f

TRS-483 has recommended values for output correction factors kQC””'fref for nine mini and

Clin'Qref

micro ionization chambers down to the minimal field size for which detector specific output
correction factors fall within the interval 0.95 — 1.05. Absence of data for output correction
factors for smaller fields is intended to prevent measurements with a large chamber and then

fetinfre f

apply correction factors which are unreliable.! Data for k"
chm:Qref

are provided only for

perpendicular orientation of the ionization chambers, which is also recommended orientation
in the TRS-483, since at the time of publishing TRS-483 CoP there were not enough data
available for ionization chambers in parallel orientation.!? From that reason, we did the
comparison of output correction factors for perpendicular orientation only. Similar as for solid-
state detectors, TRS-483 CoP does not make a distinction between the fields collimated by

MLC, jaws or SRS cones.

Among seven chambers from our study set, data for only three of them are available in the
TRS-483 CoP.

Since we did not observe any apparent one-sided difference between the data from
TRS-483 CoP and those from our study, we have applied two-tailed Student’s t-test to verify
the statistical significance of differences between both sets of output correction factors. Data

from TRS-483 CoP were compared separately for each photon beam energy, filtration, and
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linac. No statistically significant differences (P > 0.05) were found regardless of the beam
energy, linac, filtration or field size being evaluated. However, we have to note that output
correction factors were compared only for the field sizes given in the TRS-483: for IBA CC04
and PTW 31016 PinPoint 3D chambers down to 1.0 cm, while for SI Exradin A16 chambers
the smallest field in the comparison was 0.8 cm. The only exception (among 24 compared sets)
was noticed for SI Exradin A16 chamber for 0.8 cm field in 6 MV WFF beam on Elekta linac,
where the statistically significant difference (P < 0.05) was found between the value for output

correction factor published in TRS-483 CoP and value obtained in our study.

We can conclude that detector specific output correction factors obtained in our study for
three ionization chambers (IBA CC04, PTW 31016 PinPoint 3D and SI Exradin A16) confirm
the corresponding data published in TRS-483 CoP. Output correction factor data presented in
this experimental study for the remaining four ionization chambers, IBA Razor IC, PTW 31021
3D Semiflex, PTW 31022 PinPoint 3D and PTW 31023 PinPoint is considered to be a valuable
supplement to the literature and the TRS-483 dataset.

7.3.2. The orientation of ionization chambers

Following the advice from IAEA TRS-483 CoP, the determination of field output factors using
ionization chambers should be performed in the perpendicular orientation, i.e., orienting
chamber’s axis perpendicular to the central beam axis (see Figure 3.1 and Table 3.1). On the
other hand, in the recently published ICRU Report 91 we can find a general statement on the
orientation of detectors: “In small fields, output correction factors is typically performed by
orienting the detector with its longest axis parallel to the beam axis. ”® In the case of ionization
chamber, longest axis usually coincides with the central electrode, therefore the above statement
from ICRU Report means that ionization chamber is supposed to be positioned in the parallel
orientation, i.e., with its long axis parallel to the central axis of the beam, which contradicts to
the advice from the TRS-483 CoP. Authors of the IAEA TRS-483 CoP have additionally
explained their stand regarding the recommendation on the orientation of the ionization
chambers in their correspondence published in Medical Physics journal.!? They state that
perpendicular orientation was recommended in the CoP only because of a lack of data for

parallel orientation, which is true. Indeed, only a few studies report experimental results for

fetinSre f

Qutin.Qrof in small fields determined with only a few small or micro ionization chambers in
clinocre

both orientations.®>8" Further, lack of homogeneity regarding the size of the normalization
field, differences in the definition of field sizes, variations in set-up (SSD or SDD used), among
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others, make the potential analysis very difficult and unreliable. Therefore, we will keep the

discussion in this section predominantly within the limits of the results obtained in our study.

While the orientation of ionization chamber is not crucial for the accuracy of relative
measurements in large fields where LCPE exists, it is becoming an important issue when we
conduct relative dosimetry studies in small fields below 2.0 cm, where lack of LCPE steps in.
Since some ionization chambers show considerable stem effect, parallel orientation is
advantageous also from this point of view, since stem effect can be minimized if the chamber
is oriented with its stem parallel to the beam. In this work, as presented earlier (chapter Methods
and materials Figure 5.2), we utilize two orientations for the determination of field output
factors, perpendicular and parallel, aiming to resolve the ambiguity concerning the orientation

of ionization chambers in megavoltage photon beams. 1282109

In the chapter Results, we have shown that our experimental data support the hypothesis
that output correction factors determined with our set of ionization chambers are smaller if the
chamber is positioned with its axis parallel to the central beam axis compared to the output
correction factors obtained in a perpendicular orientation. (Tables 6.9 to 6.12, Figures 6.7 to

f clin'f ref

6.10 and Appendixes 10.1 and 10.3). Since the output correction factors chlinrQref

were always

lower for parallel orientation compared to the perpendicular, the significance of differences was

tested with one-tailed Student’s t-test. We found statistically significant differences (p < 0.05)

fclin'fref

in the output correction factors k"
chmJQref

, depending upon the orientation of the ionization

fclin'fref

chamber in the beam; k.
chmJQref

values were almost always significantly higher for

perpendicular orientation compared to the parallel one for smallest fields as presented in
Tables 7.3 and 7.4, which means, that corrections needed to correct the readings of the

ionization chambers are larger for perpendicular orientation.

Detailed analysis reveals that only for IBA CC04 ionization chamber we did not find any

fetinfre f

statistically significant differences in chlinre g

with respect to the orientation in the beam,

regardless of the photon beam energy, linac or field size used. Such finding is not surprising
and can be attributed to the dimensions of the cavity. Comparable dimensions of the chamber’s
cavity in two main axis — the diameter of the cavity is 4.0 mm, while the length of the cavity is

3.6 mm (Table 5.2) - result in a very similar volume averaging effect for perpendicular and

parallel orientation, which is the main contributing factor for kgcif”’gre’; in that case.
clinXre
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Similarly, for PTW 31021 Semiflex 3D we found statistically significant differences
(p < 0.05) only for two photon beams (10 MV WFF and FFF) on Elekta linac for the smallest
field size of 0.5 cm, while no significant differences were found on Varian linac concerning the
orientation. Also in this case, constructional characteristics of the chamber are the reason for a
similar response in both utilized orientations, since the length of the cavity of 4.8 mm is equal
to the cavity diameter (Table 5.2). This chamber has the largest active volume V = 0.07 cm?®
among all investigated chambers. Thus it's under response due to the volume averaging is most

pronounced.

Two more ionization chambers in our study, PTW 31016 3D PinPoint and its successor
PTW 31022 3D PinPoint, are classified as 3D chambers implying that there should be no or
negligible difference in their response regardless of the orientation in the beam. Both chambers
have a cavity length of 2.9 mm which is identical to their cavity diameters. However, in this
case, differences between the two orientations are more noticeable than in the previous two
examples. Namely, in some beams, we found significant differences also for field size 0.8 cm:
for PTW 31016 chamber on Varian linac in both 10 MV beams, while on Elekta linac similar
difference was found in 10 MV WFF beam. Detailed data are presented in Tables 6.9 to 6.12.
We can conclude that for these two ionization chambers, equivalency concerning the orientation

was not proven for smallest fields up to 0.8 cm, despite their 3D construction.

We have also studied the response of two ionization chambers which have elongated
cavities, having a cavity dimension in the principal chamber’s axis (direction of the central
electrode) larger than the diameter of the cavity. To this group belong ionization chambers IBA
Razor and PTW 31023 PinPoint. Both chambers have a cavity diameter of 2.0 mm. However,
they have different cavity lengths: IBA Razor has a cavity length of 3.6 mm, while the PTW
31023 PinPoint chamber has a cavity of length 5.0 mm. (Table 5.2) For IBA Razor chamber
significant differences were found only for 0.5 cm field size in all photon beams on both linacs,
while for PTW 31023 chamber, significant differences in the response were found for three
smallest fields (up to 1.0 cm) on Elekta linac and two smallest fields 0.5 and 0.8 cm on Varian
linac. Among all chambers included in the study, most pronounced differences, concerning the
orientation, were found for PTW 31023 PinPoint chamber, which was expected, since this
chamber has most elongated cavity geometry, thus most expressed volume averaging effect in

the perpendicular orientation.
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Table 7.2 Statistical significance (p-values) of the differences between output correction factors

kfclin:fref
chinrQref

for seven ionization chambers for two investigated orientations: perpendicular, when

chamber’s main axis was placed perpendicular to the central beam axis, and parallel, when
chamber’s main axis was placed parallel to the central beam axis. Data obtained on Elekta Versa
HD linac for 6 and 10 MV filtered (WFF) and unfiltered (FFF) beams were compared and
evaluated with one-tailed Student’s t-test. Since no significant differences were observed for
field sizes above 1.0 cm, p-values for those fields are omitted.

p-values
Field Elekta Versa HD
size T eMV 6MV 10MV__ 10 MV
[l wrr  FFF WFF FFF
05 0236 0101 0217  0.61
IBACCO4 08 0171 0148 0106  0.148
10 0247 0354 0167  0.096
AR 05 0011 0016 0008  0.012
| Cazor 08 0065 0114 0047  0.063
10 0127 0171 0103 0127
orwaiors 05 0006 0012 0007 0046
b pipoint 08 0008 0167 0035 0093
10 0014 0100 0021  0.122
crwaly 05 006l 0226 0016 0024
. 08 0211 0339 0229 0252
3D Semiflex
10 0430 0485 0423 0404
rwalge, 05 0010 0106 0008 0019
Dpipone 08 0127 0111 0038  0.066
10 0176 0115 0420  0.089
rwalges 05 0001 0004 0000 0003
W oL 08 0004 0006 0008 0019
PinPoint
10 0034 0032 0021 0043
Sl Exradi 05 0085 0029 0034 0080
Axlrg N 08 0065 0102 0074  0.080
10 0069 0145 0256  0.153

2 Field size is indicated as a nominal square small field side length. The relationship between
the nominal field size and the corresponding equivalent square small field sizes S, is provided
in Table 6.1 for all energies and field sizes.
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Table 7.3 Statistical significance (p-values) of the differences between output correction factors
fclin:fref
chinrQref

parallel (see also Fig. 5.2). Data obtained on Varian TrueBeam linac for 6 and 10 MV filtered

(WFF) and unfiltered (FFF) beams were compared and evaluated with one-tailed Student’s t-

test. No significant differences were observed for field sizes above 1.0 cm.

for seven ionization chambers for two investigated orientations: perpendicular and

p-values
Field Varian TrueBeam
size® T eMV . 6MV_ 10MV 10 MV
[eml  wrr  FFF WFF  FFF

0.5 0.143 0.151 0.185 0.105
IBA CC04 0.8 0.285 0.345 0.275 0.230
1.0 0.439 0.463 0.367 0.348

0.5 0.018 0.024 0.029 0.011

'BAIEazor 08 0141 0182 0110  0.092
10 0332 0345 0240  0.205
rwalole 05 0030 0042 0038 0017
opirpom 08 0053 0080 0041 0031
10 0110 0185 0082  0.066
rwalgpy 05 0220 018 0230 0129
: 08 0469 0478 0467 0491

3D Semiflex
10 0441 0471 0447 0473
rwaiop, 0° 0086 0123 0085 0047
opipo; 08 0168 0403 0134 0154
10 0281 0419 0218 0244
rwaiops 0° 0008 0004 0007 0002
W ol 08 0017 0052 002 0016

PinPoint

10 0072 0172 0064  0.054
! Exra 05 0058 0073 0079  0.040
Axlrg N 08 0183 0209 0154  0.150

1.0 0.316 0.359 0.273 0.259

2Field size is indicated as a nominal square small field side length. The relationship between
the nominal field size and the corresponding equivalent square small field sizes S, is provided
in Table 6.1 for all energies and field sizes.

Smallest chamber in our study, SI Exradin A16, showed significant differences in

kfclin'fref

QutinQref with respect to the orientation for 0.5 cm field, however, only in 6 MV FFF and

10 MV WFF beams on Elekta linac and in 10 MV FFF beam on Varian linac. Exradin A16
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chamber has cavity dimensions equal in both principal chamber’s axis, similar as PTW 31016
and PTW 31022 3D PinPoint chambers discussed earlier, which qualifies this chamber to the
group of “3D chambers”, although its name does not suggest that. On the other hand, its cavity
volume of 0.007 cm? is two time smaller than corresponding volumes of the PTW 31016 and
PTW 31022 3D chambers, which additionally minimize volume averaging effect in both

orientations.
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Figure 7.1. Ratios kperp/kparq OF OUtput correction factors determined in two orientations
(perpendicular and parallel) for two ionization chambers, PTW 31022 3D PinPoint and PTW
31023 PinPoint, having different dimensions of their cavities (active volumes) in the
longitudinal and radial direction. d;/dgr =1 correspond to the PTW 31022 3D PinPoint
chamber, while d; /dr = 2.5 corresponds to the PTW 31023 Pinpoint chamber. Average values
for output correction factors for all investigated beams were considered for the determination
of kperp/kpara Values. Error bars represent standard deviations of mean values.

The response of two small ionization chambers, PTW 31022 3D PinPoint and PTW 31023
PinPoint, was analyzed more in detail. Those two chambers have almost equal active volumes
(cavity volumes). However, they differ considerably in their cavity dimensions, d; and dg,
along longitudinal and radial axes respectively (see also Figure 2.6 and Table 5.2): PTW 31022

3D PinPoint chamber has equal cavity dimensions in its longitudinal and radial directions,
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d;, = dg =2.9mm, while PTW 31023 PinPoint chamber is more elongated, having
d;, = 5.0 mm and dz = 2.0 mm. Plot in Figure 7.1 shows a dependence of ratios between
output correction factors determined in perpendicular and parallel orientations (k,erp/kpara)
on clinical field size S.;;, for two different ratios d; /dg; one corresponds to the PTW 31022
3D PinPoint chamber (d,/dgz =1), while the other to the PTW 31023 Pinpoint chamber
(d./dg =2.5). Ratios kyerp/kparqe Were determined from average values determined in all
megavoltage beams on both linear accelerators using analytical function from Eq. (5.15) and
fitting coefficients from Appendixes 10.2 and 10.4. In the case of ionization chambers, fitting

parameter d is equal to -1.
From the graph in Figure 7.1 we clearly identify three main characteristics:

kperp/kpara Values strongly depend on the d,,/dy, ratio;

kperp/Kpara Values are higher for a more elongated chamber having larger d,/dg

ratio;
kperp/kpara Values gradually approach to 1 as S.y;;,, are becoming larger.

However, all mentioned characteristics are expected and have a solid physical background,
mostly within the concept of volume averaging effect. Also, they were explicitly or implicitly

encompassed in our second hypothesis of the thesis.

To summarize, output correction factors for ionization chambers included in the study are
lower if they are oriented with their main axis parallel to the central axis of the beam even if

the length of the cavity is equal to the cavity diameter as it is in the case of 3D ionization

fclin:fref

chambers. Therefore, to minimize the output correction factors k"
chmrQref

, we recommend to

use ionization chambers in parallel orientation for the determination of field output factors in
small fields.

However, considering the construction and size of the ionization chambers, we do not
recommend to use ionization chambers below certain minimum field size. The minimal field

fclinvfref

size is such that output correction factors k
chm:Qref

comply with the requirement

0.95 < kgzzzgfe’; < 1.05 .M At this point, we highlight that two ionization chambers from our

set fulfil this requirement down to the smallest field size of 0.5 cm, IBA Razor IC and PTW
31023 PinPoint, if they are positioned parallel to the beam axis, and are therefore suitable

detectors for relative small field dosimetry even for very small fields below 1.0 cm.
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7.3.3 Clinical relevance of the thesis results

While there is no rule about the magnitude of systematic dosimetry errors above which we
would face with unacceptable clinical outcome of the radiotherapy treatment, it seems
reasonable to make every effort to keep systematic dosimetric errors (i.e., systematic difference
between prescribed and delivered dose) within the range of about 1 — 2%.%8 Therefore,
systematic errors in the determination of field output factors should be minimized as much as
reasonably achievable, as those inaccuracies affect a large group of patients and can remain
undetectable for a longer period.

Although we have obtained rather small output correction factors for some of the solid-

state detectors included in the study even for very small fields, we focus our discussion on the

fclinvfref

, values for two orientation. Latter is
chmrQref

ionization chambers since we have determined k

an important contribution to the dosimetry of small fields. Detector specific output correction

fetinfref

factors dein, Qres

determined in our study for micro and mini ionization chambers, have

revealed that we can be more confident in the accuracy of field output factors if they were

determined in the parallel orientation. While there is practically no difference between

fclin:fref

Qutin.Qres values determined in either of orientations down to the field size of 2 x 2 cm?, the
differences between both orientations become more apparent for smaller fields, the fact, that

deserves a consideration in the scope of clinical relevance of our findings.

From the radiobiological point of view and the analysis of dose-response curves, we can
expect 10 — 20% change in the tumor control probability (TCP) for a 5% change in the delivered
dose, at a 50% TCP. A similar change in the dose may result in a 20 — 30% change in the normal
tissue complication probability (NCTP).88° Radiobiological aspects of dosimetric errors are
known for decades. However, they were not closely related to the dosimetry of small fields, as
the use of large static fields was the most common approach in the radiotherapy until recently.
In the last two decades, widespread use of new radiotherapy techniques, such as intensity
modulated radiotherapy (IMRT), volumetric arc therapy (VMAT), stereotactic radiosurgery
(SRS), and stereotactic body radiotherapy (SBRT) have raised the importance of small field
dosimetry. Lastly mentioned techniques have in common the use of single or multiple small
fields for which we need to import and define accurate data in the treatment planning system,

in particular field output factor values for small fields. Also, some radiotherapy units can form
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only very small fields below 2.0 cm, such as the GammaKnife, which increase the importance

of accurate small field dosimetry.

fclin'fref
chin'Qref

10.1 and 10.3 for the smallest field of 0.5 x 0.5 cm? reveals that they are well below 1.05 (5%)

A closer look at the k values in the Tables 6.9 — 6.12 and figures in the Appendix

for ionization chambers PTW 31023 PinPoint and IBA Razor, if they have been determined in
the parallel orientation. Latter lead us to the conclusion that we could expect a change in TCP
below 10% and a change in NTCP below 20% even if we would not take output correction
factors into consideration. However, since dosimetry errors, also systematic, can be introduced
at various levels of the radiotherapy process, such an assumption would be imprudent. Also,
previously mentioned techniques IMRT, VMAT, SRS, and SBRT do not use exclusively small
fields or small beam segments during radiation treatment delivery. In fact, usually, only a
portion of radiotherapy treatment consists of very small fields or beam segments, which
fortunately minimize the possibility of severe dosimetric errors due to incorrectly determined

or modelled small field output factors.

Nonetheless, the advantage of parallel orientation of the ionization chambers for the
determination of field output factors over the perpendicular one, have been clearly and

unambiguously shown for all micro and mini ionization chambers used in the present work.
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8 CONCLUSIONS

The thesis presents the results of field output factors for small photon fields determined by two
reference detectors, radiochromic films EBT3 and Exradin W1 plastic scintillator, which are
perturbation free except for volume averaging. Results are presented as analytical functions as
well as discrete values for nine clinical fields, ranging from 0.5 cm to 10 cm. Measurements
were performed at a Varian TrueBeam and Elekta Versa HD linear accelerators using
6 MV WFF, 6 MV FFF, 10 MV WFF and 10 MV FFF photon beams. Only volume averaging
correction factors k,,,; were applied to the measured datasets; these were calculated from 2D
dose matrices obtained from EBT3 films for each small field and photon beam individually,
which were fitted to bivariate Gaussian function. This is a novel approach for the determination
of field output factors in small static fields in megavoltage photon beams. Field output factor
data presented in this study can be used as a reference data sets on linacs with same collimation
of the fields as was used in the present study. First hypothesis of the thesis was confirmed, since
our novel method for the determination of field output factors in small megavoltage beams was

proven as appropriate.

Additionally, based on calculated field output factors, detector specific output correction

felinSre f

QutinQror were determined for six diodes, a microDiamond detector, and seven small
clinr¥re

factors k

and micro ionization chambers, which are widely used detectors for performing relative

dosimetry in the clinics.

A large set of field output factor and output correction factor data for 16 detectors and four
photon beams were determined/measured on two linacs by a single group; this is considered to
be a valuable supplement to the literature and the TRS-483 dataset. Data are presented in
graphical form using an analytical function from TRS-483 as well as in the form of discrete
values. To the best of our knowledge, no similar comprehensive study on the orientation of

ionization chambers in MV photon beams has been published until present.

Comparison between the output correction factors reported in the present work and those
published in TRS-483 show statistically significant difference (p < 0.05) when an SN EDGE
detector is used for measurements made with 10 MV WFF beams at both Varian TrueBeam
and Elekta Versa HD linacs for field sizes < 2.0 cm. Statistically significant differences
(p < 0.05) were also found when a PTW 60019 mD detector was used with 6 MV WFF,
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6 MV FFF and 10 MV FFF beams on Elekta Versa HD linac. Those findings do not confirm
entirely the approach in the TRS-483 CoP.

For most combinations of field size, beam energy, and beam collimation, no significant
differences were found between TRS-483 data set and the present results for output correction

factors for WFF and FFF beams; a few exceptions were found for the smallest field sizes.

Results of the present study also show that different collimation systems can significantly
influence the output correction factors for the smallest field size of 0.5 cm for 6 MV WFF and
6 MV FFF beams regardless of the detector used. For PTW 60019 mD detector this effect was
also observed for the 10 MV WFF and 10 MV FFF beams. The only exception was IBA Razor

diode for which dependence of output correction factors on beam collimating system was not

fclin’fref

, values obtained from
chmrQref

observed. These results show that for given beam energy, the k
different linacs (i.e., different collimation system) can be different for S.;;,, < 0.8 cm.

Our second hypothesis was mainly directed toward the problem connected to the
orientation of small and micro ionization chambers when determining field output factors and
output correction factors in small fields. While TRS-483 recommends perpendicular
orientation, we were hypothesizing that parallel orientation is advantageous since detector
specific correction factors are smaller compared to those obtained in a perpendicular
orientation. We have used seven small and micro ionization chambers to test the hypothesis in
four megavoltage photon beams on two linear accelerators. Results of our study confirm the
second hypothesis without exceptions: output correction factors were lower if they were
determined in a parallel orientation of ionization chambers compared to those obtained in a
perpendicular orientation. This observation has been confirmed for all seven ionization
chambers regardless of the photon beam energy or linear accelerator being used. As a
consequence, if the parallel orientation is utilized for the determination of output correction
factors, they can be determined for field sizes smaller than those reported in the TRS-483 CoP,

since the requirement 0.95 < kgcif"'gre’; < 1.05 is not violated even for field sizes below
clinvXre

1.0 cm for five ionization chambers used in our study: three PTW PinPoint chambers, IBA

fclin:fref

Razor chamber and Exradin A16 chamber. Even more, output correction factors chlin Qrer

determined with IBA Razor and PTW 31023 PinPoint ionization chambers in parallel
orientation were always within the specified interval 0.95 — 1.05 regardless of the photon beam

energy or linac used down to the smallest investigated field of 0.5 cm. Therefore, to minimize
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corrections in the experimental determination of field output factors, we recommend to use
ionization chambers in parallel orientation. Latter is considered as a valuable and vindicated
upgrade to the present recommendations given in the IAEA TRS-483 CoP, where perpendicular

orientation is advised.

TRS-483 recommends the use of two (or more) detectors for the determination of field

output factors.2% In such combination, detectors should have individual correction factors

fclin’fref
chin'Qref

fclin:fref

. values close to 1.00.
chm'Qref

above and below unity, yielding to the combined k

Nonetheless, we have to accept the fact, that the lastly mentioned recommendation given in the
TRS-483 is in principal general only. Namely, no such pair of detectors has been specifically
recommended or identified yet, neither from the authors of the TRS-483, nor from any other
research group. Importantly, our large set of output correction factors determined for seven
solid stated detectors and seven small ionization chambers under the same experimental
conditions, allows us quantitative approach in finding most suitable pairs of detectors for which
no correction factors would be necessary to apply, even for the smallest fields down to 0.5 x

0.5 cm?. Latter remains a challenge and motivation for our future work.
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10 APPENDIX

1 Output correction factors for perpendicular and parallel
orientation of ionization chambers on Elekta Versa HD linac

IBA CC04 IBA CC04
Elekta Versa HD 6MV WFF Elekta Versa HD 6MV FFF

~parallel ~parallel
1.4+ ; 1.4+ ;
~perpendicular ~perpendicular

Qutput correction factor
Qutput correction factor

0.9+ 0.9+
i 2 3 4 i 2 3 4
Equivalent square small field size Sg;, [cm] Equivalent square small field size Sg;, [cm]
IBA CC04 IBA CC04
Elekta Versa HD 10MV WFF Elekta Versa HD 10MV FFF
15 15

14l ~parallel 14l ~parallel
: ~perpendicular : ~perpendicular

Qutput correction factor
Qutput correction factor

1.0 ¥ + 1.0 v
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Equivalent square small field size S, [cm] Equivalent square small field size S, [cm]

Figure 1. Detector specific output correction factors kéiil:g:?; for IBA CCO04 ionization

chamber for two orientation with respect to the central beam axis; perpendicular (blue symbols
and blue dotted lines) and (red symbols and red full lines) for four photon beams on Elekta
Versa HD linac. Output correction factors are presented as individual values/points and as
curves of analytical function applying Eq. (5.14) and Eq. (5.15) respectively.
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Figure 1. Detector specific output correction factors J/eimTrer gor IBA Razor ionization

QclinQref

chamber for two orientation with respect to the central beam axis; perpendicular (blue symbols
and blue dotted lines) and (red symbols and red full lines) for four photon beams on Elekta
Versa HD linac. Output correction factors are presented as individual values/points and as
curves of analytical function applying Eq. (5.14) and Eq. (5.15) respectively.
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Figure I11. Detector specific output correction factors k’ /™' for PTW 31016 3D PinPoint

QclinQref

ionization chamber for two orientation with respect to the central beam axis; perpendicular
(blue symbols and blue dotted lines) and (red symbols and red full lines) for four photon beams
on Elekta Versa HD linac. Output correction factors are presented as individual values/points
and as curves of analytical function applying Eqg. (5.14) and Eq. (5.15) respectively.
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Figure IV. Detector specific output correction factors k” <"/ for PTW 31021 3D Semiflex

QclinQref

ionization chamber for two orientation with respect to the central beam axis; perpendicular
(blue symbols and blue dotted lines) and (red symbols and red full lines) for four photon beams
on Elekta Versa HD linac. Output correction factors are presented as individual values/points
and as curves of analytical function applying Eqg. (5.14) and Eq. (5.15) respectively.
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Figure V. Detector specific output correction factors k” <™/ for PTW 31022 3D PinPoint
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ionization chamber for two orientation with respect to the central beam axis; perpendicular
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on Elekta Versa HD linac. Output correction factors are presented as individual values/points
and as curves of analytical function applying Eqg. (5.14) and Eq. (5.15) respectively.
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2 Fitting parameters for the analytical function for output
correction factors for ionization chambers on Elekta Versa HD
linac

Table | Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure 1 (Appendix 1) for output correction factors for IBA CC04 ionization
chamber for two utilized orientations with respect to the beam’s central axis.

IBA CC04 perpendicular parallel
E a b C a b c
6 MV WFF 0.2502 0.2366 0 0.2411 0.2275 0
6 MV FFF 0.2434 0.2343 0 0.2047 0.2320 0
10 MV WFF 0.2297 0.2411 0 0.2116  0.2343 0
10 MV FFF 0.2047 0.2184 0 0.1979  0.2002 0

Table Il Values of fitting parameters for the analytical function given in Eqg. (5.15) shown
graphically in Figure Il (Appendix 1) for output correction factors for IBA Razor ionization
chamber for two utilized orientations with respect to the beam’s central axis.

IBA Razor IC perpendicular parallel
E a b C a b C
6 MV WFF 0.1774 0.1934 0 0.1524 0.1388 0
6 MV FFF 0.1729 0.1729 0 0.1342 0.1160 0
10 MV WFF 0.1524 0.1911 0 0.1228 0.1046 0
10 MV FFF 0.1342  0.1547 0 0.0819 0.0819 0.0023

Table 111 Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure 111 (Appendix 1) for output correction factors for PTW 31016 3D PinPoint
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31016 3D PinPoint perpendicular parallel
E a b c a b c
6 MV WFF 0.2206 0.2366 0 0.1592 0.1911 0
6 MV FFF 0.2070 0.2161 0 0.1865 0.1706 0
10 MV WFF 0.2320 0.2297 0 0.1661 0.1956 0
10 MV FFF 0.1615 0.2047 0 0.1410 0.1683 0
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Table IV Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure IV (Appendix 1) for output correction factors for PTW 31021 3D Semiflex
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31021 3D Semiflex perpendicular parallel
E a b C a b C
6 MV WFF 0.2730 0.2912 0 0.2752 0.2752 0
6 MV FFF 0.2457 0.2843 0 0.2707 0.2593 0
10 MV WFF 0.2934 0.2866 0 0.2639 0.2798 0
10 MV FFF 0.2661 0.2593 0 0.2730 0.2320 0

Table V Values of fitting parameters for the analytical function given in Eg. (5.15) shown
graphically in Figure V (Appendix 1) for output correction factors for PTW 31022 3D PinPoint
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31022 3D PinPoint perpendicular parallel
E a b C a b C
6 MV WFF 0.2161 0.1865 0 0.1365 0.1524 0
6 MV FFF 0.1911 0.2002 0 0.1774 0.1774 0
10 MV WFF 0.2229  0.2070 0 0.1547 0.1661 0
10 MV FFF 0.1592 0.1934 0 0.1456 0.1388 0

Table VI Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure VI (Appendix 1) for output correction factors for PTW 31023 PinPoint
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31023 PinPoint perpendicular parallel
E a b C a b c
6 MV WFF 0.2479  0.2070 0 0.1251 0.1183 0
6 MV FFF 0.1979  0.2229 0 0.1319 0.1479 0
10 MV WFF 0.2138  0.2525 0 0.1092 0.1137 0
10 MV FFF 0.2002 0.1911 0 0.1183 0.1115 0
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Table VII Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure VII (Appendix 1) for output correction factors for SI Exradin Al6
ionization chamber for two utilized orientations with respect to the beam’s central axis.

S| Exradin A16 perpendicular parallel
E a b C a b c
6 MV WFF 0.2320 0.2002 0 0.1911 0.1888 0
6 MV FFF 0.2206 0.1865 0 0.1820 0.1570 0
10 MV WFF 0.2343  0.1865 0 0.1774 0.1706 0
10 MV FFF 0.1797 0.1706 0 0.1501 0.1456 0
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3 Output correction factors for perpendicular and parallel
orientation of ionization chambers on Varian TrueBeam linac
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Figure VI11. Detector specific output correction factors /%' for IBA CC04 ionization

chinrQref

chamber for two orientation with respect to the central beam axis; perpendicular (blue symbols
and blue dotted lines) and (red symbols and red full lines) for four photon beams on Varian
TrueBeam linac. Output correction factors are presented as individual values/points and as
curves of analytical function applying Eq. (5.14) and Eq. (5.15) respectively.
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QclinQref
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TrueBeam linac. Output correction factors are presented as individual values/points and as
curves of analytical function applying Eq. (5.14) and Eq. (5.15) respectively.
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on Varian TrueBeam linac. Output correction factors are presented as individual values/points
and as curves of analytical function applying Eqg. (5.14) and Eq. (5.15) respectively.
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on Varian TrueBeam linac. Output correction factors are presented as individual values/points
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QclinQref

ionization chamber for two orientation with respect to the central beam axis; perpendicular
(blue symbols and blue dotted lines) and (red symbols and red full lines) for four photon beams
on Varian TrueBeam linac. Output correction factors are presented as individual values/points
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4 Fitting parameters for the analytical function for output
correction factors for ionization chambers on Varian TrueBeam
linac

Table VIII Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure VIII (Appendix 3) for output correction factors for IBA CC04 ionization
chamber for two utilized orientations with respect to the beam’s central axis.

IBA CC04 perpendicular parallel
E a b C a b c
6 MV WFF 0.2252  0.2457 0 0.2093 0.2366 0
6 MV FFF 0.2457 0.2138 0 0.2229 0.2093 0
10 MV WFF 0.2411 0.2320 0 0.2116 0.2275 0
10 MV FFF 0.2388 0.2184 0 0.2297 0.2025 0

Table IX Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure IX (Appendix 3) for output correction factors for IBA Razor ionization
chamber for two utilized orientations with respect to the beam’s central axis.

IBA Razor IC perpendicular parallel
E a b C a b C
6 MV WFF 0.1729 0.1820 0 0.1433 0.1183 0
6 MV FFF 0.1524 0.1797 0 0.1092 0.1183 0
10 MV WFF 0.1479  0.1865 0 0.1024 0.1024 0
10 MV FFF 0.1774 0.1638 0 0.1069 0.1001 0

Table X Values of fitting parameters for the analytical function given in Eg. (5.15) shown
graphically in Figure X (Appendix 3) for output correction factors for PTW 31016 3D PinPoint
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31016 3D PinPoint perpendicular parallel
E a b C a b C
6 MV WFF 0.2161 0.2184 0 0.1683 0.1865 0
6 MV FFF 0.2047  0.2070 0 0.1956 0.1638 0
10 MV WFF 0.2070  0.2206 0 0.1547 0.1774 0
10 MV FFF 0.2047  0.2093 0 0.1820 0.1615 0
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Table X1 Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure XI (Appendix 3) for output correction factors for PTW 31021 3D Semiflex
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31021 3D Semiflex perpendicular parallel
E a b C a b C
6 MV WFF 0.2639 0.2661 0 0.2570 0.2639 0
6 MV FFF 0.2593  0.2502 0 0.2388 0.2570 0
10 MV WFF 0.2752 0.2593 0 0.2730 0.2548 0
10 MV FFF 0.2457 0.2616 0 0.2343  0.2593 0

Table XII Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure XII (Appendix 3) for output correction factors for PTW 31022 3D
PinPoint ionization chamber for two utilized orientations with respect to the beam’s central
axis.

PTW 31022 3D PinPoint perpendicular parallel
E a b C a b C
6 MV WFF 0.2138 0.1774 0 0.1843 0.1547 0
6 MV FFF 0.1615 0.1843 0 0.1410 0.1638 0
10 MV WFF 0.1774  0.1956 0 0.1433  0.1592 0
10 MV FFF 0.1911 0.1752 0 0.1388 0.1547 0

Table X111 Values of fitting parameters for the analytical function given in Eqg. (5.15) shown
graphically in Figure XII1 (Appendix 3) for output correction factors for PTW 31023 PinPoint
ionization chamber for two utilized orientations with respect to the beam’s central axis.

PTW 31023 PinPoint perpendicular parallel
E a b C a b C
6 MV WFF 0.2070 0.2184 0 0.1433 0.1297 0
6 MV FFF 0.2002  0.2047 0 0.1388 0.1228 0
10 MV WFF 0.1979  0.2206 0 0.1297 0.1206 0
10 MV FFF 0.2184 0.1956 0 0.1046 0.1115 0
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Table XIV Values of fitting parameters for the analytical function given in Eq. (5.15) shown
graphically in Figure XIV (Appendix 3) for output correction factors for SI Exradin Al6

ionization chamber for two utilized orientations with respect to the beam’s central axis.

S| Exradin A16 perpendicular parallel
E a b C a b c
6 MV WFF 0.2116 0.1797 0 0.1592 0.1592 0
6 MV FFF 0.1479  0.2047 0 0.1342 0.1683 0
10 MV WFF 0.1888 0.1774 0 0.1274 0.1479 0
10 MV FFF 0.1934 0.1683 0 0.1365 0.1433 0
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