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corresponding Monte Car ICd hsei mublsaotl eud ed qpsee cdei
di fference between the simulated dose and
D)Cali brated array dose mEgpsureme@mnindo gt Mer
Carl o simulatedFiidbhee athis®t wit leutpieosceand dose
the simulated dos.e..and..t.he..dos.e.mealstuz ed.



ABSTRACT

Whil e radi ot heameapy ptl racnastlengle, n tcsh eacrkee d, and
pataemnitvlees a@lti ni ¢, coomtnee,ntchebset eeas meht en no
of the radiation dose received by the pat/|
patients undergoing radi ot medvapiyhHeotavew.be , ac
most conanvearicliaabllley det ectors are best suited
and assurance sieddssimgpef tAn d oomedulatg,i | ehe bul
direct wusleiimnhgh @ at 0 8 tuiseee -voctl/oosniintdatirsy .r esear ch
to address this |Iimitation by wdiercch pab | pr i |
of addressing imwmhdavooxil mentircyal ofnepat feont s under

A series of three manuscripts form the
oCharacterization of Novel 3D Printed Pl
met hodol ogy for the rapid fabricatidn of |
represents the first comprehensive anal ysi
radi ot herapy applicationBasdheRakicotnide rmeapy
Usi ngMdtuardi al 3D Printed Saoi nvwnantaledaéhord oA rorgayy
for t-met @muiadl 3D printing of bespoke array
procedure for the dosimetric calibration
manuscript, 0 Ca nheNnti ald oBsai smeedt rMWu | Wtsii pnoglsS p3elc i Pfriicn t
Scintillator Arraysoé despedibfeisc tdrer aevef opl
and demonstrates its ability to measure cl

From the initial 3D printing of i ndi vi du
pat-spatific arrayescumbes e vimdrnudud omi ptfs a nov
This work not only ma#d#esi ¢dgmed pploasitcitc osncion

but al so enabl es tshpee cd & vi ecl orpandei nattt hpaofn npdaettyi eecn

focus of this research is on radiotherapy
to radiati on -etheetregcyt ipwhny saeatds deixghher e -t he us
printed scintillation detectors is desirab

XVi i
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CHAPTEIRINTRODUCTI ON

11 PREAMBLE

Radi ation saf ettyheiraspag,bkelyt rsaumennsrade ¢
checked, and verified prior to treatment. L
i's stildl susceptirdcaeki atoh eercamy s (( 9 end ot gh/ eo rcoavl ec
transc¢cwi phi cerx)ampl es @fbemhgadmipoirdterdihwoml
consequences of these mistreatments coul d
radiation dose received by thenigveosi et sy du
constieéessesammEdnent of . ribsdirad d commesnadfeedt yf or
undergoing radiation treatment s thhy tlmhd eWaral
Commi ssion on Radi obadi the Pnoeenoatboon@l CRI
(1 AEA)

Radi ati on inseaasnureesnseenntt raldi oppmpaga@panyyf a
detectors alreadyHewieserf omoshi ssepecposes a
radiation in a quality <control and assur
Consequéarhtel bdesi gn of most detectors is suc
or cumbersome to use directly iomidwosth nent s,
Some detectors ar e-wnsrnvdod d urdeme lymego ¢ ¥, pmir d of
optically stimulated Pfamd nadsicaelend & ochaaicmetre |
effect t ransitAlotrhso u @ MO StFheesadpv ideed ce et ti anees
monitoring of pati ent sr,e mad®dise scsuivbetl Lyn @ meu s
Therefore, it iIs deismeadbhéttetohavestemi cmpp :
intensity and position of the radiation be
pat’ien't

I n addition to safeguardi ngt iangemiidnasste si ¢
measurement would provide dosimetric dat a
outcomes (e.g., | ocal contrisl wernd <Kindbevne ft
radi otheaamegnt p(l BRID) mogtspscemately predic
| ayer ¢ oBcsapmnegd®P% bet ween simulated and |

have beeéefiAsemortesd!| t, uncertainties in ski:

1



particularly in cases nec®gssiknan i g xwihd ifpthy
reactions ranging from mil d3Teeryd¢ hiemmr; awe br
treat ment mad ctupxaiecyi tayn,d it i s dedarhreaskel g attd en
imi Nowever, for such dose measurements to

only conform to the exterior surface of toh

The over ar chtihrigssemjredt iivse tohfe pece &dficomadfi
detector capable of meeting -t hiee @dworsri enrett r o/l
in radi atlioMms tihlelrudsplyr at @eé dert ECgor system
array of plastic scintillators designed to
emitted by the array during treatment 1is t
camerasdpwbt hi onéhe tr datlmegihtt roouwtnp utT hies acr¢
through pretreat ment dos-i mmércompati bomat be

patient's received dose gndrtelag melnadnned do

Figur®chenmati c dr-awirhgcefsthetbsklator conf
surface, as well as the treatment unit gan
foot of the?’treatment couch

2



1. 2RADI ATI ON THERAPY

Radiation itdhlrerapyesisefts itkadadmceg caldi st aao
t umorl csnizzei.ng radiation either dir@NAIlY 1ini
oftanceebdbls to cause damage or irnaddiirceacltsl yi nts
t he Tcheilsl .¢ almeagoe it o He atdhlee oabi | ity of the cal

External beam r adif &t imoamdfi taht el reahpeyt Xiresh yat plye, me
el ectron beam i s g&newatldnégr aatcebhéemanor i
21 1 coant aedxnpanded description of paToicle
treat ,thelthuAdd m ect § addubnt @ méne or arcs of beam
upon t hettiarmgoatl umee gL I NAC gantr yh¢BwbgPhl. 2)

all ows for wvarious incident b e anbeanugsleeds ,t os
shape the r&drmtionetreldcel erators, such
(Vari amsyMd ckimsg!l I nc., Palo Alto, CA), this

of orthogonalt yn gjsdavese da nbde pad sncuddgtlii mat or ( ML
icomprised of twondopypaswanlithracmlklse dft ungst en

Radi otshed reaapaysge®tt ger ael ¢ smip whawrert oh esgiatr ey

ti sEvtesrnal beaenmprlaodyirso toluesr abpeyam arr angemen:
techaaTlmaesiinpD eGanf or mal Ra dG RaTtwihoerr eT hreurl a pi yp
radilmdgaaoe col |l i mat ed dpor ogladgtnecavd i hb & &are  d rag

procesat®D doset dalsamat bguhersotnu madvdreed vy laapg e d

fixaed)l e dose delivery-Moechatit gdeRadisarhomsT
usenul ti pl e osmartyicng eiarmsensi ty | evel s. | MRT
usitnhdgdL @ cust amikknpsee iintensitwobht®¥mdRT whe t
expahdedt fitxeant i rd aussriicys orwant atsi wg | umet ri c
t he (VavpAYTI3VMAT al |l ows f adj ubotfnieeati amnioms dose
as t he ganstarttyme rets ar oTulids tdhyen apnaitci esmadul at i o
conformity and reduces treatment ti me comp



=

Figurlel llugtrati on arfrdolt laN AWd ngheeoxmeestcrhyi ne i s o
depicted in red

Tocal etuheatabsorbed (bpse. tothbdeepatgegnaabsol
t i s,smwed)er n radi ot herapy Ssystems use vol um
representation of Tihhee ppraitmaernyt uismeadgxi Enbgr bdyarteaa
pl anniCognpiug eal TEMegaaphy LCrTo widdeassmeotst accu
mo d etl hpeaft f edrots e c o papsu ttalteimeEd nes r el ati onship |
number and eA etcipiomalde@Bi vyl uaneiabaogreps ,i sweist F
voxel matri x xsldmednlsd oen aig&kl®e $§sonf>0. 625 t

13 / W/ viOS| METRY

There exi st numerous variables i nvol ved
pl annhege i nclude mechanicahpgosirti iadndiersg rteh e
radi-radli atne dalsys @ swii dtheed i nt ensi ty profile of

LI NAC, amel paecidewtari ables, such as the pat

4



beam. Delivery of radiotherapy treatment w

al | these variabl es to be within toleranc:

—

herapy, treatments are cHowépekeyrphamaenat,
veri faamtdtoncatch errors related to patient

—+

reat®@emsequentl!| vy, variations in patient p

o

eviations in treatment wunit performance m

I n 2020 ,ga&wd za efto raniavi dalseif nfetirrtyue® i n t he

e xt er nradotd thbeeraanpy '@ reat ment s

olvD is a radiation measur ement t hat i S
containing information related to the absol
an | VD system must be able to capture err
calcul ation, patient positioning errors, a

I n radiiontidveosa et ry serves two primary pu
sensitive structures that are difficult to
delivered dose to enhance treat mehmvliavcocur a
dosi metry has been shown to ddt*tct a varie

I )Posi tdiofnfi abrggetnwceeesn t r eat ment ,sloam@ieng a
surface dieatmaigeementrgr, table angl e.)

I iHreat ment e Clhiamegeasrriaar t he dose del i v
beam parameters out of tolerance (fl at
for arc therapy.)

i iHuman errors in datamdgensamaijegrt ordatcad
setting of beam energy or monitor uni
ot her tarceaxtsmeaemdiytfeead ment data for the w

I vBEBr r oe st n ancceel cdwlgeettihcen TP S.

Geomet ridcutemingps P er taroemnecmsggt f roecqcuuernrtilnygg t r e a
ertior

The dosimetric i mpact of a given treat me
factors such as the proportion of affected
treat ment fracti amse eednienrdaw®@s rar ablelfyo,r ea

5



systematic error is one | eading to a devi at
what is referred®tboThe ItAEA trmeecommerdd elvall
tolerance | evel i's exceedpudntbiyl at hfea cctaours eo fc
has beer?®identified

14 / W/ VIDETECTORS

As previously discussed, mo s t detectors
absence of a patient .caPéesplitigmewlioos mic s 0o the s
measurements. | n tmpadtaceanead , etfohiinst ei dwovsoi Inmeet ge
the patient. The dosimeters measure the
Ssubsequently read out this measured dose f

i nc

| ude:

Ther mol umi nescent Diohsei snee t dea ssi n{eTtLelrss) :pr o
di screte point. TLD crystals (e.g., |it]
store accumulaatkcede@zlhad gai almd heat to pr
measurement of the absorbed dose.

.OpticallyL8mMi mabatatd Dos iTrhetser sd o(sQ SrieD se)r

provide dose at a po®O:n€ amystglpi chdll lyo wi
OSLDs are placed antoi muniattipet il ¢ gllat r e ad d
retrospecttihsebsoebhddutost.

Met al Oxi de TFrebdsEON gcr{ MOISGtET s de aar e
smal I-st astod iddet ect ors that may be pl aced
of T onizing radiation pr awdhucaceéds canddtee ate
t haebsorbed dose. Thesiemededesit metsr ml & o waf

are generally directly connected to rea
.Point ScPotntlatbonsill ators are compose:
scintill@naoer marnreadiadt i on gtehneeyr aplrloyd utcrea nl

via opti pabdteiieEdlolrcail a gimoatdosei pteirmi at or

retrospettmeerendopeal of the absorbed do

The accuracy of t hemwaywrofusc epod mde dmed &

dependehée aacuracy of t heir tdeal itbortaatli odhqg s e



measamedt he baseline used for comparison (
Carl o simulation). Difficulty in positioni
pl acement can al so s u#sgtlamtnieadl |dyo siemppagcrte etnt
det e?€t &/rag i ous studies usicigod®HAL Dssc, ifndttiDsl,at
surface doslkawead e memueindiaft tesdr felnacsel%-2e% atso

as muhdd sotorhespoehdi e@®® dose

Whil e point detectors offer dosi metric r
dr awback is their inability to provide inf
surfaddédbkamegcaotuipored wi trhettrhoes preeceed vieordose m
t he wsueanesfous wires emrbhbeéei pati eonhsti mponsts
number of points thattioah|llhe ebiactideelegt n
dosee tpa etsteence of readoudt halgéic tart omiccs naurmb
mat €fi al s

To addr ess t hese l i mitations, s bme dane

per fiemridioos e measurements over the patient's

| . Radi ochr omi ct hkinl mM:ayer (~20 Om) of col

contained between two transparent | aye
Exposure to ionizing r adeiaactthieohn dar ke a b ¢
fil m. Following a fixed devel opment ti
determined using an optical scantnteg, al

absorbed dose.

|l 1 .Cherenkov Olesrnenmekow:radiation i s emittec
through a medium at a speed greater t ha
and occurs in tissues exposed to radiot
provi eeesmerrebaslgihon | magi ng of sHorwfeavceer , do
conversion of the measured Cherenkov |
the optical properties of the ppaotviiednet 0 ¢

guaattiite dodti*hetric dat a



Findlhley saexgl amsdeeotfect or S yesst cetm pwnehri fcahr nmd od
measur ements tohpeat hensusbbacaetobmptuct pl ana

di stributions within the patient.

ITransmi ssi onlT hDos imeetehsaygict umv elgv t he spat.i
Xrays passing through theEpatctitemnmni duiPio
| magi ng Decvawpl o dHPNADtiG®& | madengt mien e

nat omi cal shape and composition of the
an beusnhgreetdher forwar dlwitvrdaanskni psrsa jod
osi metry i s capabl e of pt¥*¢veMhongh pc
omput ati ondbhhybenpentcioinare di NIRRT rbewatl gant
ependent recoecstrreati ampl i & vwenvt efro, r

o o O o O 9

ose differences in the plane of the EP

N t hedupeatti ;e-wihlteeqruniovna |l ent r es poiTéie sof t

requires detailed vendor specif-baxsenddel
corrections fdr @dbeuraeaspodssei méttne EPI

overtime due t?0 radiation damage

Inv ihober enkov and trhaansetiBemoonat datse dnet hg p
prevent treatment errors r e98mwmlgt i rhouefardo ne rdic
| ardeei ations in treat’nfédbdbwenaerh, naddpietrif @m anl

required to provide gquantitative dosi metri

received by specific structures. This incl
by the pati emitfsi srkiho eéamale tthgmsdD twal U me t ddf
t he paetcieenntt hp aRheén g ht the need for i mprove
i mpl e me nitvaitdicoem met ry i n''rQudrirastmtoline a hriely lagp y me
exif®tr prionvid/dosne@ s ur e mema aterréacésduring r a
treatment delivery.

Point scintillators overcomemidveongdtodr & he

water equi valence ensures dose depbsition
scintillation |Iight they prtoldayxedo sn@tr opwfr
dose rateanmkepeamdenme erierdeiweaiteri,n Iriekad ot her

their appnlidvoosiit meinngehedphbhacement of numer ot

8



on the @ambemncdane,engi ng t oanpEasdist ieoxnt rac ctuir
treat menTfthededriopasye d adsantoe catdadrr esys ttenmm$s curr
point sbynusihgt P o®pmruicret iang othnd or mal f arr ay
performing dosi metric measurhemamrttsecdmrt lcean
outi rela¢ $ e vyhattnpelgalas mer ous wi r@aqnadouonl dhkbepdor
SO0 i-ni .melatls conf or mal edeasieg p owordelin@rvaelngy her me
tadklfundreds of point detectors to the pat.|

15 FDM 3D PRI NTI NG OF RADI ATI ON DETEC

The foll oswhiawg drxear pntodi f i ed ansd (rAepppreonddui cx
A.fL)onCameasaed radiother asmat dosame8bypubsnhg
arrays" by Nicholas Lynch, MéameadQ PRysza&%4 "
1842 (doi : 10. 1002/ mp. 16167) .1 tCodpiyfrfiegrhst o2n0l
the oriigaddiltitoerxst f or c lodsrtiutdyi easn dr etlleeasiemc |
publication.

03D printing is classified as an additive
in layers. In this way users can rapidly ci
costly and time consuming to peolkdomiceudeédsyg. c
| owesst and most common 3D printing method
FDM 3D printing functions by heating and e

time to additively produce 3D structures.

Currently, it is possible to print wusing
fibef used, conducHfiveed mbped il g,| awsod i ber
flexible. This broad range oodmbaivmiin ga btl lee inra
mechanical/electrical properties into a si
option for fsapadicfaitd ndje wiaddasnitn r adi ot her a
shown suitabl e for t hie mnfoah rlii zaattii com alfe v ip
brachytherapy appisipeatidn <, randd odthdrapimatt ir e
use of i ndi wsipdewa Ifiizce dd epva tcieesnthas al so beer
delivery, devi ce conf orenfifteyc,t i patniesast wd o ink
unnecessary “Preatment toxicity



Despite numerous beneficial applications
devel opment for the fcadgti csaean soor 0,f tnh enri eathua
investigation into its pgbtéEmits ahas obpeodpar
chall enges encountered when attempting to
with distinctly different properties (inst
using commer cihoattt yaldeBEDBNB8D dubahters the (¢
mu Intait er i al prints are not-mgtaeranateadhePr ol
mi xi ng, and c¢clogging of the print nozzles
rates,ucaemnd drienens¥onBhi sacicairpayti cularly th
t hermoplastic filaments doped with additi ol
fiber.

olDespite the challeandéesati boheddeesbepmphor
applications may benefit from FDM 3D print.
feasibility of using FDM 3D printing for t
demonstrated BD po0lLl&B&ted drift tube compose
P5 gas (95% Argon, 5s% eMeelt haanmnoed)e awnads au ssetda ifn
cosmic ray muons. While the 3D printed det

talklst shed FDM 3D printing as a potential

I n 2019, FDM 3D printing was used to pr o

conductive polylactic acid (cPLA) and insu
styremré (ABS8) array possessed?aamds hatdi al dreds
volume 9f ThH®& mmctangul ar array el ements we
el ectrometer and delivered comparable perf
under reference conditions. Continued deve
4

4 mand reduced detéetor volume to 28 mm

Finally in OCER®ERTrPoifn2&@ 2Dpertoscet codrn s(t3rDal Te)

a 3 xXx 3 matrix of p) aotpitéd cacti gt islelpatr@arnt edu

materi al t hat had beé®n Waitng ebypt iFDaM 3fDi byg
photomultipliers the scintillation |Iight vy
Results indicate that the 3D pri nttoeai sseci nt

10



ratio in response of cosmic muons with mi:t

el ement s.
1a 3D PRI NTI NG OF PLASTI C SCI NTI LLATC

Scintill atoh@rnt aduwc enagheaticans in the visibl
passage of charged and wuncharged particl e:

particle detectors due to their ease of 11

resolutromn? pffTahstite scintillator”™ refers to
fluorescent emitter, called an organic flu
be classified into ditoHerschinnary asysagemat

incorporated into a stodrvpemeany(le.ign ,t dliuweun ed)
made of two scintillating materials (pri ma
i ncorpor atnetd (ien ga ,s optlearspthiecn yslo launtdi oPIO PoGP pi n

Pl astic scintillators ar e typically ma n
polymerization process and shaped PInto tF
Scintillators produced wusing this method
cylinderaddongfabersa)tiator can shorten th

within a singl e*®fayHowemairns tdtealglreomwg inmg ado

rapid prototyping applications has generat
current constraints of plastic scintillato

I n 2014, researchers at the Hebrew Unive
plastic scintillatdf¥sUdiabgiaalédp alsy megr i3Da l

and -bhased stereolithog,raepsheyarcCBleA)s 3IBr er ial
scintillators doped with different fractio
(e.2glb phenyl oxaz8lieph=e@PD) 0l yll,)4 benzene (1
Napht halene). SLA 3D printing is an additi:
UV | aser onto a vat of photopolymerntesintt
possesciendtial |l ati on efficiency otfol2d8ea®é&d t ha
plastic 2di4ntill ator EJ

Researchers from the DegtarHameynan g fUmMiuwd resa
Sout h,hkaovree aal sodbee hroepdtidnsgevde | yD printabl e pl
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They have producedt aus ¢ rdi eosn fr evu luisd at incer
investigate various addi t i-boansaeld scphlieansi®itiatl a tf or

®*'n particular, a new wavelength shifter,

POPOPhis work resulted corahkedpfiet opmkypyme
functionsoigntad | & Waign gmabiegii tad | Light Pro
pri rtwihn g h, l' i keuSkeA B8to pawmde i hgyers of ph

sequentitanhed yresearchers were abl e tloi gfhatbr i
out put performance 67. 0% -hdosaed of | & htei o ognane
408 Subsequently, these researchers have pl
of different geometries with the goal of f
KnifeB.%9%con

A CER&d IDET ablmasatheen nerdeabd sbepd neposit
Model ing -frFiDit)ed3Dscintil |l ator s. To addit i\
printing works by heating, extruding, and
|l ayer lan 2020 met. he group r efploerxtiebdl eo np Itahset idce
filament for °F®aMs 3Orpati @dimg doping polyst
pt erphenyl, 0.05% by weight of POPOIPhe and
subseqUEDM 3Dcmr i ntdeedmosncsitnrtaitieldattohrast heat i n
reduce t hge tsrcainn$hpeairreantcoyght yi el d was compar

from identical material via casting and mo
17 CAMERA BASED SCINTILLATI ON DOSI MET

I n scintillation dosimetry, plastic scint
to as plastic scintilalreet iancldeooss met er adi ®:
overcmameys of the | imitati ohimromfpeatl tyerc adathea
amount of s irotdiulsleaft ri copno ritiigohnta | Tthe iatt eav a b s
equi valendemdepgesdenggei nidreptemel e MY e, e naenrdgy |
stabilitexmakd&mrdifidat etshe dosi metry of clini
beamsPSDs have been used in r ofuitelnde "doesai nmect
"tanidnidvoos i THEt r y

12



However, as prtelveyuast g dowimosbsedgead opt
coupled to a photodetector. Whil e this me
behavi or, swecthi taa bé$ et U peproii smiwta@sn graesnu fyk aci ng
hundreds of optical fibers on the patient
cumbersome. This | imitation has spurred i n\
readout , with the use of C&rDo vaenld aMIO Sp rcoanm
apprdacbkB. has been anatact heeUrmi eoavreasrifd eBcedsdeea &
and i dowiudnelnt ed °f®t Fbdel foét @atwimg consi st s
groupods specific works that are ofamnnteres
builds on the methodology employed by thes

In 2008, Archambault et al. investigated
noting that it strongly alters the <coll ec:

anatlysliilse purpose of the wordndasedonaechse

develop filtration al.goReastithintss tion driecsattoerde til
time series of iIimages produces the best fi
Robertson et al. then performed a system

artifacts affecting theameasdriendamdt sadoonuri:
systems and to de¥V%| Dlpe coptriecdli oar tmeft hotds
scattering, refraction, camera perspective
function, stray radiation, and noise in the
mitigatedt sheiacte&dsing the average gamma
pencil beam from 66% to 98% (gamma <criter.i

Finally, in 2021, Cloutier et al. publi st
scintillation dosi meter consisting of an
cyli edmist @alMé.@'smaigr ax st ereoscopic camera ar
cal i bamd i ooomputer ,8i mubbhabheobsi gonestion tr
dose measuremenfTewdeetepeof owmed.capabl e o
vector fields with a precision of 0.3 mm

pl anning system calculation under referenc

13



18 RESEARCH OBJECTI VES

Thi s aiolms&x devel opamabiled 6ghebrunmet <cl i ni c a
accessible,tirmpmidioase meang feal pati énfthe unde
presented work makes a di stthprctliiyweudsicomu g9 €
studies in Chapter 1, by I|neavteerraigailn gF DM e3 Du nf
This research not only facilxteaspéstithmr @l
scintillatodebAirnads gwbmbt mwise sf olrute xglasnad i may?
application of 3Dterdat e agodlihri foaefmm essdahteie o & p y
evolution of a aodcaed soiflsettzse cstelr rireaes y fdeeant ht s

addressingohbhj keyivesearch

18 1Characterization of Novel 3D Printed Pl ¢

Prese@hegdten 3, this manuscript represent
printed plastic scintillatiByn Idosvemadgiemg ff
3D printing process, this wor k-prpirmtvea dd el as
scintillators with the required di mensi onse
effective radiation dosi meters. 't include

printed scintitllapendenaédaglgioann h3D ipersi nti ng
Thi s deavoknstthraatpe3 Mt ed pecs nNesd | maoysof the s
propest iceosnmaervcaiidlalbyl eansdci mak ¢ 1 atxareSlueht dc
characteristics are an essential prerequi si

system.

18 2CameBas ed Radi ot herapy BMbastiemeitarly 3UDs i RQgi
Scintillator Arrays

Preserch @plt @ Mma4dn,u stchriigpt t Hemacaptbnmalteesryi ad f 3d
printing to faarbrraiycsatwi tshcicnampllexned dommietrr i e
overicnegmowhal Iwveangesadwuati al 3D printing and
sci ntsiplelcatfdrc Igr iants oa rspsrioevaigdee spr ocessing al
correcting varfaoiulsi optimcagl|lwiarelidactBhiray r e
study establishes a correlation bestiwepelne sc

14



armgay met rdieemonand ates the ability of <cali bl
measuremadit st oér apy treat ment plans.

18 3Camera basedAMuotsiipnmoeitnrty Using 3D Printe
Scintillator Arrays

PreserChaptem 5, this manuscript showcase
producesppeatiifenct pl astic scintillator arrays
cali bratewmpl| o8@itrmprd nting and steoepsacepi d o
Monte Carl o simulated dosecsal irheassupréecnpehnttcse
scinti lwWeaneot Hoitlrd.% alyhasp adarsaltl e t o otskf@armpoi nt
visvuor f ameadnesme s, such as MOSdHDH Toshe SOBiLtDes , t HiL

t he psapteicenfti c array calibration remat.nset go
Overcoming this challenge is essential for
to provide practimddvdos iamelt rputi ne clinical

The second chaptert hiehedrmhetsi delesé¢ en add pstcu s
interactions, radiation dosi metry, scintil
used to accomplish the work presented. The

t he key f i ndcirnigpst sofa ntdh eh ynpaontuhse si zi ng about

15



CHAPTERBACKGROUNNDD METHODS

This thesis ai msprtiontdeedv erlaodpi aat i noonv edle t3ex t o
imisvuor f ace dose measurements during externe
such, it is critical to understand the typ
detelchios chapter begins by first discussing
beam radiotherapy, the LI NAC, and how its |
mat erials (biol ogimsagl rtaids aue ,n arett iefcit oir a1,
by an external phot onm shedaem,t hteh ed estiegcrnt alr prea
particles of varying trajectories depositi

relationship between the energy deposited

depeonnd vari osipedietiectwoari abl es, including
and materi al properties (homogeneity, atom
chapter wil|l then discuss the gener al aspe
in materials irradiated by photon beams, ki
additional dosi metric charsacctheorsiesnt idcest escpteocr
plastic scintillators. Finally, this chapte

met hodisaxumperdi ment al ndbobhi metegeandh.

2. IPHOTON BEAM GENERATI ON AND I NTERAC

This section wild.l di scuss the process o
accelerators and the details of photon in
external photon beam radiotherapy.

2. 1Photon Beam Generation

Photon beams are generated in clinical I
interacteonesgyfeheghrons as t hef sTthrei kdee taa i
of electron interactions are covered in seEe
generation can differ between LI NAC model s
the dosi metry of photon beams LdrNAdCuU c eCh nisseiq
the specifics of LINAC photon beam gener at
Varian TrueBeam system.

16



I nitially, el ectrons are generated withi
from a he®dWUrildi catdotdaeya dti tbo,nad Kridded el ec

a third element, the control grid?Twhisch i
metal grid, close to the cathode, ®genfkeate
application of voltage to the grid enabl es

from the plate, rendering the 11 NAC capabl

These electrons are then accelerated usi
resocanwnceéeies called . The prceé¢es aboegi wavwigu!
m crowave power using a klysthem otior ptahges dt
accelerator waveguide using a series of sm
insul &ti "mgogaeramic windows, which are tre
pressur i zednipcirpoewsa vier oghe rdehreatl errlast otrh ew anvi ecgruoi W
power propagates i mhdawnegks | ttdeleentaiaddilanggut id i, n g t «
the electron injectiadn erfoiaaslidnlg hr loai z ¢ dte wie
experi encne tahef ofrocéiehred ichiirtdctli ccnravi ti es are
designed to bunch and accelerate the el ect
maintain the el ectAsonsheatel ecnstoarst tvalved i t

accelerator, they gain energy reaching rel
98% the s®eed of |ight
As shown in Fig 2.1, the electron beam |

evacuat ed ,wheincdh nidaegfnieetct s t h é°Thheasm cemEEr @x ioma
additi onafl tfloecusprmegad of energies in the el
spot when it Xtay ktasr gédte. t imgssegati al di st
t hamerge from the targAtcosei d&lopmetrg lofront wal
flattening filter i S empl oyed to achieve
pur p’éTsheiss filter selectively absorbs more |
beam than from its periphery, t heolelbgwifrd gt
t his, itshec dlelaibmweot escetwssionfg ort ha gongjsdtwesn gonh d c
an MLOGnpri sed of two oppos-ednbraoklsedft umgs:t
The coll i mat i ©lmpehprtaopaeeastsmeennts ufrieesl d 'mssi tuntid or |

the desf omdtisdrmrpepy treat ment .
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Bend Magnet

Electron Beam

Flattening Filter

Dual Ton Chamber

]

Upper Collimating Jaws — Field Light

T . " : -
Multi.Leaf Collimator Lower Colimating Jaws

Photon Beam

\V

\

Beam’s Eve View Patient Surface

Figurlel I2uslt: r at ed cross section of the LIN
components and their gedMuat fiiedr ealnalt ir@mps loic
permi ssions?®(f Amppre Kair g ma.rXk) .

2. 21Photon I nteractions in Matter

Photamendi rectly jmendmriimg trimady attepasit t
absorbing medtiaupn r @ac eas st.woFi r st , -¢tha&r gecer g
pards(iecleahndopgantdrdohen the energy i s deposi

energetic s€sharged particle

An incident photon may i nttherroameghhy wp b b s ialml
mechani sms dependent on the photon energy
as show@ iThheFsieg i2nt eractions may be with nt
or bitalOfelteltd rrommer ous known interactions,
physics as they govern the attenuation anoc¢
energy transf eaharfgedhdioheeomtsi Rtoetd didgeetctt,r i ¢ Ef

18



Compton ScatReayl aiggh, SNatcltear nglai r EPectduoni
Triplet Pr.oduction

LLLLLLLL L UL RLLL ILLLLLLL
120 - -

100 -

Photoelectric effect
dominant

Pair production
dominant

80 -

60 -

Z of absorber

40 -
Compton effect

dominant
20 =

0 I 0N I N I Y A T I O I
0.01 0.05 0.1 05 1 5 10 50 100

Photon energy (hv in MeV)

FiguzRel2ati ve i mportance of each photon i1
atomic number and photon energy. Lines i
domi namReeroduced with( pependdisi ohs fror

212 The Photoelectric Effect

The Photoelectric effect describes the i
bound orbital el ecitmeoqulafi ngn | abstohreb eg | eactt
photoelecdtrohn(Fhgs2case, a tighthagt bbasnda
bindi ndO eoempaytaliednertgy of t h® .im&iphreantto @lhed |
effect cann®t Oowictuhr tuhnel epsrsobabi | ity of i nt
Oi sOt%0®° Howelr e® t hiantt e rpa cotbiadon | idteyc rderaassetsitcianl gl
in what is known as t k%®°cdTthaersac tsehrairgd ddadrsalng
whenever the bginddmgt eaer g haenodf aa sn eewx cpeatdrew
photoexcitation becomes energetically poss
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Incident Photon

Ejected Electron

E.=E, — Ep
Figu3lel 2ustration of photon undergoing a p
orbital electron.
I n the energy range of interesheliln areddtcr

pl ay a dadrhionaomts rgalvee. up 100% of their ener
el ectrons, pmamat ¢ .#ladhbbsd yt i d0igfh all phot oel
within the k shell, with the remaining 2C
el ectt.Fohd o wiemtger acti phpotokéeejfeotre®darkd net i
angul ar distrO©.buAti olnoweprontden oeaner gi es ( ~1
to be emitted ,Atowazaglredotbasenled ghMii nciremra s

mi grates progressivefP®%®t owards more forwar

The probability of phot oetleefcbdbrtiaeliendterriacc t

sectwihormh can be?!’approxi mated as

Yoo ver o 4O
> RS o

wheiries t he cl assamdls dlhectfrionre Thedipbdbtoel eaol

effect rapidly decreases in significance w

20



phot oel e oniraind® red s wethtes pihmt oel ect r s cg rif ffiecdn

contributor to photon beam at#&®e®fuation for
212 Zompton Scattering

Compsoatteringedestceraesi on Ofanad phdotoors e
bound or bi taml adlseocAnmeoe|lagidotm.on i s defined a
incident photon energy i s much gO@.Datremgt ha
a Compton,tihret e madtdieamn photon cloddiinmgsenert d
t he p(rPidie.sx3The phofomom $tscatrniogv ewa |t Oeereanjeer oot
and a free electron (al swsotdbdakli e@itd ke reddungydya
The disttrhéuitnoinderdrt photon energy bbkéeween

scatteried @ hfoumanti on of the initiat photon

_ r
E, = Ey — Ey
Incident Photon . M
Ey Rest e Recoil Electron

Electr
ec on,’,3 p

Scattered
~ Photon

E/’

Fi gu4lel 2ustration of photon undergoing Co

orbital el ectron.

The distribution of the Compton ndeatetsdr 4
medi calasphCysnipdsont Beaptretdodng nafs photon inte
ti ssureadinottther apy ener gy .Atadnpev ( h@ i kheeVitt @ hX
(~10 keV), the assumption of a | oosely bol
binding energy atsfeec&®iBonyd\eeo@ocniprhsiosi nc rams £ ne
whetlee photoelectric effater act,idane bpdroahui emsas
corrections a*#é°generally ignored
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The WNliesihnna formul a gtitsveecst itome fairf faenr einntc
scattered by aorshintgdié.%d loeocsterlyn bound

(04
Theormul a descri besndrhgey sghad tt e shn gvhiedri gbyl oew
phot omasay g Xor gamma rtalyes )wa vAab d mgvMnkEesisehr egf teisg i

ener ganbdos &¥i skhiennan f or muwll aa srse ccuad e sT htoanstome e

Q, P. Ox Oax O
C O O 0O

elastic pHP®df%On scattering

% g‘l p Al & o
Therefore, ,talhe |-Miwe reimrea gfiersmul a shows a s\
with the scaittt eirs njgusatnga®, probabl eofwar d he
direction as backward. Howevephotent heat ne

becoimesr efsi nigitrge c tTehdsasdo t he ¢ Bpaeraancuttedr | sha g
angul ar scattering distributploorticghdr.iact er i

90

120 8x10°%° 4o
61070

T

S

5 6 deg

3

3 2756V
L 60 keV
32 180 0 511 keV

g 1.46 MeV
ch: 10 MeV

S|=

330

240 300
270

Fi gusRol2ar pl ot of t he -scicftfiéone mtsi eah Gbdb mpt a
angle (Eq. 2) for wvarious incident phot
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The probability of Compjeoan |s cCaotntpetroiin gs ciast

sectiwmideher mined by the integral-settidoe c
over all®solid angl es
e P Qcp Q T1p ¢cQ 11 ¢Q p 00
” (*Il ';'Q p CTQ ';'Q CTQ p CTQ T
wh e® es ,
. O
Q —— 0)
a w

Comptscratt erappgroxi mately i ndeg@eanddptaiest @i t h

ener gy iiitnncirteiaaslelsy, bec amwlbemodecpeamesent
2123Rayl eigh Scattering

I n prmceti aphotcemat becwingh el ectrons bound
than free el ectr oflnhsi s( Tihso nksmoonwns caast t Ra yi Inegi) g h
scat,tdei wgol e atom is considered to absorhb
of the incident and ®HNcaehergy peOECHAMANErt
Rayl ei gha stdhaee teenfeirnggy ti on@dhogame d, rse ssuratl ilan gs ma | |
phot on sca®A&°rd nrge awnigtl,epRaybenghrekcatieri ad
but is important f orafifmamd geg Tqgausa ldicthyf.e e e n h Qg ¢
sect iRoany | fearg hi ss cgeidytéenr i n g

Q, i o
E Tp Al 6 "Oaw (0}
wher@dwia compl i cat etdh & uantca mioov hfcarhm efsa at ae a s

t he s ccaartptlartiumdge of a waanddes btyhanmomehtatmdt aal

gi védnddas

OEF
o 25t X

whe+ies the photon_ssatherwagebheggeAaaoafli ghe
photon energRegl Hi>cgtht eMeYWy is confined to
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abso¥®b’@ He wiehveerangul dre chbmetsad bd moemopge retsi cul ar |
for daibghi®b’ér s

Whil eoRhb$#l ei gh ssadttieon npapCakhpgseattkeei ng
creexctiornatigdwlsv, are ver yt osmahlel pchoompoaerl eed t
seci®®Bven at very s mat hReaiyd eii jhnts cmht dtean nei
the attenuation isfewapér aetft®datbhentkd otr ®t, a iRl

scatteriggomadofatteron transport calcul ation
2124Nucl eaRr cPauat i on

Pair preldsucc dmadind reidail 9 zan i exnaepéegy f eqaissal
i n widhiigher gy incident photarme( >Colu.l @2nbMd V )e |
absorbeftFmycldus interacti onejpegotducaspaind
chargedamdretcitadlosns a(ii 8@ iptset aoni on can onl
of a Coulnongbodfesretlidsfy the simultaneous need
and angul 2. mbimkaet time ot hesupihoasnt haet phat
effect asdaCompiog, pair production exhibi
the interacti mposisthbebeeareg@tyi adalrleyshol d for

Me V cod 1 88:.8°

Incident Photon
E

o

e

Fi gu@lel [2ust r aetnieorng yo fp hhoitgohn under going pair

an atomic nucl eus.
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The probability of a pair propdauct ipomdiumrt
creexction as descri bavhilyh tcheen Max iampédr oexg uree

I oo b el “Tia P¥ v
w ¢ X
whel®@is a complicated functi on alfs otrhbee ridnsc
atomic number. Within the radipat herpapoyduern
interactions first increases rapidly with

antdhen s&®&aiuraprecsducti on depends approxi mat

numbder

The positron and electron do not necessa
produknipair producti on, a varietyexacfepki ne
extrceansees where one charged particle woul d
noheS%i mil arly, the anglulmctdostof btultheé oinng¢isd
and the atomic nHonvweewre ro,f wihteh aibrscerndeaeshign g i n
di stributi on boefc oconmeabeogrevplerptiéde®d i cl e s

As the resusl tdwamgn ptotse talbsnesr bi ng medi um vi
with orbitlhdey edreceamrgoaonsanni hi |eaitti hoenr.o @Am nfi Ihii d
rest. I f anni hihleatpiwen too@muds det wpa idnagn or b
two phokonenea@gpp@QQemi i nedpposiapprdoxiemat @I
18&0r emc h %%’ Wintolwer pr2Babnil hitlyati on®%c®& n oc
Il n fdnngihhti | ati on may result in the product.i
whet her the interacting orbitaleseledhteven yi
resulting anni hilcalneanwe phbéohnnber pboitomssii
energies and eminogs i tome ainmdsiedkei ahegipegegdi t r o n

2125El ectronic Triplet Production

Li Rkecl ear pair producti on, el ectronic tri
an elpeastirtornon pair dur i-ennge rtghye pihnotteorna cwiitohn ao
(FIi®y XHowever, triple production differs ir

or bitalnoal eacnt raotno nairmcr bniutca le uesl. e cAtsr on prtovi de
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al so acquires sitgnoinfsiecravnet , meismednttiiuemge n ear g yh e
three paeemlteactirecmpgsandon) frof.t°he i nteracti

Incident Photon

FiguFlel Rustration of high energy photon un:
of an orbital electron.

As with pair production, triplet product:i
threshold for triplie@w?®bpioldi sqccainseirse QuiOde d
materi,ahidzathieoa émai Miirsg ri buted as kinetic
par tAtcltelse triplet produchaoged®hpelsdhodtt ides t
and a )pasiryyhioné of the kinetic?®®Rer ggnavagi ¢
above the threshold, the kinetic energy of
of the inci d&rRft photon energy

The probability of a triple prodtd&dicgli eotn
product-senticomsas descrKGhibegzeby,whkegh Boasalbl
approxi mat’td as foll ows

Ioon b i STice SPY ©
W ¢ X
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wheb&nOis a complicated funct i oanb soofr btehre si nact

number .

It i s worth noddtnigorn hfadr tmai rcrp@dewhu dtei on
t he <eotsison for tripletd@eoddairlidgmagiesr iparl osp
the trisglcad por o sk%adfeltyh e ma iesrespttibdédHiocw ei voenr |,
its relative tiom{pBosost & dmal e@clad®)dsTersi pl et pr od
i s alwaysthpasrppobdtbeesholad e¢emer gy for t

twice throdwdt pan.r
213 Mass Attenuation Coefficient

When photenadtt an absorbi mnecconaBemhaehe at t
the beam travels through andhehenab@eamng een
involved in photon beam attenuation are th
producti on, and triplet production, -each
section.phfoheont cnaeersaatpteoomaonombe obtained |

toget hersetche onrsoond the various possSi.Bl e in
. L , I l p T

The mass attenuthedescciokeési bbewnta materi al

photaonnds g?%iy%n as

0 P

T % o i

wherres the mass densibyAobgilde odls s linde e arhatm
mass of the amidO bet hemameanafFree pdhdé of t
mass attenuawresenbseftithei édmtacti on of pri me
beam per unit distabh’te makemn smopi cmedjan viatl e

i nteracdeae ome cmatsem

Therewarathenuati areleouafnfti dioemtesdi cal phy:

i )Mass Energy Transfer Coefficient
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This refers to the amount of energy treé
particl es pier tume tmeddisuna nt®eThoiede art ene di o mt

energy transferred to charged particles
i iMass Energy Abse+ption Coefficient

This reéamoent oof enermgedilbbmmor bbad pyi mhe
per unit distan®Pelhoiedeart en® dti @ ml a @latls i i@sye r ¢
alebated temetrmg croaehh 8,8 nt by

— —— P @ P C

wheiles the average fraction of seconda

i nteractions.
22 ELECTRONTERACTI ONS

As previouvltyhidi 4 hes ssed,hfgayro n a n gldoi noptt hoenr a p |
scatteripm@domintadenetact i on mechanism and r es
numerous el ectrons wiAyt hniant utrhee o fr rtahde iart eedl enc

interact with the medium through fundamer

Consequentl vy, the dose deposition process
without di scuswssndahagr dgtdhreesienytseercaoafdaa nyls reelve cttyr, o
section wildl specifically address el ectron

acknowledging that the subsequent discussi
221 MasSst opping Power

El ectrons bsyghotion morttieornacti ons under go ma
t hrough an abTshoersbei nign tneerdai cutm&o ntsr aagjletcetro rtyh ewi
medi, esmunhdgiinet ilcosesee mgwyn free path of an el
ener gy nr ding’yllOé’mMAs el ectrons traverse an ab
dependent on the ch@ahacteaeergyi teolsalibptelhae ume
charged particle in an ab s osetborpnpgi AfyeTtpiouwne ri s
mass st opipni nugw i Pubewiedbi® i s t hen,



Foagl esttmrawer si ng ant aosnopedtiinngg nmmae cehtaaril s ms
thenergy | oss per uniradpathohesYyophptdhiedh ey o a
collision sY olplpe mgf tpootengelrt itteoppi ng tpawer i nagr
through as abhsembleiRXpressed as

Y Y Y pT

In trlaei ot her apeyl eecnterrogny irnatnegpes, c na@m\nesioyy tnd t i s S
collision wtoppthg pade®teiing <stoompRirfdd i pewey

22. 1Radi ation Stopping Power

Radi ation stopping power refers to the e

Coul omb i nmi drha ctt h souncabtfo mee bcsiomgp mat er i al . Dut
i nt erapcotritoonosn o®& kheeelecenengy i s radiated
(Fi8yTRi.s emitted radiat&kongi sadiaenonederb
and it is the primary mechanism of photon
I n br emsan riarhd iuchgnt el ectron interacts wit.l

scattered from @nhoi aOwii atheemher gynestgyt ai f f ¢
photon ©f energy

Radiated Photon

Ey

Incident Electron

o

e @

e

Figarl8l lustration of high energy electron 1
the atomic nucl eus of an absorbe
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Threel ati visti c Lgneonre rfadrimualta opnr cofi dehse t he

a relativistic electrdn as it is decelerat
- “Ar ., B @
U (13 w _$_ pU
¢ W H)

whedies t he® ed ecavieabiotsi a he el eectciomess vieharcge

anfd s de%!ined as

[ —_— Po

wherieshreabf bpear tviecll eetdost Yy he s @e eldh accft olri gdhetpend
resuthe r1adiianerdaapsdisvegg call ¢ gv mtso @ shtey appr oa
speed of | ight.

In t he «c asfeoroweorugt hfeompmwer radinatsed per so

Q0 ‘N OE+
an popw p T AT-O

P X

wheries the angl e bet weens tnhoel hosbgsueartvieosn a nndd it
t hmaving el ectrons dpoh enfoytc arlyamia eatriHeeir lceeat ¢ m @y Si |
t raverlelnagt iavti 4 thHiefca octednrest irttihice af itehled sdi r ect i on
and 1{dhexfpiasmmds in the directions perpendicu

The rrmnaceci otfi peoplhodloeot bgns traveling thr
gi ven byHetihetetj eBaetti hoeni&,%°s o f

.0
Y |i(b?Oo pyY

whe®e O G wis the total deli exltawlny ewarrygiyn g nfd
t he el ectr ond sa btsoo rald ermednse .rTahyemlaeard | tahé on st op

Y i s propeaebsbobel’  soatbmi calbhectbmen'asndt ot al
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221 Zolidn sStopping Power

Theol Isitsoipopni ng power |lroesfedrostt i momtple eneegy
with eteocdfconkBe absdrtbicragh nbaet esruibadli.vi ded i n

based on the incidenmf®. ¥l ectrons impact par
Y Y Y p W
As shownd i wh&mga.incident elawdt ramn opasi st

el ecittr oinmparts a poitnhiewmfdf ciol $§i ;0 maisg umhe
smarlelsul ting in el ecstmalniglledheéernr g@insg amu lt thie)
medifuu®n ohker amand,olehsiddatogiese nt u msatnrda resnfea rg y
| oesg§so r e It encattr oinnsc r e a sen gfi.gdidr d nacorlelsiud it@nisn

i oni z aa b soona bhaefms t he p@agthi arheof amidmividavwgel ec
scattefdi.hg angl e

Incident Electron

e

<>

Incident Electron

Soft Collision Hard Collision

b>»a b=a

Fi gu%lel 2ustration of the hard and soft el e
stopping power .

The collision stopping powenma tfhoermabeylietchtkrloyn

BetdBileoc h faomdmuhlaas since been updated to i
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interactions at | ow energies. The compl et
repor 37 as

Y “i by 8 & (‘xé'o [ f O T 17 0
¢l gl 3 o P C 5 ¢m
wh etri &
; O
a o <P

Thmeanxci t at iComr reeepgryds to the mini mum amc
transferred on average to an absorber ator
el ectron and "@n rcerprietsalnteliceac tomorf.uncti on ad

the difference in chargemhéeweahcpbéaicita o

1 accounthe fdemsity effect i A—rceoepdensreids miah e
correction, wh Fecnhe r @ ¢ c oeu netcst r foor |, Ind-aenrearcgtyi o n
el ectrons are those whose energy is compar

The i mport tahceo|fleiastiuorne sotfo p pi negn erogwe re If eocrtm
(el eswthoeme energies are substantially | ar g:e

energies of absorber nuclei) is its propor
unit -marsd t he mean kcihet iabis Beolt ehn gyemanki une

in a considerable decrease in the collisio
222 Continuous Slowing Down Approximati on

As previoudleyxtdiosc ubst sod do, g lisds mde pir 0.n alumec e d
process of slowing dowWw®#]l8altly piimanls eMiddct rt i
me d 3Eme c tarlasmsl er go si gni f i claonsti mkgic meestaisc 5 e r

their kinetic enerriy during ionizing col i

Thpsocesmun tel ect roonmppfaad rocaaghhg or bi ng med|
(Fi g0.2.Als el ectronsbmovbeyhroonopgpdepa&eiomsvan
amounts alf otnbgpeantAys. el ectrons progressively

decraaseast hegrasudt al.shokE alelcireiacresishop@a ngs |
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dr astaisc &ll lext r o n,weinpekragky edneea rgeyavdiessgt he el ect
come to a %&Jdmmplete stop

Incident Proton
+

p Respa
(@ >
e — — —E ————————————————— »
R = Respa
Respa
Incident Electron |
o
OoO—
R
_____________________ »
R < R¢spa

FiguiOél 2ustration of the difference in CS
protons as they tr aWwadrdd ealn aanlds arelpirmg unnedi
fr®dmdgd¥ Appgpemd.i x A.

The stoppinogccourtse ldagaaytdrrss i cal | yGidven rti helt
variability in the munobeelracotfr ocno,l |a sdiosntsr irbet
ranges emerges, Wrkifleeg rtelde tma qrai s uedaec gagflaicatrgea
depends ohetkhentiypeougs sl owing dowmnhappr o}
el edt rkoinnet i asenéreyy tlramasvsegrsaed uaan aabnsdo ecboenrt ia
CSDA rgnygéhi’by

Q0
Y O

(SS

whed es t hed eilreicttiralph kcman ectuilateerderquyant i ty si |

|l ength along the electron's trajectory. I

el ectronpenmaxamimmn heéeatolsor bi ng medi um.
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23 PHOTON BEBEABI METRY

This thesi s etxlcd uddospidrimitaayd d raeld Kshesiapyg & |
vari ety of wat esrt aetgeu idveatl eeantd dvrrasntdhissol s @ct i on
dosi metr ypeafmsphetxedn udi ng additional consid
uncharged particle beams suchosasneneyt ri NV
precisely measuring and cal culwhtiilreg ralds art
interactions with matt erhearwd gffien chaumemn toaulsl yp
are presenttioper irceddianded i nteractions ceé&
expectatdi.®n values

23. 1KERMA and Absorbed Dose

Phot ompametr @yt he medsituenp iparn gacgdesmsgy 1 s tran
frdame pthoottome. mMEse csonedcharyet par t¢(healtegestdr ons &
posi tarenmet adm Soameeldi st ance frDme tKien a tnita
Energy Rel easa&lds Pekn dwmn(t)a Makk BRMAna teimee ragfy t h
transferr @)ty spltotnadms yi mmh aarbgsence dg anngt iod | en:a s
Qefs,8°

Y Qa

(0] — O B COo

whebkies t he i nendgeghi bpbopthwmd bnenKERMAeXxpresse
in units of energy per mass, J/ kg or Gray

For pHKERMAS hds stcompoifeldt s
0 0 0 QT
The pri mar yc oclolmpsoincetn t)kaErRMAe s( from sacdndar
posidepositing their energy through collis
the absor bT mgeeresd uaypgaerdt i ¢ | egse nearat al s c he

radiation through their own interacThiosns,

secoathponkenotawsi sr adi atd ojm KERMA (
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A hampaedtircalvessrbsseor bi ng gweadd wuan,| yt hledGyhe ki ne
mean ener @y ovmpameemdt t eRdadbvg hh dar gna di s arr e fi ecrl rees
to as the Camdoritse®™®,éfdsed as

Q0

° Qs

cu

and al swbsequently neydssuorlled ndaune trselodt es t
el ectrons aWwWbeXKEtRMAE at eackbde energy given
at the poi.nt of | iberation

As Fkinelr gy photons penetrate a medi um, o
surface before( gilthOMh.al hy aodtkeralsamd,thei n t he
absorbed dbsaeacthern llode gc hbayr gtendeTpast accemdba
reachess maxi mum aknaw@® pewhiefriece ppdhebp tihn itshe me
equal tof ohwandtelcarageadaflyi keéreatednlsy t he i
beaBreydnd bothe absor btehdcodbsei amdKWERMA dwr \
decreasansmdpooportkeigo mal

The absorbed dosxeoliliEsRpAN ol ynitf tiohe hener

volume i s equal t o t,hea ecnoenrdgiyt iloena vki nnogw nt haes
Equilibrt{.&8°m ( CPE)

0O v Co
Whil e CPE maya dhei eawipmrg aec hpeedr f ect equi |l i br i u

isompl doapbhadt on aame@énubéi onfluenc®&®esf ascat
resul tc,anCPRHElpyr bri matredi omndclf o2é owidrhg s

proportional regiamesiientr efhrarged tpards cl e e
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Build Up
Region

TCPE

Dose and Collison KERMA per incident
fluence (Gy cm?)

Aimax Depth in Medium (g/cm?

Figurtél 2ustration of the collision KERMA a
a medium under -dmeragly ag hMotdoi b ybeesla na.ing h r e pr o«
per mi ss Kam¥(rAppengd.i x A.

232 Charged Particle Equilibrium

The conceipshagmpgr cCxPiEmas$s i alml i shest haebsonkedet
dose and coldPiEsieaxxn sk ERMAawha& ngieaem wvhlavwme d
a specific type and oeunetregryb alleaanvciendg btyh ea vpoalri
entering®®tfe wml emd ernal photostbehmst CPEI

forif the folloswangstioadi byonbe’@e’Bcompassin

i )JHomogeneous atomic composition of the m
i iIHomogeneous density of the medi um.

i iNe)gl i gi bl e photon attenuation within th

i VAbsence of inhomogeneous electric or ma

v)The mini mum distanceofeamdriat ignrge att heer ht cht
maxi mum raegectharigree. particles
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At CPhEe energy abscerqudebgnéhgy medansferr
charged particles within that medi um. Cons
absorbed doswendearctabeB mmedkx piie’dsed as

O v Ok - ¢ X

For a photon ,ddahe hndse osfpalsierntiraan MY thplsot on
exXpr eoesciddm’s

0 0 % & — Q0 C Y

forming t hd fpduwndat idoorsi metry theory

As previousl|l ¢P&i smapypdbed,c hwidivlieng a perfec
t hroughout t hha nedretpileralé dvyo lad me niukae iiomf | uence
raditafiiCemmesi fically refers to a temporary
by chargandptahe i |ddEeREMA coobisheirsveegdh ons cl ose t c
Q 88 Nnother morePgemniealal Chargned sPawhiche E
denaot elsocal i zePdCPEgqONL i bgeum on specitfoic co
di stinct amgradsawetdhmedi um.

233 Cavi togr yT he

A radiation dosiorhesmoe rmatjypi calmpy-scarssit g tTd ¢
vol um@gtoduces thei domswme & g ratnble g thael ictoynponer
defines and d&miobainnsast hdhecaailtly The dosi me
t hat i'sS conweéecead e @t y ©a vdiotsye tthoeory pro,vi des
known as the cavity int@gral shetab®Go.chadbe
As shown2i nt heiyp.lairzedl haseaviony' s size, whic
magni tude of the cavityds diameter compar e

rel aasngeodigh phot®o® interactions
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Burlin Cavity

A) Large Cavity B)
= R

d >R

<) Bragg — Gray Cavity
d < R

FiguXZé |l 2ustration of the vari oAk acgei trvsi

BBurl in CBvYia®rgayanada Wi sy swlteme ary Oglse dthreon

di ameter of theMadirfrieesd oaardd nrge graovd u yed wi
Podgdé¥f Apken)d.i x A.

23. 3Ldrge Size Cavities

A |l arge deteciwobhds Qdvehti lsrerdg @ sc omgar ed t o

Yot he seconéfaAty MV egoutheodgose sheams generate s
with rasgese api’heAsrsordetuéetct orc &voiethyaivti iom g
can be ctohmsttsrsiedhteeechecessar §°He pa vteVakl n earegsi oel su t
the electron rangessmp¥dmddgo oaweietegt @ f 8 sreadg n

e xt enisni vceoldye s d&f\p patacnt %ehee rf pire s
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Il W hcease of ,KVephhotmihse d hreaencgoem doar yed, parti
phostohhaitber atswi tethierc tatrriremni d avioh depecaltl y wit hi
det é%c.Pberefore, | ap hgeet, @aanadv athlsee s b édk i e $teh e
det ect oirseraateegpd atton etrhgey f | ue ncredPEMB Y P8¢ mat e

@] % B —— Q7 r — 00 cqw
Provided the phowiinrh etnheer ga/e ¢fld duelonbckey snt f r o
present in the wundistur bed tred idiome=adt atnhn e p

can be determinedspgcusumgaméaesgede mgwahalbd
coef f8.é% ent s

4
T o

wh e?p ¢ °

‘r . [ —— Q0Q

- op
[ QQ

23. 3Brza-Ggayd SpletntCiaxw i ti es
A detector i s-Grcaoy sdiadwsrtadiagheBRteceehbghe ssange
of secondsarpr oedueccetdr owmi t hi n 8% e 6 hiOs dsadieng

deposited nxodeingn dayr p arcthiaclgeed generated i |
i rradi atwidthhmepdhuimnt eracti ons weghd®dithihse vo

condition is only satisfied in the case of

interactions occur ifA%sSBde@a heathei,efaoave | o

el ectrons as ,appesahistcObpthoti bmsdet ect or mat

to the electron energy f8Fence in the mate
(@) . Y— Q0 oC
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Provi ced e cdtrirerngy » fwidtehnane t he detector i s neg
present in the undisturbedt meddaasne atto trmedipt
determined by wusing the ramasos ocfoltlthesi spec
pow¥er?s

Br a@rgay cavity theory reféi,¢%s on the follo

i )JCPE/ TCPE/ PCPE ecxavsittsy.within the

i iAl secondary =electrons that deposit
generated within the surrounding medi
i iTiThhe secondary electron spectrum i s unc
I vDel t ae nrearygdede@tcr ons cr eat ed hiemntse rdaec ttihoen s
secondary electropopnswitdthéeep @aaaivti td/gse | oce

The contradi cttohBy a@rgasy mphe eomy mdke it on
sol &% 3°onThe-ASpexceor mul ati on attikBmmp@wayo r e

thebyyintroducing the concept of —)rTesda ri ct

restricted mass col |l i soifdn e¥teowpii nly peomev e
requireablecondatrygrebheedr odmesptolse t c a hieti’y ene.
El ectrons wiatrles ®enmnmedgyt o deplhbesriet cwheeiteas ne
el ectrons adisBipaeregy herir °hrea gab d$ dorbmeaid hd d s
in a Bpemawern §°,9°s t hen

, 0 . Y
O . — QO - —_— 3 ot

whewrei s now the energy spectrsemoaoafiamay !l eleé¢e
generated wihsmdmondenhemmndad wi t hirne ptrbees esngu e
t he t rtaecrkmjdirmpgp r o xdionsaet edseposi ted | ocally by

th¥Rrovided the secondary electron spectru
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t he dtohseedt om can be determined by wusing th

restricted mass <0l ision stopping power
o
IO ”
. ou
O v
The Sfpencexr fosmuhawi despread use in codes

MV phot dh beams
23. 3BBr |l in Cavities

The previous tshenvtoi dnaniadniengu litearesatt st ect or ¢

small compared to the omahgeertéodrlppavevpdar ymaa
practical situati cmrofdal levicohadet@elgdoertae cstmall d tcha
absorbed dose is delivered by Isrecomndthragygte,l

cavi haelessor bede |l d veeg eids by el ectrons generate
I n the intthehesdodirdeacames, from both seconda
the cavity and electrons gener atTehderfer @mep
Burlin theory coBhhiemetstaimd peat gbebdmsibmdihe s

combi nathieomesft ricted mass amndl tihei omatstooppi

absorptiot.¢oefficients

o 4
'O . ” - . ” ~
A QY — Yy 'Qn"—('Y o
0 il PR T i
& o & o
Burlin cavity theory DRnoeordetuercmi me wielh @ htt a
smal | cavity contri EHuzzd db.fxsewinteyaegt gsenhhent e

dose depocsaivtietdyeidnyr omes gener atied gdivfésni daes t h

, p Q
Q T o X

41



wherries the effecti venldbss orhpet invena nc apeadtlfhe dalidenngt
el ectrons as t Hehye tvrdadt veenrdsse otmbdbheea rcdanva ltly cavi

appr ozaefthoers | arge cavities.

Burlin theocgygedssasimadal cul ating ratios o
nter medi®3AHewebhekei ethrea yBraangeyt $p exnceant ihtey t he
Burlin cavi tsy ctohed @anmcy rmoeng Is&tait®ktiesr ilnega desf fteoc tss

di sparities in cavity dose compared to ex
number YW itMeomital sCar | oo mp aawbisaogriboends dose in t
absorbed dose in the mddivemad s oa dfeuwantgit o ra t
single weigihs itnogo psatr agdedtissttrii @n a@aln dt'éDmso ar e n

—+

lFd i mi tiant icoonmnst,e mp,omo de y i jpegneeafgiycedepositi on i
sized detector cavitiesi msliartshtod@aadkdda wihtryo ug
h e 6.y e

—

234 Average Energsy per |l on Pair

Particle interarcdadotoen  awirtsh i an odeed ipmaors e Ine
The nambdfr i on paiprrsoporeavpedl i $ o itnhet hener
meditduftherefor e, a significant gquantity in
required to produce @h aontipase iona gnakeln
of absorbed dosewby andavbeapgpemgrecions.ca
anncidentanegac b mpsaecsersdary el ectron gener a
i nter mol eci@.léairs pdradtidhsesde s

W o oy
0
whe®Oies the total ener,gniddiep otsha etdoti aml trhwembna
produade m&tlesrtdaadle detectors | i ke dliLobdses OS
produceuanblear gpéholed ppairont er amtairam wd Leen etra@ yt
bet ween the valencefsamdcahdbetcvimdonedbants \

s emi ¢ o mdadcitmfrisibetnecnepde r at ur e afA®d cryst al i mp
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24 SCI NTI LATI ON DOSI METRY

Scintillation dosi mee¢sfyonhasmalele hf jeedtabandsd sv
t i meidvoos i Mt eu yf ac e ®’d’d 5hirmaect SRt Bhnedr agpuya | %ty ass
i n radiTohnteh etra@lyni wateegiue weal &ma & eoccragagd hsieds t i C
scint,whiermiotrishi gkesponse t.dhisnizeithng dmadiuasts
physical mechanism of scintillation | ight
of the emitteandianeaad | priedSPPeomt il e g hd f

24. 1Physics &fci @agdniad

The responseobétcmhexaigtaaatiicon by 1 onizing
nat ur enod fexatud et he type/ ener dy dfhet ltea sieo roif z ic
and aromatic organic molfealull ewi n,ga hes»xc ietad ttie
| i.gOrtgani ¢ saéintdanhpaocesoetdorfe ltyhese oragraeni a f |
combi nagmogamwifc fluor i At e@Prgapvdcdarcdbbailsl

classified imawoetdhhewimre ccoan peogsoirtiieosn
i J)Uni tary PSuyrset eomsg:ani c cry®t@ls such as

I iBi nary Syisnttemsl:ati ng maaset pallcthi mcsorap dn

sol ut tem phfe npy | in toluene.

I iTie)r nar y TSmwyos tsecmsn:t i | | ating materials (p
shi fatriemgd or por at eds ucnht-oa sap Ipseonlyvie nand PO

polystyrene.

The dpeasnt i c genarteaft domgstr grac i @ t md tl earbinamlg st i ng
a ter nacroympsaydsptde nmar y f | ua mvaasvced netn getuns gstheidfetde r

in a solid/polymer matri X

As shown3 ismaFictpa2guwah pag tdmrc | el et raorng gprisc
scintiitlrlaantsofrer s some of i pel ymenigwadtdi@iet he
pol ysmolrepldlee senergy from the charged parti
by neatpggtyrenesmbteogEreaimededicuthleso@mmanft er
t heixtra energy to ot hert hmomlugdrual dei saroannyefc € 0 s

procasd ed excil/txa@iitoant idearf f diwfefeuwdgigonr ecei ved
43



i ni ti alt eepxrcie @t dastei voermod le cauti @@asggh e sci nti® 1 ati or
The energy transferred toditthfeusas rtohmaduagly |
matri x ahduoeashkh®Estoauggri tat eresokameae phesbdme
Resonancer aEnisdirRgEyTh e e megragrym n st cerrardei da toi vt ehley
pri mary f | upmheiscohd Bt ge mbk t-&x & ¢ it dargedmoaniosl/ tdrea vi ol e
phoi 8o make the emsttedd|l cogmpowmestbkajfts
framtr avi oli st bl e.

Excitation Excitation Diffusion

Polystyrene
Forster Transfer
Charged Particle

Primary Fluor (p-terphenyl)

Visible

)
| Wavelength Shifter
| (POPOP)

FiguiBél2ustration of the scintillation pr
scintillator materi al

24. 2Scintillation Light Emission

Only a small portion of the energy absortk
rest i s driasdsiiaptmitveedipynocess kn Q4 )BT laees ahusewnlcuti
scintillation efficiencyThédasaicnhtirli™MatBisdm ec
defined as thenfudeebikygmnedf i enehgy materi al
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produce sc?/mitlhlratcieamr® lhiaghta scintillation

scintillators have6?3tldakntyliréedcdesneof around
Scintillation |ight is composed of- both
excitations involvingt dTde efresitt ocnohmpacud mtr a
| i ghnrefers to the initial, rapid emission
after iPonizing radiati on Piumteeroarcgtasnivei tchr ytsh

Ant hracene are conswhieredpli astiaantsd¢ii gthit | leant
of time for their scinilITlhatsjiosn mei gthhte toor d
pm i’ The cfoarsptotpyphntal |y has a very short dece
range, meaning that the emitted |ight react
The doamponestl|l ts from the exci$sanproonvi afesmec

information about the initial energy depos

The sl ow componen(l)reff essci ntoi lal adteil cany eldi gehr
occurs after the fdagst haempo hleommay elr dhseEl edbaaaa® y ¢
hundreds ofamdanroesswlotnaddsf rom t he exXftTihteat i on
fraction of the fast and slow components
par tHiealvd .er parti cl|epsar(t@itidtaosntsh, |naerugter osnpse C i
result in a greaterthe@mdssiittiye cadkineghe | o rettr ish @&t
of the sl 6M\Asc amproepseusitsti,bliet t o r ecogtnhate th
depositewitbisn easbeatsdesit ®act or by t hecshapeéel at i
| i ghed pul s

24. 3Qu e n onhg

I'n the oogteaxintode nacthoerhsga sphh en avihem®n t he
scintillationrepsatcéeseadudatniicahiibntede .amount
Howe veesrpi tde dec ades nafi | rl eashemarrea e siprsni g @ | n o
description of the phyosri gahi one€ddtiam tisis Irhl hapotfuogrhs
be the result of several competing mechani

i )Satur Astilbpen: ener gy deposition density

i ncr,ebbeptil |[lmecemeadd addi ti onal ener
in thatoasgggebd more citntillation | igtl

45



I iSe-datbhsor Prigami o isdblsaatr poot i bhe scintil]l
pr oduéedlfs orbpetcioamegn itfhaemamnt of | i ght t
the scistnddadeod

i iTlemper at uriSe i Bft fitdd na e roant U raen dced prearl d emte r ¢

can disrupt the scintillation ptocess

i vOhemi cal Qumewncht agsami nants in the sci
guench scintillation. Theseprepentineg
them from participat®ng in the scintil
Whimaemywr e compl ex models exist, the fit t
si mpl iBciibikgswaoK e mbdethechorcexperi ment al I no
scintil | a%Biothkabpsu eae asipdimig ctahl@arimydelonsi der s un

guene’ht ngs based on the rationale that the
is quenched due to the presence ©of a high

Bi Dlkasw st at ¢ehearmbardgnpiges ci nti |l |l apeonuhighpa
| entgtf mrn or ganiics srceilnattield atoo dthlee splearidged pea

(—)y,and the scintitlation efficiency

Q0 Q0
Qo Qo o
The scintillation efficiency is a property

of energyscrienltpdsddadd mmdNOVer the energy depos
However, beglhewrk@@okease oflevrghescfsomntktii heé.

amore complfex function

~ Q0

0 "~ Qw

Q6 . QO T
P Y0 Gw

wheoe-is the specific densi taynywo & pékoediatbed ian

offuencmhhengpr ydust kabwn as the Birkds coeff

mm/ MeV for polystyrene based scintillators
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244 Cherenkov Radiati on

When pl ast arce sikitnhdedbl shebréevderds | i ght si gnal i
of scint iAsl adiisocnu slsiegdhti.n s ect icohnar?.eldl. 1p. alr,t
t ravtehrsewsgh a diietlaedctartiecs fnpehdhidpm htair glee begi
travel through theemedi am fod s tldtrghhet hraard ittahes
photons form swhearbeeah aaverfirginnhati H®°g®°f r om
These spherical wavefronts begimresiud taaveohap
shaped Ikinpphwtn saisgrCahle ( Eno 2. madi ati on

Th€her enkowrroadigggat nohdent pa®its ceé mit tothe de n-
char act e+giisvtéinc bayngl e

oy éy
Y &
ey &
_ Ai o2 Al O P v Tp
€] Y &
Y &
& a w o
wheeries the index of refraction ofa cihse tnhaet er

rest mass of .the charged particle

In contrast ,Clmerfd ukoaow sicadoinatiinounous t hrougl

spectrdione sanmod p eexthcishhhapmber of emitted pho
wavelprngdphe eduni t @iav én | [2ylgtnime if Bf ranmukl a

A , P P,

Qe MNP TE TP te

Cherenkov radiation exhibits a broad wavel
spectrum, with its peakbioneespé&ltyrbabundnga
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Air Water

Path of Electron

I -

Figuieé |l 2 ubttrhaet imeroéfnkov radhaadeedgmcp m @ahu C ¢
travewastvery Moedi fi ed and reprodBeedawi th p
(Appemd.i x A.

245 Scindmas$ | Barl in Cavities

Prior to the widespread use of Monte Car|l
it was necessary to know if a scinti-llatin

Gray cavity)l, symeawhgeechei wgenot hese extre

a Burlin cawascdiyntciolmpatserd®® odn be expressed :
o 'Q“\F Q il T0
'O ” p ”
Experi ment al I nvesitn gtaht ep bcass s dh rmiviel Isdhtoovms t 1

3.0 mm by 4.0 mm (113 mmi) and 1.0 mm by 4
theory depends®®porthadieatirgy wianlgien the di.
keV)Qparhem@pe oacahneds ezreanbolgees caavi tRorammreds xgii rae
exceedi ntghQR2 &r Ma@ p e ooanenals emsatallds cavity appr
I n the intermegdedtien emat idptair @ameste ae tdweleln z e
and,jounset i fyi Bgrilitihe cfzei bycit Meiolrlyat or s

4 8



246 Basic Properties of Plastic Scintillat:i

I n scintillation dosi metrys sppoaigmhater sci
equi et emti dresf erred to as pl ast)iTde sccoilntiisliloz
stopping power and angul ar stddodf e rwiamigper p o we
radi oehergpyy damaycki ati on interacts with PSDs
interacti As wiQRE whse gqwa@trckcagor ect imenetfeadt or
convert the dose deposited in the detector

In additi oneduwi WehEdmcsewaser many desi:rabl e

i J)Li near Dosé@&h&Rkedeppadseted in a PSD is 1
t he sliiggnhatlduced.

I iDosRatledepend®&mDse mai ntain consistent r
rat e athreawdiibddleeondel i ver ed

I iBnerlggependémowe a threshold of appr ox
possess iammmdepreradgdyit''’'PSODsoncsaen t herefor
radi ation beams of different energies
di fferent depths without additional «cc

I vHi gh Spati aPSMRe spdudgaeapxnn high spatial r
of O0:5mmm in di am8tem ahdl 2nogmh

However, |l i ke every detector PSDs possess
the type of measurement being perfor med:

I )kV Energy DEeglecowleamcehreshold of appro:
possess an energy depefdént response ¢

I iQherenkov Li ghtBeGasrdgteanmiin aCthieane:nkiosv ghi g
producedPSbasnidd et hteheopti cal fibers typi
(sectionnt2redddwga nt ed baakilasumec aosisteat
devel opment of a myriad orefCdhoerrte ntkoo vi sr

the scintillation signal and i mprove ¢
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247 Opt iFdaler s

PSDasrgee nemed d ws eadogpt i cabupli ot od®pectat .
fi baerres di el ectric wWaggigng dtect a lh aftsnctienatm &l Inhiattei
dosi mehteryg ydrieachmdd mmp b sae dt roaf wsapeeqre infcalrent( ei t h e
pl astic psrursrioluinotde agllbaysnxgTheatreefimdcti ve i nde
materi al i's always highalrl oWwiamgtthatalbfi nher

occur within the core

The primary | oss factaemaubbpdBpyl epghd sbat:t
| o sisrecsr e aisnec rwdiatdhiemn g U cesnsgeesh c ant hAcokosuop | d cncgu rp oai t
bet ween the opRSDabduigs dleisgmanmeda tt g hcasinggi f ac e s
i ncreaftbkddhteisenceafnf elca sbnyp b1 g &8 hfeidbge r e nldys , un
spl itthtei fgibnegr a f i ber cuttienggaltantdh e ppd wyp Inign ¢

toeduce surface refl ectance
248 Cherenkov Filtration

As discuss#4d Chesenkoboeonradiation i s gener
phase velocity &Whelni gimt oipn i chadt f méetmeerrigayl .i r
phot onsdeamd &@&cy rons generate CheWéenkevitheaed
Cherenkov signajliitsoarebtates wwithod®sei n sci

Vari ous met hods have beemt i dea¥d@H dip&®k stvo
contribution daiomtstildddasieamut e@ st met hod i n

approach, where two fideares dedreeti ngadihat es
scintillating el ement and the othef®the fi
Thé i bepgcnaanl t hemt waect ed from the scintillato

t he scint iHolwaetvieorn stihginsalme ithwpd sreecses si tsa tdee
i miting iinmegiapiphiigehagtdiadrE

An alternati vesappgreo adconmaiinnv oflivlietser i ng bas
scintillator ant®?2ChPuksé&ogatdiecgyt eécmeiques
wheherGnkov radiation production terminates

decay of t he Hsocwienvteial sl ait dwamd shgoght. LI NAC b«

(measured in ns rather than ms) were requi
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from excessive dos%Al tatbbcwgiptilbins pmesthhaed sef f
scintillation contr ifbuattibcenr,pliatsthas smetnth dd
the short pulse times requildd&Nd®Tsre not ach

Fin€hkyenkotveckemheampbsoi t t he dihdedienteinicleast
and Cherenkov emissiorw*3§ffeser aebaweqbesnad

rati onalmedasuarte mehretns are made using a PSD a

i@ inear superposditfono®ksaedn €blski agmikad ns
Y O0wé QY TT

Using -aheaumot mald,®e divagdple cat rl & acsft s gtuhaer e s f

coeffdhai édntds t best mat ch t fiYeanobalhfteobsmdr v e

scintil lartda nu@degre ajtinssi mhen assumed to be |
absorbed doseSpeact hag ecsiadInifeg aaolrehey requl
single probe, and their performanceiins com

terms of dose abepri @ JuheipkeinlkionoW.Faldamieodomod w
sudgsentbepded to andormaubgstsegrealttrhaald r fmo t ma lt ihs
measurement of multiple sci®#®5% Il ators al on

25 RESEARCH METHODS

2561 Monte Carl o Simulati on

Mont e aCagmlraornelhmer i ¢ a l ssob hian v olanenemhsesdmul at
Theycammonly employed i n medi-lceaVelphiyrsti€rsa d
various particles (suchnastpboykppasntdbepprot s
a medi um.

2511 Radi altriaonms por t

Theadi ati omftrdrecgorotns i n a igmasilcloybetiegen
integrodi ffereR@idalartd noshegdiat( Bddi) zéhma nans

Q.
Blﬂ . . W W e

0T o 900 a0 Q 1 TU
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where directionality i s agnuMen tihreed mltd dieana |
vel ogi $ atnlgeli l amnid é s atnlpgau | ao ed ecwir binrsect i on

and eQuear qgqy poi nt wisens tthled memgewtimacrs ¢ atntser ed f r
a direxrnd oeeo gy diarnedc teOnenr ggneacr oscopi ¢ el
i nteraction cross spehcotth@mns 4dttt & nsu aatniao no gooaues

uni t s'?!#f ndmeégresents the rate of electron

This probl em i spacrhtalchuedtagrelnygase ebl grt er na
whi ch dmlcllbuediewm@sen mulpghtlen,ardli ed jeMos(ts, an
sol utawenrs f or simpl e h, orneoqguennr dett & p hgeeloinfeytirn
assumpHowesprevasus/pyardiixcd iesatéeabnfset het medt b
through various ,eampegowngr med hlayni dsienfs ¢ mexnt
Additi beal Imamnyamcel eisnci denhgomaedaugmd souimber
interactaotbose ismtreer agdvemned by pr®dbabil
Ther eomrtee,aC@molraodtdhrnassl $ at i obng it rreaonts psotrac hast i c
ot hiendi vi dual i ndeey acdu meornmeu £ x@Preirmamy eparti c

Monte Carl o based radinavtoilowre tsrearegmdr ts egil
accurately mnmodteilompsarandldcosentckaposi tion

i )JA particle is created by simulation of
phase space .(passearagygbadlel2d al ong e
determined by random weighted probabil

i iMhe distance to the particle's next i
|l inear attenuation coefficient of the

i iRar tirale ng (Seecctba@nqruzerssport the particl
interaction site.

i vlhe type of interaction occurring 1is
probatwel gihy peart i cl e' s type and energy

v)Thehosaheriacttiheme ¢ onmpngdreidous aspect s,
energy deposition, scattering phenome

particles for subsequent tracking.
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vilheseps are iteratpiavealixlredpe &@tned gyn tiisl
eneangywhich point the remaining ener gy

This process generates a highly accurate
given voxel o fhitsh emesihmuwl ateilane.s Asn tt Aadom s
adhere to ,MomkteaebiQartlyo Isawnul at ipcsresualmed o ens s i
numberAss a ame ®uml &los shee masetsleyn pr D oAecshdi.evi ng 8
simulation accuracy within #&Hi%sttorpiiesal ( yi

particle int®%ractions) per voxel
2512Phase Spaces

Whiilte i st possmbl @ate the entire radiation t
i mpact of accelerated el ectrons otn itshev etrayr
i nef fiffhi enti s becauset bl mulaa tseph ldd Hardarddinsd o
tharogress beyonadndtelae h ad il reprdatdftobrrotmiaenn c y
signi biecamiplry vtda nosypgofripr shir iotcHgetast -i edependent
struofutbadeanhd NALeON INMrimae i ofhf er clobampeltl atbs
data is commonly referred to as a phase sp

Aphase space refers whoosae nuuilnteindsiindermss i coonrar
properties of partic(lkisl)at 2sa ngp ec ipfoiintpli anc
represents  Thachi mansihais®. csfpatbecprmarcouses
propert iposidghihbm me memhi nm, e medigy e O o n
or ot her possi bl Adddietgroeneasl | ¢yf, ftrnenedocran be
coor dibdarteccatomada dapendent variabl e.

I n medi cpabhsphygspih tsee@afsi lienput data for Mont
andontain information @Gpbatondheaenglsctcors)
wi taLil NA® yoraher r adi althieossne sfoiurecse are avail a
including the | AEA and LI NAC vendors for a
scored abcacved ertodd ormiad i,ahl swirngt them to be
collimated to the desired shape for a give
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Figub&c2e®tnshot of PRI MO software anal ysi
Varian Truebeam 6MV phase spaPantl be wuse
demonstrate the spatialtheadreentrgynand parsgulr

photcoomst ai ned in the phase space
25. 1P&rticle Tracing and Boundary Crossing

Monte Car lwseipnar taitd loetsda rmmaacd enlg taH e otrri a jhemncst
as they traverse and Atnrtaeckacitd ovg @ reearvdatr epda v |
originating atantdbprse entptaitdntheumpaeti cl e w
materi al . The track is then-l tnac sbdegttwmbeneons g h
interac®limnMeritteesCarl o simulations the ste

di stance a particle travels between consec

I n the case of 1t mpéaamad gd reeso uasl sme O ertawese s e
di fferentamhat @roitaelng i al |l vy possessing di sti
den/aittoyni ¢ RambMophte Carl o simulations per:
boundary interfaces between different me d i

chemical species) and passive!>*Whensar pacei.
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encounters a materi al boundary, it i's sto
interaction propeFbresogbtlthedngwomatereal
patient or ant ht ecigetoenm r pihz &€ ipdh alnitmim, ed t o t
bwoxel chang&®Bhiof HUo ovead wree i s consistent \
the transport pp arctedsusr, redests pirnotbegrbatchtiaitoyn dep e
on ps ecediihgLesveartaegi ng this property, the g
stopped at an arbitrarngndcttah e cdaiamuylfestimuet a
t hgosiwntt hout i nt°"oducing bias

2514Vari ance TRedhurcitqg wes

Variance reduction techniques in Monte C
efficiency of simulations witemstwtraeaf et i ma
remai n Wn bnr dcafelda.r i ance r e d uecxt,iissotd tt & @ h nsi pgeuce
i mpl ementation varies bashdl somns etotneb gMaerivtl d | C
di s cucsosn ctehpet ualvabasainsgeofr edlueti on techni gques

investigationwopkrformed for this

i JParticl ePa&rptipd ltidntvipngres di viding a singl
multiple replicasotffoimtlkRamnce'PAmpapoé&bal

entering the CT volume is splitYiand se
each is simuThitedpsegeesntial dgsigned to
towards the region of i nterest and r est

region. This techni quwesipnsgafd arutl iad wielda rplhya sl
with a fixed number of primary pareti cl e
simulation of a greater nuoumbestoftalnuec

without the need to perffbrm multiple re

i iRussi an TRmadlkitng:secondary el ectrons r e:
be +fciome d1hi A er ef or e,i epfhtoetno na cscpolnmptatnii negd
roul ette, which selectively eliminates
a certain stiRwuissaual ngtrtoe aabm @ ¢ st wlir iotctail ng e c |
|l & particle wbié opéipgpirnghctieeesi,ghatppl yi ng
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with a survivwaoulpdobadti drne yt md wei ght of

its original value.

i idondensed Hi story Bk ecptrreovni o T s b g s pdoirstc:u
scattering iIin biological tissu@astiypipgrobd!
el ectron *ulMdekr giogisod® with *tHoevesverrr, o umodi
of timasa acti onsi goniemiet anoedérualssiscelisecnalley t h e
el ectrapddtorcyo.ndensgpeppr hachori @asher t han

individual i nteractioseparahesl ebesenswi
from hard interactions whéaee psiogeriski a ar
groumpamyscrete, small moi nmet not uam sti rnagnl sef evri

effect ,iwhti e€ehawicichdgrespf@r edetdser dden¥By
condensing the history of electrons, col
making it feagrel@@enber sofmulpatre i al es wi

ti met3 ame
2515PENEL OM&nt e Qoadre o

PENetration and Energy Loss ofi sPassatriohs
Mont ecOatepabl e of si mul aitesaggipmegt il e @ swis5t0
ug omaxi mum ©YIThe GeaVversity of Barcelona or
si mudlaget ron Bntempactidov@egPEINELORE i s wr it
FORTRAN and comprises a series of subrouti:
steering® program

PENELO®REmMmul ates cphpt @end tihaomtopgeemte ous r e
separated by bsohuanrdgaR & MEEL PREEscveates a demar
hi gh aennderilgoyw par t i edleeds nieatsheede dtiBpryadssest r ahl u
inter,awbicbngesult i n drkectrreans caseencefeigp h mo t
above htlemahmh@®l d r e ataentdr d nesdp paent aelloypgousl y. to pr
Particles withheeshgl ds aheali a@GEShD@deteaerdg ifcdre
cuotf f energies for the aRENRISAHD |IMomtse Car |l o

i )El ectr-5068: ké&v
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i iPhoton: 10 and 50 keV
i i0 ) Rangoh: mdn

I n PENELOPE, users have the folfefxidndr dgiye
according to the speciThiec vaeé mraasdreehsassnetnhae itrr
bet wedent atihlesecondary paratnidc Iten et rteodkaifFogs irmad L
the pur poasestowdatchhiosusies t he PREMDINQRE Cha sl eoc
softvwvacei ¢6n héctlr 6N awnfdf pdmerogpi esuuthave be:
keV and 50 R¥V, respectively

2516 PRI MO Softwar e

PRI MO i s a sMdntwatr@asismudl ate a wide range
LI NACBclukéeing el ectron-l appl ¢ BPPtRD WDt ehrags roele
extensively validated for the simulation o
pl 8% 1t has also been used clinically for
veri fli’c'dfThos software combines a comprehen
processes based on the PENELOPE Monte Carl
which comprise PR166MO is shown in Fig. 2.

| Graphical user interface

Linac-GLASS

| Input file preparation for Linacs

penEasy Linac

| MAIN: sources + tallies + VRTs

penEasy

PENGEOM penVox

| Geometry

PENELOPE

| Physics

VVVVYV

Figureél2us6ration of the hierarchy of sof
Monte Carl o software.
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PRI MO all ows the simulation of rtehgeuidasng
detailed prior Kmowloedngd hofd tore t Mentiemner o
pl-apeci fic par ameter s, including the ©plan

arrangaennde nMLC ,pasi aldnde directly exported

directly into PRI MO for simul at ¢ abne osrt oarneadl
in asplaaeefile or generated directly from
The simulation process can be delineated

—h

iilse gensragedpeeodnftihgpur edaviali NA®I| mod el st h

software. However, in the case of systems
vengoovided geometry is unavailable, the s
file supplied bhetbecowrddsostage, the intera

the preceding stage with thet Wé&NACt hawpghar

pat iaeseitmul at ed. I n the third stage, inter a
patient) are simulated, with the geometry
a patiemggrm@dntscanan be etxegeaenthdr ivadi awindwalrl
techniques, numbsda,rmudfabtped aatsiec Iseed ect ed befor

Once the simul] aPRbNMOIiIi pracwimpeé £t e€é/gpmmerr es ul
si mul at,edr enfilseaootriyngne mgy mi camsfcempitco i ndi vi
along the Coanvteircdliengen snelkees per hisfory in:
a given voxel of the simul atd®yrepeemetnit s
macroscopi c average THhise oarr beao @g wiciew gvddtl H
PRI MO si mul ated dose f ome ass didoeafkihnee gs agneed me t r
a calcul at eldo ldlosvei mMyh@odwsSesidostri buti on pr
the third stage can be compared WwWiRINMOot her
provides both graphical and numeri cal t 0c

distributions, facilitating a t{koldocrgh eva
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CORONAL

30 VIEW

Figur&c2e®tnshot of PRI MO software anal ysi
di stribution ofplapm oevxiadnepdeeb gtpreerat men't

25 2Acuros XB Computational Dose Calcul atio
Numeri cal solutions to the Boltzmann RTE
Carl o) or deterministic methods. Deter mini

RTE by discretizing both the positiom ard
raditd iTohm s met hod has been commerciali zed
Pl anning Aligoirpitéaphbgded asmsan alternative t
means of producing accurate doca&l| dulsadtriidmt
for clinical treatmeht planning applicatio

The AXB algorithm assumes thatpbodbhctciham
are elaemdt ntdnag Bremsstrahlung photons produ
patient debpo&dTthiRioh ¢ izRTaghqs @it n ointultheordg f s cat i o1
to i mprove calcul ati oanmdhpetean ainds atggoiime n &
Fokddranck ap’proxi mati on

Ty Q,

Qw .y T oW W @550

0Q
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mae,Qo,Q Q0 Q 0 TGO

As tihGleondensed Hi st ortye cElne cqtuvem mi sdesdd aisdiy@ t t o n s
AXB separates electron col | tshieonlsatitretro olfar
described?®?AXBt eenpCB®3DA -af ft r facnsbpalrodve tGdn k e V
phoshenl Owe'¥>. When a Gpaetighedawldfthfe emdr gy,

presumedatid sdeeo=aiitni ng energy at that poin

The AXKBodisbmetizes the parti alse ngnhear @y i
based numeri cal solution met hddncahkedi s6beE
ordi mat Bd6d, the fulilntso |ldiebvoarmegllee aing ud iawi d e
continuous direction variabl e #f!s Theipd apreac ¢
transfocatst ¢ hsgd mg wanhtee gerqasdaenmput edduscngt eh

information to derive a simulated dose di s

Since the release of the AXB al gdrhiet hm,
efficiency and accuracy of tthhe 'R Tthese or
studi es AaBde sfeo pm e dtic tlwamp a aNMdd ted @2 &d) 0
super bbhcelticlioscs®! cal culsauwclmnasnet hedsAni sotrc
Al goritjpmr(tAAKA) aredys i mehedevBsrg,toti on to th
iapproyiemat @y and angdrre sdnl $asrse toif z atcicam acy
fully stochasti? Monte Carlo solutions

253FDM 3D Printing

3Drintsimgh additive manufactur idregpiotsgadhni
mat draipagiray €i1§).A2 vari ety of 3D pri ntFiursge dt ec h
Deposition WM®tder e ;milgi t( FFdOddMepehayt (LSalsAe)r ,Si nt er
anMul ti J et . THhu ssiscefmor (cclMsFeb9M oBnDi naandngt,he speci f
the printing processThie@etnido ntnipé llale td ewdim ia g |
oFDMDri natnidnsgp,ee@it trefolue emr i nt evio sTkhifeod d oiwn ntgh
chaptdermhenwivliilde a compr e hmentsh ovdeo | oorga maesit esasnsdo f
usédrhe FDMprnogplt asdiircsi I | at or
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FiguBBél2ustration of the FDM 3D printing |
| ayer.

2.36Printing Process

FDM 3D priwtthgabeeaegdht mogtelmpwms idregl desi gn (
sof t.walrhe 9 emo cheeisz es haanpde o f -grhientfedi ad b j3eDct .
model is then sliced into horizontal | ayer
instructions (Geodetades iCode oumeri cal C O
| anguage for 3D prbobnsefertmavemeot adabongs:!
filament,andt ppe®menpri nter then heats a th
mel ting poesnti tantdhreoxttgghuda nozzl e onto the p
foll owi ndge ttehrémyi pnteddee dA8. ay ear e ,dheep oesxittredd ed ma
cool s anbomsadil ngi t olicasyaeaps ogr essiingl ¢ mMmadeli ed
obj.BRept ocessimgl sdiepg,r emoval of support st
such as sanding or painting, may al so be a

2. E8trusion Systems

The extrusion systiesm coof mpaons edDiMe f@ Da fp d matv @ rr
gears thhané eaenccF DM Dermidrctaenr 9 e dti wtdaydoeeds ibmatsce c
on telkxdirrusi:dinr-dscyimiBewmdé&he choice between the
the apphdcaheooompatibility of the materi a
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LulzBot Taz 6

FRAME CONSTRUCTION:
Aluminum, Polycarbonate

25
32
WEIGHT: 33 lbs
Axiom 20 Dual Direct Drive BCN3D W27 Epsilon
FRAME CONSTRUCTION: FRAME CONSTRUCTION:
Aluminum, Polycarbonate Aluminum and Steel

* AXIOM

o epsit®”
; F : s 27"

25
WEIGHT: 80 Ibs WEIGHT: 73 Ibs

Figul®@ mages ofsus8®dmpo utghtiesntst udy
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Il n a-ddii wectthieistt @ mmeendht © st he hotend by an e
t he ephreiandt.c oTnifiisgur at i onc @an tl roaviefeidhoamae@gita gt ¢ it
beter fsomatedi al s that requileegprétciesxe beat
However, this configurationionamwaesagdtt of sl
prenhéeéad. As shdDwnhda nLuUlizz Rat Taz 6 and the
are direetFDM 3D printers.

On the omharBhwaen extrusion system, the
out si dleottelmhel®f i | amentfriosn téae tlxoughera | o
pol ytetrafl uor oteot htyhl ee nhedti(ePnTdd&n f it ggbbreaotfi on r
t he ephreiamdt, al |l owing for faster pmgroimptarepedds
direct dri ve HewewvesiomBowgdgshemystems can e
filament retraction and oozing due Tthoe t he
BCN3D W27 Epsilon usedgdtylne tthDMd 3wbDr kr iist e@ar B

2.3BHot eneds i gn

An FDM 3D prnisncempleoedmndf componentG, as i

The precise dimensions and design of a ho

application. Il n general, the extrusion sys
traverses through various el ememattgheee Bt r st ,
produced by the hotend wusing fans and | at
heater bl ock, which conneacttesr tbheo cnko zczolne ation

resistive heating el ement (heater cartridg
the nozzle and is extruded from the hotend.
in the XY plane.

Ther moplastic filaments used for FDM 3D
whose Vviscosity depends on temperature. E x
used in 3D printing include PLA (Poéy) act.i
PETG (Polyethylene Terephthal ate Glycol),
materi al properties: tWYe a@GldasdheT Mah¥Y)i.migod e’
At t empyarhet drid ament transitions to "4, rubbe

the materi al ungderagnose st iao nphhags & rcomamges ol i d
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its extrusion thrnadegh |l tyhe oprcientterre jod mbne.n

temperadquwaYe tDoevi at i on SY raebsowlet oirmeblecil ¢otiwve o r o w |

mel ted fil ament, adlead®dead n td oenxdterswssisoms.uch as
: ! Teflon Liner
Filament
—
I—
—
—
[ Heat Sink
I—
E—
Heater Block
Heater Cartridge
Thermistor
Nozzle
Figur&imp20fied illustration of the inte

2534DuaMat eri al 3D Printing

Duanlat er i al 3D printimagt,eralasdo 8OPepwmn snd § h ¢
capabilimaesrohl $ BDgdejaanceti axrgwe t hmechani cal
propdmtitene causamlab&r FBAM, 3@ printing permits
of two different material s, and each <can
fl exiTthbd Wo t mat ey pidtomaldiegdepanr at e extruders mo!
printesmuchve dhde Lul zBot T2a0z 36D apnmdi wcAxe togmes tB CN
3D W27 wuses an I ndependent Dual Extrusion
in its extruder andlmoves independently (F
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Figurt®i ag2am of a standard dual materi al
il lustrating materi al cross contaminati on
print?d part

Duanlat eri al aBPogpuidmausbgments to the 3D CAD
the object to be printed. Materi al i nf or mé
ensure the printer correctly assigns =each
This can involve assigning adiCABreott walder
model creation, it is exported to a slicer
mat eandlassi gned teXxriutdeTriteordiegipoaldi mgdel i

horizont al | ayers based aGwoel&ch oma tlehreiha le x &
object is subsequently printed | ayer by | a
CAD model ' s materi al definitions.

254 s CMOS Camer as

l nvestigations i nt o t hoex irsweeei cofndoompt e &
chacagepl ed device (CEDUIpl ednt desi Eeed | €6RAY
mul t i-ipdtya mgi «tio e ¢gdleevif EEMLCEC DR Mer as have been c
use itni mmd akdi ati on treayatddinCDe raiAfdi CBM i o n
camerres prefeheed HDaw ,I bhgihgth sferchsnmeetd peactiey y f o
gat't’'ngdhis all ows for sequential collection
entire dpeemidetimgrprecise bamaggmguonddli gla
treat ment r oo m?Ibfegiptiitbregt thcholnGIGM CdMds cBvher a s
prohibiti welnyyienxgetdeoinu &&bBO'S 100
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Il n cont rhaistt , marmeec hirG6ome pco. panda 4. 2 s CM(
of fer a hi ghleyf fseecntsiivtei vogEtaioddn c(a+ske r a0 ,uGeA f
has 2048 x 2048 acobved POmx«l $.%i tOm anmi ae If
45,000 Ehiezstsoatsi on wi | | outline the inter
the parameharsactueedzeotheir performance an
the pco.panda. 4.2 sCMOS model

254. $ CMASmage Sensors

An sCMOS (scient i foixcisdeemimp ¢ @ dme a e @cro) rs 15 es it asl
ofnaar r asyquaafr @t sanged 1 n 1 0wesa cain dc acpaalbu ren so f
i ndi vi dulddi rmpd oitmtnesgr at edhei s®omidst kei bepvpatht p
a CCD imaging substrate and CMOS readout.

ACCD i magi ng pthioEsda sreasiga acvlei pheeb CMOS s en:
andtyipically fabricatedThei sgbstematenduonot D!
| aywehross e gasacgdsedopi ng profil eamemnaatadepen
and i maging appliifauatdiaome.nt Hrdbevparieonp,ea d heeisst en
di f fseearmemraac hi tAesc tsuhroewsr22,the Foog Rayer ofathe s
| i-gbhsiti veaprheatdti apvahrei gcehhtkse H e ehtorloen pai r s when
t ©onciphheortt@dred ow t he prhaitsgedteecdter oldagy.@®sWlvemn ta g ¢
applied to tihewdgatts @l aectprl ;ed p lont oaengdi doenh eb e t
substrate, cweelMdhte nn gl iag hpto tsetnrtii kaelsa rteh eg epnheortact d
and cowiftihniend tThhies trreagpipoend el,efct e otisv elcy u il ¢
c

harge generate'd® by incident photons

Surrounding earcehndp pedMGShbdmp | i fi cati on é
el ectwhoingidgcesc lmisp or age capacitord caomdver ¢adaduwu
accumehargto asivigdihhageel stop i mplants are
spread of char ge*'*h eMiwereon eandsjeasc eanrte pail xseol sc o m
incident phot-oearss iothitwe trheegdi hoprghtvbt 6 hec pi ket
effi'diency
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Microlens

Readout
Electronics
+ —— Photodiode
Channel Stop —— n
iy P
Silicon e —] Potential Well
Substrate

Figu2ei2npli il f ueodfr athieon nt er nal str ua@ti xred of

An el ectroni towhtongr tbentsremls®r i s expos
andonsegqtureentdiygnal I ntes€MOY CcCaméehasfempl o
shutter mechanism, where individual rows o

the bottom*®f the sensor
2. 2Ddr k Camdebar k Noi se

The photodiodes in an sCMOS sensor gener
photwintsh the number of free electrons prod
photons that at*i Hewavera, giinvaenc upriaxceiles ar i
el ectrons that are not Ngperperi actad d pdrlyoedtuhcetoi aasnr
can be a« acucsreldi thtaye¢ 1 manl orfioi se, shot noise, an
and can degrade image gquality fgl%Tentirsoduc
phenomenon is referred to as dark current
i ntegr a4 MDaornk tniomese i s ,heddbomgafi ahobonsoi e
signal that foll'®®*w a Poisson distribution
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25 38Pi xelan®lyneami ¢ Range

Pi xel si ze, measured idn mainsi omst @fs an@Om)n
on the sensor and represents th¥Theed aovger
the pixel size, the greater the | ight <colll
final Relmatged t othtehaeymiaxmelc siangesof hanr a mge
intensities t HdWh ecna nt hbee crheaprrgees éignn @ahi pci xrealn g
nei ghboring pixels may also become filled,
compromi sing the sens'd¥Pdoevipgoastistadies paear
scintillation, delssamét plweoamsn prhaoveonused CCD
pi xesl ®EFMZOmM to 10 Omiblyxn alnd ssOimtddyiet s, tr ans|l
to 16,53BHBHYyscakspklevVehvied y

2544Quantum Efficiency and Chr oma

The spectral response of a given camer a f
absorbed in the sdidpit% t«Stpaenc trreaghinosre eoste sttphvee et g/ e
pr ob atbh dpihtogt on of a pawitlicdebact ewhvah@éngbdbhyv
el ecltfhins probability is expressseda a@uan tpem
Effici emnowredrQE) hi s, tahpeplQE adcfi ohhe detector
maxi mized at the emission wavelengtthheof t I
pcopahda sCMOS camera used Bn this work is

sCMOS camer as ar e categorized i nto t wo

Monochrome camer as ,whiitlpeutc oglraary sccaarheer a smauwysees

green, and blue filteTrhsi st oi sc akpnouwre asolarBd
filtaeamdgpidal ly cohbslisesedfpi2xéd sr,ed50% gr
However, compared to monpobsenss igmdmewsse, C

r afnb oBahyee r f ibll toerk smat rpioxc to im@d mgoths tah eroelsourl t
camearegsli gei ficantly morceanwilrgpght pt BaBayemnoth
filterl matmriexquires interpolation between
i mdYyeds heywodequire inter pohmearraedee a tnmeorn ochha ioare
guantitaappéicmagiong.
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FigulB®uan2um efficiency curve for the pco.
wi t h pefrrnoins stieocrhni cal data sheets provide
(Appemd.i x A.

2545Stray Ramdihaitalodi ng

I f the camera is positioned insitdeansimadi
noi se on the surface of the sCM@®3ddeansorn ;
induced transient noise usually appears as
clustef!? oHf fpdrxted st o reduce stray radiation
camera at the furthest extent from the LIN
couamd enclosing cdimeUsisngnl ¢éaddf shiehide Ing i

mitigate the i mpact of stray radiation on
surrounding the caumlbear svomd dayrad peboi drbaelh A koiloe y
di scussed in section 1.6, ot her scintillat

i mage fiinlsttresdtdi ednfdi ng f or dealing with trar

However, it is nearly impossaidblcetdt mocasmpl e
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C1 Master Dark Frame
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goo, |
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| | 420
00—
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Figu24banlbiigmagdadef cslCMBSr as used in thi
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Consequently, the main effect of the io0oni
dark currentt b'fie dlehtee cniecarns doavrekr current i ncr
ionizing dose received, however, the rate
depehdelomi f ortrded oyl ri mkinoc revaesredst € meo di spl ac
damage in the semiconduct or>“nhaitse rsiuagl g ecsrtesa tt
rise in dark current wil/ occur gradually
system can be used inside the LINAC vault
damage to tAWAéthmagdh sdersexact dose receive
of this study was not recorded, the camera
del i verysofifGw.$00ar, neither of the sCMOS c.
shown any si gnimeianantarkncueasea(tkiog .2n.u2nber

255 Computer Vision

Computer viwgigdingiinmbvgbebss € 8t £ @ o tdhdeent eartniionn
of3D spatialMosotbmpmbaer owi sa 0 bBli ilBdylstt eena meur a s
passivesyelhawesume computer Vvision systems
met hods to enhance the acswochcays-haadgpepdiec al |
scanh®risenbameradg®d pler s ppmgieiRelcent advanceme
computer vision have expandeae&l| ds smeralp cladc a
i magrionbgonina f a,@atut minmgnous vehicl esmostaercdenty
virtual/ audmented reality

2. 5Thedin€amera Model

I n computer Vision applications, camer a
mat hemat i cal mio id moér a prnooatmoediceas €21t ki s model de
how 2D i mages are mappeld tbia omodeéspoheéei h
a pinhole |l ocatedmatha ,f mamgeawrl eaass affitves f oc al
shown inllIFilgi @h25rrbayws from the 3D scene pa:
the 2D i mage sensor, formTimg @mtiiismmatienredane idtshi
i mMagdnywe that passes through the center of
i masgeen'&?0 iTahxli spr esents the path along which

system wi t'ho uTth ed epwiiantcisopna h (np ®irstect i on of th
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with the Addgei seakfboyr, anoy aicncpoeurnftecti ons i n

suchsmasl la angbleaweeaviaei omage sensor and t

is sometimes iMtluded in the model

Image Sensor Pinhole

f Ve Y,

N i3 7 _

Yeminn nunn H o

NN\ ANEE Xw
Yi Xc
Zy
2D Image Coordinates Camera Coordinates 3D World Coordinates

Figureéel2uzdration of the pinhole camera g
bet ween the 3D world coordinates and

Theinearmadheaelerassumes perfect projection
di stortions such as radial or tangential di
for bl urrind ee fcdopaertotsauordei®®d nt o

2. 2GBomeG@Gamera Cali bration

The purpose of the camera calibration alg
3D worl d c o odrhdnatned istrgresag e2ni@ o o r ddynbaotien gs yssot e

requires the deter mbDnation of the camera m

o
w 0 T X
P

O E&:&:&:

The camera matri x can bematriclhpocsaemeriantion t

matoamdhe ceaxniermantsiYiox?®?

~

O VYD T Y
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Theamena rmantsriicx tdhees cea g derst i al optical cha

and is based on the | inear camera model . T
remain constant and are independent of its
l end®h , (optical centbed) (oangriheipdtwpobdart
camera intiri nsi dmanedxas
i 0
) mnm "0 0 T
m 7T P

Whil e in most camgkes ntch gafocq@alie miicdne gatixth me ar e

camera calibration algorithm separates the
number of pixels along the x and y axis or

The intrinsic matrix represents a projec
from the 2D i nahe® c a me d a nTahbee sedxtitoraitnessi.c par a
encapsulate a rigid transformation from th
coordinate system. This tr &nsfamrdmattdiponns | ias
parameters, defining the orientation and p

To obtain the camera massenuilxt,i ptlhee icmaalgiebsr ao

calibration pattern (chteckeetboramidne wh athh ktnh
extrinsic prop¢€ritgi)e28 @dbft i 8 h bk yocftahmes r i®rstt ri inmag iec
extrinsic parameters is -maadwed amya ptahcei failcgaotrii:
anadal i bration pattern dimensions. Using the
of 3D points, derived from the estimated
i mages of the calibration patttes nand hteheaid
observed points in the calibration i mages,

cmera parameters are then refined using an
the reprojTéhdtsi oometérrordorhas beecamecdnmbr at abhn
function of the MATLAB* Computer Vision Too
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Elel:emed points
+ Reprojecied points
Checkaerboard origmn

Figuré magebedk ecrablol alprala tdieanmonstrating the de¢

reprojectitomeap o irtaitaman @foi nt s .

It is worth noting that the cametai mabase@
on iaceal pi ndheod me tcfaymearcac ur at ely represent
coefficiegmui s edr ¢ o address the slight defor
of t heThiemacggemer a cal i bration function accol

di stortion coefficient3heseocobefioaotenns, c
determined during the calibration process,
by thehdsersdi stortion coef fici enptisxreldabisad g

di stiahcem t he c¢ e mtnedrgaavfé®it haes | mage

w wp Q3 QA QQ LTI

w wp Q3 QQ QA Lp
wheweanwoartehe di stortsedngarkeee Ubpdastorsted pi

an@difand the iteratively determined radial
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2. 5SbmBl eSgseaxmbept h Estimati on

A simple stereoasyahgemmeonnsoboét swofcahibr

horizontal I0yTlhhyg tawbaca@®mema&s capture i mages
di f fveireewmpaonidntesach point in the 3D scene pro
i mages. The goal is to find pairs of point
same physical poi nt in the 3D scene. Thi s

recti.f i Rectrriefrdictae i @ene@ac hmat ching poibys bet
alimgdlenti cal obj ectthse ismamea omt iahéa g giog ld oavg nlg

rectification, any pair of corresponding p

Subsequendil yttamce or horizontal shift bet
i mages can then be det eglnimeld!%dlahtgosh iicnognmiu ¢ &
di spdri kmown as the disparity nwneopr,| di sdiisntvaen
of the corresponding point from whiech aaree ¢
clgsewhil e small er dvihsg gdraiattibedds iiangdhiytchaet ed ioshg
the depdihstance from the camethprofseamht e
using the tri*%ngul ation equation

) . 0]
Y C
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CHAPTBEBBRMANUSCRI PHARACTCERI ZATI ON ¢
NOVEL 3D PRI NTED PLASTIC SCI NTI L
DOSI METERS

3. 1IPREAMBLE

This paper represents the first comprehe]
dosi meters for radi ot heramet apdgidoirc gtyhi eo nrsa pe
fabrication of plastic scintill atdres bwisti lt
dosi matorpiedti es of 3D pri dathed degpiemtdielnlcaet oorfs
oD printing paundtaemensalfBoe g ther emeomptosed d
of a norveeslo!l it glon sken UVpuord ace mphaest imertt ioa
characterization of one exemppablyisainonl b
the guidance oVvi angyr sgr (acdaiauteh osruspje.r Bi omedi ¢

Express (BPEX) was t henwosrekl eacst eidt fiosr- anu bil nt

revi ewed, mul tidisciplinary journal for p &
bi omedi cal engi neoear iemg owirtalgi aarg e mpglragdiisci p
fields.

The following chapter has been Orepronuce

oCharacterization of novel 3d yird md leads pl yarsc
James | ThRadbaatr ,Mo@mBi2ceme di c al Physi,@% :1%% Engi
https://doi .dRgdll1abhh@EB®H/yZdGxmyht 2020 by | OP
only from the original text in the additio

includes an addendum containing additional
3. 2ABSTRACT

We propose a new anbertihcoadtoiloongyanfdrewvaleuat i o
el ements using a consumer grade fusion dep:
we performed a comprehensive investigation
on t he sdslciignhtti loluattpiuacn of 3D printed plastic
associated dosimetric properties. Fabrica

thickness, ani sotropy and ex*prusites. tsWanpd re
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then examined the stability, dose |l inearit
reproducibility of the 3D printed PSDs ¢ omg
product s. Experi ment al resul specndumabé th
printed PSDs do not show significant spect
spectrum of the commercial sampl e. Howev el
found to be strongly depabdewcttoontperopas:
testing indicates that the 3D printed PSD

commercially availabl e PSDs such as dose

ndependence in the MVYIrnarnyge,Threespee ateashiil ltist

nly does 3D printing offer a new avenue f

©® O

|l so allows for further investigation into

nvestigati omtsi cmoulfdori nTPDpueei wt edscipatilkhna

—

hat may be used as standal one dosi meters

devices (e.g. bolus or immobilization) wuse

3. AINTRODUCTI!| ON

Pl astic scintillation dosi meters (PSDs)
photon and electron beams in the radiothe
sensitivity, dose rat e and energy indep
cantde@drd?) t'A this energy range, PSDs have
characterization work, e.g., for quality a

field dnsnindeotsriyifét ry

Typically, pl astic scintillators ar e f e
temperatur@samdotviee 10Qer all prepé&r &hieananpr
initiator is added, the polymeri zGttid ne Oc an

and the polymerization time can be shorte

chal IP&8nhglimgaddi tion, the scintillators pr o
e.g. sl abs, cylinders or fibers.

Recent advances in 3D printing technology
rel at icvoeslty clgonvademepr i nter s. 3D printing 1is

of unique end products or smalelx kyetoated g i efs

77



printing is classified as an additive manu
Il n this way wusers can rapidly create compl
and time consuming to pr oducchenibgyuecsurrent f

I n 2014, there was a first study of a pl
photopol ymerization with UV 1ight. |l ts sc
commerci al s°¢ i rBteitlwleeetnor2 OELJ72 0adnd 2019 a t ea
Depart ment of Nuclear Engineering at Hanya
series of papers on 3D printing of pl ast.
Ssubstitutitoamsnsand daddke cl assical fabricatio
Digital Light Processing (DLP) 3D printing
scint’t®® abDloPsis a 3D printing technology

photopolymer resin | ayer by |l ayer. The cul
a novel UV curable photopol ymer, whi ch con
andi mzttors to allow for ®% tAst oa arcets walst ,a tshcd n
scintillator possessed a |ight output perf

scinti-40¢f®&tor BC

To date there has been a |l ack of studies
Model ling (FDM) 3D printing to the fabrice
efforts in this area have foculsieadh omardealed
photopol ymeri zed, no studies have been per
the FDM process is both commonly wused for
pol ystyrene based scintillatorms tihe mawr rhbee
performance benchmarks for 3D printed PSDs.
provi del @awossiamplfea,ct uri ng option for the fab
printing of plastic scintillators would al
geometries andsppeoctiefnitci addiyntpialtliaetnitnd@edosi m
difficult to produce by current forming an
reported st umey ciimlWwlyi ahvwacddmbl e plastic sci

FDM 3D printer to form new user specified
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3.4METHODS AND MATERI ALS
3.4Stintillator Fabricati on

The 3D printer used for fabrication was
PSDs was 1 BipshoWwscm series of plastic

sc
printing process. The printer -dliddadetdtBake
plastic scintillating fiber (Saint Gobain

Fi guwrité mages of novel 3D Ahi-pkedl pti ashiaeptsi
taken with and EpsB)r @ D6 a6 i) brar tabdei daat sedda nsnt e
I rradi atXrdaybsy. 6 MV

Sever al studi es have examined the di men
proc<selsn general, the dimensional accur a
filament materi al used and the grade of th
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accuracy of the 3D printed PSDs fabricated
20 printed samples to be N 5.0%. The aver.
determined using these 20 printed sampl es

The geometry of a standard FDM print <can
its geometry &88, idhdsthaetedriaamefFegs of eac

optimise a given design. I n 3D printing t
materi al is called the | ayer thickness. Th
the tdpep ofodel , are referred to as the she
heated build plate agemefEheepgatto afs the |
towards the extruding nozzle is called the
structure of the print which can vary in bt
ot herwibk,dt hectnbn and geometry for all t
Top Layer
N
Infill
ﬁ
Layer Thickness
Outer Shell
Bottom Layer

Fi gwlr.&ectioned diagram of the various comp

Layer thicknpersisncispraeleée eof sthes of a 3D p
height corresponds toaxihe. veéarniicwd gtesdil ard
effect of printing parameters™n’°% Rei sar pa
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the surface roughness of the printed objec
|l ayer thickness.

The default settings for 3D printing par
guarantee the quality of a printed part. W
selection of optimized setti ngsalf otreswoirnkg nic¢

a series of parameters which were critical

retraction, print speed and fil/ density.
of printi-n@ ad tdaweBa&tHi uahl ed retractions an
from the default of 40 mm/s to 10 mm/s. Thr

were required to prevent significant warpi

Since ourtagomdodwace solid PSD samples, we L
3.4Data Acquisition

Optical signal measurements were perfor me
(Exempl ar Plus, B&W Tek, 3Beltdwarse, nOSA) at A
carried to the spectrophotometer owt0Os0ilde t |
optical fiber with a core diameter of 1 mr
l'i-ghght pl asti c plbrooxdutch @tl ef s@imlpil tea tpeods it e on
optical fiber. I n additi odi attédley dlmefkorsep ean

from each measurement.
3.4SBgnal Processing

The signal acquisition and processing i s
brieflty Therecintillation component of a PSI
met h26dThe signal from the PSD (T)hewa&an kdws ur

(C), FIl uorescence (F) and Scintillation (S
Y OO0 06 QY (1)

The scionntliyl |sapteicotntr a wer e acqui rXerda ybsy ferxopno :
an orthovoltage treatment unit (Xstrahl 30
t he 1t7Brkesvhol d for Cherenkov 'plr ofchec tfil awroriers

spectrum of the Eska fiber was obtained by
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to 10Xr &kWg. The Cherenkov spectrumew&E&ESKAbL

fiber to 16 MeV electrons from a |inear acc
Pal o Al to, USA) while on the surface of a
degtleelsn this geometry the contribution o
neglli2giBollge. | l ustrates the unit area nor mal.i

for a sample 3D printed PSD.

4 Scintillator Cube

I
! o
: E il (Nominal Active |
" il > Volume 1000 mm-‘): Analysis Computer
1 = — =

= -~ |
2| 02 hm) :
I w
[ : :
I
l 1 Sample Housing |
I 1 "
I 1 '
I L 1 "
| " |

— . |

I
I (33 mm) :

\ _~BWTEK Exemplar Plus '
R | [

PMMA Eska Premier GH-4001

Spectrometer

FigwBB&Experi memtiaodor se¢cintillation measur emer
enl arged I mage of the fiber coupled

A |l east squares fittingamedahodr walsi agopdpl C

spectra to determine the coefficients a, b
measured spectrum T. The area alhdewas hehe
assumed to be proportional to the absorbed
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e e R S S S S S
n —— Cherenkov Spectrum
—— Scintillation Spectrum

Signal (Counts)
i .L’.| .o c3.

N

w
v

0 i L L | N L i L .
200 300 400 500 600 700 800
Wavelength (nm)

Fi gur&n3td4darea normalized scintillation ar
printed PSD.

3.4F4brication Parameters

To establish the epheametefsvani ohe KSabmn
the samples were irradiated under identica
using gantry and collimator angles of O de
crand a dose rate oft-®WOr0f avtled mi 1S D)a ndli sstoaurr cc
' ight tight box which contained the scinti
to provide some backscatter. Un loens st hoet htea pa

| ayer bfandhhemesSsured f-Komi dédp a3s8eild sstrtfatce
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I |
I |
| .
| .vm :
|
1| Void Due to Lack :
. [ of Layer Adhesion |
PMMA Eska Premier i
GH4001 P . Inler-.].:'l.lamer'll |
I Bonding Region :
I |
1 .
+Z LA [
|
anZysp '
'/' 5 (N
-,
/LT
o
2 +X
-X A
A
+31 )
-z

Figurél BusStration of sample orientation al
optical fiber coupling. When viewing the i
possess |l ayers which are not bondeduas, st
there may be gaps due to the geometry of t

adhere to one another (void due to

3.4PAi &t Variability
To investigate the degree of wvariability
printed PSDs, a series of ten cQ@barsd od Isaxy

height of 0.2 mm.

3.4L4y2r Thickness

In order to determine the effect of | ayer
3D printed PSDs, cubes of s@iand Il ateonr tmhait
ranging from extra coarse (0.6 mm), coarse
(0.2 mm), nor mal (0.15 mm), fine (0.1 mm),

8 4



3.4AA4i 80tropy

FDM 3D printers assemble | ayers by depos
accordi mgettdia egxrta on. Due to this process
the bonding inside each | ayer '@2ndhehgebmed
of this relationship as wel/l as the notat.

sample are 36l udgthi at eld fferEnge i n bonding

given infildl direction, the two spatial a X
mechani cal? piheperftoires ani sotropy in this ¢
exhibiting differing scintillation signal

X, Y, and Z.

To determine the degree of anisotropy pr

fabrica€Cedaaltaydi0 height of 0.2 mm,add®d four

9 0, )3.5 Where the infildl rotation angl e con
exterior print surfaces. The samples were t
that | ight was coll ected onoctet ofrm olma yeearc,h tsoup
si des.

3.4EA4tAusion Temperature

I n order to assess the effect of fabricat

of 3D printed PSDs a series of scintillatol
and extrusion temp€r anp@r2k® iSrmamrge men tf .0 mT hLe
upper bondndt 282b0e sel ected as they repre

mi ni mum and maxi mum extrusion temperatures

using -1thes®CRtill atith.,g materi al as a fil ami
3.4Vdl Gmetric Response

I n order to char aevtoelruinzeet rtihce isrirgandaila tdiuoen t

in our <collection geometry, we used a | ead
using ~0.4 mm of | ead. The coll immat eTdhebe a
collimator was placed direc3bl)y odrmet sd idf wta
on five different | ocations on the top fac
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across the top surface in the X direction,

the fiber. At each

|l ocatwasn dOI0] Mise dver Bo d

degree of anisotropy, these measurements Ww

that | ight was col

|l ected once from each suil

al | sides. Themo mpoarr itshoen , p utrhpeossee noefa s ur e men
commer ci al 48Mplpd aaftiodBCg Siamtmitl I[Gobain Cry:
machined to dimelhsions of 1 x 1 x 1 cm

I n these measurements aS&®nefoBOwkctmhwhg

l'ight tight box which contained the scinti

uni form thickness

to provide uniform scatt

3.4Db6si metric Properties

Each sample consisted of a soli @ eoHdeaof

| ayer height of O.

2 mm. For the tests of S

were identical t o3t Mlosdodeddrei heeds tiimgs eodt ic

proportionality and energy dependence the

sampl e was placed

on 10 ¢cm of soli d water

remaining aifilglagd wietrslth eeihtmwynwlofgeuni form t h

Civco, |l owa, USA).

the scintillator

Thefld9SDR MdBEhci9d® wany antdh &

wa s spolcaeemetderatc at hdrlat mear c

that 1 MU del i vbeerasm.1 c¢cGy for a 6 MV

3.4Sbability

I n order to assess the total wvariation of
spectrophotometer and optical fiber system
of twenty consecutive, 200 MUme rpadii@ad i ®n s
3.4Db6bs2 Linearity

Measurements of scintillator i nearity w

printed PSDs were

cGy in increments

assessed at a dose rate

of 40 cGy.l ethedummeri tb o

experimentally tested saturation point of

8 6



3.4Db6bs8 Rate Proportionality

The -dase proportionality of the 3D print
met hods. First by wvarying the Linac pul se
rat e. Assessment of the pulse fregMénanpdde
dosates of 100 cGy/min to 600 cGy/min in

exposur e, a dose of 200 cGy was delivered
delivering 208t MUesf a60@ MWUASmIi N andcnvaroyi ng
145. 25 ¢cm in 10 cm increments. The range 0

determined mini mum and maxi mum SSDs achiev
an Exradin Al12 ionization chambectaddundeser

identical irradiation conditions for compa
3. 4EBedgy Dependence

The energy dependence of the 3D printed

MV beam quality from the | inear acceleratoc
made for 100, 180 and 300 kVp beaw tqluad i 5 i
cm di ameter cone, SSD of 30 cm, no build uy
3.4RBpbBoducibility

To examintetime dahiokry reproducibility of

produced by the 3D printed PSDs, a sampl e
irradiations with 6 MV photons over a per.i

3. 5RESULTS

3. 5Fabrication Parameters

3.5P0Li &t Variability
Fi3eil |l ustrates the variability of the to
printed samples. The experimental data i ndi

same fabrication parameters thkReiatamdarfdoen
0.04.
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Figwe&ariability of the total scintillat:i
printed PSDs. Measurements normali ze

3.5Lay2r Thickness

Fiillustrates the relationship between t
scintillation signal. The | owest measured :
thickness of 0.06 mm with e¢mheedrfean etshe sicay
of 0.4 mm. The percent difference between
~10.0 %. This indicates that an increase i

t hickness.
3.5Ahi 8otropy

The directional dependence of the 3D prir
all four infi I3B rTohtea t3iDo mp rainngtleeds PiSDsFidge.mons
dependence across all i nfill rotation angl
and perpendicular to the outer shel]l sur f a

measurad| @pla t o the direction of t he i nfi

8 8



perpendicular to it. Conversely, the scint

outer shell show good correlation when the
the outer shell (450 and 1350).
1.1
$® Total Scintillation Signal |
1.056
. 0]
£
a 1
S
]
S
w
50.95
5
__‘90‘9
=2 b
0.85
0.8 o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Layer Thickness (mm)

Fi gwi&f fect of print | ayer thickness on th
printed PSD, normalized to the scintillat:i
of 0.6 mm.

Additionally, the bottom surfaces of all/l
% decrease in scintillation signal when <co
al |l samples also displayed axirneadtuecltyi o&h. 0i n€
reduction in signal of the top | ayers is
being geometrically equivalent surfaces wi
infill rotation anglseusr fpaacreal(10ed atnod a0 Ugut e

measuring perpendicular to these rotation

the top | ayers.
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Fi guw@BB&nNni sotropy of totaprisctiend iP3I@AL i ONi rsg |
rotation angles. Measurements are normaliz
Z surface of each cube.

3.5E4tAusion Temperature

Measurements indicate that PSDs 3D print
reduced scint B9 aotvieorn tshieg ntad mp(eHiagt.ur e r ang

di fference between the maxi mum and mini mum
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Fi gwBR&f fect of print extrusion temperature
printed PSDs. Results are normalized to t
mini mum temperature of 190AC

3.5Val Gmetric Response

FiglLd !l lustrates the variati ani oof dfottathe s
collimators postion relative to the coupl i/
shows a decrease in the measured total sci

farther away fromenmetscocopliecgetdi beom Moéas
the PSD demonstrate an approxi mate 50% red
cl osest and farthest s u b vwa | udneegsriaebeiT lhoeft Y asrmud
| arger decrease in the measured total sci

sur f aces.
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Fi gu3lelCompari son of subvolume contribution

signal for a 3D printed and a commerci al
Measurements are normalized to the total
collimator position.

3.5D@dsimetric Properties

3.5S2ahbhility
Fi®lli |l lustrates that the tot al scintill a:
readings resulted in a standard error of O
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Measurement Number
Fi guwlleSt abil ity of the total scintillation
consecutive measurements wunder irradiatio

normalized to an average of 1.
3.5D@s2 Linearity

Measurements showed no deviati 2. fTbhe |
romemsquare deviation from |Iinearity over
determined to be 0.23 %.

3.5D@ds8 Rate Proportionality

Fi8l3illustrates the total scintillation
examined. The collected data shows that th
0.10 % from the mean for any pulseintilkl aft
signals was deterd@ihngdhltighthe Q@ .h@008 .neRirg.r e
dose rate measured by the ionization c¢chamb
across the SSDs of 62. 2s5h ocwre d on ol 4d5e. v2i5a tcino. n Sl
greater than 0.74 %. The root mean square
0. 38 %.
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Fi gwrl2eScintillation signal I|inearity of a 3
photon beam, measurements are normalized t

the maxi mum dose of 440 cGy.
3.5EBedAgy Dependence

As showdlsinhki D printed PSD displays ene
range. The signal66do aps 1t0®@ kD%, 180 Vaondand
its signal at 6 MV.

3. 5R2pboducibility

As showBl6i novwdrg.t he 14 days of daily irr

measured total scintillation signal was de
the measured total scintillation signal di
daly irradiation.
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Fi guwri3ePul se rate dependence of a 3D print
Measurements have been normalized t

3. 6DI SCUSSI ON

3.6Layer Thickness

For any scintillation detector it is desi
Il i ght with the unndepeaemodeynttbhfe Icioghi t cohs$ e o

interfaces within the scintillator i tsel f.
resolution of the interfaces is 1argeéy d
experiment al data demonstrates an increase
thickness. I ncreasing | ayer thickness resu
PSDs, thus iIimproving theWgpponhttedtl atth e nb dli kg
observed effect is the result of a decreas
of |l ayer interfaces inside the 3D printed
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Fi gurlseEmer gy dependence of a 3D printed PSD

scintillation signal measur ement
3.6E2trusion Temperature

Preserving the function of active materi
high temperatures may modify tHeHemégegrt laé se
of heating the scintillating filament abov

process did not appear to affect the 3D p

spectral range. However, etdheatdaitrmc rienadsii cnagt
temperatures show reduced tot al rel 8@ i ve i
range. Based on this, we hypothesize that

causes damage to it heredllutos eiscepod!| Yyoprand sg 0:
i s consistent with a process known as ther.|
pol ymers occurs 4 Atrkeisghttempevatheasi nige
chain backbone of the polymer can begin to
the propertié’s Tdhfe teHee vmdleydmearemper at ures er

process also makes the polymer matrix of t
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atmospheric oxygen. Ttoxisdprioemsandsc&moaoacC
with thermdl degradati on
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Fi gureeDa3i.l y reproducibility of a 3D printe
consecutive days. Measurements nor ma

3. 6A88i sotropy

The 3D printed PSDs demonstrated a stron
outer shell the bottom surface exhibits a
top surface exhibits a reductioot alf r~&l &t i
intensity of the top | ayer is not as promi:r
geometric surfaces. The disparity in total
effects of thermal degVYaBatTlhe bhotsttamseur fi a
the build plate, Whidceh iing maientpaiimed nat p6
automatically to allow for proper adhesi on
extended exposure of this surface to the
degradation. Whelremat hdegfhadat sonf may accou

the top @auwdfidtoennaoym not account for the ent.i
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During the 3D printing process, materi al
pattern. As a result, reflection, direct t

at the interfaces between | anygertsedpe itnd iinmgt

I n this way the printed scintillatords | ay
scintillation and the exit surface. I n the
be affected sy rpersaud a g antgi ofnr o ml ssesvee r a l
absorption of t he materi al at t he f
scattering by i nhomogeneities (i .e.,

composidt iRmary)l edmgh scattering’®9y defects

Further mor e, the shear forces exerted d
arrangement to the molecular constituents
along the direct'f®ormReaxfengr ierxtp emrd zmelng st rhaaweel
alignment of el ongated fillers (fibers, r

filaments, result!f®hg in anisotropic behavi
3.6Vdl umetric Response

Finally, comparison of the subvolume <con
signal for the 3D printed and commerci al
commer ci al PSD, the 3D printed PSDremows :
subvolumes farther away from the measur eme
away from the coupling fiber when measured
PSD show an approxi mate 50% decr eSabDs.e Tshiigsn a
indicates that the 3D pabaoepgt PEDs Plhisseiss
resul t of the tendency of FDM 3D printini
transparency results in thnei tsiceisntoifl |tahtel ovno |
refl ected or absorbed reducing the amount
that a reflective coating or optical coupl
and increase transamiisasbiion .t yT haen di nl carregaesre dd e
when measuring from the Z surfaces suggest:
i s also armotnhe i duit $ onr dpi ¢ behavior discu
indicate that the FDM 3D printing of l ar g
volumetric effects.
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3.6Sbability, Dose Rat e, Dose Linearity an

This investigation presented the experi mi
3D printed PSDs. Their stability was asses
highly stable sequenti al meastdhem@8bDt pr wnt bk
al so exhibit a Ilinear response with dose,
were observed. They are also independent of

than 0.10 from the Imeyan tfhhe ReOEYUIdtos ei mdit®a
highly reproducible with the standard erro
0.0136.

3. 6E6ergy Dependence

Consistent -@bptrhi ntleei rcomanher part s, t he 3
guenching in the kV taage. cdOherebate manya
guantity conBpDarperdi nttoeda smanpl e of t he same
surface finish and coupling efficacy. At t
guenching has b3elDenpraitntailnlg aafnfde cwtieldl bbye s ub |

3. 6CONCLUSI ON

I n this study, we performed the first conm
and dosimetric properties of FDM 3D printec
additive manufacturing technigmest dlo téa<ul
indicate that the 3D printed PSDs al so s
commercially available products such as d
independence in the MV ranges o0 rdeepnecantsatbrialtiet
presence of anisotropic and volumetric eff
that not only does 3D printing offer a new
PSDs but also all ows ef arp pflurctahte@roni mve s3tDi gat
Such i nvestigations coul d i s@Pleecddé i optsicoms
dosi meters that may be used as standal one
devices (e. g.tibwmrd)usuwxad idwumroibnd itzlkae del i very
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37ADDENDUM

3. 7MLcroCT | maging

The opti mal performance ofapmhyrismg ntt hé | @;
fraction of emitted Iight, with the unifor|
conditions within the scintillator itself.

print are pri maroisleyn il nafyl€liTeont claeisds lebsys stéhaey ecrh a
guantify any air pockets formed between | a
were conducted using a Bruker SkyScan 1276
sampl es, printed wsthoi déensecdkespri bedpana
the | ayer thitkme swi t wea el asxeamnlkai ght of 0.

Mi croCT investigations suggest t hat desp
thicker | ayers, they Amays hionwni,otdaackehguomaddmelss g

of O0.s6 znema,bl e air pockets are visibl & betwe

t hepBDnted scintill atiarmhs noapwe & biher ei unigfa@

Experi ment al i nvestigations (s$se&dtoi otnhe3. &f
demonstrated an increase in t-fhrei meed us eidn tt
with increasing |l ayer thickness. We hypoth
from a decrease i nrleiaght i $c athtee miumgpedue ft d
t hepBDnted PSD. However, this effect appea
and higher. The introducthbokmdssaimaygapaen
obsegsattwWr ati on by introducing unwanted scat
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Fi gun7eMi3c.r oCT1l sx ah®3x®f pramted scintillator |
height of 0.6 mm.
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Fi gunBeMi3c.r oCT scan®3df primntkedx skiaomill ator
hei ghRmmof O.
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CHAPTERMANUSCRI EAMERA BASED
RADI OTHERAPY DOSI|I METRYMAJTSHRNGA LD U A
3D PRI NTED SCI NTILLATOR ARRAYS

4. IPREAMBLE

This studgompresteennisi vae expl oration into
scintildeagiosgmeadirfaycsal 'y for rlatdiiaritiroomd u heeg a
met hodol ogy for -maeefiadlri EBMI 3D pfiduad pl
mar king a signi3bDcpapmndettexcdtpo rf orewsaorldutiimon an:
field. This foundational investigation al s
of 3D printed scintill at oar oaursr agyusa nttoi fiircraac
dosi metric athdeertaecyt oa ga iambdivesrckmmu ¢ taithiew fesisr s t
di ssitepwards t he hde@wbeslod pre-doens, iodcnuesdt osnt i nt i | |
fogsurface idoasdimatir glholtlhoemianpgy .t red fddsi matn
charactoefrivartrimamher dadl 3D print ewlr ostcei ntthd | a
publication under the guidantdedotahwaPRhgyada
then sel ecbedofvortakp ahbtl iicsatain-rievt poveah albnthsg
publ i shes ihningohvpalityngviec s , and enwhiicdrerpionsgs ers s €
significant potential for clinical transl a

The following chapt epermhmiss sbhiecemslly (e poetrudcie
"Caméorased radiotherampat dosbameB8Dy pus'nhlgydd s a
Ni chol as LynchThalame sMohld®diba a5 0 ¢ 8 131482 4
https://doi.orpy/ 10oAaYni2gmp . 2@82F 7by John Wi
from the original t ext in the &ahllidstcbaptd,]

includes an addendum containing additional
4. 2ABSTRACT

Purpose & Objective

Todescmelhdedroaol ogymafter itahe fdisaeld depositi ot

printing of plastic scintilluader arrays at
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an sCMOS caemztrabl iasnhd & omet hodol ogy for the
array geometries.

Materials & Met hods

Weh ape bl iasihnevde s ti ind dftea o mi acnacthiaa m c toefs ii zqlt e on
el errdOtr i st edtiintl eattporrosdcuwcset o rdiosa bfledradisat i on
themppy i'¢Ahiwemk idmiseviinwess thiywxatt é obceonngc e p t

—+

@ hper oduacfahio-gpb s o l(wtcii ore il le Ins@itr@ibeaBx 3 mni) pl anar

Sci ntairlrlfabya o rwaaysa b r iusadaBgZN 3BDp s iW2o0Dpr i andr

compoosferal ylaa ¢ ®ILA)I| aaateBnGH OQp | asti ot THhde aaor ayo:
response was initiall y6 cMér @l owa ot nhz feaid-eslwduir ncge
urface (SSD) distance of 100 cmTahlihtt he
si geamil smneidrrr a dvied tena@mre 2MPse x po $ u @ME€MOS camer a
positioned at the foot of the treatment co
were then pporcpased wsoifngrare to correct k
determine the | ight output for each scinti
for el ement sensitivity and calibrated to
i rradieatmeamy based 3dDn ptrhedntamroalyed s dliogiatsale s
array cal i bration bot h a 3We rthee la mDearsiegeld . a
measurements using the calibrated array we.|
OSLD measurements, as well as Monte Carlo

Resul t s

Our results estabimiaskert bk BPaprbinting 6D
custom plastic scintillator arraysacrAfosssses s
each row of the array demonstrated a nonun|
from the mean of 2.1% N 2.8%. This remains
3D printed scintillators whdamrd & hmaweidmwum af
bet ween identical®l yArpraiyntdeods es cmenatsiulrlearteonrtss
cali bration i ndi cat e di fficulty i n di ffer
background | ight confé&mickg)i amdadokewrdoes
However, whenriaontbégstoe wasl ueéstdose val ues
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Carl o simulated max dose the average absol
simulation and array measurement was 5. 3%
5.2% for deethe VEMAT

Conclusi on

I n this study, we developed and characte
and demonstrated a methodol ogy for the dos

43 INTRODUCTI ON

3D printing masufaactaudrdiintgi veechni que uni ¢
manufacturing of bespoke or complex end pr
and ddameuming to pcosucandTmest owesmmon 3D
Fused DepositkFDM) . MoEBMi Amgnctions by heat
depositing thermoplastic filaments one hor
structures. Currently, it is possible to p
carbonnfubed, conduceftiilMesfdi,mdgedetlige aswodd be
flexible. This broad range of availabl e ma
mechanical/ electrical propertiesaniator acti
option for fapedicfaitda ndewywiadcesenin radiation
already been used for the fabrication o f
brachytherapy apptlsipeati dri <, etsaseadr tidltesniaghr aapH @ ea
i ndi vi duadpecidf ipcatdewmitces has been shown t
conformity, pat-eehéectcioméme $s awldi Ice@smi ni mi z
t oxi®ci ty

Despite numerous beneficial applications
devel opment for the fcadbgti csagn soonr so,f tnh enri eathua
investigation into its gbtemits ahas obpendpar
chall enges encountered when attempting to
with distinctly different properties (inst
using commer cineaktt yaldeBEDgnd8D® duoueahters the (¢
mu lntait er i al prints are not-mguaeraateadhePr ol

mi xi ng, and clogging of the print nozzl es
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rates, and reduc*#d d@Thmenssompalrtacalbaaty th
t hermoplastic filaments doped with additi ol
fiber.

The develrapmeanti omf dsepeea@ipfoiréasc d toirormRsT may b
FDM 3D printing, but this has only been pu
printing for the fabrication of r*ddiAat3iDon
printed drift tube composed of polylactic
Met hane) astdea@al sdmome ewads used for the det
the 3D printed detector was nabl ifsaheéed EDMPp
printing as a potential avenue for radiat:

I n 2019, FDM 3D printing was used to pr o
conductive polylactic acid (cPLA) and insu
styremré (ABS8) array possessed?aamds hatdi al dreds
volume df The® mmctangul ar array el ements de
2 %) to a PTW diode detector under referer
i mproved array spa%4ainal rredscledt iden €da 04 w o4

Finally, a CERN |l ed int®enmatrioonalbroaolpl aha
working on depeiopedgsEDMtBDI ators for use
experiment . Il n 2020, the group deebarssetdr at e
scintlilByatdoping polystyrenghwintyh ,2%. 0% %wé
POPOP and 5% by weight of the plasticizer

scintillating fil ament for wuse in FDM 3D
wrndg, i n March of N2022 i ndhegICERN EHFst ed a
demonstrating a 3 x 3 maf)rioptafcadll ays tsiep aga
reflector material that®®had been entirely

Recently our group has published the firs
scintillator produced usi ngdg’’a WeommenoaisdlIr lay
t hese 3D printed scintillators shared ma r
counterparts such as dose |inearity, dose
range, repeatability, thedpseaboust pubThiat

107



techniques | earned from 3D printing indivi

mu letliement scintillating arrays and their w
The t emm goal of this work is to develop
unme-t clinical need foi macd@sismdl ey fFowut i

under goi ng ! aTdhieotthrea pppsye d 4d. 6t emtnsri s¢ s todm a
plastic scintillators, produced using 3D p
the patient. During treatment, the array wi
radi ation beamofThe géami wi ¢éd paet remand out by
cameras mounted at the foot of the treat me
the | ight output of the albby atyhe amathicemtel an

to the planned dose distribution.

FigdiI®chematic dr-awrhgcefsthetsklator conf
surface with a stereoscopic camera system

44 MATERI ALS AND METHODS

44, 1Scintill ator Array Fabrication
The scintillator arrays were -thhddedt BGF\
10 scintillating fiber (Saint Gobain Cryst.

3D printer used for the manufatoorWag 0BCNI

108



Technol ogi es, Barcel ona, Spain) which was
Extruder (I DEX) design. I n contrast to con\
extruders together the | DEX dEB4RYgn uMhad ei mc
strictly required, the I DEX design offers
3D printers, that is, decreased material ¢

Figd2Bi agram of a standard dual materi al
il lustrating material cross contamination

printed part.

Mat er i-adntcamisrsati on is of primary concern
it can result in occluded scintillators wi

oozes onto t¥eThisntianmgbar mayi gated at the

combination of aggressive filament retract
waiting period between materi al changes at
chamding to eliminate and initial iterative
printers available in our depart ment ( Air

unsuccessful

The second advantage of the | DEX design
i mproves the printerds di mensi onal accurac
extrusion where the extruder is madunteed | gn
into the heated nozzle. While offering gre:
print heads | eads to reduced print accur ac
changes in print head diursdacotni csry.s t@om weresde |by
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W27s 1is situated at the Dback of the prin
polytetrafluoroethylene (PTFE) tube and ir
extruder from the print nozzle ablowyngffoer

objects.

Whil e t he IlabdevXa ndt dadgiegorailsipsy e does not precl

dual materi al 3D printers for the fabricat
precise printer ccad n tbarmaitn aotni oaan dmitthe@gatr oB s
outlined itsimalye stto | f albrei cpaotse scintill ator
standard dual materi al 3D printers. Howeve
d

esign were arrays of sufof ibei pmtodagecaIdi twy t &

I n addition to the 3D printegspeucsiefdi,c tphre
arameters is critical to achieving consi st
for both the PLA and scintilduwg iwmagr K idmdneint:

©

t es'ti Mg rays were printed using a nozzle si
infild/l densi ttye mpred aaQ@.baThd MBLAt®was printe
temper atQyr eb asied 9i5nf i | | pattern and a print

enabl ed.

Unli ke PLA, we have fepredcditfhat padaditt iserndl

—

o prevent jamming, significant warping, al

—

he printing process. Duege tolamenel aehdsitg
the extruder mechanism when retracted fron
exhibits poor adhesion to the PLA materi al

printed too gpatkkeynoexhf bthe mahyl tchanges

of the resulting scintillator is degraded
retractions, reduction of print speed, ani
mi atg i ssues with jamming and to ensure adI
above considerations, Cheasoprnntl speed wés
concentric printing of infild]l and retracti

To demonstrate t-hat efrdaasli b3 Di py i rotfi ndgu afl o

scintillator arrays, a planar scintillati ng
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software the array was model ed as two sepa
gaps and a corresponding set of scintillat
into the CURA slicer software andccomhii meyd
to the defined print parameters-cadd) pusddcH
print the planar43ar rtadye. 3DWs pshawredi mpl Rin@.r a
mm (thickness) x 125 mm x|l elmehtmsm Wi tsh nd3B
scintillating el emehtx hF sxaaBdvmet leme nafs 227 em
mm of PLA (resultteeamgtem @apdcimmg cefntseci ntill

125 mm

L
-
-y
-
g .
B
e w W e

A)d

Fi gd3lemages-mat edual 3D print édplpalnaanBa)ra rsrcaiyn,
cl awpe of scintill aQ)plnagnamrr raryr &y XHrargadi atnad

I n thdgeictasmegeometry, it was advantageous
build plate without the use of support str
work we found that changes in the print t
mar ked effect on the resulting |light outpu
pol ymer wa'd® rPesmdnsigblveertically prevents t
with the heated build plate for the durat.
of the scintillators and potenti al reduct i
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Foll owing fabrication, i nitial testing s
demonstrable effect on the total | ight outyg
using white and clear PLA prodadmnucedl grsatwirt
PLA producing the greatest signal. As a re
with clear PLA despite it not being an opt
PLA also have thd pooetneenftiitalo ff uatlulroewicnlgi ntihces
positioned on the patient using tattoo mar
a radiotherapy bol us.

442 Pl anar Array Response

Prior to irradiation, the planar array w
with additional solid water p44a)c.e dT hbee ha mrde
response was characterized using a 6 MV ph
Alto, USA) delivered with gantry and col | i
field sizé ofos2e0 rxat2z0 odm 6t000u rMUd ard n(, S a)d dsic

100 cm with the beam incident on the top o

Varian TrueBeam LINAC

F$S=20cm x 20 cm SSD =100 cm

sCMOS Camera

Figd4Ri agram of array irradiation geometry
camer a.
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The response of the planar array dnder ir
pco.panda 4. 2 monochrome sCMOS <camera (P«
positioned at the foot of the treatment cc
camera was equipped with a 50 mm F/ 1.8 manu
array surface. The I mage s@ms oarndp oas steostsaels ¢
2048 pixel s.

Finally, a camera sampling rate of 5 frar
it represents the highest practical acqui
acquisition system. While the maxHMB,mM tshaemp

USB data transfer interface allows a dat a
chosen sampling rate, the camera can recor
Therefore, for the purposecsolofe cttheids, idnowenslto
then stboie¢edTasFF16iles for | ater processi ng
| ohgrm goal oft ithmaisveowe uk ement eaf dose for
radi ot herapy additional rcoodm pf ui tceart | iomtse rtfoa c
required to overcome these challenges and
particul ar, wel @aht iani Etedtnmer halghcomput er
(P€D), USB raznwset emtemdbdieont ernal triggering

to enabl e efficidntmei Mmlteamearctqautiisan iofn.r e al
44. 31 mage Processing

To accurately rel at et hteh el nnde avsi uldruead Isicg ntt |
dose the raw images must first be correctec
from a combinati omasoefd saentseodracasd Taepse [
background | igthhnayomddimathiaadn,onvi gt tThegsesc
artefacts and their subsequent correction
groups and are SUbm&ri zed briefly here

Initially, dark i mages (no | ight, no r a
radiation) are collected prior to irradiat
subtracted from each of the raw i mages.
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5 frames x 200ms

Raw

Dark Field
Subtraction

Background
Subtraction = Sensor Artefacts

»

Stray Radiation
Remowval

L J

Vignetting
Correction

= Lens Artefacts

L 4

Distortion
Correction

znmmsl

Fi gdFlemage processing stream illustrating

from the raw camera I mages.
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A vignetting correction is then dpgellided
i mage. This correctio#ffipaxedurstesnsfidadn vvalrli atr
Bp gre
The ffiledtd i mage i s acquired by i maging a u
used the Ilsgheedrlo@Dacdédmaut er monitdtt di ff

reduction which occurs near teérecamargeae

Foll owing vignetting correction, |l ens di
of the 50 mm camera | ens were corrected fo

MATLAB Comput er'®ViTshiiosn cToororlebcotxi on account s

of straight | ines that occurs near the peri
multiple images of a planar <cali br!d% iBoyn pa
acquiring images at different distances, a

camera the resulting distortions can be 1

di mensions in each i'Mage to its known di me

Finally, to remove stray radiation, a r
Tempor al median filtering is the preferred
that pixel values falling fae dodutsi dertalyer
will be removed from Blegifhinnalg wi oches hedfir
filter takes five consecutive images (1 s
increments to the second i mage, performs t
all the corlel efcitletderienda.ges a

Perspekadsdedeartefacts resulting from diff
scintillating el ement to the camera were n
bet ween the minimum and maxi mum r adi atlhedi s
irradiation geometryvasHdwaveef astichaper sspée
of nonplanar array geometries or when acqu
to the array surface. Mi tbeagsaetd nagr ttehfeascet sg eaosr
the measur-glmamdr odr may geometries wil/ be t

i s discussedl YuBt her i n section
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44, 4Dat a Processing

Foll owing the correction of 0 p6t 0i Oc ail maagret se
depending on the type of dose delivery) i
representing the enti de. dA)se Alxeltilveryi arsals

scintillating array el ements is substanti a
processing, a binary i mage mask can be pr o
binary i mage masKWMATLABnNn &8Il pybedhhwsiybescent ec
scintillating el eme46t. iBn )t.h eT hnea sl ki gahntd oiuntapgu

then determined by calcul ati-pgxéehewinontdaw (1}
pi xel di mensions of the printed scintillat

44, 5Dosi metric Met hods

I ndependent measurements using EBT3 GAFC|

simulations and Eclipse Treatment Planning
stages. Suppl ementary poi nt dose measur en
stulmated | uminescence dosi meters (OSLDs).

44 5GAFChromic Fil m

Toaccount for the dose variation across t

film measupemtat medveby placing pieces of f
surfaces of the planar array. Foll owing ir
10000XL optical scanner . The measured opti
cal i burate oppercer ated by exposing strips of f

0O cGy to 500 ¢cGy in intervals of 50 c¢cGy at
positioned at t h% d&/ntpehrotmfn di 20 dx attl9.9&mc n

Foll owing the generati-omamrelt hradiadc br amii ©
was performed using the Fil mQApr o8(Ashl and
44, 50R2tically Stimulated Luminescence Dosim

As a means of verifying dose at di scr et
performed using nanoDot OSLDs (Landawuer, I

the planar array. Af ter irradiati omrg tahe s
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mi croStar OSLD slide reader (Landauer, 1

converted to dose wusing a calibration cur\
vendor shipment to doses of ad @aGyW,ose0raGe
MU/ mi nFor these calibration exposures, OSLI

cm6 MV photon field at 95 cm SSD and 5 cm
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Fi gdé e FA)Nal i mage of planar array foll owin

44) <corrected f B)i daelnlt i c@tli d anla gar todf pd tamn,ar
detected | ocations of all scintil
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44, 5EQ8l i pse Treatment Pl anning

While the dose calculation algorithms us:¢
we l | known that modern RT treatment planni
superficial |l ayers of skin?rlnncompapirese
Carl o simulations, which determisakeoulhe e s
accurate under these conditions. However,
treat ment plans are generatedi vaindvdot ebéostaan
compared t o when empl oyed clinically for
compl eteness, both TPS <calculations and M
process of characeeponserg the planar array

To |l ever ageiraboosmanhgon, t he CAD model of
printer was also used to generate a synthe
Carl o simulations. This was accomplished
(array anéedr poilmdt we CAD modeling software.
geometry was then segmented into a series
3 mm using the automated pegmemdcatimage omi ¢
sof t war ¥’ 3DBd iteeunsfi el dhenimbsdedf weaeht hexe
the 3DSIicer maslkiOg HtUo  fp.. @A 4v aglsweah dfor air
g/ mfor water, 50 odUlt¢ ks BiErFtgi/ Iclmat or (pol ys
(1.25) gffocrm PLA. Foll owing masking, the segn

as abl ®RAM file for use i n simulations.

Calcul ations were performed using the Ecl

USA) , Acuros AXB algorithm version 15. 6. 0E¢€
volume of each scintillator was mahwuamly ¢
the corresvpdndmnenghidasoegr ams f ol |l owing dose

44 5Mednt e Carl o Simul ations

Monte Carl o simulations were performed us
scored above the accelerator ™awWwseamMdnt ee Cl
simulations were 'thersftmrmed ,uyiired di.ng *anl@v

N 2 %. Si mul ati ons were calibrated from eV/

118



conditions (6 MV, 595cn8Sdeptlh0, xI alrOgecnwat er
and PKFIoMO.owing dose calibration, PRI MO si m
and dose profile diasntdri btk ®fddr eorfic el Of ixe | UG
simulations showed gamma analysis (2% 1 mm

compared to TPS.

Pl an specific parameters, including the
arrangement and multileaf collimator ( MLC)
and i mported into PRIMO. In alh,cabBesdos$el
corresponding to the array was then export
t he ROIs corresponding to each scintillatol
only i mage mask. The maskewaerdespovadi hgoml

DI COM used for simulation for the scintil!]
each soviatshehl aabcul ated from each ROI

446 Pl anar Array Dose Calibration

Array calibration was performed under i de
4. Mahruremlgei regi stration was performed prior
computed tomography (CBCT) to ensure arra

simul ation geometry.

Each scintillating el ement of the array w

using a uni que Oc aleitbkerrantiincerd o aeofnf itchieerftol | ow

N 8 oy O o
O —
~
Wheifya s the corrected total l i g¥ti so utthpeut
corrected total l i ght output of th® issame s

the corresponding dMoret ei nCacGy ddtneurlmmitneonb

geometQOysantde final dose measurement in c¢cG
447 Dose Rate Dependence

Whil e our previous work focused on the c

properties of 3D printed scintillators, i n
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an optical fiber 't WAps| etderrtd ogmogeslp eicd i tahme t & ir
measur ement of dose using sCMOS camer as,
di stribution must be sampled incrementally
chosen camera ®&mplai kqqowat elosfe fF40 MU wz¢
rates of 10, 20, 40, 60, 80 MU/ min and hig
100 MU/ min).

44 . Repeatability

To determine the total variation present
t o exami nteertmh e dsahdryt reproduc-upi t woby caf i bh

irradiations were performed consecutively
449 Mul ti ple Static Field Delivery

To assess the accuracy of the array cal il
i socenter using four 6 MV photon fields wi:
was positioned at t hed7t cAp) owesnptleecrif i aeft dtphae a @
summari zed in Table 1. The camera and arr a\
as desdradabed in

Field | MLC  Gantry Collimator Field X FieldY SSD MU
Rotation  Rotation (cm) (cm) (cm)

1 Static 0° 0° 9.8 6.6 100 102

2 Static| 315° 0° 13.6 6 100 99

3 Static 45° 0° 10.3 5.7 100 100

4 Static| 270° 0° 14.2 5.9 94.2 83
TabdlecSummaryspéecffetdbeam parameters used

delivery.
441 OVMAT Del i very
To assess the ability of the <calibrated

t hraeee VMAT plan was delivered using 6 MV g
The isocenter was positiomMédBpapt wshkecitfeiat @
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parameters summarized in Table 2. The came
to each othdrn.&8s described in

Figdilell ustration of array geometrAy, fi el ¢
multiple statB)¢dMATelldodeatiorergf afnidel d i soc

The chosen MLC pattern corresponds to t h.
po-mastectomy chest wal | . The planned dose
geometry using Acuros version 15.6i.®M615 The
fractions. Once recal cul at edd oosne trheegiaam acyor

to ~PM% of the original prescription dose.
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