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Bbpoj opnyke u 1aTym npuxBaTama

. 1V -01-250/6
JIOKTOPCKE TUCepTaImje:

Kommucuja 3a onieHy Hay4He 3aCHOBAHOCTH TeMe M UCITYHEHOCTH YCJIOBa KaHIUIaTa!

¢ Jp Hparana Kpcruh, norent [IM®-a y Kparyjesity
y)Ka HaydHa o0aacT: Paaujanrona husnuka, MCHTOP

< Jp Hparocnas Hukesuh, penouu npodecop [IM®P-a y Kparyjesiy
yka Hay4Ha oOnacT: Pagumjannona ¢pusuka

¢ Jlp Onusepa Lupaj bjenan, penosuu mpodecop EnexrpoTexuauukor ¢paxkynarera YHuBepsureta y beorpany,
Hay4dHU caBeTHHK MHCTHUTYTa 3a HyKJIeapHe Hayke “BuHua”, y)ka HaydHa oOnacT: HykieapHa TexHHKa

Komucuja 3a orieHy u 010paHy JOKTOPCKE TUcCepTallyje:
s Jp Aparocnas Hukesuh, pegoBuu npodecop [Ipupoano-maremarndkor Gpakynrera Y HUBEp3UTETa Y
KparyjeBiy, yxa Hay4na obnact: Paaujanmona dusuka

»  JIp Onusepa upaj bjenan, pegosau nmpodecop EnexrporexHudkor gakynreta Y HUBEp3UTETA Y
Beorpany, nayunu caBeTHHK VIHCTHTYyTa 3a HyKiIeapHe Hayke “BuHua”, yka HaydHa 00JacT:
HyxkneapHa TexHuka

s [p Ilerap benuues, Hayynu caBeTHHK, IHCTUTYT 3a HyKJIeapHe Hayke BuHua, y.H.0. aKieneparopcka
¢dusnka

Harym onOpane nuceprarnmje:




3axBaJIHHIIA

Osaj pao je pahen na Ilpupoono mamemamuuxkom gaxyrimemy Yuueepsumema y Kpaeyjesyy npu
Kameopu 3a ¢uzuxy.

Aymop scenu 0a uzpasu nocebny zaxeannocm meumopy npog. lpaeanu Kpcmuh u npog.
pacocnasy Huxesuhy 3a necebuuny nomoh y moky uspaoe ogoe paoda, Kao u Ha YKa3aHOM
nosepery. Taxohe ce 3axsamyjem unanosuma komucuje npog. Onusepu L{upaj-bjenay u /[p llempy
benuuesy na kopucnum npumeobama u cyeecmujama Koje cy OOnpuHene Kaiumemy 0802 paod.

3axseannocm O0y2yjem u c8UMa OHUMA KOJjU 080€ HUCY NOMEHYMU HA UHMepeco8ar)y u nomohu Kojy cy
MU NPYACUTU NPU U3PAOU 0802 PAOA.

Ha kpajy orcenum 0a ce 3axeanum c6ojoj nopoouyu Ha nOOPUIYU U pasymesars).
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Heke o3HaKe Koje ce MOjaB/bYjy Y TEKCTY
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Kepma

ArnicopboBana 103a
Cpenma ancopOoBaHa j03a
ExBuBajiecHTHa /1032
EdexTuBHa n03a

Texuncku akrop

Macenn koe(UIUjeHT ciadibema



Chnucak cJIUKa

Cauxka 1.Pagujaruionu TeXHHCKH (aKTOp HEYTPOHA y 3aBHCHOCTH O] EHEPTHj€ HEyTPOHA
Cauxa 2. [lopehemwe anaromckor usrinena MIRD danroma (ieBo) u VIP-Man ¢anroma (aecHo)
Camka 3. Usrien rimagHor npo3opa Imagel-a

Cuauka 4. 3D pekoHCTpyKIHja ciuke U koopauHate y DICOM

Cauxka 5. DICOM cer criuka u 3D pekoHCTpyKITHja

Cuauka 6. [llemaTcku npuKas HeyTPOHCKOT 3axBara B

Cauxka 7. Ilonpeunn npecek ORNL ¢aHTOMa M M npuUMemeHe BOKCEN IeoMeTpHje Ha AaTd (GaHTOM Ha
BHUCHHU pz=35 cm

Cauka 8. [lonpeunn npecek BokcenmnzoBanor ORNL (anTOMa peannzoBaH 'y OBOM pay
Cauxka 9. [lonpeunn npecek ORNL ¢danToma px= -6 cm (J1eBo) 1 pz=55 cm (1ecHo)
Cauxka 10. Cniektap HeyTpoHCKOT cHoma peakropa TRIGA-II

Cauka 11. AnicopOoBaHe 03¢ (110 jeTHOM €MHUTOBAHOM HEYTPOHY) y 37paBOM JE€CHOM IUIYHHOM KpUIy U
JICBOM ILTYNHOM TKUBY Ca MeTacTa3aMa Y 3aBUCHOCTH JIO KOHIICHTpaluje 0opa

Cauka 12. AticopOoBaHe /103¢ y OKOJHAM OpraHuMa npu Kopurhemny MpaBOyraoHOT H3BOpa 3padycha
Cauka 13. AnicopOoBaHe /103¢ y OKOJHUM OpraHuMa mpH Kopurhemby eTHITHIHOT H3BOpa 3padebha
Cauka 14. Jlybuncka nuctpubynuja aricopOoBaHe 103e Ha PX=-8 ¢m u pz=62 cm

Cuauka 15. Tpancsepsanau nonpeunu npecek ORNL ¢pantoma Ha BUCHHU z=35cm; TYMOp je TIpeICTaBIbEeH
3eJIeHUM KBazapaTtoM 3x3. KoopanHaTtHu HOYeTaK je y OCHOBH TpyHa, Z oca je ycMepeHa BEpTHKAJIHO HaBHILE,
Y oca je ynampen, a X oca je ynpaBJbeHa Y IeCHY CTpaHy (haHTOMa

Cauxka 16. JlyOuncka pacrozesnia aricopOoBaHe 03¢ y ciiydajy: (a) TepMUuKkd HeyTpoHu y AP reomerpuju; (0)
TepMUUYKA HeyTpoHH y PA reomerpuju; (1) myOwHCKa amcTpuOynHja J03€ 3a TepMaiaHe HeyTpoHe; (1)
enuTepMUYKH HeyTpoHa Y AP reomerpuju; (e) enurepmuuku HeyTpoHu y PA reomerpuju; (¢) nyOuHCKa
IUCTpHUOYIHja J03€ 3a enuTepMuuKe HeyTpoHe. LleHTap Tymopa ce Hajgasu Ha X = -11.5cm, y =0iz = 34.5
cm

Cauka 17. Ilonmpednn nmpecek BOKCEIM30BAHOT (JIEBO) U HEBOKCEIN30BaHOT (paHTOMA (IECHO)

Cauka 18. I'eometpuje xopumhene y cuMmynangjama, ca OnepaTopoM KOju CTOjU ca JecHe cTpaHe (paHToMa
KOju mpeacTaBiba mandjeHta ("'cranzapaHa koHurypanuja" y majbeM Tekcty). [Ipojekimje cy ca JieBa Ha
necHo; AP (ca peHarenckom 1ieBom npeko namujenrta), PA, LAO 90° (penareHcka 1ieB ca CTpaHe orepaTopa),
RAO 30° u CRANIAL 40°



Cnuka 19. J[Be cdepe cy momare Ha TiaBy omeparopa Ha IMOJOXa)y OUYHjy. Y HEHTPATHOM MONPEYHOM
npeceky cdepe Hajmasd ce ocaM CerMeHara CHOJballllbe JbYCKe M YHyTpallllha Ipa3Ha obnacT. JlecHo je
npuka3aHo 16 cermenara Ha ciefnehu HauuH: yeTHpH (DpOHTalIHA CETMEHTa JjeBe cTpaHe cdepe (y cMmepy
Ka3aJjbKe Ha YaCOBHHKY, MOYEBINN 07 ropmer yesor yrma) L1, L2, L3 u L4, a ogroBapajyhu cermenTtu Ha
3ammem neny cy L1, L2', L3"u L4'. Ucra mema ce mpuMjemye Ha IeCHO OKO ca o3HakoM R ymecro L; Tako ma
cy o3nake R1, R2, R3 u R4 3a mpenwy ctpany u R1’, R2’, R3' u R4’ 3a 3aamy cTpany.

Cnuka 20. Mogen riage ornepartopa ¢ IoJaTKoM 3allITUTHUX Haouapa tumna A, B u C (monen C je uneHTH4aH
ca B, anmum ca momaTMM 3alITUTHUM ClOjeM, KOjU Jaje 3aKkpuBJbeH oOmmk "L"), Kako je pa3marpaHo y
cUMyJalyjama.

Cauka 21. LAO 90° reomerpuja, mperiies] 3alliTUTE KOjy HyJAE OJOBHE Haoudape. Mama omHoca QuryeHca
pacejanux ¢ortona, ompeheHux y 16 cdepHHX cerMeHaTa OKO OYHOT COYMBA Oleparopa, y yOHOCY Ha
MaKCHMaJHy BpenHocT duryeHca y ,.craHmapanoj koHpuypanuju" LAO 90° (cerment L3). Ilogebrpanmn
opojeBu (bold number) ce omHOCE Ha Tpeae cerMeHTe, TOK ce MCKOoImeHu OpojeBu (italic) ogHOCE Ha 3aame
cermenTe. OceHUeHU OpOjeBU NPHKA3y]jy HAJU3JIOKECHU]jE CETMEHTE 3a JaTy 3allITUTHY OINIHjy (TUI Hao4apa).

Cauxka 22. (a) Unyctpanmja uctopuja pacejanux dectuna LAO 90° y ciydajy mocrojama 3alITHTHOT eKpaHa
y HEONITUMHU30BAHOM CIIy4ajy, Ha JIeBOj CTpaHu (M3HAJ NalyjeHTa) U ONTHUMHU30BAHOT ClIy4aja, ca JeCHE CTPaHe
(ca ctpane omepatepa).

(6) LAO 90° ytumaj cTona u 3alITUTHOT eKkpaHa . Marma omHOca QuryeHca pacejanux gorona, onpehernx y 16
chepHHX cerMeHTa OKO OYHjy Omeparopa, y OJHOCY Ha MaKcHManHy BpemHocT ¢uyeHca LAO 90 ° y
"crangapanoj xonpurypammju" (cerment L3). IlomeOmanu OpojeBu (bold number) ce ogHOoce Ha mpenme
CerMeHTe, JOK ce WCKomeHW OpojeBu (italic) omHoce Ha 3amme cermeHte. OceHUEeHU OpOjeBU TMPHUKA3Y]y
HajU3TIOKEHH]€ CETMEHTE y CIIy4ajy KopHuIlherma 3allTHTHOT eKpaHa.

Cauka 23. (a) AP mpojekuuja, edexat momepama oneparopa (,,paijadHd IPUCTYN'") U 3aIITHTA KOjy HyJe
Haoyape tuna C. Mamna ogHoca ¢iyeHca pacejanux ¢otoHa, onpehenux y 16 chepHux cerMeHTa OKO OuHjy
oreparopa, y OJJHOCY Ha MaKCHMallHy BpeJHOCT QuyeHca y AP reomerpuju y "crannapaHoj kondurypamnuju'
(cerment L3). [Tone6spanu 6pojeu (bold number) ce ogHOCE Ha MPEHE CETMEHTE, JOK C& MCKOIIeHH OpOjeBH
(italic) omHoce Ha 3aame cermente. OceHueHH OpOjeBH NPUKA3yjy HAjU3pPAXKEHUj€ CEIMEHTE 3a JIOJATHY
3amTuTy (JoKanmja omneparepa). (0) AP npojeknmja ca 3D mpukazoM HCTOpHja YecTHIA

Cauxa 24. CRANIAL 40° reomerpuja: yTuIaj 3alITUTHE IUIOYE CTOJNA M 3aIUTHTHE IuloYe. Mama ogHoca
(bayenca pacejanux ¢orona, oapeheHux y 16 cdepHUX cerMeHTa OKO O4YHjy OlepaTopa, y OIHOCY Ha
MakcumaiHy BpeaHoct dayerca y CRANIAL 40° reomerpuju y "cTaHAapaHOj KOHQUrypanuju'" (cerMeHT
L3). Monebmmanu 6pojeBu (bold number) ce omHOCE Ha Mpenmke cerMeHTe, JIOK ce UCKomeHn Opojesu (italic)
OJIHOCE Ha 3aJhe cerMeHTe. OceHueHn OpOjeBH IPHKa3y]jy HajU3JI0KEHHUje CETMEHTE 3a JaTe OIIHje 3allThTe.

Cauka 25. CRANIAL 40°: yrumaj okperama omeparopa. Mama oaHoca d¢uiyeHca pacejaHux (oToHa,
onpehenux y 16 chepHUX cerMeHTa OKO 04HMjy OrnepaTopa, 10 MakcumaiHe BpeaHoctd ¢uryenca y CRANIAL
40° mo3unmju "craHgapaHoj KoHpurypanuju" (cerment L3). [logebspanu OpojeBu (bold number) ce ogHOCe
Ha IpeIme CErMEHTe, JIOK ce MckomeHu Opojeu (italic) omHoce Ha 3amme cermeHTe. OceHUYeHU OpoOjeBH
MPUKa3yjy Haju3pakeHHje CETMEHTE 3a JIOJAaTHY 3allITUTY (OKpETame orepaTepa).

Cauka 26. PA reomerpmja: edekar 3amrtute omeparopa. Mama ogHoca ¢uiyeHca pacejaHux (OTOHA,
onpehenux y 16 cepHux cermMeHTa OKO OYHjy OIepaTopa, y OJHOCY Ha MaKCUMAJHy BpeaHocT (iyeHca y
CRANIAL 40° reomerpuju y "crangapaHoj koHgurypauuju" (cerment L3). IlogeOspanu Gpojesu (bold
number) ce ogHOCE Ha Mpelmke CerMeHTe, JOK ce MCKouieHu OpojeBH (italic) ogHOoce Ha 3anme CErMeHTe.
Ocenuenu OpojeBH NPHUKA3y]jy HAJU3JI0KEHHU]E CETMEHTE 3a JIOJaTHY 3allTUTY oreparepa.



Cauka 27. RAO 30° reomerpuja:edekar ,,paaujarHor npuctymna“. Mama onHoca ¢uryeHca pacejanux GpoToHa,
oapeheHux y 16 cepHHX cerMeHTa OKO O4YHMjy OIeparopa, y OZHOCY Ha MaKCHMalIHy BPETHOCT (iyeHca y
RAO 30° reomerpuju y "crannapaHoj kondurypamuju" (cerment L.3). [loge6spanu 6pojeu (bold number) ce
OJTHOCE Ha TIpelhe CerMeHTe, IOK ce HcKomeHu OpojeBm (italic) omHoce Ha 3amme cermeHTe. OceHUEHH
OpojeBH MpHUKa3yjy HAjU3I0KEHHje CETMEHTE 32 IOATHY 3aIITUTY orepaTopa (MO3MIHja OTiepaTopa).

Cnuxka 28. CT cHuMIM TpyaHOT Komma ckeHupanu y Imagel 3D npernenady ¥ NMONPEYHU MPECEK TPYAHOT
komra. a) CT cimke rpyHOT Kollia ipe oopaje 0) nmpecek TpyAHOT KoIa Mocie BOKCETH3aInje

Cauka 29. Ilpecek Bokcen Mofena Topakca. MnenTndukanuonn O0pojeBn opraHa Ha OBOj CIHMIHU CY AaTH Y
Tabenu 22. ID 256 je crioJbHU IPOCTOP.

Cauxa 30. IIpecek xxenckor ¢pantoma ORNL: a) pz=51cm u 0) pz =55cm
Cnuka 30.a) 1 - uryha, 2- cpna, 3 - kuuma, 4 - KOCTH pyke, 5 pedpa.
Cmuxa 30.0) 1- myha, 2- xuuma, 3 - KocTu pyke, 4 - pebpa, 5-menBuc, 6- jeqmak.

Cauka 31. Pesynraru ancopbosane nose (fGy mo dorony) 3a ORNL (a) u Bokcen mozen (6) Topakca 3a 81
keV (33Xe), 141 keV (*™Tc) u 190 keV (B1MKr).

Camxka 32. Pesynratu oprana SAF (kg™t) nonemmennu ca Bpegnoctuma SAF (kg?) 3a miyha 3a 33Xe  (a),
9MT¢(6) and 81MKr ()



Chnucak rtaoesa

Ta6ena 1. Pagujanony TEXWHCKH (AaKTOpW TOjeMHUX BpcTa 3padema jaath y ICRP mybnukanujama 60
(1991) u 103 (2007)

Ta6ena 2. Tkusuu Texuncku Gakropu ICRP 60 (1991) u ICRP 103(2007)

Ta6ena 3. MCNP5/X kapTuiia moBpuraaa

Tabesa 4. Makpo tena gocrynaa y MCNP5/X

Tabena 5. Kaprure 3a neduamncame u3Bopa

Tabesa 6. Kaptuia Bapujadiu gectuiia

Ta6esa 7. Bapuja6ie 3a nepunncame SDEF kapTure

Tab6ena 8. Cneumndukarmja o3naka tally kapruie

Ta6esa 9. [Tapamerpu ORNL cepuja MmaTematnukor ¢aHTOMa

Taoesa 10. Enementu koju ynase y cacraB TkuBa ORNL ¢antoma (Eckerman et al., 1996)
Ta6ena 11. TTapamerpu koju aedpunuiry Tpyn y OPHJII cepuju pantoma (Eckerman et al., 1996)
Tabeaa 12. ITapamerpu koju aedunurry riaaBy y ORNL cepuju panroma (Eckerman et al., 1996)
Ta6ena 13. TTapamerpu koju nepunumry Hore y ORNL cepuju pantoma (Eckerman et al., 1996)
Tab6ena 14. Komrrana cpx kox ORNL cepuje dpantoma (Eckerman et al., 1996)

Tabena 15. AkTUBHA KOIITaHA CPXK Y TIOjEIMHAM KOCTHUMA, JISIOBUMA KOCTH]Y WM TpyliaMa NpeCcTaBbeHa y
% axTuBHe komTane cpxu y ey ORNL cepuje panroma (Eckerman et al., 1996)

Ta6ena 16. Tomorpadcku hanTomu
Ta6esa 17. EdbukacHu npecenu mojeIuHNX eleMeHaTa 32 TEpMUYKE HEYTPOHE
Tabesa 18. AnicopboBane 03¢ y okosiHuM opranuma (GY)

Ta6esa 19. Koeduiujentn kousep3uje duayenca y Hp(3) 3a enepruje HeyrpoHa y murepsany ox 1.00E-09
keV mo 15 MeV 3a Tpu MHIIUAEHTA yIila BOKCEIN30BAHOT (haHTOMAa MaTEMAaTHIKOT MOJIE/Ia OYHOT COUHBa

Ta6ena 20. Koepuiujentn kousep3uje dayenca y Hp(3) 3a enepruje HeyrpoHa y mutepsany ox 1.00E-09
keV mo 15 MeV 3a Tpu MHIIMAEHTA yTIila HEBOKCEIM30BAHOT (DaHTOMa MAaTEMATHYKOT MOJIEIa OYHOT COYMBA

Tabena 21. Makcumanau ¢uyeHe, 3a "cranmapaHy KoHurypauujy", y3umajyhu y o03up 16 cdepHHX
cerMeHaTta HopMalu30BaHuX npema AP reomeTpuju



Ta6ena 22. Onabpanu opraHy Mojienia BOKEN Topakca ca oAroBapajyhum uaeHTUQUKanuonum opojem, opojem
BOKCEJIa, Mace U TYCTHHE

Tabena 23. Pesynratu SAF (kg™!) 3a Boxcen mozen Topakca 3a 1*3Xe, ®°™T¢ u 81MKr
Tabena 24. Pesynratu SAF (kg™!) 3a ORNL ¢anroma 3a 1¥3¥Xe, ®"Tc u 81MKr

Ta6ena 25. Vnopehusame SAF (kg™!) noOujenn y oBoM paiy ca nojanuMma us3 JIUTEPAType
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CA/KETAK

[IpenMer ucTpakwBama OBE JOKTOPCKE TUCEpTalldje je TMpUMEHa BOKCEI TE€OMETpHje 3a

pauyHame arcopOOBaHMX /1032 JOHU3YjyhuX 3padyema y opraHuma JbYACKOT Tea Y pa3IuduTuM

CUTYyaljama O3padyuBamba.

]_II/I.]'I: paia u 3aganu

[use oBe aucepTalyje je mo0oJblIake T03UMETpUje jOHU3YjyhUX 3payema MPUMEHOM ,,BOKCEN

Mozaciaa.

3ajanu Koju Cy MOCTaBJbEHU IPE]] ayTopa OBE JIOKTOPCKE JUCEPTaLje cacToje ce y cienehem:

Kpeupamwe Bokcen mozaena Ha ocHoBy LT miam MP cHuMaka KOHKpeTHUX ocoba mpema
KOME je JbYACKH OpraHu3aM IPEICTaB/beH Kao CKYIl MaJMX 3alpPEeMHHCKHAX eJIeMeHaTa
TKHBA - T3B BOKCETIA,

Nmmnemenrtanuja Bokcen mojaena y Beh mocrojehu momen spyackor tema — OPHII
danTOoM mpemMa KOME Cy OpraHu MPEJICTaBJbeHU KAao TEOMETPHjCKa Tella MPEKO
jeaHayrHa aHamUTHYKe reometpuje y 3/1;

[Tpumena u umeMeHTaiuja Bokcen reomerpuje y MCNP5/X codteepy;

ITpopauyH no3a joHu3yjyhux 3pauema y 3alpeMUHaMa OJf MHTEepeca Y BOKCEIM30BaHO]
TeOMETPH]H;

IIpumena Bokcen reomeTpuje W Ha Jpyre Mmojene (GaHTOMa M HHXOBAa NPUMEHa Yy

Pa3IMIUuTUM CI/ITyaI_II/Ij amMa.

MeTtononoruja

Y 0BOM pajly MPUMEHEHO j€ BUIIIE METO/A:

a) Oopagom DICOM cimka noOwjernx Ha ocHoBY LT cHMMKa KOHKpPETHHX oco0a

nomohy codraepa ImageJ.

0) Kpeupame Bokcen mojena matux ocoba u3 Imagel maeHTH(UKOBAkHEM M0jeAMHUX

oprasa,

B) Pa3Boj ynasuux ¢ajinosa 328 MCNP5/X Ha OCHOBY MPETXOHUX Tayaka
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r) Ilpumena MCNP5/X 3a pauyname ancopOOBaHHMX J103a y pasHHM CHTyalldjama

W3JIarama JOHU3yjyhum 3pademuma.

Pesyararu

W3pauynare cy amcopboBaHe no3e y cieaehuM cirydajeBUMa O3pauuBama Yy HYKJIEApHO]
MEIUIMHA U PAIUOJIOTHjH:

- nmpumena bHI] Tepamnuje;

- J103e KOje MpUMajy omeparep U ManujeHT Y HHTPABEHCKO) paauoIOTH]H;

- 03¢ TpM NpuUMeHH paguodapManeytuka “°Xe, ¥MTe u 81"Kr u

- TIpopayyH J103a KOje IpUMa OYHO COYHBO.
3ak/pyuyak
Bokcenuzanuja omoryhyje 005bM yBUA Yy pacmojieny ancopOOBaHHX J03a TO IIOjeAHHUM

opraHuMa M TKMBHMaA, mTO WHade HHUje Moryhe mpu mpumenu OPHIJI monena. Moryhe je

UACHTU(UKOBATH ,,Bpyhe Tauke* y Tely y cilyyajy akIUJeHTa U CJ1.
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YBOJT

OBaj pax mpumnaga MEIUIIMHCKO] GU3MIM KOja je e0 MpUMEHeHe HykiIeapHe ¢usnuke. Kopuctu
3HaWka, METOJIC M TEXHHUKE U3 HYKIeapHe (QU3MKe, HAPOUUTO (U3MKE 3pavera, Y MPUMCHH
3padema y UJbY AMjarHOCTUKE M TEepAIHje MalyjeHaTa.

I'maBHa Tema OBOT pajd je MOJEIIOBamhE BOKCEN T€OMETPH]je, YIIOTpeda KOMIjYTEPCKUX MOoesa
(banToma), ka0 W mpHMeHa JAaTHX MOJCIA y MEIUIMHCKO] (QU3MIHK y HHJbY yHampehema
IUjarHOCTHKE, Tepalvje, JO3UMETpUje | 3amTuTe oX joHusyjyher 3padema. @DaHTOMHU Cy
pa3BUjeHH 3a HIMPOK CHEKTap JbYACKHX aHATOMHja, Of JAELe M aJoJieclieHaTa J0 OJIpacimuX,
MyIIKapala 1 xeHa, kao u TpyaHuna. Ca OBaKBUM MOJICIIOBAaHUM cepujamMa (aHToMa, MOTy ce
CHUMYJIUPATH Pa3IMuUTe CHUTYyalldja O3payrBamba.

On 1960-ux, pa3BujeHo je u npuMemeHo Bumie o7 90 KOMIjyTepcKUX MojieNna JbYACKOT Tena,
KOJU C€ 4ecTo ce HasuBaj)y "¢hammomu”, a y Wby NO3UMETpPHjEe U 3aIITUTE O] joHU3Yyjyher
3pauewa. Behuna mozena T1j. pantoma He neduHUIIE caMO CIOJbAIIKE OCOOMHE YHUTABOT
JbYJICKOT Tella, Beh yKJbydyje W JeTajbHE IMOJaTKe O YHYTPAlllbHM OpPraHMMa, Kao ITO CY
3ampeMurHa, Maca, o0lIHMK U cactaB TkuBa. Komrjyrepcku ¢aHToMH y KOMOMHANUju ca MoHTe
Kapno mMeromom ce kopucte 3a BeoMa MPEUHU3HO CHUMYIHPAkHEe KOMIUIEKCHHUX HWHTEPaKInja
3padema U TKUBa U U3PauyyHaBamke BPEIHOCTH JACTIOHOBaHE €HEpruje y JbyackoM Teny. [Ipoiene
703€ Y Pa3IMYUTUM OpraHMMa JbYACKOT Tela, KOju Cy YeCTO HOPMATHU30BaHU MEPJbUBHM
nmapaMeTpuMa, W3padyHaTH Cy 3a pa3U4uTe CHUTyalldje W IapaMmeTrpe NPUINKOM IMPHUMCHE
3aIITUTHUX CPEJICTaBa 3a MpOo(EeCUOHATHO U3JIOKEHA JIUIIA, PA3IUYUTO] IPUMEHU Y HYKJIEapHO]
MEIUIMHY, aujarHocTndkoj ymotpeou CT cuumama (Computer Tomography), pagunorepanuju,
utA. TokoM ronuHa, MPUKYIMJbEHU MOJAH JOOHjeHH MOMONY KOMITjYTEepCKHX MOJelNa, YCBOjeHH
cy y npenopykama Mehynapoaae Komucuje 3a Paguonomky 3amruty (ICRP).

Pann ¢anTomMm OwiM Cy 3aCHOBAaHM Ha jETHOCTaBHUM MOJCIUMa TPUMEHOM eJIeMEHTapHUX
TeOMETPHjCKUX Tella, Kao mTo cy cdepa, IMWIMHIAP, WTH. KOjUMa Cy OIHCHBAHH OPTraHU
Jpyackor tena. OBo Cy OWIM aHAIUTHYKU MOJIENU TNIe CYy OpPTaHU ONMHMCHUBAHU MAaTeMAaTHUYKUM
jemHadyMHaMa Tella y mpocTopy. Hampemak aujarHOCTHKOBama MOMONY MEIMIIMHCKUX CIIHKA,
Kao M BHUXOBa 00paja, MMayia je 3a MOCJIEeAUIly HAaCTaHaK M pa3Boj HOBE reHepanuje panToma

T3B. ,,60Kkcen panmomu ‘. OBU (PaHTOMH Cy 3aCHOBAHHM Ha JOOHWjEHUM IMOAAIIMMAa MEIUITUHCKOT
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ClIMKama, Ma CaMHM THUM NpPEICTaBJbajy 3HAYajHUjH HampeJaK Yy JCTabHOM OIMCHUBAIbY
aHaToMcKor peanusma. Mcropwja kommjyrepckux (aHTOMa je IoBe3aHa ca pa3BOjeM H
IPUMEHOM HOBUX KOMIIJYTEePCKUX TEXHOJIOTHja, Kao M o00paje MEIUIMHCKUX CJIHKa Yy
KOMITjyTepcKoj ToMorpaduju U MaruetHoj pezonanuu. Ilogerkom 2000-ux, ICRP je ycBojuo
BOKCEIIM30BaHE KOMIIjYTepCKe Mojiene (GaHToMa, Kao CTaHAapAe Ha TO0Jby  3allTHTE O]

joumsyjyher 3pauema (ICRP 110, 116).
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PACIIOPE/] MATEPUJAJIA IT10 ITTABAMA
Pan ce cactoju u3 nBa gena:
e OIIILITA PASMATPABA
e TEOPUICKO-EKCIIEPUMEHTAJIHU JEO PAIA

VY ommtem nieny je AaT Tperiel CTama y 0BOj 001acTh 0€3 OPUTHHATHOT HAYYHOT JOTPUHOCA
ayropa u uMa MoHorpadcku kapaktep. CacToju ce W3 NeT rjaBa, KOje OIHUCYjy I0jMOBE
HEOITXO/HE 33 pa3yMeBambe pajia U METOI0JIOTH]E IaTe MPOoOJIeMaTHKeE.

VY npBoj r1aBU Cy ONMKUCAaHU OCHOBHU TIOJMOBH U BEJIMYMHE OJ] HHTEPECA y PaIfjallioHOj HU3UIIH.
JlepuHucane Cy NMpOTEKIMOHE M ONEpAalMOHE BEIMYHMHA, KAa0 M FHHXOBAa Be3a ca (PU3UYKHM
BenmmunHama npema ICRP  (International Commitee on Radilogical Protection) u ICRU
(International Commitee on Radilogical Units) ny6nukanujama.

VY npyroj rnaBu je gatr kpatak onmucan Monte Kapio merone W mHXOBa MMIUIEMEHTALUja Y
TJIAaBHUM COPTBEpHUMA y 00JIACTH MHTEPAKIIMje 3padcha U MaTepuje.

VY tpehoj rnasu je mat nperaen ¢aHTOMa, KOjU ce KOPUCTE Y Pa3IMUUTHM CUTYalljamMa Ha 10JbY
3alITHUTE O] 3pavycHa.

VY uyerBproj rnaBu je onucan DICOM (Digital Imaging and COmmunication in Medicine)
crangap/. [lo3HaBame OBOT CTaHAap[a Wrpa BaXHy YIJIOTY 3a Jo0ujame Bokcen dantoma. On
BEJIMKOTI 3Hayaja MpeJCTaBba MPaBUIIHO TyMadewe nHpopMmaiuja, koje DICOM cet cnuka Hocu
ca coboM Kao MH(OpMalLKjy, a Koja ce KOPUCTH NPHU MOJeNIoBamy Bokcen (anTtoMa. Pezonmymuja
OBUX CJIMKa, Tpeba 1a MpeAcTaB/ba 3alpeMHHY jeIHOT Bokcena. Ha oBaj HaumH ce mnpu
MO/IeJIOBalY n30eraBa Mpeksianame MOBPIINHA U TPEIIKe y yiaazHoM (ajiy.

VY meroj rnaBu omnucad je codreep Imaged (http://rsb.info.nih.gov/ij/) 3a pan ca CT crnukama.

OBaj codTBep je KoMepIHjalHu COPTBEP OTBOPEHOT KOJA, a HAMEH-CH je 3a pajl ca ClIMKama y
paznuuutuM popMaTUMa, Kao U MaHHUIMyIalnja 00jeKTUMa Y OKBUPY J1aTe CIIMKE.

[llecta TiaBa caapXKd pe3ylTaTe TEOPH]jCKO-SKCIIEPUMEHTAIHOT pajia, OCHOBE MOJIEIIOBamba
¢danToma, kao u JoOujame ynazHor ¢ajma ca Bokcen ¢panToMoM. llpukazane cy merone
UMIUIEMEHTALMje U yIIoTpeOe BOKCE reOMeTpHje, a y HUJbY 3alTUTE O] 3padyeha.

VY 3akJbyuKy je JaT CakeT mperjen pe3ynrata u gocturiyha pama. JluckyToBaHu cy 100HjeHU

pe3yATaTH y CBETIY MOCTOjehrX eKCIEPUMEHTATHUX U TEOPH]CKUX TOJIaTaKa.


(http:/rsb.info.nih.gov/ij/)
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1.O0CHOBHHU IIOJMOBH U BEJTHYUHE Y PA/TUJALIHOHOJ OHU3UHIIH

OcHOBy cucTeMa 3alITHUTe OJ 3padyewma 4YmHe mpernopyke  Mehynaponne Komwucuje 3a
Paguonomky 3amtury (ICRP). Ox MoMenTa Kajga Cy omakeHH INTCTHH epeKkTH joHHu3yjyher
3padema, IMOjaBUO ce Mpo0JeM KaKo KBAaHTU(UKOBATH H3JIOKECHOCT IMOjelMHIA, Tj., KaKO
OJIpeIUTH KOJIMKO j€ HeKH YOBEK 03paueH U KaKaB je pU3HK O] o3pauuBama. OBaj mpobiieM Huje
HU JI0 JaHac y MOTIYyHOCTH pemieH. Jla Oum ce omucaia 03padyeHOCT YOBEKa YBEICHE CY
onrorapajyhe ¢usnuke BeIWYMHE, a CHCTEM BEJIMYMHA KOJU je JaHac 3BaHWYHO mpuxBaheH
Hana3u ce y ICRP myGnmkamujama Op. 60. Ilpema ycBojeHOM CHCTEMy, IOCTOj€ TpU TpyIie

BCJIMYHHA U TO.

e Qu3HnyKe BEIUYUHE,
e [IporekiuuoHe (3alITUTHE) BETUYHHE;
e OrnepanyoHe BEIUYUHE.

[{use oBor nenma je o0jalmbere MaTUX BEIMYMHA, jep C€ OHE KOPUCTE Y HapeIHUM
nornaseuMa. ICRP je 1990. roguHe mpernopy4miia HOB MPUCTYIT Y 3aIITUTH O] 3pavyekha MITO je
nyonukoBaHo y ITyomukanuju 6p.60 (ICRP 60, 1991). ITTocne 1990 roa. 61o je 4nTaB HU3 HOBHX
npenopyka. OBe npernopyke 3amemyjy one u3 ICRP 26 (ICRP 26, 1977) u npezacraBibajy 3HaTHO
OJICTyIIalb€ y OJHOCY Ha crape. PajgukaimHe W3MeHe Cy YUWIeHE Yy JeUHUCAmY TEeKHHCKHX
¢axropa. ICRP 26 xopuctu ¢pakmop kearumema 3padema Q, KOju ypadyHaBa pasMKe y BPCTH
3pauema M y BE3U je ca IPOCTOPHOM pacmonenoM omrehema Koje 3paderme HalpaBd Y
matepujany. ICRU je kopuctio (M jom yBeK KOpPUCTH) (akTOp KBaIUTETa y JePUHHUCABY
ormeparuBHuX BenuunHa. CympotHo npenopymu ICRP 26, ICRP 60 yBomu padujayuone
medgicuncke akxmope Wpg, 3a AepUHHCambEe BETUUMHA Y 3alUTUTU O 3pauewa. Y IlyOmukanuju
ICRP 74 (ICRP 74, 1996) npenopy4eH je CHCTEM BEIMYHMHA y 3aIITHTH O] CIOJballlbUX

3padena.

[Topen excnepuMeHTaIHE TO3UMETPHUjE Y KOJOj ce A03e onpelyjy ypehajuma 3a Mepeme
71032, TIOCTOJU W padyHCKa JO3UMETpHja rae ce A03e oapehyjy padyHameM Ha OCHOBY MO3HATHX
roJlaTaka 0 U3BOPY 3payerha U METU M OCTAJIMM PEJICBaHTHUM (pakTopuMa.

3a oapehuBame pacnojene ancopOoBaHe J03€¢ (M BeTMYMHA KOje ce OJHOCE Ha JI03Y)

M3BpIICHA Cy 3HAYajHa yHampehema y MaTeMaTHYKUM MOJIEINMa, PadyyHCKUM TMPOTpaMHUMa H

6
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¢usnukuM Oazama monataka. [loTpeOHO je MmoBe3aTw Mapamerpe I10Jba 3paucma U YCIOBE
O3pavMBama ca arcopOOBaHOM JI030M Yy OpraHUMa JbYJICKOT Teja. Y 3allTHTU O]l 3paycka
neduHUCaHe Cy: 3auwmumne BenuuuHe koje je nepunucao ICRP u onepayuone Benuuamne xoje
je nedunncao ICRU. 3amTuTHe Benu4nHE Cy C€ pa3BWIIC U3 KOHIENTA JO3HOT CKBUBAJICHTA IO
MOCJICIbE MPETopydeHe BeluunHe, eekTuBHE J103e. OnepanuoHe BEIMYUHE CYy CE Pa3BHIIEC O]
Makcumyma go3Hor ekBuBasieHTa (MADE) mnpeko 103HO €KBUBaJEHTHUX MHACKCA [0
aMOHWjeHTATHUX, TUPEKIIMOHUX U TICPCOHAIIHUX JJO3HUX CKBHBAJICHATA.

HajHoBuju CcKyn 3alITHTHHX BEIUYMHA IPEACTaBIbajy: Cpelma armcopOoBaHa a03a Y
oprany wiu TkuBy DT, eKBUBaJeHTHa J103a y oprany Hr, u edexrtuBHa no3a E. OBe BenuuuHe
HUCY TUPEKTHO MEpJbUBE, jep je HeMoryhe MEpUTH /03¢ y OpraHuMa JbYJCKOT Teja, ajH Ce
MOTY W3padyHaTH aKo Cy YCIIOBH O3padMBama Mmo3HaTH. [lopen padyHCKHUX Mojeia MOCToje U
(GU3NYKK MOJETH JbYACKOI Teja, HAlpaB/beHH O] TKHUBYCKBHBAJICHTHHX MaTepHjajia, KoOju
CIly’)K€ 3a JUPEKTHO O3pauyuBame U Mepeme peanHux no3a y opranuma. ICRU je nedunucana
CKyIl OTNEpaTHBHHUX BEJIMYHMHA KOj€ CE KOPUCTE 32 MHIUBUIAYaJTHH MOHUTOPHHT, MOHHUTOPUHT

o0acT U KanuOpanujy HHCTpyMeHara.

1.1. Qusuuke senuuune

Benmuunne ancopOoBaHa a03a, QuiyeHC ¥ KepMma ce Ha3uBajy pu3nukuM BenuurHama. Mako
CY MHUIIMjaJTHO yBeJeHe 300r Omuca 03pauyeHOCTH JbYACKOI Teja, OHE BaKe€ U y CBUM JPYTrUM
o0JyiacTiMa TJie 10J1a3u /10 O3padyuBama OMII0 KaKBOT MaTepujana.

@nyenc @, yecTulla y HEKOj TauKU MPOCTOpA je KOJMYHHUK Opoja yecTula Koje majaajy Ha

Maily chepy OKO Te Tauke U MOBPILIUHE MONPEYHOT Npeceka Te chepe:

dN
o =21 (1.1)

Jeounuya je opoj uecmuya no jeouHuyu nogpuiUHe.

Ha ocnosy npemxoomne penayuje moogice ce oeghpunucamu cycmuna hiyenca, Koja npeocmasnsa

npomeny ¢huyenca y jeOunuyu epemena.
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d?N

P = ds -dt (12)
Y Ha3MBa CE MHTCH3MUTET 3payucha.
Kepma, K., (Kinetic Energy Realised in Material) ce negunuiie uspazom:
_ 9Bk
K=— (1.3)

rae je dEk, cymMa mo4eTHHX KMHETHYKHX €HEeprija CBUX HACIEKTPUCAHUX YECTHIIA KOje Yy
npollecy MHTEepakije npousBese jounsyjyhe 3pademe y enementy mace dm (Sabol and Weng,

1995). Mepna jenununa je I'pej (Gray) (Gy): 1 Gy=1 J/kg.

Ancopbosana 0o3a je cpeitba eHEpruja Kojy joHusyjyhe 3paueme npeaa MaTepuju Mace

dm, moacJb€Ha Ca TOM MAaCOM:

dE

D_
dm

(1.4)

MepHa jenunuia je I'pej (Gray) (Gy): 1 Gy=1 J/kg. OBo je OCHOBHA BEeJIMYHHA y PaIH]jal[IOHO]
¢u3um 1 oHa je gu3uuka Mepa edekara joHusyjyher 3pauema Ha HeKH o0jekaT, yKJbyuyjyhu
TKMBa W oOpraHe JbyJacKor Tena (¢aHTOMa), MU Kao TakBa C€ KOPUCTH NpU JepUHUCAY

oneparonux ¥ 3amrtuTHux BenmmunHa (ICRU 51, 1993).

1.2 Ilpomexyuone (3auwmumue) denuuune y 3aumumu 00 3paierba

[TporeximoHe BenMWYMHE Cy YBEAEHE 3a MOTpede 3amTuTe O] 3paderma IpeMa
npenopykama ICRP. ¥V oBy rpyny Benn4mHa criajajy: cpelmba ancopOoBaHa /1032 y OpraHy WUiH

TKHUBY, CKBUBAJICHTHA 1034 Y Opra”Hy HJIM TKUBY U C(I)CKTI/IBHa J03a.
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Cpeama ancopGoBaHa /103a y opraiy ujm TKuBy, D je nata kao:

: f,, Ddm =L Eaim (1.2.1)
T

Dy = —
T m mr 'Vrdm

r7e je Mt mMaca TkuBa wiu oprana, u D je ¢ynkumja pacnosene arncopOoBaHe 103€ MO OpraHy

win TkuBy. JleuHuIIe ce Kao KOJIMYHHUK SHEpPruje 3pavca ancopOoBaHe Yy HEKOM Telly H Mace

TOT TeJa, Tj., EHepruja arcopboBaHa y Tely jeAMHUYHE Mace. .
Jenunuua je I'pej (Gy): 1 Gy=1 J/kg.

ExBuBajieHTHa a03a Y TKHUBY C¢€ ,I[e(i)I/IHI/IH_Ie Ka0 CyMa YTCXKHECHHUX aHCOp6OBaHI/IX J03a o4

Pa3IMYUTHX BPCTA 3paveha, Tj., ©
H, :ZWRDT,R (1.2.2)
R

rae cy: Dtr cpenma arncopboBaHa J03a y OpraHy wiu TKuBY T ycien joHusyjyher 3paudema
kBasinTeTa R; WR je paaujaliioHu TeXUHCKU (pakTop. Y TKUBY WM opraHy T, KOju Cy 03padyeHu
y MEIIOBUTOM TOJbY KOj€ CE€ CacTOju O] BMILIE BPCTa 3pauyema ca PasIMYUTUM BPETHOCTHMA
panujanoHOr TeXHUHCKOT (hakTopa WRr. AmncopOoBaHa 7032 O]l MOJEJMHHUX BpPCTa 3pavema ce
MHOKH 0/iroBapajyhuM paaujaliluoHUM TeXKHUHCKUM (QakTopuMa, WR.

VY tabenu 1. cy npukasaHu paanjalilioHN TEKUHCKH (AKTOPH MOjeIMHUX BPCTA 3padyewma JAaTH y

ICRP ny6nukanujama.
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Tabena 1.  Paoujayuonu

oamu y |CRP nyonuxayujama 60 (1991) u 103 (2007)

MENCUHCKU

gaxmopu

nojeouHuUx

epcma

Panujanvionn TexXWHCKH (hakKTop,

WR
Bpcra u enepruja 3pauema
ICRP 60 ICRP 103
(1991) (2007)
®oToHU (CBUX €HEpruja) 1 1
EnexTponu (cBUX eHepruja) U MUOHU 1 1
Heyrponu (enepruje < 10 keV) 5
Henpekunna
Heyrponu (enepruje 10 - 100 keV) 10 KpuBa o
Heyrponu (enepruje 0,1 - 2 MeV) 20 3aBUCH o1
Heyrponu (enepruje 2 - 20 MeV) 10 creprije
HEYTpOHa
Heytponu (enepruje > 20 MeV) 5
[Iporonn  (ewepruje > 2 MeV) 5 9
Y HAaeJIEKTPUCAHU MUOHHU
o yectuue, (PUCHOHU (PpParMeHTH, TEIIKU 20 20

HYKJICOHU

Ha couuu 1. je npukasaH paaujalluoHu TEKUHCKH (DaKTOp HEYTPOHA.

3paderba
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Cnuxkal.Paoujayuonu mexcuncku ¢pakmop HeympoHa y 3a8UCHOCmuU
00 eHepeuje HeympoHa

EdexTnBHa 103a je 30up mpou3Boja €KBUBAICHTHUX 1032, Ht, y TkKMBMMa 1 opraHuma
JBYJICKOT Tella U TKUBHOT TEXHHCKOT ()aKTOpa, WT, [0 CBUM H3JI0KECHUM TKHUBHUMa/OpraHuMa
Tena. ExBuBaneHTHa /03a y3uma y o03up Ouonomke edexkrte mo jeAMHUIH fo3e. JeauHuia

edexruBHe n03e je Cusept (Sv): 1 Sv=1 J/kg.
Jata je u3pazom:

E=>wH; (1.2.3)
~

rac Ccy: HT CKBHBAJICHTHA aO03a TKUBY WK oprany T, a Wt TKHUBHH TEKWHCKH (haKTOpH 3a
2

TKWBO Win oprad T.

ITpema ICRP 60 (ICRP 60, 1991), myacko Teno je nedunucano ca 12 "rimaBaux” opraHa u
"ocrarka” on 10 nomatHux opraHa. [IpemopydeHu TKHMBHM TEXHHCKH (AKTOpH KOjU ce
IpUMEBY]y Ha IEJOKYIHY MOMyJalnujy 3a oBa TKMBA WM opraHe natu cy y TaGenu 2. ['maBHU

OpraHu cy: TOHaJle, LIpBEHa KOLITaHa Cpxk, Aedeno npeBo, miayha, kemynan, Oemuka, Tpyau,

11
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jenmax, jerpa, THpou/Ia, KoXa M IMOBPLIMHA KOCTH. Y OpraHe ocraTka craaajy cienehm opranu:
aJ[peHasiHe JKJIe3/le, MO3aK, TOpHH Je0 AeOesor IpeBa, TaHKO IpeBo, OyOpesm, mumuhy,
MaHkKpeac, cjae3nHa, TuMyc u yrepyc. OBa Jincra ykibydyje opraie 3a Koje je Mmoryhe celleKTUBHO
O3pauMBame, a OCETJbMBU Cy Ha IM0jaBy KaHILEpa. YKOJIMKO C€ KaHLEep IO0jaBU Yy IPYyTruMm
opranuMa, Ouhe HaKHaHO YKJbYYEHH y OCTaTaK. Y KOJIMKO HEKHM OpraH M3 OCTaTKa MpuMH Behy
eKBUBAJICHTHY 103y OJ TJIaBHUX OpraHa, nmpumenuhe ce TexuHcku ¢axtop 0.025 u TeXHUHCKH
dakrop 0.025 Ha cpenmy n03y mpeocranux oprana octarka. Kacauje je ICRP mpepanuo cBoje
KOHIIeNTe M ocTartak peaykyje Ha 9 oprana (ICRP 69, 1995). I'opwu aeo mebenor mpesa je
YKJIOH-EH Ca JINCTE OCTaTKa OpraHa M yKJbydeH y Aeberno 1peBo, kao riaBuu oprad. Y ICRP 71
(ICRP71, 1995) yk/byueHH Cy W Ba3[AyIIHH MYTEBH y OCTATKy Teja. BpeIHOCT eKBUBAJICHTHE
703€ y OCTaTKy HHUje MHOTO HM3MEHEH OBHUM IMPOMEHaMa W yTUIA] Ha e(PEeKTHBHY 103y je
3anemapseuB. ['omune 2007, ICRP kommucuja ycBOjuia HOBE BPEIHOCTH TKUBHHUX TEKWHCKUX
dakropa, ysumajyhu y o03up HOBa ca3Hama 0 edextuma joHusyjyhux 3pauema, (ICRP 103,
2007). Y Tabenu 2. cy natu TeXHHCKU Gakropu npeMa myosnukanujama ICRP 60 (1991) u ICRP
103(2007).

Taoena 2. Txusnu meaxcuncku paxmopu ICRP 60 (1991) u ICRP 103(2007)

TKkuenu mescuncku haxkmopu, wr

Opran/TkuBo ICRP60 ICRP103
(1991) (2007)
Komrana cpx 0.01 0.12
Bemmka 0.05 0.04
Jojke/rpyau 0.05 0.12
Jebesio upeBo 0.12 0.12
T'onane 0.20 0.08
Jerpa 0.05 0.04
Iliyha 0.12 0.12
Jenmak 0.05 0.04
IIpBena komrana cpx 0.12

Koxa 0.01 0.01
Cromak 1.12 0.12
Tupounna 0.05 0.04
IToBpmmHa KocTHjy - 0.01
Mo3ak - 0.01
IlbyBauHe xie3ne - 0.01
Ocrarak 0.05 0.12

12
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Opranu ocraTka Cy aJpeHalHE JKJIe3lle, CKCTPATOPAKCHU PETHMOH, JKy4Ha Keca, CpIle,
OyOpes3u, nuM(MHU cHUCTEM M YBOPOBH, OpaJlHA MyKO3a, IaHKpeac, IpocTaTta, Maja IpeBa,
ClIe3MHa pUMYC, yTepyc/uepBuKc U ap. CBH OpraHu OCTaTKa ce TPEeTHpajy Kao jeJaH OpraH ca
TEXXUHCKUM (axTopom ox 0.12.

N3eemraj ICRP60 o6jaBibeH je 1991. rogune, kao axypupame ICRP26 koju je o06jaBibeH
1977. Canpxao je Hekonuko peBusnja ICRP26, ykpydyjyhu mpomeHe TeXHMHCKHX (akTopa.
[Ipenopyke u3 2007. rogune (mo3unate moj HazuBoMm ICRP103) axypupajy Texxuncke dakrope,
Ha OCHOBY HajHOBMjUX JOCTYIHHMX HAYyYHHX I0JIaTaKa MPHU U3JI0KEHOCTH joHH3YyjyheMm 3pauemy.
Ha npumep, y ICRP60, TkuBHUM TexxuHCcku ¢akTop 3a roHaje je 0.20, a HoBa BpeIHOCT Mpema

npenopykama ICRP103 je 0.08.

1.3. Onepayuone seruyune y 3awmumu 00 3paversd

Oneparrione Benuunte cy nepunucane y (ICRU, 1992, 1993) u nmosesane cy ca ICRP
3alITHTHUM BennunHama. OBe BelMYnHE Cy HacTasie Ha ocHOBY npenopyka y ICRP 26 (ICRP 26,
1977). Onepanuone BelIUYUHE 32 MOHHUTOPHHT OOJACTH CY: aMOUjeHMAanHu OO3HU eKEUBALEHM
H'(d), oupexyuonu ooznu exsusanenm H'(d,€2) u nuunu 0o3nu exeusanenm Hp(d).
AMOMjenTannn 103K ekBuBajdenT H'(d), y Tauku mosba 3pauema je J03HU eKBUBAJIEHT KOjHU
ou Owo mpomssBeneH y oxaroBapajyhem mossy y ICRU chepu na ayounu d, Ha pagujycy
CYIIPOTHOM O] TpaBIla ycMmeperma moJba. [Ipermopyuena Bpeasoct d je 10 mm 3a mpomopHO

3pademe 1 0.07 mm 3a c1abo MpoIOPHO 3paucHe.

Yemepenn no3un ekuBaient H'(d,()) y Tauku paaujannoHor 1mosba je 103HM €eKBHBAIEHT KOjH
Oou Omo mpousBeseH ca oarosapajyhum npomupenum nosbeM y ICRU chepu Ha nyounu d, Ha
pamujycy y oapehenom mpasmy neduumcanum Bektopom 2. Uudopmanmja o ycMepeHOM
JI03HOM €KBHBAJICHTY TpeOasio Ou J1a caapKu crieluduKaiujy pepepeHTe 1youHe.

YmMmecto nBe BenWuuHE (JIMYHU TyOMHCKH JO3HW CKBUBAJICHT W JIMYHU TMOBPIIMHCKHA JIO3HU
ekBUBalIeHT) Koje cy nepunucane y ICRU 39 (ICRU 39, 1985), y ICRU 51 (ICRU 51, 1993),

MperopyyeHa je BeIMYMHA Ha3BaHa iuunu (nepconannu) 0o3nu exeusanenm Hpy(d).

13
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Jluunu n1o3Hu ekBuBajeHT Hp(d) nmpencrasiba 1O3HU €KBUBAJICHT Y MEKOM TKUBY, Ha AyOuHu d
ucnoz oapehene tauke Ha Jpyackom Teny (ICRU 1992, 1993). V cnydajy mpoopHOTr 3pavema,
3a KOjU Ce BPIIM MOHUTOPUHI edekTuBHE no03e, d mma BpeaHocT 10 MM, 10k je 3a 3paucke
HHUCKE mpolopHocTu mpenopydena Bpeanoct d = 0.07 mm, a koja oxroBapa Mepemy
CKBUBAJICHTHE 7103€ 3a KOXKY (TIPH Meperby J103¢ 32 04HO counBo d = 3mm).

300r pacejamba U MHTEPAKIHje 3padema y Teny (KOju 3aBUCH O] MaTepHjalHE KOMITO3HIIH]E U
reoMeTpHuje), J103a MOXKe Ja Bapupa uzMel)y naauBuaya u u3mel)y nokamuja 3a aty UHAUBUIYY.
HeomxoaHo 1a ce ogabepe TauHa JIOKalMja Ha JbYACKOM Telly y Wby padyHamba KOHBEP3UOHUX
Koe(uljeHara.

KouBep3uonu koedunujeHtH cy onapehenu u usmely octanux (QU3NUKUX, MPOTEKIMOHUX U
oneparmonux BenuuuHa (ICRP 74,1997). Ilocroju uyWTaB HU3 APYrHX BEIMYMHA, KOje HHCY

CIIOMEHYTE, jep ce He YyIoTpeOshaBajy y KaCHUjeM pay.

14
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2. IIPETJIE]] HAJYEITRE KOPUIITREHHUX MK COOTBEPCKUX
IHHAKETA Y TPAHCIIOPTY JOHU3YJYREI 3PAYEHA KPO3 MATEPUJY

Monre Kapino merone uYumHM rpyna padyHapCKUX alropuTamMa KoOju ce OcCllamajy Ha
MOHABJbAHE CITYYAjHUX MOKYIIaja ga Ou ce JOOWIM HyMEpPHUYKH pe3yiaTaTH. YecTo ce Kopucre y
pemaBamby GU3NYKUX U MAaTeMAaTHUKHX MpoOjeMa u BeoMa Cy KOPUCHH Y CllydajeBUMa Kaja je
nemoryhe kopuctutu apyre marematwuke meroae (CoGoab, 1973; Lux u Koblinger, 1991;
Manno, 1999; Dupree, 2001;). Monte Kapno meTona je ocmunubeHa cpeauaoM 1940-ux on
crpane Stanislav Ulam, nok je paano Ha nmpojeKTUMa HYKJICApHOT HAaopyXama y Jlabopatopuju
(National Laboratory Los Alamos). Hakon wununmjamHor koHuenta Monte Kapio merone ox
crpane Ulama, John Von Neumann je pa3symMeo mWeroBy BaXHOCT, Ma je MPBU YCIEO 1a
nporpamupa ENIAC kon u mpeko payyHapa Aa U3BpIIH MPBE MPOPAUYHE CPEIHE Ty>KUHE MyTa
KOjy HEeyTpoH mpehe mpu mpojacky Kpo3 paznuumrte marepujaie kopucrtehu Monte Kapio
METOJ.

[Tocroju mHoOro mpumepa ymorpedbe Monte Kapno meronme y npyrum obiactuma H
Haykama, caoOpahaj, ¢uHaHCHje, TeHeTHKa, KBaHTHA XEeMHja, 3padema, paguoTepanuje u
J03UMeTpHje 3pauera uTa. beroa npumMena ce 1 1ajbe MUpHU Ha jour Behu 6poj obnactu, anu je
Y J1aJb€ HajyCIIENIHN]a TaMO T/Ie je TPBOOUTHO JehUHKCAHA, a TO j€ y TPEeTUpamy (CUMYIUpamby)
nmpoja3a joHusyjyhux dyectuna kpo3 marepujy. Monte Kapno merox je Temko npenusHo,
KOHIIM3HO U KOMIUIETHO Ae(pUHUHCATH, OBa] METOJ MPEACTaBba HYMEPHUUKU METO]| pellaBama
CIIO)KEHMX MAaTeMaTHYKHUX, CTaTUCTHYKHUX, (U3NYKUX NpodiemMa KOjU y CBHUM CBOJUM
BapHjaHTaMa YKJbydyje Mpollece ciydyajHor onalOupama. Llusb oBor Merona 3acHMBa ce Ha
KOHIIENTY Jo0ujama y30paka W3 OCHOBHE IMOIMyJaluje uuja olernexja >KeIMMO Ja OJPEIUMO.
VY3opuu ce no6ujajy momohy crenujaqHUX TeXHHKA Y30pKOBama 3aCHOBAaHE Ha NMPUHIUIHMMA
TeopHje BepoBaTHONE U MaTeMaTHYKe CTaTHCTUKE.

CTaTHCTHYKOM aHaJTM30M TIOJaTaka JOOHMjeHHWX Y30PKOBAWmEM JIOHOCE C€ 3aKJby4IH O
KapakTepHcTHKama MoIyianyje koja je ox unrepeca. Ilpennoct Monte Kapno merona jecre
JEIHOCTAaBHO pellaBamke YaK U BeoMa CIIOKEHHX MaTeMaTHYKHX MpodiieMa, 3a Koje Hajuemthe He
MIOCTOJU AHAJUTUYKO PEIICHE; HEroB HEJAOCTaTaK je BENHMKH Opoj MOTPEeOHUX IOHaBJbamba

paduyHapcKUX eKclepuMeHaTa Jla Ou ce MOCTUIIIA jKeJbeHa TauHocT. HoBe reHepaiyje pauyHapa
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YUHE OBaj HEAOCTAaTaK cBe MamuM Te je MonTte Kapimo Merona cBe mpucyTHHjA y Pa3sIHYUTUM
HAYYHUM U TEXHUYKHM JUCIUIUINHAMA.

VY 3aBucHOCTH 0o M300pa (PU3MUYKO MATEMaTHYKOT MOJETIa KOJUM C€ OIMUCY]y CIy4YajHH
MIPOLIECH y CUCTEMY U HAYMHA Ha KOJU Ce CTOXAacTUYKU 00pal)yjy 100MjeHH y30pIH, pa3inKyje ce
HeKoJIMKo BapujaHTu Monte Kapmo meroma. Y HekuM ciydajeBUMa (DPU3WYKO MaTeMaTHUKH
MOJIET CJIy4ajHHX HpoLeca je MOTIIYHO BEIITauykKyd W KOHCTPYHCaH y CIICHUjajHe CBpXeE, Tj. 3a
pemaBame onpehenor mpobiema. OBa Bapujanta Monte Kapino merona, mMasa yecto Beoma
WHTEPECAHTHA, HUje O IIMPEr HHTepeca 300T CBOje OTPAaHUYCHOCTH y IPUMEHH.

Hajnomynapuujy u 3a pasymeBame HajjeqHOCTaBHHU]y BapujanTy Monte Kapno merona
NpEeACTaB/ba T3B. AHAJOTHA TEXHMKA WIM JHMPEKTHA cuMyianvja. PU3MUKM MoOJen Koju ce
UMIUIEMEHTHPA y aHAJIOTHY TEXHUKY HJCHTHYAaH jeé OHOME KOME Ce IOKOpaBajy CiydajHH
MPOLIECH y pealHoM cucTeMy. Ha Taj HaumH mporecu Koju ce cumyimpajy Morte Kapio
METOJIOM IPE/ICTaBIbajy alCTPAKTHY aHAJIOTH]y MPOIIEca y PEATHOM CHCTEMY, T€ CE BEOMa YeCTO
OBa CHMYJallija Ha3uBa U HYMEPHYKUM EKCIIEPHMEHTOM, HyMEPHUKOM CHMYJIAIIH]jOM.

Nmajyhu y Buay Hampen pedeHo, jacHo je na ce Monte Kapno MeTon TeMesbH Ha CTOXACTHIN
mpolieca, 4Mja cy crama ojapeheHa 3akonmma BepoBaTHohe. (CTOXacTHYKE T0jaBe CE OIHUCY]Y
TaKO3BaHUM CJIy4ajHUM BeIWYMHAMa, KOje Aajy TYCTHHY pacrojeiie BepoBaTHOhe y HeKoM
MHTEpBaly BpeHOCTU. Teopujcke mpeacTaBe O IMojaBamMa Koje CUMYJIUpPajy ciydajHe BeIUYHHE
W3 HBUXOBHX MMO3HATHX pacIiofieia Ha TaKaB HAYMH Jla HeHa CPelha BPETHOCT 10 BepoBaTHONH
TEXH FHEHOM MaTeMaTHYKOM OUYeKHMBamby UYMHE OCHOBY mnpumeHe Monrte Kapno meronma y
HYMEpUYKAM CHMYyJanujama. ['ycTHHa pacrozene 30Mpa ClIydajHHX BEIHMYMHA TEKU T'yCTHHU
HOpMaJlHE pacmojiesie Kaja ce Opoj peanusanuja CilydajHe BeJIWYMHE HEOrpaHWYeHO yBehasa
(Llentpanua I'pannuna Teopema). Tume metone Monte Kapno cumynanujy Gusuukux mporeca
npuOIMKaBajy HYMEPHYKOM EKCIIEpUMEHTY y KOMe ce cTaTUcThyka HeoapeheHocT
(HecUTypHOCT) pe3yiTara MOXe KOHTPOJHMCATH, OJHOCHO HyMEpHYKa CUMYNandja (QH3MIKOT
IpoIieca OBOM METOJIOM MOJKE C€ U3BECTH ca npeauleHoM HeoapeheHnomhy.

JlaHac je y  paaujandoHoj (GU3MLIM pacnoiokuB Behw Opoj KOMepIHjaHUX U CI0O00IHUX
codTBepa. Y HapeaHOM Jeny je aat onuc copTBepa koju kopucte Monte Kapio meron, kao u
BUXOBA IPUMEHa y (PH3HIHK 3paderba, ca KPaTKUM OINKMCOM FHHXOBHX TJIABHUX KapaKTEPHCTHKA.

Behuna codrBepa pagu Ha pazauMuuTUM IU1aThopMaMa U ONepaTUBHUM CUCTEMUMA.
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2.1. MCNP5/X

Y oBom pany xopumihen je MCNP5/X codtsep, Te ce OH OBIe OmHCYyje JIeTajbHUjE O]
apyrux. MCNP5/X codtep je passujen ox ctpane Los Alamos National Laboratory 1957.
roguHe. [IpBOOMTHO je OMO HaMEHEH 3a CUMYJIHpame MPOCTHpamka HEYTPOHA M padyHarmhe
KpuTHuHe Mace. MoryhHocTn codTBepa cy BpeMeHOM moBehaBaHe Tako ja cama oOyxBara
MOTYhHOCT 3a JeTajbHO CHMYIMpame HyKJIeapHuX mpoueca. Kopuctu ce 3a cumynanujy
HYKJICapHUX TpoIIeca, aJld UMa CIIOCOOHOCT Ja CUMYJIMpPa MHTEpakuuje 34 pa3iuuuTuX TUIIOBA
yectuia. Kopuctu ce y BeoMa paszinuuTHM 00JacTUMa U MMa MPUMEHY y MpOIleCHMa 3allITUTE
Ol 3paucema M J03MMETpHje, paauorpaduje, MeAUIMHCKE (U3MKE, AU3aJHUpAhEe M aHAJIN3a
JIETEKTOpa M aKIelIeparopa, IeKOHTaMUHAIH]je ¥ IEMOHTaXKE Y HyKJIeapHIUM 00jeKTHMa UT/I.

MCNP5/X - MCNP-a general Monte Carlo N-Particle Transport Code (X-5 Monte Carlo
Team, 2003) je codbrBep omimte HamMeHe MonTte Kapio Tuma Koju ce MOXe KOPHCTHTH 3a
W3pauyHaBamke BEJIMYMHA OJ MHTEpeca MpHU peakidjama HEyTpoHa, (OTOHA, EJICKTPOHA WIIH
3ajeJHIYKOT TPAHCIIOpTa MapoBa HEYTPOH-()OTOH-eJIeKTpoHa. IIporpam TpeTrupa HMpOU3BOJEHY
TPOJUMEH3NOHAIIHY KOH(PUTYpALMjy MaTepujaja y TEOMETPHjCKHM henujamMa OrpaHHYeHUX
MOBpIIMHAMA Y TIPOCTOPY, KOj€ [1ajy U 3allPEMHUHCKY CIUKY Mojena. 3a ¢oToHe, mporpam y3uma
y 003Up HEKOXEPEHTHO U KOXEPEHTHO pacejarme, MOTYNHOCT (IyOpecIieHTHE eMHUCHje IMOCcIe
(dboToenekTpUUHe  ancopmiiyje, arcopmifjy Yy MNPOU3BOJIBLU IMapa ca JIOKAJTHOM EMHUCH]OM
AHXWJIAIIMOHOT 3paderba, Kao M 3aKOYHO 3padewme. Tpancmopt enmektpoHa y MCNP5/X  ce

3aCHUBA Ha TEOPHja BUIIECTPYKOT pacejama.

2.1.1. Ocnoena zeomempuja

Caku MCNP5/X ynasuu daja (input) caapxu Tpu aena:
kapruue nepunucanux hemuja (cell card),
KapTuile noBpmmHa (surface cards) u

Kaprtuiie nmojaaraka (data cards).

W np e

W3na3uu momatak, t3B., tally
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I'eomerpuja ce 6aBu neduHHCAmHEM KapTulla henuja mpeko KapTHila MOBPIIMHA. henuje
KapTHIIE ce KOpUCTe 3a jAcuHHCAmE 3alpeMUHE, a KapTHIe IOBPIIMHA CE€ KOPHCTH 32
cneur(uKanyjy TOBpIIMHE Koja JedUHMINE 3anpeMuHy JeduHHCaHy y KapTuiu henuje
(MCNP5/X  Manual Vol.ll). MCNP5/X omoryhaBa KOPHUCHHKY MHOTE Pa3JIMYMTE OIIIIH]jS
HaBojiehn pasnuuute mapaMeTpe MpH aHAIW3U NpOOJIeMaTHKe, alnu 3axTeBa jAeduHUCame

penocieaa Hajora CBakor yiaasHor ¢ajia. Pegocnen 3a ynasau ¢ajn je cienehu:
kapmuye henuja = npasau ped — Kapmuye NOBPUIUHA — NPA3AH ped — Kapmuye nooamaxa
— npasam peo .
Tunuuan ynazau ¢aja (input) anmpoKCUMaMOHO U3TJIeIa OBAKO:
¢ kaptuiie neunucanux hemuja (cell card)

Pazmmuute henuje koje cy HaBeAcHE

[mpa3an pen]
C kapruie noBpurHa (surface cards)

Paznuunte nmoBpimHe Koje Cy HaBeICHE

[mpa3an pen]
C kapruIie mojaTaka (data cards)

... CBU mopanu xoju cy nNoTpeOHH 3a JepHuHUCcambe Mpodiema

[mpa3an pen]

Cpaku ¢ajn ce mopa opeanuzosamu Ha Taj HAUWH, Al HAaYMH HAa KOJU C€ HABOJE
NojeMHayYHe KOMIIOHEHTEe MOTY BapUpaTH y 3aBHCHOCTHU O]l JINYHE CKJIOHOCTH U JAeduHuCcama

pazmuuntux reomerpuja. MCNP5/X He no3BosbaBa mpasue pemose [blank line] ocum mo jemue

18



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHM3yjyhuX 3pauema y opranuMa 4oBedjer Teja -I10KTOPCKa JUCEepTalHja

3a Tpu HaBeJleHe 1enuHe. [la Ou ce yna3Hu ¢aji ycrenHo KoMIajiimpao Mopa Jia ce CTaBH ,,C*“ Ha
MOYETKY JIMHH]E, KOje yKa3yje Ha TO Ja je Jara jJuHHja Koga mnpokomenrapucana. MCNP5/X
MpaBU OICeXHE mpoBepe ymasHor ¢ajna. Paramna rpemka (FATAL error) ce jaBiba, ako cy
OCHOBHa mpaBwia 3a yHoc crneuudukanuja npekpmenu, a MCNP5/X  he mnpexkunyru
kommajnupame. [IpBa aranna rpemka je cTBapHa, TOK HAKHATHE MMOPYKE O TperIKama Mory, ajiu

1 HE MOpajy Aa Oyay peaiHe.

2.1.2. Kapmuye nospwuna (surface cards)

[ToBpuinHEe cy 00jeKTH KOjuU ce€ MOTYy KOMOMHOBATH Ha jEJUHCTBEHE HAYMHE TAaKO Jia CTBOPE
onpehene 3ampemune, koje cy aedpunucane y xkaprumu henmje. IlocToju MHOTO pa3IMYUTHX
TUTIOBA TOBPIIMHA KOje MOTY Ja C€ KOPUCTe M KOMOWHYjy, a THUIUYHA jeHAYMHA PAaBHH ¢
nedunucana kao : Ax + By + Cz+ D = 0 . Jla 6bucmo notnyHoO AepHUHUCAIN OBY MOBPIIMHY Y
MCNP5/X ynaznom (ajiy Kopuctu ce cieneha cexkBeHria :
JpABCD

rae je:

j Opoj TIOBpITIMHA ¥ MOKE UMATH [eT00POjHE BPEIHOCTH Y HHTepBary of 1-99999,

p o3Ha4aBa Ja je MOBPIIMHA PaBaH U

A, B, C, D cy mapameTpu paBHH.
Hnp. na 6ucmo kperpanu paBaH mapajieiHo Z OCH Ha BUCHHH 0J1 5 CM, OTPeOHO je HAIKMCaTH:
jpz5
jp0015

TaGena 3. cajpxu cBe TUIIOBE MOBPIIUHA, JeHAYMHE, MHEMOHHMKE U peJlocie]l YHOCAa KapTHIle
koje ce Mmory kopuctutd y MCNP5/X  kao u ommmje 3a yHoc y yinasuom (dajiy (input).

Hla 6u ce nedunmcana (tabena 3.), Tpeba MpBO YTBPAWTH KOS(DUIIMjEHTE 3a JaTy jeTHAYHHY
nomohy ananutuuke reomerpuje. MiHpopmMaimje ce yHoce y KapTUIly NMOBPIIMHA IpeMa rope
HaBesieHoM o0uKy. [loa onpehenum ycinoBuMa, MoBpIIMHa Moke OUTH euHICaHa HaBOhemeM
reoMeTpujckux Tadaka. lloBpmmHe Takohe Mory OutH (opmHupaHe KOMOMHATOPUKOM

TEOMETPHJCKUX OOJMKAa HAJIMK Makpo TeJIuMa O uyeMy he OWTH peud y HapeIHOM IIOTJIaBJbY.
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Tauka A (X,y,z) je nepuHHCcaHa Kao MO3UTHBHA Yy OAHOCY Ha TOBPIIMHY, KajJa je BPEAHOCT

n3pasa Te MOBpIIMHE Y (X,Y,Z) MO3UTHBAH.

Tabena 3. MCNP5/X kapmuya nospuwuna

MHueMOHHK Tunosun Onuc JeqHaunHa Yiaa3ua
NOBpLINHE Kapra
P onwTn Ax+By+Cz-D=0 ABCD
PX HopmanHo Ha x-D=0 D
X-ocy
PY Papan HopmasHo Ha y-D=0 D
Y-ocy
Pz HopmanHo Ha z-D=0 D
Z-ocy
SO Cdepa LlenTpupano y x2+y2+z2-R%2=0 R
MOYCTKY
S Omurrn -2 +(@y-92+(z-2)2%-R2 =0 xyzR
SX LleHTpupaHo Ha (x - 7)2 +yz +272_R2 =0 xR
X-ocu
Sy LleHTpupaHo Ha _
Y-ocu x> +(y-y)?2+z>-R?*=0 yR
Sz LleHTpupaHo Ha y +y*+(z-2)2- R*=0 R
Z -ocu
CIX Lumnnap MapanenHo ca -9*+(z-2*-R* =0 yzZR
cry X-ocom (x-%)>24+(z-2)2-R2 =0 X ZR
c/z MapanenHo Ha (x-%2+@-92-R2 =0 X yR
Y - ocom
2 4 22 p2=0 R
CX MapanenHo ca yorz
cY Z - ocom x*+7-R*=0 R
cz Ha X-ocu x> +y*-R*=0 R
Ha Y-ocun
Ha Z-ocn
K/X Komnyc MapanenHo ca JO-92+zZ-2)2%-t(x-% =0 X yzt?
X- M
KIY oco Ja-0+@-22-ty-3) = 0 £1
K/Z MapanenHo Ha — — B % yzt?
Y - ocom V-2 +(y-y)?-t(z-2) = 0 L
KX MapanenHo ca [y2 + Z2-t(x-%) = 0 .,
Z - ocom et
KY N 2 2 _ t -9 =0 —
Ha X-ocu X+ - ty-Y) yt +1
Kz Va2 + y2 -t(z-2) = 0 7t? +1
Ha Y-ocu
+1
Ha Z-ocun
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Enunconn A(x- %)% + B(y - y)? + C(z - 2)?
Xwurepboia Oce mapainense x)2 ABCDE
P P +2D (x-X) FGxyz
SQ ITapa6ona XY umn Z ocu +2E(y - )2
+2F(z-2)?*+6 =0
Tumusnap Oce HuCy
Konye napazuense X,Y
Enuncounp
GQ Xunep6ona u Z ocu Ax? + By2 + Cz? +Dxy + Eyz ABCDE
TapaGona Fzx+Gx+Hy+Jz+K=0 FGHJK
TX Enuntuasn nmn (x- Y)Z/BZ + -+ (z-2)2 - A)Z/Cz —1=0 X yZABC
KPY’KHHU TOPYC.
TY O-P/B*+ (-0 +(z-D* - A)?/CP-1=0 X yzABC
Oca je mapasenHaca
X, Y, wiu Z-ocom
Tz @-2%/B+ (- D+ 5 - 72— A/ ~1=0 X yZABC

2.1.3. Maxpo mena

Jlpyru Ha4yMH 3a crienu(uKanyjy 1 KOMOMHATOPUKY BHIIE MOBPIIMHA A00Hja ce ca yrnmoTpedom
noctojehux 3D oOjekara, mo3Hatux moja Ha3uBoM makpo tena. MCNPS/X  canpxku y cBojum
OubIMoTeKaMa, pa3inuuTe Bapujalije Makpo Tesia Koje Cy NoTnyHo aedunucane: kyruja (D0oXx),
napajesnonumnes. JeIoH TakBo Makpo Teno je kyruja (box). Muemonuk 3a kpeupame KytHje,

no3uBameM u3 oudmoreke MCNP5/X -a je cnenehu:

BOXVxVyVz Alx Aly A1z A2x A2y A2z A3x A3y A3z

rae je V koopauHaTe MBHIIE U A je BEKTOp CTpaHuUIle. Y 3aBUCHOCTH O]l MATEMaTHYKOT amapara
U aHaJIMTUYKE TeOMETpHje Koja ce KOPHCTU Jla Kpeupamo ojpeleHe 3ampeMuHe, Makpo Tena
NIPEJCTaBJbajy €PUKACHU]U U Op>KM HauMH YTBphHMBamka MHOTUX NOBpIInHA. CTaHIapHU HAYUH
je nepuHucame MeCT NOBPUIMHA U BUXOBO KOMOMHOBame Y KapTulu henuje. Y tabenu 4. je nat

CIHCAK TOCTYMHUX Makpo Tena nepunncannxy MCNP5/X .
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Tabena 4. Maxpo mena oocmynna y MCNP5/X

MHeMOHUK Makpo TeJ10

BOX NPOU3BOLHO OPUJEHMUCAHO OPMOLOHAIHO MENO
RPP npaeoy2aonu napaneionuneo
SPH cghepa
RCC npasu KPysucHU YUiuHoap

RHP wim HEX npaea xekcazoHaiHa npusmda
REC npasu elenmuyHu YUIuHoap
TRC ckpahieHu 0ecHu KOHyC
ELL enuncouo
WED nupamuda
ARB

NpOU3B0bHU NOIUEOAD

2.1.4. Kapmuya heauje(cell card)

VY neny noBpIIMHE T€OMETpHje Koja ce KOpUCTe Yy helauju MOBpILIMHA, YKIbYUYje Ce KaKo OBE
MOBPIIMHE KOMYHHIIUPajy jemHe ca npyruma. [loBpmmue y MCNP5/X  wumajy HeraTuBaH u
MO3UTUBaH cmucao. [lo3uTuBaH cMuCa0 je cTpaHa MOBPUIMHE KOja jeé OKpeHyTa Ka MO3UTHBHO]
ocu. [loBpmmmHa ca jeanadnHoMm z = 0 (xy paBaH) MMa OpPHjEHTALMjy ca HEraTHBHE CTpaHE
UCHOJ XY paBHM M TMO3UTHBHY CTpaHy H3HaJA xy paBHU. To je BakHO ucTahu, jep Kolka je
OKpy)XeHa ca 6 TOBpUIMHA M CBE CE€ CE€ MOpajy  OApPEAUTH KopullhemeM HCIpPaBHUX
OpMjeHTalHja MOBPLIMHA, MHaYe heMo J100MTH OECKOHAuHY 3allpeMUHY U3BaH KOIIKE.

AKO HIIp. XEITMMO KOpak Jajb€ Yy peajin3aliju CIOXKEHHje FeoMeTpuje HIp.  KOLKa y
MPETXOHO KPEHPaHO] KOIKH, MOpajy ce neuHUcCaTH CBE IMOBPIIMHE TPBE KOIKE, Ka0 U
MOBPILIKHE JApyre Mame Kolke (yKynHo 12 moBpiinHa). JenHocTaBHMja METO/a KOja ce MoKaszaia
BEOMa KOPHCHOM, jecTe Jia ce camo ojipesie 6 HOBUX MOBPIIMHE CHOJbAIIBET KOIIKE, a 3aTHM Ce

KOpPHUCTH KOMaH/a "#", ITO 3HaUM Ja UCKIJbydyjeMo Opoj henmja uctipen Koje 3HaK CTOjH.
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2.1.5 Paona nospwuna (Universe)

[ToHOBJbEHE CTPYKTYpe mpeacTabajy mpoumpeny crnocooHoct MCNPS5/X  codreepckor
KOHIIETITa, I7Ie ce MOXe oapeauTu na hemuja tpeba na Oyne HCIyHEH HEYMM, WITO CE 30BE
panHa moBpinuHa (Universe). Pagna mospmimaa Moke outu ckym hemuja pernerke (lattice) wmm
Mpou3BOJbHA KoJIeKIMja henrja. CBaka pajHa MOBPIIMHA, KOja je OMHMCAaHAa CaMoO JeTHOM, MOXKE
outu oapeheHa na momyHu cBaky o1 Omiio kor Opoja henuja neduHMCaHUX y caMOj TEOMETPH]H.
OBo omoryhaBa Kpeupame BHUILECTPYKE KOMIUIEKCHE T€OMETpHUje y OKBUPY UCTE JaToTeke 0e3
ormacHoctH na nu he ce henmmje mpeknamatu y camoj reomerpuju. Jla Ou  oxpenunu paaHy
MOBPIIMHY Y KapTHUIM henuje ce HaBoau U = j, TAe j uMa 1eIoOpOjHEe BPEIHOCTH U Haja3u ce y

uHTepBany ox 1 —9.

2.1.6. Cneyugurayuja uzeopa (Source)

W3Bop u Bpcra vectuna 3padewma 3a MCNP5/X cumynanmje cy naBenenu y SDEF
kapruim (Source DEFinition). Komanaa SDEF uma mHOT0 Bapujabiu, ajau U napamerpe Koju ce
KOpHUcTe 3a JedrHUCamhe KapaKTepUCTHKa M3Bopa y AaToM mpobieMy cumynanuje. Hapenba u
nepunucame y SDEF y xaptumm ca cBUM CBOjUM OpOjHHM TPOMEHJPHUBUM IapaMeTpuma,
MPeJCTaBba jean o1 cliokeHujux 3aaaraka y MCNP5/X wusBpuiHoj Hapenou, anu je y cTamby
Jla TIpOM3BE/Ie HEBEPOBATHY PAa3HOJIMKOCT CaMOI M3BOpa, KOje MOTY OMTH cajpXaHe Yy caMo
jennoj nunuju SDEF kaptune. Camo jenna SDEF kaptuna je nosBosbeHa 3a aepuHucame y
ynasaom ¢ajiny. CBaku MCNP5/X  mapamerap maror mpoGiemMa HWMa jeaH OJ YCTHPH
nedunncana n3Bopa: rnasau u3Bop (SDEF xaprumna), moBpmuHckr n3Bop (SSR kapTuma), u3Bop
3a mpopadyHe KputuyHoct (ucronux cucrema (KCODE kapTuiia) wim aeuHUCAHH U3BOP O
CTpaHe KopucHHKa (yoOu4ajeHa mpoueaypa Hamaxe fa ce Hajueuthe xkopuctu SDEF kaptuna).
VY okBupy oBe AehUHHUIIN]E U3BOPA, MOXKE C€ OAPEIUTH pacrojena (IucTpulyiuja) u3Bopa y
KOjO] Cy HaBEJEHU M TapaMeTPu KOJH MOTY Jia KOPHCTE NUCTpUOynHje nare QyHKIHje, a
nedunucane cy y Sln, SPn, SBn, u DSn kaptuuu. Kaprurie koje ce kopucrte 3a crierudukanmjy

JIaTOT U3BOpa MpHUKa3zaHe cy y Tabenu 5.
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Tabena 5. Kapmuye 3a degpunucarve uzsopa

MHeMOHHK Jedunncana kapruna
SDEF I'maBHM H3BOP
Sin Wndopmanuje o nuzsopy
SPn BeposatHoha u3Bopa
SBn Tok n3Bopa
DSn 3aBucHa H3BOP TUCTPHOyLIHja
SCn Komenrap n3Bopa
SSW IToBpmMHCKH 3anHc U3BOpa
SSR IToBpHIMHCKN OYUTaBamkE H3BOPA
KCODE Kpurnunoctu gpucroHux cucrema
KSRC Jledunucane rauke uzopa 3a KCODE

MODE kaptuna takohe ciyxu kao A€o crenudukanuje u3Bopa, a y HEeKUM CllydyajeBUMa
nojpa3ymMeBa JaTH TUI YecTHIle Koja Tpeba na ce mokpene u3 paror uzsopa. MODE napenba y
KapTHLM MPEUU3upa I71e Cy YECTUIE CTBOPEHA W Mpare MpoOJeM TpaHCIIOpTa caMe YECTHIIe.
Caaku nipo0JieM KOju yKJbydyje TPAHCIIOPT YeCTHIla, Tpebda aa caapku AeUHUCAHH MPOOIEM Y
MODE xaptunu. @opmat 3a MODE kaptunyy cy mpukasanu kao:

MODE X1...Xi

Xi = n3a mpancnopm neympona

P 3a mpancnopm ghomona

€ 3a MPaHCnoOpm eleKmpoHa AU NOZUMPOHA
W3Bop mopa na aedunuire Bpeanoctu cieachux MCNP5/X  Bapujabmu (Tabena 6.) 3a cBaky
YeCTHUIly KOja ce IPOM3BO/IH, a KOja Ce KaCHH]je M031MBa y CHUMYJAlUju U3 j1aTe OubnuoTexe.

Tabena 6. Kapmuya eapujabnu yvecmuya

O3naka Bapujaona
ERG Enepruja uectune (MeV)
TME BpeMme nokperama yectuue
uUuuu,vvv,WWw [IpaBar kperamwa yecTuLe
XXX, YYY,ZZZ [No3unumja yectuie

IPT Tun uectuie

WGT CTraTucTHYKa TEKHHA YECTHIIE
ICL Renuja u3 koje gectura kpehe
JSU [MoBpuirHa ca Koje yectuna kpehe

[Toctoje Tpu HUBOa ommca u3Bopa. IIpBM HHMBO MocTOjM Kaaa Bapujabia camor M3BOpa

¥UMa eKCIUIMIUTHY WM CTaHJapAHYy BpEeIHOCT (Ha NMpUMep 3ajaTra BpEIHOCT E€HEpruje) Wiu
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noJipa3yMeBaHy OUCTpHOyNHMjy (Ha mpuMep, U30TPOIHA yraoHa pacronena). Jpyru HUBO ce
jaBJba KaJa je MpOMEHJbMBA MU3BOpA JaTa y 3a7aToM OO0JUKY pacnojese BepoBatHohe. OBaj HUBO
3axTeBa ynorpedy S| umm SP kaptue.

Tpehu HHBO ce jaBJba Kaja je MPOMEHJbMBA 3aBHUCHA O]l Apyre Bapujabdne. OBaj HHBO
3axteBa DS kaptumy. MCNP5/X  y3opiu m3Bopa mate Bapujabiie ce Taja yCIOCTaBJbajy vy
CKJIaqy ca moTpebamMa KOHKpeTHOr mnpoOiiema. CBaka 3aBHCHa IPOMEHJbMBA MOpa OWTH
y30pKOBaHA HAaKOH YyHOCA. YKOJHUKO BPEIHOCT jeJHE MPOMCHJbHBE yTUYE Ha MOJPa3yMEBaHY
BPEIHOCT Apyre MPOMEHJbHBE, WM HAYMH Ha KOjU ce oxabupa, kao mTo SUR yruue na DIR,
oHu he MOx1a MOpaTH J1a ce Y30pKYyjy y ipaBoM penociieny. OBakBa mema jgoralaja ce KOpucTu
y MCNP5/X na 6u ce momecwo pemocien y30pkoBama. Hajuerihu M3BOpH MPOMEHJBUBHX
napamerapa, Koju ce kopucte y SDEF Hapenou cy naBenenu y tabenn 7.

Tabena 7. Bapujabae 3a depunucarwe SDEF kapmuye

Bapujaona 3Haueme HoapazymeBaHa BpeIHOCT
CEL henuja Oppehena u3 XXX, YYY, ZZZ
Hyna
SUR INoBprmHa (3HauM z1a ce u3BOp Hamasm y henujm)
ERG Enepruja (MeV) 14 MeV
TME Bpeme 0

K, xocunyc yria usmeh)y VEC u

3anpeMHHCKH Clty4aj: | je paBHOMEPHO

pacrniopelyeHO y nHTEpBaiy -1 10

Uuu,vvv,Wwww
1 (u30Tpona)
DIR (asumMyTHH yrao ce yBeK y30pKyje Mospumscks cayaj: p(l) = 2110 20 1
yuubopmuo y urrepsaiy ox 00 — (kocuHycHa ancTpuByLMja)
360°)
AXS Pedepentan Bexrop 3a EXT u
RAD -
X X-KOOpJIMHATA TOJI0XKaja -
Y Y-KOOpJIMHATA TOJI0XKaja -
Z Z-KOOpAMHATA TIOJI0Xkaja -
[Monpydje noBpiuHe
(moTpebHO caMo 3a AUPEKTHE -
ARA JIOIIPUHOCE Ha TauKy

JIETEKTOpa 011
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paBHH MOBPIINHE U3BOPA)
WGT TexxnHa yectuie 1
Kpurepujym 3a onbannBame
EFF e(hUKaCHOCTH .01
MO3UIHj€ Y30pKOBabha
1=neytpon ako je MODE N wmu
PAR Tun wectuna xoje he nzsop NP wm NPE
E€MHUTOBATH 2=dorox axo je MODE P nmm PE
3=enexTpon ako je MODE E
Tparchopmanuja m3Bopa
TR yectuna TR = n wim

TpaHchopMaIrja JUCTPUOYIIHja -

TR =Dn
NRM Hopmanna nospmrza +1
POS Pedepenrtna Tauka 0,0,0
RAD Pacrojame ox POS wmmn AXS 0

Themmja: pacrojame og POS y
EXT npaBiy AXS 0

IMoBpmimHa: kocuHyc yria og AXS
3anpeMHHCKH CITy4aj: 3axXTeBa YHOC,
YKOJIIMKO HHje U30TpOIaH
[NoBpuIMHCKH ClTy4aj: BEKTOp HOpMaJlaH Ha
VEC Pedepurau BexTop 3a DIR

HOBPILIKHY ca MPE3HAKOM ofipeljeH y

onHocy Ha NRM

Crnenndpukammja ymaza WGT, EFF u PAR Moxe umatm camMo EKCIUTMIIUTHE BPEIHOCTH.
Huctpubynuja y onpeheHoM HHTepBally HUje 103BOJbeHa. [lo3BosbeHa BpenHocT 3a PAR je 1 3a
HEYTpOHe, 2 3a GOTOHE UM 3 3a eJIeKTpoHe. Y0oOHUUajeHa BpEHOCT je HajHUXkKa O] OBa TPH Koja
oJiroBapa CTBapHOM WM cTaHaapAaHoM yHocy y MODE neny kxaprune. Camo omabup jenHe
BpcTe uecTHlia je 103BosbeH y SDEF kaptunu. Behuna usBopaux Bapujadiu cy ckaigapu, aju ¢ y
VEC, POS, u AXS Bekropu. [TorpedHa BpenHocT n3Bopa nmpomeHspBe, kao 'y SDEF, S| nmm
DS xaptumm, oOuM4HO ce 3amaje jeman Opoj y ynasHoMm (dajimy, amu ca m3dopom VEC, POS, u
AXS, BpeaHOCT MOpa 3apaBo UMaTH TPUILIET OpojeBa TO jecT, X, Y, U Z KOMIIOHEHTE BEKTOpa.
[TpomensbuBu u3Bopu SUR, POS, RAD, EXT, AXS, X, Y, Z, u CCC ce kopucre y

pa3IMYUTUM KOMOWHAIMjaMa fa Ou ce oapeanie KoopauHare (X,Y,Z) MOoMa3HuX MO3UIHja H3BOpa
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gyecturia. Ca OBUM KOMOMHAIMjamMa MOXE C€ OJPEIUTH TPHU Pa3IUYUTEe BPCTE 3alPEMHHCKE
JTUCTPUOYIMje U TPU pa3IMuUTEe BPCTE AUCTPpHOYIMje HA MOBpIIMHaMa. [lereHepucanu Bep3uje
THX pacrojaena o6e30elyjy nuHmje u Tauke u3Bopa. CioxeHuwje IUCTpHOyLHje MOTy ce
anpOKCUMHUPATH KOMOWHOBAHEM HEKOJIMKO JeTHOCTABHUX AUCTPUOYyIHUja, kopucrehu S onmujy
Sin u DSn kaprure.

Tpu paznuunrte BpcTe 3anpeMUHCKE AUCTPUOYIHje Cy 3anaTte y [lekapToBoM, chepHOM I
WIMHAPUYHOM KOOpAMHATHOM cuctemy. Bpemnoct mnpomenssmBe SUR  je Hynma 3a
3alpeMUHCKypacroAeny. 3alpeMUHCKa PacIojiena ce MOXe  KOPHUCTUTH y KOMOHMHALUjU ca
CEL npoMeHJbHBOM, MPU Y€MY Y30pak Mopa OUTH paBHOMEPHO pacropeleH y yHYTpalImbOoCTH
henuje.

Cnenehu mpumep mpezncraba ynorpedy SDEF kaprune m neduHHcame TadkacTor H3BOpa

3pasema °°CO:

sdef erg=d1 pos=0 0 par=p
sill1.1731.332
spld11
Cneneha mnycrpanuja npeacraniba Bapujaunjy ynorpede SDEF kaprure:
sdef cel=5 pos=9 0 0 erg=0.662 rad=d1 ext=d2 axs=1 00
par=2
sil1 00.25
spl-211
si2 0.75
sp2-210

N3Bop je paBHOMEpHO pacmopeheH y menokymHoj 3anpemuHu henuje 5. henumja ce Hamasm
LIEHTpUpaHa 10 KoopJIuHaTama, uja je nosunuja nepunucana y (9,0,0). Oca u3Bopa mnpenazu
mpeko (9,0,0) y npaeiy (1,0,0). YHyTpammsy U CHOJbAlIBE PaHjyCcH 3allpeMHHE JaTOT M3BOpa
cy 0 cm u 0,25 cm, u mpoctupy ce nyx oce (1,0,0) 3a ynaseernoctu ox = 0.75 oz (20,0,0). Mopa
C€ BOJUTH padyHa Jla OBaKo JepUHUCAHU WM3BOp , 00yxBaTa KOMIUIETHO henujy 5 u aa Hema

paculiakba BaH JAaTC 3allpEMHUHC.
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3a 3agaty reometpujy, ynorpeda SDEF kaprtuiie Moxe ce HIp. npukaszatu y ciaeachem o0onuky:
c cells
11-1-2u=1
1001 0 -1 fill=99
1002 0 -2 u=99 lat=1 fill=0:9 0:9 0:9 1 999r
6660 1

c surfaces
1rpp010010010
2rpp010101

c source

sdef erg=10. x=d1 y=d2 z=d3 cell=d4 par=2 $ 10 MeV photons
sil h 0.000 1.000
spldO. 1.

si2 h 0.000 1.000
sp2dO0. 1.

si3 h 0.000 1.000
sp3dO. 1.

si4 | (1<1002<1001)
si4 11001:1002:1
sp4 1 999r

2.1.7. Cneyugpuxayuja uznaznux pezyimama (tally cards)

Tally kaptuma ce KoOpHCTH 3a cHenM(UKANWjy W3Ta3HUX TMOJaraka, TO jecT KaKBe
uH(popMalrje KOPUCHHK JKeu Ja 1o0uje o npopauyHa Moume Kapno cumynanuja, Ha IpuMep,
JIETIOHOBaHa eHepruja, (IyKC y 3apeMUHU O] MHTEpeca, CTETNEH 3arpejaHOCTH Y PETHOHY Off
uHtepeca, uta. OBa nHOpManMja ce 3axTeBa O] CTpaHEe KOPHUCHHKa MoMohy KOMOMHAlMje

KapTula. HOCTOjI/I cCaaM OCHOBHHMX THUIIOBaA ta”y KapTUleC 3a HCYTPOHC, HISCCT OCHOBHHUX THIIOBA
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tally xapruie 3a ¢dorone, u dyetupu ocHoBHa Tuma tally kaprume 3a emexkTpoHe, KOjH Cy
noctynad 'y MCNP5/X -y kao crammapane oubanoreke cnenudukanuja (Tabema 8.). Cse cy
HOpPMAaJIM30BaHE 110 jeIHOj EMUTOBAHO] YECTHIIM, aJH C€ MOTY MEHATH O] CTpaHe KOPUCHUKA ca

TALLY nmornporpamuma uii MOTy OMTH HOpMHpaHa TeHHCKU y camoj kputuunoct (K CODE)

MpopavyHa.
Tabena 8. Cneyugurayuja osnaxa tally kapmuye
MueMOHHK TALLY onuc Jeqununa
F1:N wiau F1:P wumm F1:E  Hurerpucana cTpyja nospimue YecTune
F2:N wiau F2:P wom F2:E  Cpenwa  Bpeasoct arykca qecTuue/cm?
MOBPHINHC
F4:N wiau F4:P wim F4:E  Cpenma Bpeanoct uykea hemmje qecTuue/cm?
F5a:N nau F5a:P Bpenuoct duykca y Taukn qecTuue/cm?
FIP5:N nau FIP5:P IlpaBan  Tauke jerekropa  3a qecTuue/cm?
nenoBe (DIyKCHE CITHKE
FIR5:N nau FIR5:P [lpaBan  Tauke nerekTopa  3a qecTuie/cm?
panuorpadcku QIrykce
FIC5:N nau FIC5:P IlpaBan  Tauke JerekTopa  3a qectuue/cm?
LWIMHIPUYHU panuorpadcku
myxc
F6:N uian F6:N,P unu F6:P  Jlenorosana enepruja y hemuju MeV/g
F7:N JlenoHoBaHa ()UCHOHA €HEpruja y MeV/g
hemuju
F8:P wnu F8:E unu F8:P,E  Huctpubyumja enepruje ummyica Nmmync
HacTaje y JACTEKTOPY
+F8:E JIeTIoHOBaHO HaeNeKTpUCAHEe Hab6o;j

VY cneundukanuju o3Haka tally ce mnentudukyje mo tumy m Bperu yectuma. 7ally je
3amatu Opoj y kaptun: 1,2, 4, 5, 6, 7, 8 unu ce moBehara y kopanuma uuja je Bpearoct 10, amu
umajyhu y Buay u o3nake dectuna N, :P, wiu -E ( win: N, :P camo y ciydajy tally tuma 6
wm :P,E camo y ciyyajy tally tuna 8). Tako Moxkemo 1o0uTH MynTHILIHKAUjy ocHoBHOr tally,

CBaKH ca Pa3IMUYUTUM E€HEpreTckuM crneunpukanujama 3a oapeheny henujy unp. F4:N, F14:N,
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F104:N u F234:N cy nerutumMHe 0O3HaKe MO3MBama 3a H3pavuyHaBame QIyKca HEYTpOHA 3ajiaTe
hemuje. OHK Mory cBU OWTH TO3BaHHW y yiazHOM ajiay 3a HCTy henujy, anu ca pa3IndyuTUM
3axteBuma. Cinmuno F5:P, F15:P u F305:P cy mo3uB 3a ykibyunBame poToHa y mpobiem nate
cumynanuje. Yuomewe FL1:N u F1:P xapruue y ucrtom unnyr dajny Huje no3sosbeno. 7ally
Opoj HEe MOXXe MMaTH BHUIIE on TpH mudpe. Y ciaenehum nmpuMmepuma Iokasyje ce orepaiuja
no3uBamba tally kaprume:

1)F2:N136T.

Oga kapruna ojpelyje uetupu HeyrpoHcka (uiykca y tally kaprunu; jenHy mpeko cBake on
noBpiuHa 1, 3 1 6 U jegaH Koju IpeacTaBiba CPeby

BPEIHOCT (IIyKCca y CBE TPU MOBPILUHE.

2)F1:P(12)(345)6
Osa kaptuna maje tpu (doroncke crpyje y tally kaprurm; jeany koja mpencraBiba CyMHpaHy
BPEIHOCT MpPeKo MoBpmMHA 1 W 2; jeaHy 3a cyMmy mpeko nospmuHe 3, 4 U 5; u jeany 3a

MOBPLIUHY 6.

3)F37TLIN(123)(14)T
Osga kapTuIla Jaje Tpu HeyTpoHCcKe cTpyje y tally kapTunm; jeqHy 3a cymy npeko mospiimHa 1, 2

1 3; jeaHy 3a cymy mpeko nospiiuHa 1 u 4; u jeHy 3a cyMmy npeko nospiiuHa 1, 2, 3, u 4.

2.1.8. Kapmuya mamepujana

Kaptunie matepwujana 3a nymeme pasaux henuja y MCNP5/X ykibyayje cienche enemenre:
a) JeAMHCTBEH MaTepujaHu 0poj,
0) OCHOBHHM WJIM U30TOIICKH CacTasB,
B) euKacHe Mpeceke HHTEpaKIfja yKJbydyjyhu u 3axBar.
Y kaptumy maTepujaiia HHje€ YKJbydeHa T'yCTHHA MaTepHjayia, Koja je neuHucaHa y KapTUIU
henmuje. To o3BOJbABA Ja ce jejaH MaTepHjal MMOjaBU ca Pa3IMYUTHM I'yCTUHAMA Y Pa3IHUYUTHM
henmjama. KomenTap kaptuue (kaptuie nounmy ca C uiam C) ce MOXke KOPUCTUTH 33 HapaTUBHE

ommce. Y cneaehum kaptuiiama matepujana, o3naka M1 ogaocu Ha matepujan 1. Ha mpumep:
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M1 1000 2 $ Booonux

8000 1 § Kuceonux
Oznake 1000 u 8000 naeHTHUKY]Y eIEeMEHTE IEPUOTHOT CHCTEMa- BOJOHHUKA (aTOMCKU Opoj Z
= 1) u xuceonuka (Z = 8). Tpu HyJe y CBakoj O3HAIM Cy MeCTa 3a aTOMCKE MaceHe OpojeBe,
Koju Om Ownm moTpeOHM ako ce HACHTU(UKY]Y crlenu(pUYHH H30TONU elIeMEeHara, KOju Cy
yIJIABHOM TIOTPEOHM 3a CHMYJIAIMjy TPAaHCIOPTa HEYyTPOHA. 3a raMa 3pavyere W TPaHCIOPT
€JIEKTPOHA, JIOBOJBHO je caMO Ja ce OApead aTOMCKU Opoj. 3a jenumera, CMelIe WM
KOMIIO3UIIMj€ MaTepHjajia, MOXKE AITEpPHATUBHO OWTH HaBeleHAa MaceHa (Qpakiuja, O3HAYCHA

3HaKOM MUHYC:

M1 1000 -0.11190 $ Booonuk -macena ¢ppaxyuja
8000 -0.88810 $ Kuceonux -macena ¢ppaxyuja

3a npobJieMe TpaHCIOpPTa HEYTPOHA, YECTO CIeNU(PUIHN U30TON eJIeMEHTa Mopa OUTH HaBEeJCH.
Nzoroncku ZAID 6poj (Z A IDentification) caapsxu tect uudapa ZZZAAA y kojuma je ZZZ
aToMcku O6poj Z 1 AAA je atomcku macenu 6poj A. Jlakie U uma ZAID 6poj 092235 wu
jennoctaBHo 92235. Kao mpumep, J1aka BoJa 3a MpoOJeMaTUKy TpaHCIIOpTa HEYTPOHA MOXKE ce

neUHHUCATH Kao:

M1 1001.60c -0.11190 $ H-1/Boodonuk -macena ¢ppaxyuja
8016.60c -0.88810 $ O-16 /Kuceonux -macena ¢paxyuja
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bpojesu 1001 u 8016 mpencraBibajy atoMcku Opoj u aromcke mace y ¢opmu ZAID Gpojera.
Oznaka 60c nnenTudukyje eduracHU IMPEceK 3axBara.

Kana je BOJOHMK MOJIEKyJIapHO BE3aH y BOJM, OMJIO YMCTOj MM KA0 CACTOjaK Y HEKOM JPYrom
MaTepHjally, CaMO BE3MBaIE YTHUE HA T'yOMTaK €HEpruje y CyAapuma U MpolecuMa ca CHOPHM
HEYTPOHHMA.

Jla OGucMo KOpUCTHIIM OBaj edekar, MoTpeOdHO je yBecTH noaatHy MT kapTily, Kao IITO je

MPUKA3aHO Y HACTABKY:

M1 1001.50c -0.11190 $ H-1/Boodonuk -macena ¢ppaxyuja
8016.50c -0.88810 $ O-16 /Kuceonux -macena ¢ppaxyuja
MT1 Iwtr.01

bes MT kaprunie, BomoHWK he ce TpermpaTu Kao 1a je MoHaromcku rac. [Ipomec edekra
BE3WBama ca APYrMM HYKIHANMA M IPYTUM MaTepujainma je netasbHo omucan y Appendix G of

Vol. I of the MCNP5/X Manual.

2.1.9. Texnuxe pedykyuje sapujarce

TexHuke peaykiyje BaprjaHce Cy BaXHU eleMeHTH 6uito kor MonTe Kapio koja u Mory ce
yrnoTpebJbaBaTH 3a pa3IMuUTe MPUMEHE U pazauuuTe reoMerprje. OBe TEXHUKE CMamby]y BpeMe
CUMYyJIallije YeCTHIla U 1M000JbIaBajy Op3uHy M3padyHaBama OCHOBHOT Koja. [locToje uetupu
TJIaBHE KaTeropyrje TeXHUKA PEAYKIIHje BapHjaHCe:

Memooe ckpahusara: Cy HajjeTHOCTaBHHje METOJe peayKuuje Bapujance. OHu yOp3aBajy
npopadyHe ckpahuBameM JielloBa MPOCTOpa KOjU HE JONMPHUHOCE 3HAYajHO KOHAYHOM pELICHY.
HajjeqnocraBHuju mpumep ce oJHOCH Ha cKpahuBame reoMeTpHje, Npu 4emy HEOUTHHU JEeI0BU

reoMeTpUje jeJHOCTaBHO HHMCY MofenoBaHH. CrnenuduuHe metoe ckpahuBama TOCTYIHHU Y
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MCNP5/X cy eHepreTcKu MpeKu I, CMabCih¢ TEXKUHE U IMIPEKH] BPEMEHCKUX OrPaHUYEHa Y TOKY
cUMyJIalfja.

Memooe konmpone: OBe MeToae BemTayku nosehaBajy Opoj yecTulia y MPOCTOPHUM WIIH
SHePreTCKUM PETHOHMMA KOjU Cy BaXHH WIH CMamyjy OBaj Opoj y ciy4ajy Ja HE JOIMPHHOCE
pesyarary 3amatux cumynanuja. Y MCNP5/X —y. CnenuduuHe meroae KOHTPOJE Koje ce
KopucTe cy: pasaBajame (splitting) yectnna umja ce ucropuja cumynupa u pycku pyier (IMP
KapTHUILIa).

Mooughuxosane memooe ysopkoeara: OBe Merone BemTauku nosehaBajy BepoBaTHOhy
norahaja koju moBehaBajy BepoBaTHONY Ja YecTHUIIEe O]l MHTEpeca CTUTHE JI0 Kpaja peruoHa oj
uHTepeca 3a 3agare cumyinanumje (tally card). Ummmuiurao caumame (PHYS card) ' norahaju
emucHje 3akouHor 3pauewa (bremsstrahlung) (BBREM card) ykibyuenu cy y MCNP5/X ko0.

Henumuuno-oemepmunucmuyke memooe: je HaJKOMIUIMKOBaHMja Kiaca peayKIHuje
Bapujance. OHM 3ao0Wia3e HOpMallaH TPOIEC HACyMHUYHE CHUMYyJaluje Kopucrehu
JCTEPMUHUCTHYKE TEXHHKE, Kao IITO Cy MpoleHe norahaja wmiam yHampen KOHTposmuryhu
penocien cirydajHor 6poja.

Kopumiheme oBuUX KomMaHau  je ToceOHO edukacHO y KOMOMHANIMjU ca MapajleTHHM
UCKJbYUYeHeM ofpehuBama mapameTapa BpeMeHa mpahema, MOjequHUX (QHU3UYKUX Mpolieca
3aHEeMapJHPUBOT JIOMPHUHOCA Y KOHAYHUM pe3yaTaTuma cumynainuja. OBo mMoxe yOp3aTu Bpeme

n3padyHaBama 3a HEKU npobiieM 3a ¢akTop Behu of Jecer.

2.2. EGS koo

EGS (Electron Gamma Shower) je kommjyrepcku maket omiite HameHe 3a Monte Kapio
CUMYyJIallje TPaHCIOPTA MapoBa eJIeKTpoHa U (OTOHA y MPOU3BOJHHO] TEOMETPH)U 32 YECTHUIIC
YHje ce eHepruje Hajasze y rpaHuduama oja Hekoiauko keV no nekommuko TeV. OBaj kon je
passujed 1980 roxa. y xomabopanuju NRC u SLAC (Stanford Linear Accelerator Center) (WR
Nelson et al., 1985). [Iporpam nma MmupoKy NpUMEHY Y CUMYJIAIlUjH TPAHCIIOPTa 3padekha , jep
je BeoMa duiekcuOuiIaH, J00pO JOKYMEHTOBaH, U JIeTaJbHO TECTHpaH, ca BeoMa OOMMHUM
oubmmorekama 3a pax. EGS kxonm manac mpencrtaBiba cTaHmap] 3a KIMHUYKY paadjalldiOHy

nozumetpujy. EGS je mamucan y FORTRAN-y. EGS je kox "knace 11" xoju cynmape enekrpona
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W TpaTd HCTOpHje CBHX (OTOHA IMOjEIUHAYHO EMUTOBAHUX 3aKOYHUM 3paucmeM. TakBH
norahaju 3axTeBajy yHampen Jce(pUHUCAHE CHEPreTCKe ImparoBe W e(HuKacHe MPEeceKe CBHX
MHTEpaKIyja n3padynare momohy reneparopa koga PEGS.

HenaBuo je oapikana mkosna EGS-a u Tpery y nepuoay ox 18 - 29 cenm 2017. (ICTP-IAEA
Workshop on Monte Carlo Radiation Transport and Associated Data Needs for Medical
Applications) ma kojoj cy ayropu oBor co)TBepa IOKa3ald HOBE OIIKje W MOryhHOCTH
yHarnpeljene Bep3uje oBor codrepa noa HazuBom EGS_nrc. Ykspyuena kommnonenra BEAMNrc
(DWO Rogers et al.,1995) 3ajenno ca DOSXYZnrc moxxe cuMyIupatd 03¢ 3padcia Y
reoMeTpuju Bokcena. HoBa Bep3uja mporpama Takohe ykibydyje anare 3a oOpajy mojaraka u

BU3YEJIH3aIijy TEOMETpPH]e.

2.3. ETRAN ko0

ETRAN (Electron and Photon Transport Programs, June 10, 1968) u3pauyHaBa TpaHCIIOPT
eJIeKTpoHa W (OTOHA KPO3 IUTAHEMApAlIeTHy IUIOYY KOje MMajy KOHAYHY JNeOJbHHY Y jeITHO]
TUMEH3UjU U OCCKOHAYHE TUMEH3Uje Y apyre aBe. HIMUICHTHO 3padehe MOXKE Jia Ce CaCTOjH
O]l CHOTIa eJIEKTPOHA WK (POTOHA ca 0Jipe)eHOM CIIEKTPATHOM M TUPEKIIMOHOM PACIIOIEIIOM.

[lpu cumynamuju NOPOCTUPAKA EJICKTPOHA, MporpaM y3uma y o003up (GopMHUpame
CCKYHAAPHUX CJICKTPOHA, KOHTUHYAJIHOT 3aKOYHOT 3pady€mba U KapaKTCPUCTUYHOT X-3pa‘I€H>a.
Kan cy ¢oTonn y nutamy ypadyHaBa ce cTBapame KOMINTOHOBHX eleKTpoHa, (hOTOeNeKTpoHa,
Kao0 ¥ eJICKTPOH- MO3UTPOHCKHUX MapoBa. Takohe y3etu cy y 003up OxeoBu (Ayrep) eneKTpOHU

1 QIIyOpECLEHTHO 3padeHse.

2.4.1TS6 koo

ITS (Integrated TIGER Series) mpencraBmba CKym mnporpaMa KOjH KOPUCTE CHPETHYTE
eJeKTpoHCKe mapoBe MonTe Kapiio TpaHCIOPTHHX KOJOBA M CIYXKH 3a ONMUCHUBAE MTPOIYKIIH]E
Y TPAHCTIOPTa eJIEKTPOHA, KOPUITNEHUX y CUMyJalfjaMa y MYJITH-TAMEH3HOHATHOM OKPYXEHY
(ITS 2009). ITS je xonekmumja mporpama, Koju Jelie 3ajeJHHYKYy OMOIMOTEeKY, KOja MOXe Ja
peu npoGiieMe TpaHCIopTa 3payerme. YKYIHO ocaM Mporpama je MOBE3aHO y LEIHHY U MOTY

ce MOJENUTH y IIeCT rpyna:
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1) TIGER xomoBH (3a jeIHOAUMEH3HOHAIHE TCOMETPH]Y II0YE);

2) CYLTRAN komoBH (3a ABOAMMEH3HOHAIHY HUIMHIPUIHY TCOMETPH]Y),

3) ACCEPT kojoBe (3a mpou3BOJbHE TPOJMMEH3UOHATHE T'€OMETPH]E),

4) cmanoapo kodosu (3a HOpMAJTHE aIIMKAIIH]e),

5) P xomoBu (3a ammukaiuje, riae cy norpebHe moOoJbIIaHe MPOLEAYPEe MPHIHKOM
MpopavyyHa MpH MpoIecruMa jOHU3alrje U peaKcaluje),

6) M xonoBu (3a arMKaluje Koje YKIbY4y]jy BUIlle e(eKTe eIeKTPOMArHETHHX 110Jba).

Kopucauk 6upa oarosapajyhu xon wu3 6ubimoreke u J0jesbyje My OoceOHE BPEAHOCTH 32

(GbuU3MYKO OMUCUBaIKE MpodieMa Koje Tpeba PelnTy y yla3Hoj JaTOTEIH.

2.5. GEANT4 koo

GEANT kon maket je mpBOOUTHO AM3ajHUPAH 32 EKCIIEPUMEHTE (PU3MKe BUCOKHX €HEpruja,

ajin je Hamao NpuMCHY U U3BaH OBOI' JOMCHA Y obnacTuMa MCIUIIMHCKHX 1 OHOJIOIIKHX HayKa,

3alITUTY Of 3pauewa u acrponayruke (http://geantd.web.cern.ch/geant4/support/download.shtml).

I'maBua mpumena GEANT cy TpancmopT uecTuiia Kpo3  €KCHEPUMEHTATHO IOCIIaBae
CHUMyJIallja OJroBopa JeTeKTopa M TpaUuKor MpelCTaB/bambe IMOJIEIIaBamka TPajeKTopHje
gyectuile. OBe 1Be GpyHKIHUje ce KOMOMHYjy y nHTepakTuBHOj Bep3uju GEANT. Koz je Hammcan
y C++ wu excruoartumie HampegHe TEXHUKE COPTBEPCKOT HHXKEHEPUHTra H  00jeKTHO
OpHjEeHTHCAHE TEXHOIIOTHje 3a TocTh3ame Behe edukacHocTn camora koma. GEANT wuma
IPUIMYHO AYTY UCTOpH]y, jep je mpBa Bep3uja GEANT passujena y CERN-y 1974. Tonune
1998. wmznara je uerBpra Bep3uja 1T3B. GEANT4 kako O6m ce 3amernno GEANT3 xoju je
nporpamupan y FORTRAN-y (kao neo CERNLIB-a). 1999. ronune je ycojen kao cranmapaau
cobTBep y pusuim Bucokux eHepruja: Babar (2001), ATLAS, CMS, ALICE u LHCb (2002).
HajHoBuja OubnuoTeka caapkd MOJATKE 3a BHCOKO IPEUM3HU TPAHCIOPTHU MOEN
(G4NeutronHP) HeyTpoHa ca eHeprujama Mamwum o1 20 MeV ca edukacuum npecennma. OBu
MoJIallM TIOTHYY M3 HETaBHUX JONymeHHX OuoOmuoTeka mogaraka (amp. ENDF/B_VILO, JEFF-
3.1, JENDL-4.0, utn.), koju cy Hanucanu y GEANT4 ¢opmary. TakBu nospanu umajy 3a Husb Aa
3amene crangapaae GANDL o6ubGnuoteke, noctynue crangapaaom GEANT4 muctpuGyuujom.

Ha oBaj naumH, xopucHunu GEANT4-a he umatu mpucTyn KOMIUIETHO) JIMCTH CTaHAAPAHUX
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eBaTyupaHux OuOnuoTeka mojaTaka npu wu3Bohewmy Monte Kapno cumynanuja momohy

GEANTA4.

2.6. FOTELP

FOTELP je pasBujen y Cpouju u men ayrop je P.Wauh (R. D. Ili¢, 2002) nekanammu wian BTU
y beorpagy. OBaj mporpam je nu3ajHUpaH 3a CUMYJIMpame TpaHcmopTa (OTOHA, ICKTPOHA U
MO3UTPOHA KPO3 TPOJUMEH3MOHAIIHY T€OMETPH]y MaTepujaja ¥ M3BOpa KOpHUIINEHEM METOJe
Moute Kapno merozne. Bepsuja FOTELP-2014  ykipyuyje pyruncku ELMAG 3a cumynanujy
SJIEKTPOHCKOT W IO3MTPOHCKOT TPAHCIOPTa y ENEKTPUYHHM M MarHETHHM I10JbHUMa, OIIIH]jY
RESUME wu pyruncku TIMER 3a nobujame modeTtHOTr ciydajHOr Opoja M 3a Mepeme BpeMeHa
cumynanyje. FOTELP-2014 je moronan 3a HyMepUYKe €KCIIEPUMEHTE y JO3UMETPHjH, 3aIITUTY
0]1 3pauema, a NoceOHO 3a U3padyHaBambe J103€¢ MPUWIMKOM paJroTepariyje.

Muoru apyru codTBEpH Cy pa3BHjeHHU HIH IIPUIAroheHH 011 CTpaHe KOPUCHUKA Y CKIIATY
ca BUXOBUM crenupuuauM norpedama. 3aHMMIBUBE WHHIMJATHBE YKJbYUYjy T3B METOJ CBHUX
gyectuna (all particle method) u EPIC (enextpon-¢oron Tpomumensuonannu Monre Kapio
TpaHCIOPT) KOJ Koju ce pa3suja y Lawrence Livermore National Laboratory (LLNL), y kome je
CMelITeHa HajoOMMHHja Oa3a mojaraka 3a MHTepakuuje (OTOHA, eNeKTPOHA TO3UTPOHA,
HEYTPOHA, MPOTOHA, Ka0 M JAPYTUX TEIIKUX HAeIEeKTPHCAHUX decTura. Mehy mporpammuma koju
ce BeoMa 4eCcTO KOPHCTe TOKOM mocienmux Hekonmko roguHa je PENELOPE, xoja o6aBiba
Mounte Kapio cumynanuje TpaHCopTa U MHTEpaKIHje 3ajeJTHUUKHUX TapoBa eJIeKTPOH-(POTOHA Y
IIPOM3BOJLHUM MaTepHjaMa U KOMILJIEKCHE reoMeTpHje. MuKcoBaHa Mpoueaypa ce KOpUCTH 3a
CHUMYJIALlMjy €JIEeKTPOHCKE MU MO3UTPOHCKE MHTEpakKiyje, y Kojoj cy gorahaju cumyiaupaHu Ha
JeTaJbHUj Ha4MH. MUKCOBaHM CHUMYJALIMOHHW AQJITOPUTMHU 32 €JIEKTPOHCKY M TO3HTPOHCKY
UMIUIEMEHTANN]y U BeroBy peanu3anujy y PENELOPE penpoaykyje TpaHCIIOPTHH MpoIiec ca
BEOMa BHUCOKHMM CTEIIEHOM TAa4HOCTH, YaK M IPU BeoMa HUCKUM eHeprujama. To je aeiaom 300r
yrnoTtpede copUCTULIMPAHUX TPAHCIIOPTHUX MeXaHH3ama, KOjU MpeacTaB/ba MOJIEN 3aCHOBAH Ha
3B cayuajnoj memoou wapku (random hinge method), ca yk/bydeHum mpoiiecuma KOpPEKIIHje
eHepreTckux ryourtaka 3a gorahaje. FLUKA je jomr jeman amOuImo3aH MOTIYHO WHTETPHCAH

coptBep cBeuectuune ananuse (all particle) mon oxkpusbem Monte Kapimo cumysnanuoHor
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naketa. EnekTpoH-(hOTOHCKH TpaHCHOPT je MUCTH Kao koj EGS, anu je ko y 3aamuM roaruHama
HACTAaBHO J]a C€ pa3BHja y CACBUM JIpyraudjeM MpaBIy M caja je AOCTylmaH oOJ ayTopa Io

3aXTEBY.
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3. MOJAEJIM H PAHTOMMH JbY/[CKOI TEJIA

3.1. Ilpeaned mooena u hanmoma

Y oBOM moOrnaBjby omMcaHu cy ¢aHTOMH ynopeOJbeHH y OoBOM pany. Pantomu cy
¢u3MuKe WIM BUPTYEIHE perpe3eHTaluje JbyJCKOr Telna KOju ce Kopucrte 3a oxapehuBame
Pa3IMUUTHX paIyjalliOHUX BEIMYMHA y OpraHMMa M TKHBUMa, Hajuemhe arcopboBaHe 103¢€. je y
nuTamy, PaHTOMH ce KOpHUCTEe 3a NOoTpede MeAMIMHCKE (HU3UKE y Wby 3aIITUTE O
jonmsyjyher 3padema. Mako Huje Moryhe HanpaBuTH TakaB (GU3UUKH GAHTOM WIH MAaTEMATUIKA
Mozen (haHToMa KOju OM MPEelHu3HO CHUMYJIHUPAO JbYJICKO Teno, Moryhe je HampaBuUTH (haHTOME
WM MOJIeTie KOjU Ce KOPUCTE Kao alpoKCHMaTHBHU cyporaT. HajjenqHocraBHUju (aHTOME Cy
KOHCTPYHCAHH OJ MaTepHjaja eKBUBAJICHTHOM MEKOM TKHBY, Ca IIyIJbUHAMA Y OpraHuMa J1a ou
Ce TIOCTaBUJIM JO3UMETPH 3a Mepema (in situ). TakBu (aHTOMH MMajy TYCTHHY KOja OATOBapa
wiyhuma, mutnhnma wim crpyktypu koctujy (ICRP 51, 1987).

VY 3amTuTH 0oX 3pauema jeJaH oA MpBUX je ¢usnmukm momen AnpepcoH-Panno ¢anTom
(Alderson, et al., 1962). OBakaB ¢panTomM UMa O0OJIMK JbYICKOT TeJia Ca CKEJICTOM KOjU je& YMETHYT
y MaTepujai eKBUBAJICHTAH TKHBY.

Fisher i Snyder (1967) cy yBenu mMareMaTHuku (paHTOM, KOJ KOjUX CE€ BEIMYHHA M OOJIUK
TeJa ¥ OpraHa OmnHcyjy MaTeMaTHYKuM jeqHaunHama. OBaj (aHTOM je ajbe pa3BUjaH Yy CKIIAdy
ca npenopykama y ICRP u mosnar je mog umenom MIRDS (MIRD- Medical Internal Radiation
Dose). V mouerky je OMO HaMmemeH 3a padyHame arncopOOBaHE [103€ YCJIed YHYTpallmber
u3jarama, a KacHHUje je MOAM(HUKOBAH U NPHUMEHEH 3a U3pauyyHaBame arncopOOBaHE 103€ O
CTOJhAIlIBET U3JIarama.

MIRD danTom ce aHaTuTUYKU JeUHHIIE TOMONyY CeKIlfja 3a MojeIuHe JIETIOBE Tela: pyKe,
TPYH W KYKOBH C€ TPEICTABJbajy EIUITHYKHM IMIIMHAPOM, 3apyOJbeHH ENUNTHYKA KOHYCH
MIPEJICTaBIJbajy HOTE, JIOK EIUNTHYKU HIIMHAAP MpUKa3yje IJ1aBy U BpaT. Pyke HUCY 0/1BOjeHE 01
Tpyna. Hema mojena Koju je ajantTupaH 3a HajMamke Mame oprase (Tj. HOC, YIIM, CTONana H
MIPCTH).

Y MIRD ¢danromy cy uaeHTudukoBaHa TpU THMA TKHUBA: CKEJET, Iiyha U MEKO TKHUBO.
Koxka je nmpesicraBbeHa €10jeM MEKOT TKMBa Je0JbMHE 2 mm M ONKOJbaBa 11e1o Tejo. 3a miyha u

MCKO TKUBO TJIaBHU CJICMCHTH CYy: BOJOHUK, YIIJbCHHUK, a30T U KUCCOHUK, AJIN U APYT'U CICMCHTH
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npucyTHu y TparoBuma. CKeneT caapXu 3HavajaH neo Kaimujyma u ¢ocdopa. Ihiyha ce
HE3HATHO PA3JIMKYjy OJ1 MEKOT TKHBA jep CaapikKe Ba3lIyX.

Opurunanau MIRD ¢antom je xepMadpoaUTHU U YKIbYdyje TOHaAe oA o0a royia U Tpyau
3a KEHCKH TI0JI ¥ PEJICTaBJhao j€ OCHOBY 3a pa3Boj Oynyhux ¢anroma. Jla 6u ce Mmomenu koju ce
KOPHCTE 32 pauyHame pacro/ielie ancopOoBaHe J103¢ MPUOIIKWINA PEaTHUM UHAWBUIYyaMa, OUII0
je moTpeOHO yBoheme MYyIIKOr M JKEHCKOT Mojena, Kao M oapehuBame Mojena 3a jaere H
HoBopohenue. O crpane Cristy yBeAeH je MOAET 3a 1e4ju (JaHTOM ca BEJTMUYMHOM Telia Koja Koje
oxarosapa crapocts ox 0; 1; 5; 10 u 15 romuna (Cristy, NUREG/CR-1159). Moaerne oapaciux
danroma o6a moma ADAM u EVA passuo je Kpamep (Kramer R., et al., 1982). Bucuna u maca
Tenma U mace opraHa oBux MIRD tumoBa (aHTOMa onromapajy mojmanuma 3a CTaHIAPIHOT
YOBEKa.

[pBu nexpujatpujckr Moaenu paspujeHu cy y ORNL naboparopuju (Oak Ridge National
Laboratory) cpasmepuum ymamuBameM Bep3dja Mojena ,.oxapacior (antoma“. KacHuje
Moaudukanyje cy modospliaHe U y3umale cy y o03up 3Hama O MEeAMjaTPHjCKOj aHATOMUJH U

pacty. Y HajHOBHjUM TIEIUjaTPHjCKUM MOJICITMMA OPTaHH CY CACBHM CIMYHH PEATHUM.

[Ipenopyke 3a nu3ajH Mojaena W ¢aHTOMa JbYACKOI Tela, KOjU C€ KOpPHCTE Y 3aIUTUTH O
3padema nare cy y myomukanuju ICRP89 (ICRP, 2002). OBu u3Bemraju 00e30el)yjy mperien
AHATOMCKHX, (PU3HOJIOMIKUX W METa0OIMYKHX KapaKTePHCTUKA YOBEKA, W MPENIaxy THITHYHE
U pegepeHTHe BpenaHocTH 3a panTome. CBakM 0J] MojieNia YKJbydyje OMUC MOjeNa, Aujarpam

win Gororpadujy, Coballkbe TMMEH3H]je, TYCTUHE pa3MaTpaHuX TKMBa, IpUMEHE U pedepeHiie.
3. 2. ORNL ¢panmom

VY npopauyHuma oBor pana kopuuiheH je u ORNL ¢anrtom, Te je 3060r Tora oBaj ¢paHTOM
nerasbHO onmcal y Tekcty. ORNL cepuje maremaruukor ¢anroma cy pazsuiu Eckerman, Cristy
u Ryman y Oak Ridge Laboratory (ORNL) (Cristy, 1980; Cristy & Eckerman,1987; Eckerman et

all., 1996). ®usnuxe mumensuje ORNL danroma npukasane cy y Tabenu 9.
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Taoena 9. Ilapamempu ORNL cepuja mamemamuukoe panmoma

danTom Maca (kg ) Bucuna (cm) Tpyn u pyke [Monpeunn
(cm) aujameTap (cm)
HoBopohenue 3.60 51.5 12.7 9.8
1 ron 9.72 75.0 17.6 13
5 rox 19.8 109.0 22.9 15
10 rox 33.2 139 27.8 16.8
15 ron 56.8 164 34.5 19.6
Oppactao 73.7 179 40.0 20.0
MyIIKapaIl

ORNL cepuja yxipyuyje pantome 3a HoBopoheHue, unausuaye crape 1, 5, 10, 15 rogquna
u (aHTOMa ofpacior Mymkapia. [lerHaecTo roquimmy GaHTOM perpe3eHtyje 006a pojaa, MyIIKH
n okeHckd. CBakd (paHTOM CacToju ce W3 TpU Benuke ceknuje: (1) emunTHYKe IuIMHIap
penpeseHtyje Tpym U pyke; (2) aBa 3apyOsbeHa KOHyca pempe3eHTyjy Hore u cromana; u (3)
KPYXXHH LWIMHIAP, 3aj€THO ca eIUNTUYKUM LUIMHIAPOM U TOJOBUHOM EJIMIICOU/IA PETPE3EHTY]Y
Bpar u riaBy. JKeHckoMm (aHTOMYy mpHaomaTe Cy TPYyIH, Koje Cy TpeAcTaBJbeHEe ca JiBa
emaricona. Y ORNL dantomy ce pasmarpajy Tpu THIIAa TKUBA: MEKO TKUBO, CKeJET W IuTyha.
Enementapau cactaB cBakor oj oBuXx TKuBa jaatr je y Tabemu 10. 3ajemno ca oarosapajyhom

T'YCTHHOM 3a CBe (paHTOME, U3y3eB HOBOpOheHUeTA.
3.2.1. Onuc oenosa mena u opeana ORNL ¢panmoma

3a nepunucame ORNLdanTOMa, KOOpAMHATHU CHCTEM je M3adpaH Ha cienehu HaYMH:
MO3UTHBAH CMEP 3-0CE YIPaBJhECH je HaBHIIIE IpeMa IJIaBH, X-0ca jé yCMepeHa yieBo, a y-oca y
NpaBIly HamNpen-Ha3aJ, ycMepeHa Ka yehuma danroma. KoopauHaTHH MOdYeTak je y OCHOBH

Tpyna. JluMeH3uje cy y CM 3a0KpyKeHe Ha JBe JIe[umMare.
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Tpyn kao eMUNTUYKY HUIKHIAP MPEICTaBba Ce JeTHAUMHOM:

2 2
j +[lj <1 0<z<C,

X
At

rjae cy BpeaHoctu napamerapa At, Br u Cr 3a cBaku panTom nate y Tabemu 11.

Tabena 10. Enemenmu xoju ynasze y cacmas mxuea ORNL ¢hanmoma

(Eckerman et al., 1996)

Enement (%) Meko TKHBO Ckener [Tnyha
H 10.454 7.337 10.134
C 22.663 25.475 10.238
N 2.490 3.057 2.866
O 63.525 47.893 75.752
F 0 0.025 0
Na 0.112 0.326 0.184
Mg 0.013 0.112 0.007
Si 0.030 0.002 0.006
P 0.134 5.095 0.080
S 0.204 0.173 0.225
Cl 0.133 0.143 0.226
K 0.208 0.153 0.194
Ca 0.024 10.190 0.009
Fe 0.005 0.008 0.037
Zn 0.003 0.005 0.001
Rb 0.001 0.002 0.001
Sr 0 0.003 0
Zr 0.001 0 0
Pb 0 0.001 0
I'yctuna 1.04 1.4 0.296
(g/cm?)

(3.2.1.1)

Jleo Tpyna ykJbydyje U pyKe, JOK Cy 3a ®KEeHCKH (PaHTOM TpyAM J0JaTe CIOoJba Ha CEKIUjy TpyTIa.
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Taoéena 11. Ilapamempu xoju dedpunuuty mpyn y ORNL cepuju panmoma

(Eckerman et al., 1996)

Hyxwuna (Cm)
danToM At Br Cr 3anpemuHa Maca
(cm®) ()
HoBopohenue 6.35 4.90 21.60 2 050 2 030
1 rox 8.80 6.50 30.70 5350 5350
Srox 11.45 7.50 40.80 10 660 10 650
10 rox 13.90 8.40 50.80 18 050 18 130
15 ron 17.25 9.80 63.10 32920 33500
Onpactao 20.00 10.00 70.00 43090 43 470

MYIIKapalg

I'naBa yxibyuyje Bpart, KOjH je IPEICTaB/beH KPYKHUM HUIHHIAPOM (HejenHakoctu 3.2.1.2).
X2-|'y2 SRZH CT SZSCT +CHO (3212)

I'maBa ce CaCTOjI/I O CIHMIITUYHOI HOWJIIHMHAPA, a IOBPX ©ETra je MOJTy-CIIUTICON L

(uejeqnaxoctu 3.2.1.3 u 3.2.1.4).

2 2
(LJ +(LJ <1  Cy+Cup<z<Cqr+Cphy+Cpy (3.2.1.3)

2 2 2
(L] {L] +£Z‘(CT +CCH°+CH1)) <1 2>C;4Cy+Cy  (32.1.4)
H2
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[Tapamerpu xoju nedunumy rinaBy y ORNL danTtomy npukazanu cy y Tabemn 12.
Tabena 12. Ilapamempu xoju oegpunuwuty enagy y ORNL cepuju panmoma

(Eckerman et al., 1996)

Hyxuna (Cm)

danrom Rn AH Bh  Cho Ch1 Ch2  3ampemuHa Maca
(cm?) (9)
Hosopohenue 28 452 578 150 7.01 3.99 831 876
1 rox 36 613 784 230 950 541 2070 2220
5 ron 38 713 9.05 330 1070 6.31 3170 3480
0 rox 44 743 940 470 1168 6.59 3810 4 210
15 ron 52 777 976 7.70 1235 6.92 4700 5220
Oppactao 54 800 100 840 13.05 7.15 5250 5870
MYIIIKapai

Hore ce 3a cBaku u3 cepuja ORNL anToMa cactoje ol 1Ba Kpy*Ha KOHYca, KOjU ce

MOTY IPpEACTAaBUTHU CJ'IG)IChOM Heje,[[Ha‘lI/IHOMZ

xZ _I_yZSix(AT_'_Iz‘_’I;)_CLSZSO (3215)
L

IJie ce 3HaK + y3uMa 3a JIeBy, a — 3a JiecHy Hory. OaroBapajyhu napamerpu cy natu y Tabenu

13.
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Tabena 13. Ilapamempu xoju depunuuty noce y ORNL cepuju panmoma

(Eckerman et al., 1996)

Hyxuna (Cm)

danrom CL CL 3ampeMuHa Maca
(cm?) (9)
Hosopohenue 16.8 21.6 451 480
1 rox 26.5 37.1 1470 1 600
5 ron 48.0 65.0 4 380 4 780
10 ron 66.0 90.0 8930 9740
15 ron 78.0 100.0 15 400 16 800
Oppactao 80.0 100.0 20 800 22 600
MYyIIKapail

Jennaunne 3a oprase ca cienehum mapamerpuma: Ar, Br, Ct, An, BH, CHi, CHz, Ci 1 C)
KopucTe ce 3a JeduHHcame opraHa. 3alpeMHHE OpraHa Cy JaTe 3ajeJHO ca BPeJHOCTHMA 3a

napametpe. Mace cy onpehene u3 3anpemMuHe u oaroapajyhe ryctune.

Y ORNL cepuju danroma xoxka ce mpejacTaBiba ciojeM aedsbunHe 0.2 CM Koju crosba
o0aBuja ¢anToma. ['TaBHU OpraHU Cy: OpraHU TaCTPOMHTECTUHAITHOT TPaKTa (JeImaK, Kemyaall
u nebeno 1peso), jerpa, iyha, roHaze (TECTUCH M OBapUjyMH), TUPOUJA U OCIINKA, CKEJIETHU

CUCTEM (HOBpI_HI/IHa KOCTHU MU IpBCHA KOLIITaHa Cp)K) U I'pyau 3a (1)8.HTOM KECHCKOT IToJia.

Ckenernu cucteM ko ORNL cepuje anToma cactoju ce o 8 aenmoBa: KOCTH HOTY U
PYKY, KapiuIa, KnaMa (TOpmH, CPEIlbU U JOBKBH 1€0), To0ama (YMHE je KOCTH J00ame U JIHIA),
peOpa, KJbyduHE KOCTM U Jomaruile. PermonanHa pacnonena aktuBHe (hematopoietic) u
HeaktuBHe (fatty) xomrane cpxwu y BeaMkoj Mepu 3aBucH of roaumHa ¢antoma (Tabena 14).
VYkymnHa maca ckeneta oapacior ¢antoma je 10000 ¢, ox gera je 3500 g maca KOIITaHE CPKH

(Maca akTuBHE Komrtane cpxu je 1120 g, a neakrtusse 2380 Q).
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Tabena 14. Kowmana cpoc koo ORNL cepuje panmoma (Eckerman et al., 1996)

Maca xomTaHe CpKHU (g)

daHTOM YkynHa AxtuBHa  HeakTuBHa
Hosopohenue 47 47 0
1 ron 170 150 20
5roxn 460 320 140
10 rox 1200 610 590
15 rox 2600 1050 1550
Onpacrao 3500 1120 2380
MYyIIKapaly

Mace akTUBHE KOIITaHE CpxKH 'y HOjC,Z[I/IHI/IM KOCTUMaA Yy OAHOCY Ha YKYIIHY KOIOTAHY CpPiK, HaTeC

cy y npouentuma (%) y Tabenu 15.

Taébena 15. AkmusHa KOWMAaHa cpiHc y NOjeOUHUM KOCMUMA, OeL0BUMA KOCMUJY ULU

epynama npeocmasmena y % akmusne kowmane cpacu y meny ORNL cepuje panmoma

(Eckerman et al., 1996)

HenoBu ckenera panToma

[IporeHat y 3aBUCHOCTH O rojiuHa (paHToMa

0 1 5 10 15 Onpactao

JloGama (n00ama + koctu mma)  29.50  27.47 1744  12.72  10.12 8.32

Jlonaruue 2.70 2.73 2.72 2.89 3.26 2.85

Kipyune kocTr 0.80 0.83 0.85 0.89 0.98 0.79

Pebpa 9.20 9.61 10.58 13.02 16.27 19.22

Kuuma (ropmu neo) 2.30 1.88 1.46 1.80 2.25 2.66

Kwuma (cpenmu ieo) 9.40 9.27 9.58 11.79 14.75 17.41

Kuuma (nomu neo) 1.90 3.37 5.39 6.63 8.29 9.79

Kapnuma 1166 16.47 23.33 28.73 33.60 33.31

Koctu HoOry ( TOpHU 7€0) 1.87 2.07 341 4.72 4.60 3.35
Koctu Hory (cpenmwu neo) 3.73 3.88 6.28 6.14 2.04 0
Koctu Hory ( momu 1eo) 16.24 1340 11.55 551 0 0

Koctu pyky ( ropmu 1e0) 2.32 241 2.36 2.49 3.14 2.29
Koctu pyky (ropmu cpeamu 2.32 2.25 2.18 1.62 0.70 0
11€0) 6.07 4.36 2.88 1.06 0 0

Koctu pyky ( nomu nieo)
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3.3. Tomoepaghcku moodenu

Hako je 3HATHO MOOOJBIAH TMPOpPAYyH EKBUBAICHTHE Jj03e, mMaremarnyku MIRD tum
(aHTOMA je CTHIIM30BaH MOJIEN JbYACKOT Tella M HEroBUX opraHa. MareMaTndku (aHTOMU Cy
3HAa4YajHO JONPHUHENH Yy 3aIITHTH O] 3padcrha, alldi MAaTEeMAaTUYKE jeJHAYMHE CY WHXEPEHTHO
OrpaHUYCHE y CMHUCITY KalaluTeTa 3a JIeTaJbHHje ONMCUBAkEe aHaTOMUje YoBeka. HampemoBame
y KOMIIJYTepCKO] TEXHOJOTHjH, Ka0 M y TEXHOJOTHjH MEJUIMHCKOT CIHKama JOMPUHENO je
pa3Bojy HOBe TeHepanuje panroma T3B. TOMOrpadcku wiH Bokcen ¢pantomu. Tomorpadcke uimu
Bokcen Qantome je yBeo Gibbs (Gibbs, S. and Pujol, J. (1982). Tomorpadcku danToMu
usrpalyjy ce o1 ToMOTrpa)CKUX CJIMKA JOOMjEHUX MyTEM CABPEMEHUX MOAAIUTETa MEIUIIHHCKOT
CIIMKama Kao IITO Cy MarHeTHa pe3onaHuna (MR) wimm xommjyrepusoBana tomorpadwuja (CT).
CerMeHTUpaHH JBOAMMEH3MOHAIHU TIOAIM MTUKCeIa ce YOaIlyjy y TPOJAUMECH3HOHAIHY BOKCEI
MaTpUIly y KOjoj ¢y (QYHKIHUje M HISHTUTET OpraHa JOJCJbCHU MOjeAMHAYHHM BOKCEIIMMA.
Hacrana marpuiia, MOXe peajlHWje ONUCATH JbYACKY aHATOMH]y OJI CTHIM30BaHHX (haHTOMA.
[Tpumenom MonTte Kapiio TexHuka Bokceln (haHTOMHU ce KOPUCTE 3a pauyHame aricopOoBaHe /103€
y JbYJACKHM OpraHMMa y 3allITUTH O] 3pauckha, paauorpaduju um gosumerpuju (Zubal et al.,
1994; Caon et al., 1999, 2000; Xu et al., 2000; Saito et al., 2001; Dimbylow, 2002; Kramer et
al., 2003).

['C® nenujarpujcku Tomorpadeku mozenu Baby m Child (GSF Pediatric Tomographic
Models -Baby and Child) (Zankl, M. et al.,1995) mnpexacraBmajy Tomorpadcke Moeie
(panToMe) 3a ocMoHeznesbHY 0e0y M ceaMoroJuimke Aere Koju cy aobujenn u3 CT cHuMmaka.
Ouznuke AUMeH3Huje mojena 6ede cy: crapoct-8 Henelba, Maca 4.2 kg , Bucuna 57 cm, 604HU
MIPEeYHUK Tpymna ca pykama 21.8 cm, a monpeunu 12. 2 cm, A0K cy 3a JeTe cTapo 7 TOAMHA Te
numensuje cienehe: 21,7 kg, 115 cm, 33.1 cm u 17.6 cm. Pa3nukyjy ce ciaeneha TkuBa: Meko
TKUBO, KOIITAaHH CKJIOII, IIPBEHA KOIITaHa CpiK (3a 6e0y), IipBeHa KOITaHa CpixK (3a IeTe) M KOXKa,
ca oxrosapajyhum ryctunama (y kg m=) : 987-1050 kg m, 296 kg m=3, 1765 kg m=3, 1027 kg
m=3, 1006 kg m, pecniexkTiBHO. OBM MOJIENH Ce MPUMERY]jy 32 pauyHame 71032 OpraHa U TKUBA,
Kao M pacriojiesia ancopOOBaHe 03€ O] CIOJbalIkber (POTOHCKOT 3pauckha, y JHjarHOCTUIM X-
3payeHEeM U PaauOTEPaITH]H.

VIP-Man ¢antom (Vlsible Photographic Man/VIP-Man) je xommjyrepcku QanTOM
pa3BujeH TokoM mepuoaa 1996-2000, na Ilomurexunukom Wuctutyry y Bbyjopky (Xu, et al.,
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2000). VIP-Man mozen mma HajOOBy PE3ONYIH]y O CBHX BOKCEI MOJENIa KOjU Cy JaHac
noctynuau. VIP-Man uma MHOTO cerMEeHTHpaHuX U KJIacM(UKOBAaHUX OopraHa/TKuBa (Kao IITO Cy
KO’Ka, OYHO COYMBO, LIPBEHY KOIITaHy CpXK), KOjeé HUCY Oujie AOCTYIHE y APYTHM MOJeIuMa.
Opranu VIP-Man mory na ce noxece u ynorpede Ha crBapamy HoBUX VIP-Man moznena. Leno
Teno (antoMa caapxku Bokcene BenmunHe 0,33 mm x 0.33 mm x 1 mm. Ilocroju ykymHO 72
pa3IMUUTUX TKHUBa/OopraHa KOju Cy cerMeHTHpaHu y  (aHToMy. ['ycTHHE TKMBa/OpraHa, cy
Behnnom ycBojenu no npenopyi ICRP23. Bucuna VIP-Man je cmamena Ha 176 cm, kao u
TeXHMHA KOja je cMameHa Ha BpeaHocT of 73 Kg y ckiany ca mpenopykama ICRP 66). Ha

ciuiu 2. je mpukazaHo nopeheme anaromckor usriena MIRD u gpantoma VIP-Man.

Tuponpa

Jenepax

Cpue

ITnyha

Jetpa
Cromax

JHebeno peso
Pexrym

Cnuka 2. Ilopehere anamomckoe useneoa MIRD ¢panmoma (neso) u VIP-Man ¢panmoma

(Oecho)

JAEA (Japan Atomic Energy Agency) je pasBwia ceT OJ IET jalaHCKUX BOKCEIN
KoMITjyTepckux (anroma momohy mopaataka noOHMjeHUX u3 Kommjyrepcke tomorpaduje (CT):
TpH ojIpacia MyIKa KOMITjyTepcka (hantoMa u 1Ba Mojiena ¢panTtoma ojapacie xeHe. KommnetHu
CT nomamm cy y3etd ona 3apaBuX J00poBoJbania Ha YHusepsurery ®ujurta (Fijita Health
University Hospital) nakon noOujama carigacHoctd o crpane Ertumukor Kowmwurera.

HcTtpaxxuBaun Cy CerMEHTHpal NMPBU a3MjCKU KOMITJYTepCKH (paHTOM-Omoko, y capaimH ca

47



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHM3yjyhuX 3pauema y opranuMa 4oBedjer Teja -I10KTOPCKa JUCEepTalHja

I'C® y Hemaukoj ca KOMEpIIMjalHO PACIIOJIOKUBHM IIporpamuma 3a oopany cimka-MIPRON
(Kontron Elektonik, Eching, Germany), amu kopuctehu u apyre pauyHapcke QaHTOMa
ycBajajyhu metononoruje GSF Texnuke MonenoBama paHTOMa ca KOMEPLUUjaTHUM cOpTBEpUMAa
Visilog4 (Noesis, Orsay, France) y JAEA. V oBuM KOMIjyTepckuM (aHTOMHUMA, KOCTH M
KOIITAaHE CpXKH C€ OJIBOjeHO Mojenupajy y cBakoMm ckenery mnpema CT BpeaHoCTHMA,
omoryhaBajyhu na ce u3padyHajy m03e ca 003UpOM Ha pacrojieny KolTaHe cpxxu y Teny. [IpBa
reHepaluja KoMIjyrepckux ¢panroma Omoxo u Onazo numajy Bokcene senuunne 0,98 x 0,98 x 10
mmd,

Cepuja nemujarpujckux ¢antoma (The University of Florida) cy wuspalhenn Ha 0a3u
HeyHudopmuo paunonanuux b-crutaju (NURBS) nmoBpimHa, koHCTpyucaHa y gaboparopuju 3a
panujarrono nosumMetpujcke cryauje ALRADS (Advanced Laboratory for Radiation Dosimetry
Studies, University of FL, GaineSville, FL). ITpsu nyt je moaenoBan je UF Xubpuauu (UFH)
dantom (HOBOpOheHUE) NMPUMEHOM TEXHHKE IOJMTOHHU3AIMje W MpoIleca BOKCEIU3aIlH]e.
Pa3Bujen je xuOpuanu ¢aHTOM ca MYIIKOM aHATOMHUjOM KopucTehum mnogaTke KEeHCKOT
(daHTOMa, aM 3aMEHOM YKEHCKHX PEIPE3eHTaTHBHUX OpraHa (jajHUKa ¥ MaTEpUIle) ca MYIIKUM
cnenn(pUIHUM OpraHuma (TECTHCH W TpocTaTa), Koju cy aooujenu u3 Bokcena ¢pantoma UF 9-
Mecenu . Bpennoctu oprana ce nmoaynapajy ca pedepentauMm noxgamuma y ICRP 89. Ha uctu
Hay4uH cy 1o0ujeHu u ¢paHToOMM y pacnoHy of 1 1o 15 roguna.

VY tabenu 16. cy mnpeacTaBibeHH INOJEIUHU TOMOrpadcku Mojena KOJju Ce€ KOpUCTE Yy

paaujannoHoj 3amtuTi. HaBeneHe cy U \UXOBE TJ1aBHE KapaKTEPUCTHUKE.
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Tab6ena 16. Tomoepagcku gpanmomu

DaHTOM Cauka Crapoct/moa pantoma 3anpemuHa
Bokceaa (mm?3)

BABY CT 8 Henespa/xeHa 2.90
CHILD CT 7 roguHa/sKeHa 19.00
Zubal phantom CT Onpaciu MymIKaparig 46.70
NORMAN MRI Opnpacna xeHa 8.10
ADELAIDE CT 14 ropuHa/xeHa 64.00
VIP-man 38 roguna/Mymikapai 0.10
Golem CT 38 ropuHa/xeHa 34.60
Otoko CT Onpacmu MyIIkapai 9.60
UF newborn CT 6 naHa/>keHa 0.30
UF 2 month CT 2 Mecenyn/MyIKapar 0.30
Visible-human CT 38 ropuHa/MymIkaparg 4.30
Frank CT 48 roguHa/MymIKapar 2.80
Donna CT 40 roguHa/sKeHa 35.16
Helga CT 26 romuHa/KeHa 9.60
Irene CT 32 ropuHa/’KeHa 17.58
KORMAN MRI 30 roguHa/MymIKapar 40.00
MAX CT Opnpacnu MyIkapai 46.70
FAX CT 37 roguHa//KeHa 46.70
TARO CT 22 roauHa/MyIIKapary 8.00
NAOMI MRI 23 roauHa/sKeHa 7.82
UF 9-month CT 9 Mecer/MyIKapai 0.55
UF 4-year CT 4 ronuHa/xeHa 1.01
UF 8-year CT & roguHa/KeHa 2.02
UF 11-year CT 11 roguna/Mymikapai 1.33
UF 14-year CT 14 roxuna/mMynikaparit 2.34
KTMAN-1 MRI 25 ronuHa/MyuIKaparg 20.00
KTMAN-2 MRI 35 roguna/mMymikapai 20.00
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4. DICOM CTAH/IAPT

DICOM (Digital Imaging and COmmunication in Medicine) je cranaapaHu JOKYMEHT KOjH
neduHMIIe KOMYHHKalM)y W Jaje Be3y m3Mel)y CBUX MeIUIMHCKUX ypehaja xoju ce Oase
navjarHocTHUKMM cHuMmameM. PasBujen je 'y NEMA (National Electrical Manufacturers

Association) (http://www.nema.org/Standards/Pages/Digital-lmaging-and-Communications-in_Medicine.aspx).

To nuje 1ISO umu CEN crangapa. To je nokymeHT koju nedunuine caapxaj ¢gajiosa y Kojuma ce
MEIHUIIMHCKE CIIMKE U ocTaie nHpopmaimje 4yBajy.

[Ipyxa cBe moTpeOHe anare 3a 00pagy, NMpeACTaBbamkbe U MPABHIHY 00paxy METUIMHCKOT
cHUMama nonaraka. llltaBuiie, cynpoTHo nomynapHoMm BepoBawy, DICOM Huje camo cnuka
WM JaroTeka, Beh mpejacTaBiba cBeOOYXBAaTHH MPEHOC MOJATaKa, CKIAJUINTEHE U MPOTOKOI,
KOju je Tako wm3rpal)eH U nu3ajHUpaH 1a 00jenIuHH cBe (PYHKIMOHAIHE acleKTe, MOTPeOHuX aa
ce TOKPHjy W HCIyHE CTaHJapAud Yy OOJacTH JUTHUTATHOT MEJUIMHCKOT CHHMama. To je
JOKYMEHT Koju AepHUHHILIE caapkaj (ajioBa y KOjuMa C€ 4yBajy MEIUIIMHCKE CIIMKE U JIpyre

undopmarmje (http:/medical.nema.org/ ftp://medical.nema.org/medical/dicom/2011/).

DICOM je yHanpenuo u 00JUKOBAO caallbyu OOJUK CaBPEMEHE MEIHUIMHE MPYKajyhu:

1. YVuusepsannu cmanoapo, koju CBUM TPEHYTHUM KOPUCHUIIUMA JUTUTAIHUX CIHKA, Ka0 U
ypehajuma koju npoussoge DICOM cnuke, no3BoskaBa komyHukaiujy npeko DICOM wmpexe.

2. Oonuuna pezonyyuja cauxe, aup. DICOM moapxkasa 1o 65.536 (16 6ura) HHjaHCH CUBE
0oje y cinydajy MOHOXpomarcke ciuke MoHuTOopa. I[IperBapame DICOM cnuke y JPEG wim
(BMP) dopmar, yBek je orpannueHo Ha 256 HujaHCcH cuBe 0Oje, IITO MX BEOMa 4YECTO YHHH
HEMpakTUYHUM 3a JujarHocTuuka ouuTaBama. DICOM ce oanukyje HajcaBpeMEHHUJUM H
HalpeaHUM TMPUKA30M TUTHTAIHE CIHUKE Koju 00e30ehyje m3y3eTaH KBaJIUTET IUjarHOCTHYKE
uHpopmanyje.

3. Ilyna nodpwika 3a 6pojue napamemape axeusuyuje (npujema) ciuke u paziuyume
munose nooamaxa. He camo na DICOM cknagumtu ciuke, Beh Takohe Oenexxu Beluku O6poj
OCTaJINX TapaMeTapa BE3aHWX 3a CIUKy, Kao mrTo cy 3D mornoxkaj manujeHta, (U3NYKe
BeJIMYMHE 00jeKaTa Ha CIIUIHU, 1e0JbUHE MpeceKa, EKCIO3UIIMOHNX MapaMeTrapa ciuka, utia. OBu
nojany HeusMmepHo oOorahyjy wuHpopmanmonu caapxkaj u ksaaurer DICOM cnuke, u
OJIaKIIaBajy o0pay U MHTEPIIpeTalyjy AOCTYIMHMX IMojaTaka (Ha mpumep, Kkpeupamwe 3D ciuke

13 HEKOJIMKO CeKBeHIH aBoaumen3nonannux CT mpeceka).
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4. Komniemuo oexoouparbe meouyunckux nooamaxa. DICOM ¢ajnoBu u nmopyke kopucre
Bumie ox 2000 cranmapanM3oBaHUX aTpuOyTa, KOjU CIYXKE 3a NMPEHOC pa3HUX MEIUIIMHCKHUX
mojiataka — 0J MMEHa IMallHjeHTa, 10 TPEeHYTHE IujarHo3e nanujeaTa. OBU MOJaIy Cy Y4eCTO OJ1
CYLITUHCKOT 3Hayaja 3a TAYHY JUjarHOCTHKY.

5. Jacnoha y onucusaryy oucumannux ypehaja 3a cHuMarbe u FHUxo8y (OYHKYUOHAIHOCM.
DICOM nedunumie GyHKIMOHATHOCT MEAUIMHCKUX ypehaja y BpJIO MpEeHU3HUM TEPMHUHUMA,
HEe3aBHCHHX 0] caMor ypehaja. Pan ca meaummackum ypehajuma npeko DICOM unTepdejca je
BEOMa jeIHOCTaBaH IPOILIEC, OCTaBJbajyhu Maio mpoCcTOpa 3a rpeiKe.

DICOM caapxu nucty crangapanux arpuOyra (Bume ox 2000 mux), noznat kao DICOM
peuHux nooamaka, KOju ce Kopucte Aa Ou ce obOez0emmiia JOCIEAHOCT y oOpaau W pady ca
noJaliMa M JaToTeKkama, a MPWIMKOM HMEHOBama U came oOpane. Ha mpumep: nayujenm
ampubymu - uMe, 1atyMm pohema, 1on u Tako najke cy ykbydeHun y DICOM peunmky 6aze
nonaraka. Ceu DICOM arpubytu cy ¢opmatupanu npeMa 27 pernpe3eHTATUBHUX BPEIHOCTH
(VR- value representation) Bpcre, KojuMa ce HaKHATHO MOYE JIOJICJbUBATH OAroBapajyhu HIp.

JIaTyM, BpEME, UME UT/.

4.1. Ilpoepamu omseopeHoe K0Oa 3a AHaIu3y ciuKe

o ImageJ (http://rsb.info.nih.gov/ij/) npyxa mmpok crekrap oOpajie U MPOLECOBamba
CJIMKe, KOjU ce Mory npuMueHuTd Ha 2-/] u 3-J1 mogenuma. I[lopen ocHoBHE 0Opane
ciuke (punrpupame, OTKpUBame WBHIlEC TIpeceka, yBehame), Imagel o6e3behyje u
noceOHe alropuT™Me 3a aHaNIM3y mnojaraka. Imagel je HamucaHn y HpOrpaMCcKOM
jesuky JaBa (Java). ImageJ Morxxe HCTOBPEMEHO OTBOPUTH 3ajeqHuuke 2-J] naroreke,
kao 1 DICOM cer noparaka pa3inuuTUX MEAULMHCKUX CHUMAKA.

e |TK-SNAP (http://itksnap.org) je anar 3a ynpasibame u cermeHTanujy 3-/1 nogaraxa,
Hactanux npu cHuMmamwy. ITK-SNAP naje u crnpoBoau akTuBHE KOHType NpHU
ayTOMAaTCKO] CEerMeHTallWju, 3axBajbyjyhu MOCEOHOM  CeTy aJlropuTama
UMIUIEMEHTHPaHHUX y caMm nporpaM. Takolhe naje moryhHocT no3uBama AMHAMAYHOT
uHTepdejca 3a HaBUranyjy natux noxaraka y 3-J1 npocropy. ITK-SNAP noap:xasa

pazmuuute 3-J1 popmate ciuka, ykipyayjyhu DICOM, NifTl u Analyze.
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FSL (http://www.fmrib.ox.ac.uk/fsl) je cobTBep ca ykibyueHum OubanoTeKama Koje
Hyqe OpojHe aHanuTHuke MeTone npu MPU caumamy cera mogaraka. To ykibydyje
anare 3a nuHeapHy peructpanujy ciuke (FLIRT), HenuHeapHy peructpanujy ciivka
(FNIRT), ayromarcky knacubukanujy TkuBa (FAST) uta. FSL takohe moaprkasa
NifTl u Analyze ¢popmare ciuka.

OsiriX (http://www.osirix-viewer.com) je cBeoOyxBaTHa pajJHa CTaHHIA, a
HCTOBpPEMEHO MpejcTaBiba u Hanpenuau nperienad DICOM moaaraka. OBaj codtBep
HyI¥ HU3 MOTYHHOCTH 3a BH3yelHM3alMjy W HEONXOJHE ajare 3a CEerMCHTAIH]y.
Berose moryhnoctu cy moceOHo wu3paxeHe npu obpaau LT noparaka. OBaj
codrBep 3axteBa kommjyrep Tuna Apple u cucremcky miarpopmy MacOS X.

3-D Slicer (http://slicer.org) mpeacrasba codpTBEpCcKy mIaTGopMy 3a MPUKA3UBAE
ciuke u nocebne ananmse. [Iporpam Hyau orpoman 6poj MOJIyNa MPU ayTOMATCKO]
CeTMEHTAllMju, PETUCTpPallMju M CTAaTUCTUYKY aHanu3y moxaraka. [loxpkasa

orpoMat 06poj paznuuuTux popmata nmojaTaxa.
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5. Imaged COD@TBEP 34 ObPA/lY CJ/IUKA

ImageJ , koju je kopumiheH y oBoM panay, je Oecratan codTBep OoTBOpeHOT Koja (0pen
source) passujen onx Wayne Rasband na Amepuukom Harwonamaom HMHCTHTYTY 3a 3/1paBibe
(U.S. National Institutes of Health - NIH) (https://www.nih.gov/). Hanwucan je y JaBa

IPOTPaMCKOM je3UKY M CIIy)KH 3a 00paly CIHMKa, Kao U 32 BbUXOBY aHAIU3y. TpeHyTHa Bep3uja
ImageJ, axxypupane Bep3uje, JOKyMEHTalHja, pa3Ha TECTUPaba, KOMIUIETaH HAIKMCaH KO, Kao U
pazHe BpcTe JOJAaTHUX OuOIMOTEKa MOTY C€ CKHHYTH ca 3BaHHYHOT  CajTa
http://rsb.info.nih.gov/ij/ . ImageJ je BumeHamMeHckn copTBEpP, KOjH MOXKE Jia IPUKAXKE, J1a BPIIH
notpebHa ypehuBarma, aHaIu3Mpa, MPOIeCUpa, yyBa | 1o nmotpedu mrammna 8- bit, 16- bit u 32-
bit ciuke. TToapkaBa pasznuuurte dopmate ciauka, ykbyayjyhu tiff, gif, jpeg, bmp, dicom wutx.
Nma u moryhHocT na "crasxce” orpoman 6poj Hu3oBa ciuka (Stacks) m a oBe HHM30BE CiHMKa
npuKasyje y Mmpo30py 3a aHaIH3Yy.

ImageJ moxxe m3padyHaTu Opoj muKcena y oapeheHum oGnactuMa ol WHTEpeca U JaTh
MOJaTKe O MHKCEINMa, Kao M CBE HUXOBE BPEJHOCTU MOTPEOHMX aTpuOyTa 3a CTaTHCTUUKY
oOpany marux mojaataka. Moke U3MEPUTH U JaTh pa3lajbUHy oJpelheHuX neroBa Ha CIUIH, Kao
M OJIHOCE YIJIOBa IOjeIMHHUX JEJI0OBa M TO CBE MPHKAa3aTH Yy MPaBOYraOOHOM KOOPIMHATHOM
cucremy. ImageJ noapkaBa crannap/iHe ¢yHKIHje 3a 00paay CIIMKa, Kao MITO Cy KOHTPAacTHa
MaHMITyJalyja, U30LITpaBame, paBHakHE, OTKPUBAKHE UBULIA U CPENibe (PUIATpUpPaE CIIMKA, ITO
Ipe/icTaB/ba OCHOBHU aylaT noTpedaH 3a gobujame Tomorpadekux (anroma. Takohe moapxaBa
U TeoMeTpHujcKe TpaHchopmalyje, Kao IITO Cy cKaiupame U portanuja. Cimka Moxe na ce
3ymupa o ogHoca 32: 1 u o 1: 32. Cee ananuse u o06paje, kao U1 (yHKIHUje Cy JOCTYIHE U 'y
cBakoM (paktopy yBehamwa. [Iporpam mnoapkaBa HeorpanuueH  Opoj mpo3opa (CiMKa)
HCTOBPEMEHO, a OrpPaHHWYEH j€ caMO pacloJIOKMBOM MeMOopujoM Kommjyrepa. IIpoctopHa
KammoOpanyja je takohe mocrymHa jma o0e30equ peaqHa Mepema JAWUMEH3Wja y jenuHurnama Sl
cuctema. CuBa kanmmbOpalpoHa cKaja je Takohe Ha pacrmojiaralby W Jajeé OJHOC TYCTHHA
MaTtepujaia Ha camoj ciaund. Imagel je nu3ajHUpaH ca  OTBOPEHOM apXUTEKTYpOM
nporpammpama Koja mpyxka MoryhHocT mpommpema mytem JaBa goxartaka (plugins). Imaged
coTBEp MOXKE J1a PEIId TOTOBO CBaKH MpoOJeM moTpedaH y oOpaau CiIuKe WM aHAJU3H HEKOT

npobnema. Ha ciimnm 3. je npukazan usrien copreepa Imageld.
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Cnuxka 3. Hzeneo enasnoe npozopa Imagel-a

5.1. Pexoncmpykyuja cauke u oopehusarbe nonoxcaja nuxcena y 3D

PexoHcTpyKIMja cimKe - paBHU, 3aKpHBJHEHE MOBpIIMHE, 3D ceToBH moparaka — 3ay3uMajy
TJIABHO MECTO TIPH 00pajiu ylaa3HUX ToJlaTaka MOTPeOHMX 3a o0ujame ToMorpadckux GpaHToMa.
JenHa on TMIaBHUMX TNOJa3HMX Tayaka, jecTe AWTMTAIHM 3alKc CIUMKe Koja ce obOpabyje.
IIpenqHOCTH JUTMTATHOT CHHMama y OJHOCY Ha cTape TEXHOJIOTHje ¢y o OUTHOI 3Hayaja, jep
PEKOHCTpYKIMja MojaTaka U HUXOBO O0jeAumaBambe y LeIuHy, He Oum Ouna moryha 6e3
nnpopmanuja npuxkymbeHux u3 DICOM cera 6a3ze nonataka. [lopen  pesoinyiuje cHUMama
n3paxkeHux npeko nukcen atpudyra, DICOM 6enexu u gaje nogarke 3a nparehe pasgabune,
3D koopaunuTe (cnuka 4.) mator o0jeKkTa Kao U caMy OpHjEHTAIU]y MPH MPOLECUPakY CIUKE.

DICOM npyxa cnenehe uadopmarmje:
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1. “pasmax uzmehy nuxcena cnuxe*, Dp, cauyBanux y DICOM arpubyty (0028,0030) 13B.
"IMukcen Pasmak " (Pixel Spacing). OBaj napamerap aedunumiine GU3NIKy BEIUIUHY CIIHKE, Kao
U BEIMYMHY caMOrl TIHKcena W omoryhaBa mepeme ynasbeHocTd. Ha mpumep, ako 3HaMo aa je
MUKCEN pa3Mak 1mo X u Y ocu je 0,4 mm, taga civka nuHUja o 10-muKcen oarosapajy pacrojamy
on 4 mm. Takohe, ako 3HaMO MIMPUHY U BUCHUHY CIIMKe y Tmukcenuma (512 x 512 mro
Ipe/cTaB/ba MpOCeuHy BpeaHocT mpu obpaau y mpouecy CT cHumama), Moxkemo Hahu
BEJIMYMHY CITUKe, Koja m3Hocu: 512 x 0,4 mm = 204,8 mm.

2. "nozuyujy cruxe" (0020,0032) arpudyt, lp. To cy X,y ¥ Z KOOpIMHATE Y TOPHEM JICBOM
yriay (MpBU MHKCEIN) CIMKE U U3pakeH je y munuMerpuma. Ca OBOM BEIMYMHOM 3HaMO TJie
civka nounme y 3D mpocTopy.

3. "opujenmayujy cauxe” (0020,0037) arpubyr. Campxku cmep y 3D mpocropy, u
MpeJicTaB/ba KOCUHYC yria u3Mely pezoBa ciuke U BEKTOpa KOJIOHE V, U V., pecrieKTuBHO. OBa
JIBA BEKTOpA, MOPEKIIOM M3 TMO3UIUje CIIMKE Tadke lp, MOTIyHO AeduHUITy paBaH ciauke y 3D
npoctopy. Ako uMaMo TMukKcen ciuke P y peay I u KojoHu C, Moxkemo Hahu 3D koopauHary,
6uIo kojer o0jekra (MUKcena) Kao:

Psp =l +rXv,+1r XV, (5.1.1)
u3padyHaTa y X, Y ¥ Z KOOpAHHaTama.

4. "pasmak wusmehy mnpeceka" (0018,0088) arpubyr, Ds, Oemexu pactojame wusmehy
Y3aCTOITHHUX TpeceKa CIIMKa, U3paKeHHX y MmwinmMerpuMa. OHa WMa MCTH TadyHy CBPXY Kao
(0028,0030) "ITukcen pa3mak", anu y mpaBiy Z oce. Ha npumep, ako ce y3me y o03up UCTU
nukcen (r,c) mo3unuja Ha mpBoM u Apyrom CT mpeceka, oHIa pactojame u3mel)y oBa nBa

npeceka he outu jennak (0018,0088) u umahe ucty BpeaHocT arpudyra.
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> N

Cnuka 4. 3D pexoncmpyxkyuja ciuxe u koopouname y DICOM-y

5. Bpeme akBu3uuuje cimke (BpemMe MOTpeOHO 3a MPHKYIJbame IOJaTraka 3a CIMKY),
ne0spuHa, JoKanuja u jom Hekonuko DICOM mapamerapa npezcTaBibajy IJlaBHE OCOOMHE MPH
PEKOHCTPYKIIM]H, Ha MpHUMEpP, BpEMe aKBU3MUIMje CIUKE IOCTaje HEONXOAHA y nepy3MoHUM
aHaym3ama, kKaja tpeda ma ce obOpalyjy mH(bopManuje W3 NMpUBpEeMEHUX cepHuja cimke. Mcrn
MPUCTYIT ca MamUM MoJau(UKaljaMa ce KOPHCTH 3a PEKOHCTPYKIM]Y BHIIE paBHHU TpeceKa
(cnmuka 5.), 3ampeMHMHE M OCTAIMX CIMYHMX [apamerapa. Y3 BeNUKH Opoj MHKcena 3a
PEKOHCTPYKIH]Yy, 00paay 3D 3ampeMuHe M CIMYHO, PEKOHCTPYKIIMja CIMKE 3aXTeBa KOMITjyTepe

BHCOKHUX TephOopMaHCH.
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Cnuka 5. DICOM cem cruxa u 3D pexoncmpyxyuja

DICOM mnpyxa cBe OutHe uHpoOpMauuje MOTpeOHUX 3a HAJOOMMHMjE M Haj3aXTEBHH]E
PEKOHCTPYKIIH]j€ CIMKa, OJ1 JeAHOCTaBHUX MpeceKa I0 KOOOpJMHATaMa, Ila CBe JI0 BUIIECIOjHUX
U 3alpeMUHCKUX faeioBa. Ilonoxkaj, ka0 M KOOpAMHATE CBAKOI NMHUKCENAa Kao M 3alPEMHHCKE

JICJIOBE O] MHTEpeca MPeACTaBIbaj)y OCHOBY 3a I0OHjame BOKcen (paHToMa.
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6. TEOPUJCKO EKCIIEPUMEHTAJIHU JIEO PAJIA

Merononoruja gobujama ¢aHTOMa ¢ TMPUHIMI BOKCEJI T€OMETpHje, Kao U HErona
umiutemenTaija y MCNP5/X codtBep cy kopumihenu 3a paduyHame 103a Y HEKOJIMKO CUTYyaIlHja
y MEIUIMHCKO] GU3HIK. Y OBOM paay TPETHPAHHU Cy clieehu mpooieMu:
e BNCT (Boron Neutron Capture Therapy) mepanuja nayha,
o BNCT mepanuja jempe,
o [lpumena oxcen ceomempuje y CUMYLAYUjAMA MAMEMAMUYKOS MOOELd OYHO2 COYUEA,
o [lpumena Moume Kapno memooe npu ucmpasxicugary nosmsa pacejanoe 3paversa Oau3y
OUHOZ COYUBA Onepamepa y UHMeEPEEeHMHUM NPoYedypamd,
o [lpopauyn cneyuguune ancopbosane ¢hpakyuje y nojeOuUHUM Opeanuma yoeeyjee mend
npunuxom npumere paduonyknuoa Xe, *"Tc u MKy ynompebom MCNP5/X

cogpmeepa.

6.1. Ucmopujam BNC mepanuje

[IpBa mzaeja na ce HykJieapHa peakldja 3axBaTa HEYTPOHA OJ CTpaHe 0opa MCKOPUCTH Y
TepaneyTcke cBpxe, motuue ox Locher (1936. 200.),HekonuKko rouHa HaKOH OTKprha HEeyTpOHa
on crpare Chadwick (1932. 200.). IIpBa ucnutrBama cy mouena 1940. 200., a nmpBa KIMHUYKA
npumena BNC Ttepanuje je ypahenal950. roa. y Cjeoursenum Amepuuxum Jpacasama (Farr, et
al., (1954).. IlpBu TpeT™MaH je M3BpIICH Haj LeneOpalHUM TIHMOMOM. TakaB 3axBaT je HPBO
ypahen y BNL (Brookhaven National Laboratory), a kacuuje na MIT (Massachusetts Institute of
TechnoloGy), kopucrehn kao u3BOp 3pauckha TEPMUUYKE HEYTPOHE U jeIUILCHE MO3HATO IO
HazuBoM Borax. Hakon mpse dase, koja je 3aBpuieHa /959 cod. cBa Aajba UCHHUTHUBAKA CYy
o0ycTaBibeHa 300T JIOIIKMX pe3yiTaTa y KIMHUYKOM TPETMaHy.

Hakon noOujama HOBUX jequm-ema O00pa, Koja Cy Owia y cTamy Ja U3BpIIE MEHETpaIujy
Kkpo3 henuje Tymopa u ucnopyde Behe konmuunne 6opa y TYMOpPY, HCTpaXHMBama Cy HACTaBJbEHA
y Janany 1968. 200.

1994. ros. MOHOBO je TMoveNa HOBa NPUMEHA y KIMHUYKUM TPETMaHUMa M TIPHUMEHCHA je Y

BNL, anu oBor myTa cy npBu myT ymotrpeOsbeHH enuTepMudku HeyTpoHn. OBa HoBuHa y BNC

58



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHM3yjyhuX 3pauema y opranuMa 4oBedjer Teja -I10KTOPCKa JUCEepTalHja

Tepanuju, MPeACTaB/ba BEJIUKH UCKOPAK y OBOj BPCTH TPETMaHa, jep Ce Ha OBaj HAYMH IITE/E
3[paBU OpraHU M TKMBA M NMPUMJBCHE JI03€ UMajy AaJeKO Mame BpeaHocTH ynopelyjyhu mctu
TPeTMaH ca TEPMUYKH HEYyTpoHUMa. EnurepMuuku HeyTpoHH, Takohe umajy u Behy moh
npoaupama ynopehyjyhu ux ca tepmuukum Heyrponuma. Ilopen tora, ynorpeOsbeHa Cy HOBa
jenumema 6opa BPA-f (Borophenylalanine-fructose), koju uma Moryhuoct ny0oke meHeTparuje
Kpo3 3upoBe hemuja. 1997. ron. mounmy cinyHa UCTpakuBama y Xodanauju (Petten).logune
1999. u 2000. uzBpiienu cy cnuunu nokymaju npumene BNC tepanuje y llIBenckoj u @uHckoj.
Konnenryanno y BNC tepanuju, mpe-TpeTMaH W IUIaH Jieuema MOpa OWUTH 3aCHOBAaHM Ha
MpeNr3HO] KOHIIEHTpaIju Oopa y 3ampemMuHama oJf uHTepeca (oapehenu opranm), koju he ce
03pauMBaTH y Tepanuju. bpojHe TexHMKe Cy pa3BHjeHE 3a MEpeme Caap)kaja U KOHIIEHTpAIHje
O0opa y TKHBY, a OCHOBHA IOJleJla jé Ha  MHKPOCKOIICKE M MaKpOCKOIICKE METOAE IMpeMa
npocropHoj pe3onyiuju. Kommunne uzmely 100 pg/g u 100 pg/g Mory ce MEpuUTH y BPJIO MauM
y3opuuma. MakpoCKOIICKa TeXHHKa JI03B0JbaBa Ja ce J100uje cpemba BPEAHOCT KOHIICHTpAIH]je
Oopa y y3opuyMa TKHBa WIH Y KPBH, JIOK METO/E KOjeé C€ 3aCHHMBajy Ha MHKPOCKOIICKUM
MepelhHMa JIajy Kao pe3ysiTaT pacrlojelly KOHIeHTpanuje Oopa Ha henwjckoM wim moj-
henmmjckom HUBOy. Y ximunukoj npumenn BNCT, kopucre ce paznmuuTa XeMujcKa jeumbemha
9B kao mro cy BPA (Boronophenylalaning) u BSH (Sulfhydryl borane) xao rmasuu arencu
emutepu anda yectuna. Cmatpa ce 1a BSH, koju ce KIIMHUYKM KOPUCTH y TpETMaHUMa TymoOpa
Mo3Tra, MOke Ipohu Kpo3 KPBHO-MOXKAaHY OapHjepy U TaKO CEIEKTUBHO CE aKyMyJUpa y CaMOM
TKHBY TYMOpPa MO3Ta.

BPA ce KIMHHYKM KOPUCTH 3a Jeuewmhe Manuraux henuja. [IpBa kauanuka npumena BNCT
usBeneHa je y Ilaeuju (Pavia, Italy). CBa HayuHa ucTpaxkuBama W HaydyHe CTyIHje HACTOje 1a
Hal)y Moayc koju Hactoju Aa moOosblia U Hahe HajOosbM onHOC M3Mel)y MpUMIBEHHX J03a Y
3/IpaBOM TKHMBY KOj€ OKpYXKyje caM TyMOp U J03€ Yy TYMOpUMA, a TIpPH Pa3IMuUTHUM H300pHMa
€Hepruje o3padynBama.

Yenex BNC rtepanuje y nedewmy pazavuuTHX BpCTa TyMOpa, JIEKH Yy HAIPETKY KOJU je
OCTBapeH TOKOM IIPOTEKIMX TOAMHA y olOyacTuMa (QHU3UKE, XUPYprHje U pajuoTepantje.
Hpamatnuao moboseimatbe BNC Tepammje je ycko moBe3aHO ca pa3BOjeM HOBUX JIGKOBA H

jenumema, MTo OM ocurypasio Behe KoHIeHTpanuje Oopa y 3alpeMruHa oJ UHTepeca, a MTo Ou
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3HAYUIIO MalkE BpeMe M3JI0KEHOCTH JOHU3yjyheM 3pademy, ucropydyeHe Behe 103e TymMopuma, a
ca BUCOKHM CTENEHOM IOIITe)eHOCTH 3ApaBOr TKUBA.

6.1.1. Qusuuxe ocnose FHL] mepanuje

HykneapHa peakimja 3axBaTa HeyTpoHa on cTpane OopoHa °B(, «) Li mpemcraBiba
ocHoBy BNC Tepanuje.

BNC Tepanuja je 3acHOBaHA Ha cejlekTUBHOM aduHuTeTy henumja Tymopa 3axpara °B
NPUIMKOM HErOBOT MHKOpIOpHpama y opranuzam. O3padynBameM J0Ja3H 10 HEYTPOHCKOT
3axBata oz ctpane °B 1j Hykneapue peakuuje °B(n,a)'Li, mTo je mponpaheno emucujom anda
yectuie ¥ joHa 'Li. YnpaBo oBa ocobuna omoryhasa ocaose BNC Tepamuje, mpu yemy ce
TepareyTcKka J103a HCIOopydyje Y TKUBO TyMOpa, OK 3[paBO TKUBO MOXKe OWTH momTteheHo.

[IlemaTcKy pHUKa3 OBE PEakKIlvje je MPUKa3aH Ha CIUIH 6.

HuanuaesTEH

eNHTEepPMAaJIHH HeYTPOHH

Eo=1.47 MeV Y

@i - 0.4BMoV(94%)

&> £
Sl ey
Basxyx Txuso E?

Li

Cnuxka 6. Illemamcku npuxas neymponckoz 3axeama *°B

Bop mma nosehanu apuHHTET 3aXBaTa HEYTPOHA, Tako aa Ta ocobmna °B mpencrapipa
IPETHOCT y OHOCY Ha M300p eneMeHara y camoj Tepamuju. Ilomro oBe obe uectuue (o, 'Li)
uMajy TMyTamwy AY)XKUHE MNpHOMMKHO jeJHaK  IMPeyHUKy henuje, WUXOBO JIETAIUTET je
MIPBEHCTBEHO OrpaHuyeH Ha henuje koje caapxke Oop. Y Tabenu 17. cy npencTaBbeHe BPeJHOCTH
epUKacCHUX TpeceKa MOojeTUHHUX eneMeHara. Ha OCHOBy moparaka JaTWx y TaOelln MOXKe ce

BuzieTH 3amTo je ‘°B jeaH o1 OCHOBHUX eJleMeHaTa y JaToj Teparmju.
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Taoéena 17. Edhuxacnu npeceyu nojeOuHux enemeHama 3a mepmuiKe HeympoHe
E¢puxacuu npecek

Hykaugm (10%%cm?)
108 3837
1B 0.005
2Cc 0.0035
H 0.33
14N 1.70

3¢l 43.6
23Na 0.534
BGd 254
1585Gd 0.02

Hyxnepana peaknmja °B(n,a)'Li mpencrasma ocHoBy BNC  Tepammje. Kao mpomykT ose
peaxiyje HacTajy BHCOKO eHepreTcke anda uecturie v jorn 'Li. Jlomer oBux yectnia je nzmehy

6-12 um , mwTO je ynopeauBo ca BETUYNHOM IpeYHHKa henuje.

BB +In - ILi* + %a + 2.31MeV (6.1.1.1.)
VB +{n - ILi + Sa + 2.79MeV

6.2. Ilpumena eoxcen ceomempuje y BNC mepanuju nayha

W13 oBor nena pajaa myOoJaMKOBaH je paj moj HacioBoM ,,Monte Carlo calculations of lung
dose in ORNL phantom for boron  neutron capture therapy “ y saconucy -Radiation Protection
Dosimetry; a paz je aat y npujory.

[Tpunukom mpoyuaBama BNC Tepanuje youeHo je ma O6u Ouino BeomMa KOPUCHO Ja ce
BOKCEIl TeOMETpHja MMIUIEMCHTHpA y KIACHYHY TeOMETpHjy (paHTOMa U Jia Kao TakBa MOXKE
MOCITY)KUTH | JIaTH JOTIPHHOC Y 3alITUTH O] 3paueka. Pemerkacra (lattice) crpykrypa y oBom
CITy4ajy Jaje jeJHOCTaBHH]e MpoyvyaBame 3aJaTHX 3allpeMuHa 01 HHTEpeca. Y HapeIHOM Iy je
omucaH npouec uMmiuieMeHnTtanuje Bokcen (volume pixel) reomerpuje y ORNL ¢antom. ORNL

MOICI q)aHTOMa npeacraBjba CTUJIM30BAH MATCMATHYKH MOZICII HaI_II/IjeHTa. VY oBoMm pany je
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ypaljena kouBep3uja opuruHaigHor moaena y MCNP5/X pemerkacry (lattice) reomerpujy u
MpEeJCTaBJba HMMILICMEHTAIN]Y BOKCENl CTPYKTYypE y MOJEN, ali Ha TaKaB HAYMH Jia pe3yJTar
oyne mpeno3natsbuB 32 MCNP5/X codreep. /lumeH3uja Bokcena je BapHjaOWIIHA BEIHYHHA.
CBaku BOKcen mojeauHadyHo Moxe Outn gepunucan u nymen (fill) ca pasmumunrtum
MaTepHjaliumMa, a He3aBHCHO O/ OKPY)KEHa BOKCeJIa.

Y oBOM pajy je 100ujeH CKyIl MaTpHIia ca JeUHICAHUM BPEIHOCTUMA 32 CBAKU BOKCEI
ca COIICTBEHUM WHICKCOM Marepujana u nare rycrune. Konsepsuja ORNL dantoma y Bokcen
(pemerkacTy) reomerpujy mnpyxka moryhHoct na ce y tally kxaprumama pauyHajy HIOp.
aricopOOBaHe JI03¢ WJIM JpYyre peEleBaHTHE BEJIMYMHE Y IOjSIMHUM CJIEMEHTUMA Tj.
nojenrHayHUM Bokcenuma. Ha ciaunm 7. je npukaszan nonpeunu npecek ORNL dantoma (11eBo)
u npumemene Bokcen reomerpuje y ORNL ¢anTomy (mecHo) nobujene y oBoM pay Ha BUCHHH

ox 35cm.

i o i e
Hhe==as pEEmmw
Efarg YA
B u
] 2 i
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™ 17 == U]
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{ }
T i
] e
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Cnuxka 7. [lonpeunu npecex ORNL gpanmoma u u npumersene 6oxcen ceomempuje nHa oamu
¢aumom na eucunu Pz=35 cM

BNC tepamuja mMoxxe OUTH BaiuJIaH TpeTMaH HPUIMKOM Tymopa Iutyha, a rae Huje moryh
XMPYPIIKK 3aXBaT WIK Cy YUUHIM XeMoTepanyje 3anemapspuBu. Kon kapuuaoma myha, crernexn
MOpTaJUTETa MMa H3Y3€THO BUCOK HHBO. Y OBOM paay cy ucnutuBaHe mnpernHoctd BNC
Tepamnuje 3a MeTactase Tymopa Koje ce Hanase y miyhuma. Cumynanuje cy moceOHO U3BelIeHE 3a
wiyhHO TKMBa ca MeTacTaszama u 3apaBo IutyhHo TkuBO. MertacTase miyha cy cuMmynupaHe mnpu
obOorahuBamy miyha xomoreHo pacrnopehenor 6opa, anu npu pazIUYUTAM KOHLIEHTpalldjama.
3a 3apaBo TWUIYhHO TKHUBO KOj€ OKpPYXKYyje TyMOp, MPETIOCTaBJbEHO je Ja arcopOyje jeaHy
JIECETUHY KOHIIEHTpaIuje 0opa.

VY oBom paxy y ORNL ¢anTom je mMmruiemeHTHpana pemieTkacta crtpykrypa (lattice) u

TIpe/icTaBJbeHa je y BOKCEN TeoMeTpHjH 3ampeMuHe of 1 CM?, a y muby J00HMjama MpocTopHe
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pacnozene no3e yHyrap ruryha. Ha oBaj HaumH ce MOKe BPIINTH M3paduyHaBambEe 103€ Y CBAKOM
BOKceny nojenunavdno. [{usb pana je 1a ce yrBpau auctpudynuja no3e y AP (antero-posterior) u
PA (postero-anterior) reomeTpuju y mpaBily T je JIOKaJIu30BaH TyMOp. TyMop je MpeacTaBIbeH

KOILIKOM ca 3ampeMuHoM 2X2X2 cm? (cimka 8).

Cnuka 8. [lonpeunu npecex eokcenuzosarnoe ORNL ¢panmoma peanuzosan y osom paoy

Cumynamyje y oBoM pany cy ypahene xopumhessem MCNP5/X codreepa. MCNP5/X  je
y OBOM CIy4ajy KopHIIheH 3a CUMYJIalijy TpaHCIOpTa HEYTpOHa 01 U3Bopa J10 miryha u octanux
3arpeMuHa ojf uHTepeca. CHUMyIHpaHO 3padere Ce CacTOju OJ JBAa BUPTYETHAa HEYTPOHCKA
CHOIA, a y IIJbY JT00Hjama paBHOMEPHOT ¢uiyKca yHyTap gAecHor miyhHor kpuia (ciuka 9).

W3Bop HEyTpoHa je y cuMyalujama MpeJCTaB/beH y MPaBOyraoHOM OOJIMKY JAMMEH3Hja
11x25 cm?, kako 6H ce TIOKpHJIA 11eIOKYIHA 3alpeMUHa JecHor mayhuor kpuma. Ha ciumm 9. cy
MpUKa3aHu TTOMPEYHH MPECEIN IY)K Z OCE y Pa3IMUUTUM TOJI0KajuMa PX= -6 cm (J1IeBo) u pz=>55

cm (ZIeCHO).
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Cnuxka 9. I[lonpeynu npecex ORNL panmoma px= -6 cm (nego) u pz=55 cm (decro)

[Tomro cy muryha mpezacraBibeHa y 0OJIHMKY €TUIICOHa, U3BOP 3pauctha y 00IMKY IPaBOYTaOHUKA
HUje HajO0oJpe pelleme, jep MPEeBHIIe 31paBOr TKMBa M3BaH Iulyha Takohe OuBa 03pavyeHo
W3Benene cy cumynanuje kopuinhemeMm ojrosapajyher wu3Bopa 3padema, a 4YHjH OOJUK
npuOIMKHO ofroBapa oOmuky muryha. Ha Taj HaumH reoMmeTpuja M3BOpa je MCTa Kao INPEceK
wiyha. Kao u3Bop xopuuiheH je cHon enutepMudkux HeyTpoHa peaktopa TRIGA-II (ciuka 10),
a y IIMJbY M3pauyHaBama J103€ Ha Aaro] IyOMHM. EMUTEepMUYKH HEYTPOHHM 3ay3UMajy Malld €0

CIIEKTpa MpecTaB/beHor Ha cauiy 10.
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CnukalO. Cnexmap neymponckoe cnona peaxmopa TRIGA-II

Vkynan 6poj cumynanuja je usHocuo 107, mTo je pesyiTupano na CTaTUCTHYKA TpENIKa
npopadyHa He Oyze Beha o HeKONMKO npoleHaTa. Bpeme n3pauynaBama cumynanuja je 105.83
MUHYTa. 3a U3pauyHaBame 703¢ Kopuiithena je kaptuna tally-F6 y wunnyt dajny. Osa kaptuna
Kao pe3yJiTaT Jaje arcopOoBaHy 103y Yy 3anpeMuHamMa oj uHtepeca y ¢dantomy ( Gy per one

emitted particle).

6.2.1. Pesynmamu u ouckycuja

Kao u y nperxoaHuMm ciydajeBuMa, CUMYJalMje U MPOpadyyHu cy ypaheHu kopHuirhemeMm
MCNP5/X codrBepa. [IpoyuaBaH je yTullaj pa3inuuTHX KOHILEHTpauuja 6opa y ppm (part per
million) Ha o3y arncopOoBany y TyMOpy U 3/ipaBoM TKuBY. CBpXa M Hamepa CUMyJialuja je ouna
7la ce M3BpIIM oONTHUMH3anuja ¥ Hal)y Hajooseu ycioBu 3a npuMmeny BNC tepamuje. Kao u3Bop
HEYTpPOHa Yy MpBO  je KopuiheH HW3BOp KOjU MMa OOJIMK IMPaBOYTaOHHMKA, a y JAPYIrOM CETy

cUMYyJaluja, u3Bop je y o0nuky enwurce. JloOujeHn pe3ynTatu cy MpuKazanu Ha cauiy 11.
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Cnuxka 11. Ancopbosane 0o3e (no jeOHom emumosanom Heympomy) y 30pagom 0ecHom niyhnom

KpUIY U 1e60M NAYAHOM MKUBY ca Memacmaszama y 3a8UcHocmu 00 Konyenmpayuje oopa

VY o71BojeHUM cuMyJalMjaMa IJe ce pa3Marpa 3/{paBo MIyhHO TKHBO KOPUCTHU C€ KOHIIEHTpalja
6opa 1/10 koHIIEeHTpalKje Y OJHOCY Ha MPETX0AHe cuMmyJanuje. Ha Taj HaumH ce 103¢€ y 31paBoM
TKHBY M TKHBHMa Cca MeTacTazamMa MOTy TUPEKTHO MOPEIUTH, jep Cy YCIOBH 03paylBamba UCTH.
[Tona3Ha Tayka y K0joj je KOHLEHTpalHja Oopa jeHaka HyJIH, OAroBapa 3ApaBoM TKHUBY 0€3
UHKOpnopupaHor Oopa. Pasnuka um3mel)y 3npaBor ruiyhHor TKMBa M TKHMBa ca MeTacTa3ama
noBehaBa ce MpOMEHOM KOHIIeHTpainuje Oopa y tuiyhuma. Ha Taj Haumn Ou ce wmorie
HCTIOPYYUTH BEIIMKE J103€ TKMBUMA ca MeTacTazama 0e3 mpekopauerma orpanuyaBajyhe mgo3ze 3a
37IpaBO TKUBO. Y OBOM pajJy IpHMEHa MpaBOyraoHOI 10Jba, Aaje AONpHUHOC MoBehawmy a03e Ha
OKOJIHE OpraHe, jep €0 CHOIla Mpemallyje BeJIMYMHY IUTyha U TUPEKTHO 3padd OKOJHO 3/paBo
TkiBO. Opra"u Koju cy y3etu y o63up (cpue, KuuMa, rpyJHH KOUI U je/iibaka) cy oborahenu ca
JEeTHOM JIECETHMHOM KOHIIeHTpanwuje 6opa. Ha cimmm 12. cy nmpukasaHe npuMibeHE arcopOoBaHe
7103€ 0J1 IPaBOYraoOHOT M3BOpa, JAOK Cy Ha ciuiy 13. mpukasaHe J103€ O] eJIUNTHYHUOT M3BOpa

HEYTPOHA, HOPMAITM30BAHO TIO JeTHOM HEYTPOHY.
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Cnuka 12. Ancopbosane 003e y 0OKOIHUM opeaHuma npu Kopuihiery npasoy2aoHoz u3zsopa

3paderba

Ca cnuka 12. u 13. Moxke ce jacHO 3aKJbyYUTH Ja je eNUINTUYHO MoJbe, 00U u36op 3a BNC
Tepanujy, jep NpuMJbEeHE J03€ 32 UCTU HEYTPOHCKHU (Iykc, uMmajy Behe BpeIHOCTH Yy Ciy4ajy
EJIUNITUYHOT TI0Jba. AricopOoBaHe /1032 y 1I€CHOM IuTyhHOM Kpuity je Beha, 0K je 103a y Apyrum

OpraHMMa Mama y nopehemy ca npuMIibeHUM ancopbosanum o3ama O MPaBOYraoHOT U3BOpA

3payema.
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Cnuka 13. Ancopbosane 003e y OKOIHUM OpeaHuMa npu Koputhersy erunmuyHoe u36opd

3paderba
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Takohe ca moBehamem KoHIEHTparje Oopa, paziuka u3Mely Te JBa J03€ je y Mmopacry,
IITO pe3yiTHpa y JenoHOBamYy Behux /103a 10 MeTacTa3a TKHBA, JOK 37paBO TKUBO MOXKE OUTH
nomTteheHo. 3aHUMIBMBO je HAIIOMEHYTH Jia ca noehameM KOHLEHTpaluje Oopa y opraHuma,
MpUMJbEHE JI03€ Y OBUM OpraHuMa ce nosehagajy.

Y apyrom ey OBOT pajlia U3BpIICHE Cy CUMYJalHje, PU YeMy je TYMOp T'€OMETPHjCKU
IpeCTaB/bEHH K0 KolKa 2X2X2 ¢M®, a Koju je ToKanM30BaH YHYTap 3paBor IIyhHOr TKHBA.
Tymop je nokamm3oBaH y peruoHy rae je HajBeha BepoBatHoha ¢opmupama Tymopa. To je
PETHOH TJIe ce Tpaxeja rpaHa y TopmH Jeo miyha.

M3Bop 3pauema je CUMYIHpaH y oOIHKa TyMopa, MPaBUIHOr oOauka 2 X 2 CM? Ha caMoj
nopuman ORNL ¢anTOMa, Tj. Ha BEroBoj NPEArmOj U 3aH0j CTPaHU camora (GaHToma, MpH
gemy cy o0a cHoma napanenHa. Ha cimium 61 je mpukazana qyOMHCKa TUCTpHOYIHja J03€ KOjH
olroBapa mnpeceky ¢antoma px= -8 cm u pz=62 cm. Ca cnuke 14. Moxke ce BUJETH Ja MOCTOjU

jacHa Kopenaiyja ca KOHIIGHTpalijoM Oopa M amcopOOBaHOM JI030M y OpraHuMma Mo jeHOM

yIaJHOM HEYTPOHY.

0.025
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Cnuxka 14. J[youncka oucmpubyyuja ancopbosane 00o3e no jeOnom neymporny na PX=-8 cm u

pz=62 cm
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6.3. Ilpumena soxcen ceomempuje y BNC mepanuju jempe

N3 oBor nena paxa myOnukoBaH je pan nox nacioBoMm ,,MCNP simulation of the dose
distribution in liver cancer treatment for BNC therapy “ y waconucy - Central European Journal
of Physics, a pax je mat y npuiory.

Y oBoMm pany mnpuinmkoMm cumynanuja kopumihen je MCNP5/X codrBep koju KopucTH
Monte Kapno meron. ORNL ¢anTtoMm je ucmymeH BokcennMa, Kako Ou ce mobuna ayOMHCKa
pacmnojnena gose. Pesynratu cumynanuja cyrepumry 1a 6m ce BNC tepanmja morna ycnemnrHo

KOPUCTUTU IPUIUKOM TpPETMaHa KaHIlepa jeTpe.

6.3.1. Mamepujanu u memooe

Kao mro je Beh peueHo, hemmje Tymopa mmajy Behu adummter anmcoprumje °B, mTo 3a
nocneAuily uma jaa henuje tymopa noobujajy Behy no3y y nopehemy ca 3npaBum TkuBoMm. Ha oBaj
HaunH hemmje kxoje He cagpwke °B GuBajy momrehene. IlpexHocT oBora mporeca J0nma3H 70
u3paxaja Kaja ce TPETHPajy PaaroOCETJBMBH OPTraHW HIIP. MO3aK, jerpa, muiyha, maHkpeac u
pocTara.

[Tpunukom cumynanuja Tymopa y jerpu, kopuiiher je ORNL (Oak Ridge National Laboratory)
¢dantom. Pesynratu cy nobujenn kopuniheseMm MCNP5/X codreepa, xopuctehu Monrte Kapio
METOJ ¥ CUMYIIHPajyhu TpaHCIOPT HEYyTpOHA O/ M3BOpaA JI0 3allPpeMUHA OJf HHTepeca. 3arnpeMuHa
o7 MHTepeca (jeTpa), Kao U OKOJIHK OpraHH Cy BOKCEIH30BaHU yrnotpedoMm pemrerkacte (lattice)
CTPYKTYpE.

®antoM je o3zpauuBaH y AP u PA reomerpuju. Tymop je yonupaH yHyTap jeTpe M HEropa

3anpemuHa je 3x3x3 cm?®. [Tonpeunu npecek je naT Ha ciwurm 15.
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Cnuxka 15. Tpanceepsannu nonpeunu npecex ORNL ¢panmoma na sucunu z=35cm; mymop je
npeocmasmwen 3eieHum keaopamom 3%x3. Koopounammuu nouemax je y ocnosu mpyna, Z oca je
ycmepena eepmukanno Hasuue, Y oca je ynanpeo, a X oca je ynpasmena y 0ecHy cmpany

Gpanmoma

Y 0BOM pally TpeceK CHOMAa HEYTPOHA je MCTE BEJIMYMHE Kao MPECeK TyMOpa M M3BpIICHA je
KOJIMMaIfja CHoma y nmpaBily Tymopa. Enepruja tepmumukux Heyrpona je 0.025 eV | a
enutepMuukux 1keV. Y oBoMm pany cumyiupaHa Cy JBa ciydaja; y TKHBO TyMOpa je yOpH3raHo
30 u 45 ppm 6opa. 3a ciry4aj uHKOpIopupama 30ppm Gopa, y3eTo je aa amcoprija 6opa of
CTpaHe OKOJHOI TKMBa Oyne 3ppm, a 3a cimy4aj on 45ppm ancopnuuja 6yzae 8 ppm. bpoj
HCTOpHja y cUMyJIalijaMa je YKyImHO u3Hocuo 107, Tako 1a je MepHa HEeCHUTypHOCT OMila Mama
on 2%. 3a m3pauyHaBame Kopuiithena je kaptuia tally-F6 (Gy per one emitted particle) speme

cuMyJalwje 3a oBaj Opoj ucropuja m3Hocuo je 105.83 munyTa.

6.3.2. Pesynmamu u ouckycuja

Tymop TKMBO je o3paueHo ca aBa ojBojeHa cHoma y AP u PA reomerpuju ca usBopom
TEPMUYKUX M EMUTEPMUYKHX HeyTpoHa. JucTpubOymnuja mo3e mo Y ocu Koja Mpojasd Kpo3
cpeauiHu 1eo Tymopa y AP u PA reomerpuju 3a ciyyaj o3pauMBama TEPMUYKUM HEYTPOHHMA
je mpukasaH Ha ciui 16a m 166. CymupaHa BpeIHOCT J03a je MpeIcTaBbeHa Ha ciuiy 1611, 3a
enuTepMuUKe HeyTpoHe auctpuOyuuja moze 3a AP u PA reomerpujy Cy HNpeicTaB/bEHH Ha

cimkama 16.1 u 16.e; a yrexxmena 1o03a je npukazaH Ha ciaunm 16.¢. J{oze cy m3paxene y Gy.
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Ananmusupajyhu pesynrare 3a ciydyaj TEpMHUKHX HEYTPOHA, MOXKE C€ BHUICTU Jia Cy CBU  CBH
HEYTPOHH arncopOOBaHMU y JeNy Tpyra camor (aHToma.

W3Ban Tymopa, 1032 MOXKE€ OMTH NPAaKTUYHO 3aHEMapeHa, Kaja ce YHNOpeau ca J030M Y
camoM Ttymopy. Ca noehamem nyOuHe, 1032 Op30 omaga. Y TKUBY TyMoOpa, J03a je HajBeha,
300r Behe koHmeHTpamuje 6opa. [la 6u mobunm xoMoreHy pacrojeny jao3e u Behy edukacHocr,
(daHTOM je 03pauMBaH W3 J[BA CYNpPOTHA mpaBna. Ha Taj HauMH arcopOoBaHa /1032 y 3ApaBOM
TKHBY C€ MOK€ CMamHUTH Ha mojoBuHy. Ha cimum 16.11 je mpencTaBibeHa yTeXKmbEeHa BPEAHOCT
703€.

VY cnyuajy kopuithemwa enutepMuukux HeyTpoHa y AP u PA reomerpuju, 1o3a je npukasana
Ha cnuiy 16.1 u 16.e, Ha KojuMa ce BUAM Ja Cy y OBOM CIIy4ajy BpETHOCTH J103€ Y CaMOM
TyMOpy MHOTO Behe y onHOCY Ha J03€ IpUMJBEHE O/ CTpaHe TEPMHUUKHUX HeyTpoHa. Takohe je
OJTHOC 71032 Yy 3/IpaBOM TKHBY M TYMOPY MHOTO BehM u 300T TOTa Cy eNmMTePMHUYHU HEYTPOHH
6ospu u360p 3a BNC Tepanujy. BpenHoct mnpumibeHuX A03a cy Behe y ciydajy TepMHUKHX
HEYTPOHA, W UAY J0 BPEAHOCTHU 60-10715Gy 10 HEYTPOHY, LITO je MHOTO Beha BpeAHOCT A03€ Y
nopehemy Kajma ce KOpHCTe eMUTepMHYKH HEYyTPOHMMA, uMja BpemHocT mose je 2:10 Gy mo
HeyTpoHy. OIHOC 11032 y 3[paBOM TKHBY M TyMOpY c€ pa3imKyje 3a (aktop 4 y ciydajy
Kopuuihema enUTepMUYKUX HEYTPOHA, AOK Yy ciydajy Kopuuihema TEpMUYKHX HEYTpPOHA OBa
pasnuka uzHocu 2.5. OcuM Tora, y OBOM pajy U3pauyHaTe Cy U arncopOOBaHE /103€ Y OKOJIHUM

opranuma. BpemHocTH 103a y OKOJIHUM OpraHMMa JIaTH ¢y y Tabenu 18. +

Tabena 18. Ancopbosane 0osze y oxonrnum opeanuma (Gy)

TepMuuYKku HEYyTPOHH EnurepMuyKku HeyTPOHH
Konuenrpanuja 30 ppm 45 ppm 30 ppm 45 ppm
bopa
Jlecuu Oyoper 6.71-10716 1.17-107% 6.66 - 10717 1.13-1071
Kuuma 7.11-107Y 1.08-10716 2.25-107Y 3.43-107Y
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Cnuka 16. /[youncka pacnooena ancopboosamne 003e y cayuajy. (a) mepmuuxku HeympoHu y

AP ceomempuju, (6) mepmuuxu neymponu y PA ceomempuju, (y) oyouncka oucmpudbyyuja ooze

3a mepmanne Heympowe; (0) enumepmuuxu neympoua y AP eeomempuju, (e) enumepmuuxu

Heympouu y PA eeomempuju; (¢h) oyourcka oucmpubyyuja 0ose 3a enumepmuyke

Heympone.L{enmap mymopa ce nanasu na X =-11.5cm,y=0iz=34.5cm
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6.4. Ilpumena 6oxcen ceomempuje y CUMyIayujama o3paidusarba 04Ho2 co4usa

W3 oBor nena aucepTanmje myosimkoBaH je paa noa HacioBom ,,CALCULATION OF THE DOSE
CONVERSION COEFFICIENTS FOR THE VOXELIZED EYE LENS FOR NEUTRONS
IRRADIATION, a pan je aat y npuiory.

HenaBhe cryauje Cy mokKasajie Ja je COYMBO OKa MHOIO OCETJbMBHMje Ha JOHHU3yjyhe
3padyeme HEero MmMTO Ce TO JO Cajla MHUCIWIO, YKa3yjyhu TuMe J1a Cy pU3HIH KOjU MOTHYY O]
joHmsyjyher 3pauema 3HAYajHO MOTICHECHH. HajBehwm pHU3MK 3a OYHO COYMBO, IPEACTaBIbA
MHIyKnuja katapakre. [lociename — cTyauje mokasyjy Aa Ipar 3a pa3Boj KarapakTe OYHOT
COYMBO MOX€ MMaTH MHOTO Mam€ BpPEAHOCTH HETo IITO Ce MpEeTHocTaBibasio. MehyHapomHa
KoMHCH]ja 3a 3amTuTy oj 3padema (ICRP) npeaiokuia je cMamemhe TpaHmIie 03¢ 3a COUUBO
oka ox 150 mSv Ha 20 mSv na rogummem HuBoy (International Commission on Radiological
Protection, 2011). OBo 7,5 myra cMameme IpaHHIE 33 NMPUMIbEHY 03y 3a COYHMBO OKa je
NPUBYKJIA BEIUKY MaXmby, Ma je W J03UMETpUja OYHOI COYMBA MOCTaja BEOMa MHTEH3UBHA
o0JacT UCTpakMBama, yKJbydyjyhu pa3Boj HOBHX JIO3MMETapa, HOBHX IPOIeaypa KaliuOpaiuje
M MOHHUTOPHHTra y pa3iuduTuM oOjacTuma mpuMeHe joHusyjyher 3pauema. Hakon ICRP
npenopyke Takohe je moBehaHO HMHTepecoBame 3a MpopayyH KoedulMjeHaTa KOHBep3uje 3a
nepcoHanHu no3Hu exBuBaieHT HP(3) 3a HeyTpoHe, a koju mpe Hucy Ounu noctymuu (Gualdrini
G, etal., 2013).

Jloza y OYHOM COYMBO HHjE€ TUPEKTHO MEpJbHBA BEIMUYWHA. JIMYHM O3HW EKBUBAJICHT,
Hp(3) ce mpenopydyje kao omnepanuoHa BEIMYHHA 32 MOHHUTOPHHI OYHOT co4MBa. BpeaHoct
7103€ 32 OYHO COUYMBO MOXKE OMTH MpPOIEHEHA Ha OCHOBY Mepema BeinnuuHe Hp(3), Ha oapeheHoj
JOKAaIlMj Ha TJIaBU TOjeluHIA y ONu3uHHM oka. Mako mo3Hara o paHHje Y JO3UMETPH]CKO]
TEOpUjU, OBa BEIMYMHA HHUJ€ PYTHMHCKM KopullheHa, a HUCY IOCTOjajli HHU ojJrosapajyhu
nosumetpu. [loTpeda 32 MOHUTOPHUHTOM J03€ 32 OYHO COUYMBO MHTEH3WBUPAJIA j€ HCTPAKUBAHA
y o0J1acTH pa3Boja MPaKTUYHUX METOJIA 3a eTaJOHUpame J03UMeTapa, yKibyjyhu u onpehuBame
koeduIjeHaTa 3a KOHBep3ujy kepme y Baznyxy (Ka) y mosmmerpujcky Bemmumny Hp(3), a
KOjH HUCY OWJIH JOCTYIHHU paHuje. MctpaxuBama y okBupy mpojekta ORAMED (Optimization
of radiation protection of medical staff) (F. Mariotti and G. Gualdrini, 2009) 3nauajuo cy

JIONIpUHENa U3payyHaBamby KOHBep3noHMX koeduimjeHata Hp(3)/Ka 3a dotone, mpu uemy
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OIEepalMOHE BEIMYMHE 32 MOHUTOPUHT OYHOT COYMBA MOTY OUTH MPUMEHEHE HE CaMO Sa HUCKO
eHepreTcke ejaekTpone u (otone, Beh 3a cBe Bpcre 3paucwma (ICRU Reportd7. ICRU (1992).
[Topen Tora, mpenyoKeHu ¢y U HOBU (paHTOMU 3a OTpede cUMyIalrje paaujalluoHuX Mpoleca.
[Ipenm3na mo3uMeTpuja TpeAcTaB/ba BaxaH ¢akTop 3a H3ydaBame Be3e usMmehy edekara

joHusyjyher 3pauema u 703€, Kao U 3a BepuUKaIijy peryJaTOpHUX IPaHMIA 103a.

6.4.1. Mamepujanru u memooe

Jl03UMETPHjCKU MPUCTYI IPU MOJICIIOBabY MAaTEMAaTHYKOT MOJIENIa OYHOT COYMBA, 3aCHOBAH
je Ha kopumthewy Monte Kapno wmeroge. ITomohy MCNP5/X codtBepa je wusBpiicHa
CHMyJIallja TpaHCIOpTa HEYTPOHA OJ H3BOpa 1O MOJApydYja M 3alpeMHHA O]l MHTepeca. 3a
u3padyHaBame onepanuone BeiaumunHe HpP(3), xopumihen je dgantom y obmuky miode  (Slab
phantom), koju je o3pauuBaH M3 Pa3IMYMTHX MHIMACHTHUX YIJIOBA, a 33 Pa3IMYUTE CHEPIHUje
HeyTpoHa. ['eomeTpuja o3paunBama je cCUMyIupaHa HoMohy MPOIIMPEHOT MapaJIeIHOT MM0Jba 3a
TPaHCIIOPT HEYTPOHA Yy BakyyMy (Neutrons in vacuo), npu 4emy je HEYTPOHCKO I0JbE JOBOJHHO
BEJIMKO J1a 03pavH Iy 3apeMuny (hanToma.

MogenoBann ¢antom (maoua) ce cactoju o ICRU TkuBa, ykibyuyjyhu 4-enemeHTH
KOMIIO3UTHH CacTaB , a MPOLIEHTYAJIHO CYy 3aCTyIUbeHU y ¢aHTomy y oxnocy 10,1% H, 11,1% C,
2,6% N u 76,2% O. 3anpemuHa o1 uHTEpeca y (aHTOMY- OYHO COYHMBO- j& MOJICJIOBaHA Kao €O
uIMHApa paaujyca r=5 ¢cm u ne6spune (Bucuua) 1=0.04 mm. OBakaB u300p 3ampeMuHe Of
uHTepeca Haj0oJbe opaxana nmpoctop u3Mely koju ce Hanmasu n3Mely aBa oka. TakaB mpuctyn
MoJiesioBaby (aHTtoma je mpenopydeH oa ctpaHe ORAMED mnpojexra.  JlumeH3uja miode
darroma 30 x 30 x 15 cm°, a nUIMHAAP je TOCTABIbEH ca TpeiHe cTpaHe paHTOMa Ha TyOHHH
ox d=3 mm. Oca nuIUHAPa je HOPMalHa y OJHOCY Ha Mpeamy cTpaHy (antoma. 3a morpebde
M3padyHaBame J103€, PErMOH O] MHTepeca (IMIMHAAp) je Bokcenu3oBaH (ciamka 17.) momohy
lattice reomerpuje y MCNP5/X codrsepy. [lo3a je Takolhe m3pauyHara U 3a HEBOKCEIM3OBaHY

reoMeTpuju  ¢aHTOMa IPU UCTUM yCIOBUMA CUMYJIAlMja, @ PEe3yiTaTH cy KacHUje yrnopeheHu.
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in

Cnuka 17. Ilonpeunu npecex okcenuzosanoe (1e60) u HeOKCeau308anoe hanmoma (0ecto)

Y oBuMM mpopaduyHMMa 3a q00Hjarkbe KOHAauHUX pesynrata kopumihene cy tally kaprure 3a
Heytpone F4:n u F6:n, a 3a ¢porone kaptuna F6:p. Ykynan 6poj cumynanuja u3Hocuo je 107,
IITO 32 TOCJIEOUIly UMa Majly pellaTHBHY TPEIKY, Koja HUje Beha 01 HEKOJMKO TpoIleHATa.
W3pauynaBame koeuiMjeHTa KOHBep3Hje (iayeHca y mo3umerpujcky Bemuumny Hp(3) je
ypahena ynorpedbom KERMA amnpokcumanuje u oaroapajyhux (akropa KBaIMTeTa CHOIA 3a

HEYTPOHCKO 3paverhe.

6.4.2. Pezynmamu u ouckycuja

Bpennoct Hp(3) je uzpauynata Ha qyOuHu 07 3 MM ucro nmospiiuae pantoma. KoedummjeHtu
KOHBep3Hje cy onapeheHM 3a pa3nuuuTe eHepruje HeyTpoHa, pazIHuuTe WHIMJIEHTHE YIJIOBE
03paumBama, Kao 1 3a [Ba MaTeMaTH4YKa MOJIeJla OYHOT COYMBa. 3a yrnopeluBame npopadyyHaTux
BPEAHOCTH J103a 3a JABE BpcTe (haHTOMa (BOKCEIHM30BaH M HEBOKCEIN30BaH), CUMYJallje Cy
M3BPIICHE 3a pa3IMuuTe HEYTPOHCKe eHepruje y unrepsainy ox 0.01 eV no 15 MeV, kopuctehu
napajgegHo TMPOLIMPEHO I0Jb€ HEYTPOHCKOI 3pauema 3a TPU pa3iMyiTa HHLIWICHTHA YIJa
(a=0°, 30 60°). JloOujeHun pe3ynTaTd 3a BOKEIU30BAHOT (haHTOMA JaTh cy y Tabenu 19, a 3a
HEBOKCENM30BaHOT JaTH cy y Tademu 20. U3 maTtux pesynrara cumysannja MOKe e BUACTH Ja
Cy IO/Ially 3a BOKCEJIM30BaHy U HEBOKCEIN30BaHy Te€OMETpHjy MNpHOIMKHU 3a cBe KopultheHe
eHepruje HeyTpoHa M YIJIOBa, yKa3yjyhu Ha To /a He MOCTOjU 3HayajHa pa3iuKa y BPeIHOCTH
nose, 0e3 o03upa KOju ce oJ oBuUX (haHTOMA KOpHCTH. MelyTum, BOKCET MoOjeN Mpyxka

MoOryhHOCTH ayToMcKor' yuuTaBama ciuke koja u3 DICOM ¢opmarta nobuja cBe peneBaHTHe
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MOJIATKE, Ka0 M OJIAKIIAHO MPOy4YaBama pacroelie J03€ YK OpraHa, mMTo je KOJ aHaTUTUIKOT
MOJIeJIa JIOCTa OTEXKAHO.

VY ynotpeOu Cy pa3nuyuTH KOHBEP3HMOHH KoeduIMjeHTH 3a mpeBoleme (ayeHca u KepMe y
Ba3[yXy 3a €JICKTPOHE, HEYTpoHe U (OTOHE, y3 oaroBapajyhe omepaimone Beanuune, HpP(3) u
Hp(0.07) xopucrehu pasnuuunte mosene ounor counsa (Behrens R.(2010,2013). Pesyaratu oBor
pana, mokasyjy aa Bpeanoctu Hp(3) y untepBany enepruja moueB og 600 keV mo 12 MeV,
MOTY JIOBECTH JI0 TOTLEHEHUX BPEJHOCTH arcopOoBaHEe 03¢ OYHOI coumBa. Jlozumerpuja
OYHOI' COYMBA C€ IMOCMAaTpa caMmo y CHTyalHjaMa 3a 3aIUTUTY O] 3paderma 300T MOTCHLUjaIHe
UHIYKIMje KaTapakTe, a Koja ce Kiacu(ukyje Kao peakiyja TKHBA ca THUIHUYHUM IParom
peaknuje. Mmak, HelaBHYU MOJAIM O BPEIHOCTH Ipara peakiifje HUCY TOCICIHU U HE CIaKy ce
3a BpPEIHOCTHU OKO pena BennuuHe. [locToje yak W TBpAme 1a Ou ce KaTapakTa MOTJIa CMaTparu
Ka0 CTOXaCTHYKH eekar, mTo caMo MOTBphyje U HCTHYE HEONXOTHOCT AAJbUX UCTPAKUBAHA Y

HpO6HeMaTI/II_II/I IIOBC3aHHUX Ca ,Z[O3I/IMeTpI/IjOM O4YHOI' COYMBa.

Tabena 19. Koeuyujenmu xonsepsuje gpayenca y Hp(3) 3a enepeuje neympona y unmepsany oo 1.00E-09 MeV oo

15 MeV 3a mpu unyudenma y2na 60KeCau308anH02 Qanmoma Mamemamuikoz MoOend O4Ho2 cO4Usa

EnerGy H3l*(3,0°) /@ H3/%b(3,30°) /@ H3'eb(3,60°) /@
(MeV)

1.00E-09 1.71E+01 1.71E+01 1.71E+01
2.50E-08 3.46E+00 3.46E+00 3.44E+00
2.00E-07 1.27E+00 1.26E+00 1.25E+00
2.00E-06 4.12E-01 4.12E-01 4.01E-01
5.00E-05 8.89E-02 8.49E-02 8.07E-02
1.00E-04 7.99E-02 7.49E-02 7.06E-02
5.00E-03 3.23E+00 3.23E+00 3.23E+00
7.00E-02 9.29E+01 9.29E+01 9.30E+01
0.30 2.55E+02 2.55E+02 2.55E+02
1 3.87E+02 3.87E+02 3.87E+02
2 3.58E+02 3.58E+02 3.58E+02
3 3.50E+02 3.50E+02 3.50E+02
4 3.62E+02 3.62E+02 3.62E+02
5 3.52E+02 3.52E+02 3.52E+02
6 3.18E+02 3.18E+02 3.18E+02
7 3.50E+02 3.50E+02 3.50E+02
8 3.31E+02 3.31E+02 3.31E+02
10 3.86E+02 3.86E+02 3.86E+02
12 4.27E+02 4.27E+02 4.27E+02
14 4.96E+02 4.96E+02 4.96E+02
15 5.17E+02 5.17E+02 5.17E+02
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Taébena 20. Koeguyujenmu xonsepsuje gpyenca y Hp(3) 3a emepeuje neympona y unmepasany
00 1.00E-09 MeV 0o 15 MeV 3a mpu unyuoenma yena HesOKCenu308anHoe panmoma

MaAmMemMamuyrko2 Mooeid O4HO2 COYUBA

EnerGy H3'?(3,07) /@ H3'eb(3,307)/® H3'%b(3,607) /@
(Mev)

1.00E-09 1.71E+01 1.71E+01 1.71E+01
2.50E-08 3.46E+00 3.46E+00 3.43E+00
2.00E-07 1.26E+00 1.26E+00 1.25E+00
2.00E-06 4.14E-01 4.12E-01 4.02E-01
5.00E-05 8.79E-02 8.54E-02 8.25E-02
1.00E-04 7.99E-02 7.89E-02 7.22E-02
5.00E-03 3.23E+00 3.23E+00 3.23E+00
7.00E-02 9.29E+01 9.29E+01 9.20E+01
0.30 2.55E+02 2.55E+02 2.55E+02
1 3.87E+02 3.87E+02 3.87E+02
2 3.58E+02 3.58E+02 3.58E+02
3 3.50E+02 3.50E+02 3.50E+02
4 3.62E+02 3.62E+02 3.69E+02
5 3.52E+02 3.52E+02 3.52E+02
6 3.18E+02 3.18E+02 3.18E+02
7 3.50E+02 3.50E+02 3.50E+02
8 3.31E+02 3.31E+02 3.31E+02
10 3.85E+02 3.86E+02 3.85E+02
12 4.27E+02 4.27E+02 4.27E+02
14 4.96E+02 4.96E+02 4.96E+02
15 5.17E+02 5.17E+02 5.17E+02
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6.5. Ilpumena Monme Kapno memooe npu ucmpasxicusarby noba pacejanoz 3paverba 01u3y ouHoz2

couuea onepamepa y UHMeEPEEeHMHUM Npoyedypama

W3 oBor xgena paga myOiuKoBaH je pan moja HacioBoM ,,Monte Carlo study of the scattered
radiation field near the eyes of the operator in interventional procedures “ y gacomnucy - Journal
of Radiological Protection, a pax je mat y npuiory.

WHTEepBeHTHA paaHoNIoOTHja je TpaHa MEIUIMHE KoOja KpO3 MHUHUMAIHO WHBA3HMBHE
mpoueaype U y3 momMoh peHATreHCKOT 3pavekha 3aMembyje KIIACHYHE XHPYIIKE WHTEPBCHIH]E Y
MOjeIMHUM aKyTHUM CTambuMa, OMACHUM [0 XUBOT, KAa0 IITO Cy HMH(APKT MHOKapAa WId
pasnuuuta 1epedpo-BackynapHa KpBapewa. HTepBeHTHA paJnoiorija ce MOXe MPUMEHUTH Y
OWJI0 K0jOj TpPaHW METUIMHE TJI€ C€ MPEKO KPBHUX CYAOBA WM JUPEKTHO MPEKO KOXKE, MOXKE
JOCTIETH JIO MEIUIMHCKOT TpoOiieMa. Mako ce MHOroOpojHe mporeaype o0aBibajy Ha
olleJbelbUMa pAAMOJIOTHje, CBE BHUIIE UX 00aBJbajy HE-pauoio3H, Hajyemhe CcrenujaiHo
oOyueHU KapAHOJI03Hu Yy XHOpUAHUM omepaTuBHUM canama. Kako je 3a cBe Behu Opoj cpuaHux
npobiemMa penemhe Y OBAaKBUM MUHHMAJIHO HHBA3HMBHUM METO/aMa, JIOILIO je 10 pa3Boja HOBE
rpaHe - MHTEPBEHTHE Kapauojoruje. VHTepBeHTHH Kapauoio3u OaBe ce yrpahuBamuMma Tejc
Mejkepa, npemoinhaBamMMa KpBHMX CYJOBa Ha Cply, Kao W yrpahuBamMMa CTEHTOBAa Ha
3allylIeHUM KpBHUM cyaoBuMma cpua. OBe mpolenype ce KOpHcTe Kao alTepHaTHhBa
KOHBEHIIMOHAIIHO] XUPYPTUjHU, IITO j€ PEe3yJNTHPAIO CMamemheM MOpOMAMTeTa U MOpTaluTeTa
nanyjeHara.

WNHTepBeHTHA pauolioTHja U KapuoJIOTHja TapaHTy]y BUCOKY KOPHCT 3a MallljeHTe, alld Cy
N00po MO3HATe KopeJanuje ca BUCOKMM HMBOOM jOHHU3Yjyher 3pauema 3a MEIUIIMHCKO 0Cc00Jbe
(Vano et al., 1998, 2008, 2010, Carinou et al., 2014). Cmamemne TOIUIbe TPAHUYHE 103€ 3a
ouHo counBo o7 150 mSv Ha 20 mSv, u3a3Bana je moTpely 3a MPEUCITUTUBAKHEM TIPaAKCE, a
camuM TUM 00e30ehyjyhu yOyayhe 3amoBospaBajyhy oaroBapajyhy 3amTuTy OYHOT COYMBA 32
MEIHUIIMHCKO 0cO0Jbe. Y MHTEPBEHTHO] PaoJIOTHjU, O] HajBeher 3Hauaja je pacejaHo 3paueHme
O]l TeNa MalKjeHTa U OKOJHHUX IpeMeTa a Mpema IJ1aBM M o4rMMa olleparepa 3a 1iTa je OuTaH
IEroB IO0JI0%Kaj Y OAHOCY Ha MNanujeHTa. AHTPONOMOP(PHUM MaTeMaTUYKUM (aHTOMOM je
KopuitheH y OBOM paJy 3a CHMYJalM]y pa3IMyUTHX I[0J0Xaja orepaTepa M MaldjeHTa

MPUIIMKOM HWHTCPBCHTHC MPOLCAYPC. I[OSG pacejaHor 3paucCkhC IpeMa TJIaBH  OIICpaTepa
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M3pauyHaTe Cy 3a BUIIE Pa3IMYUTHX I0JI0XKaja olepaTepa y OJHOCY Ha manujeTta. PasHonukocT
MOJICJIOBAaHUX CHTYyalldja TpyKa MHOIITBO TOJaTraka y BE3W IMPOCTOPHE pacrojerie IM0Jba
pacejaHor 3payema, Koja Cy KOPUCHU 3a MOO0JbINAKE 3aIUTHTE O] 3pauemha OYHOT COYMBA, KAo
ITO CY:

(a) Kopumrhemwe 3amTUTHHOX Hao4apa,0oMOryhyje 3alTUTy OJ pacejaHor 3padyema ca 00e
CTpaHe W 0JI03]10 IpeMa rope, cMmamyjyhu no3y 3a ¢akrop 10;

(6) 3amTuTHU TapaBaH mpyxka eDUKACHY 3aITUTy, TaKO Ja aKo je 3allTHTa WCIPaBHO
MO3UITMOHHUPAHA, CMakELe J103¢ ce Moxe moBehatu 10 90%;

(B) Ilpenazak ca demopanHe y paavjaiHy MO3UIM]Yy OOMYHO TOjayaBa edexaT pacejaHor
3padema npema riasu omneparepa (paxtop ox 1,5 3a AP mpojekunjy), anu 3a RAO npojexnuje,
penykyje 3a ¢akrop 2-3 myra, y CIIy4ajy paaujaTHOT MPUCTYIIA.

JleTaspbHE aHANMM3e pe3yliTaTa y OBOM pajy MOKa3yjy Ja IMOCTOju IpedepeHIrjaTHi paBail
pacejaHor 3pauema Koje Tpeda y3eTH y 003Up MPHIUKOM IPOLICHE OIIKja 3allITUTE O] 3pauckha.
VY oBom pany kopuiihenu cy tako3Banu OM (MomudukoBaHu (GaHTOMH, KOjU Cy KOpUIIheHH Y
ORAMED mpojexty-Optimisation of Radiation Protection for Medical Staff ) antponomopduu
MaTeMaTH4KH (aHTOMH, KaKO OM ce yTBPAMO MpaBall U MHTEH3UTET PAcejaHor 3padyema Koje
JOCTHXKE TJaBy ofepaTepa, ITo oMoryhaBa yrBphuBame €pUKACHOCTH 3allITUTE O] 3pavyeHa,
MPOjeKTOBaHE 3allITUTE W OJOBHUX Haouyapa y HajuemmhuM cutTyanujamMa Ha WHTEPBEHTHUM

pagHUM MECTHUMA.

6.5.1. Mamepujanru u memooe

OBaj pan je UuMao 3a IUJb NMPOyYaBamke MPOCTOPHE PaACIojIeie PacejaHoT 3padema OKO IjlaBe U
IpeMa OYHOM COYMBY HWHTEPBEHTHOT pajHosiora W eekra mpeMa O4YHOM covmBY (TJIaBa HUje
TUPEKTHO M3JI0KEHA PeHIIreHCKOM 3pauewy). [lopen Tora, y paay ce uCTpaxkyje HAaUMH Ha KOjH
pacejaHo 3payeme yTUYe Ha MpaBall PeHAreHCKOr CHOMA Ha TeNo mamujeHta (paauorpadcka
MPOjeKIInja) y MPUCYCTBY 3amTUTHOT ypehaja. EHepreTcku TpaHCIOpT, ancopIiiiyja U pacejame
¥ Ha Taj HaYWH JI03€ Yy OpTaHMMa/TKUBUMa OJ MHTEpeca MOTY OMTH omHMcaHu Kpo3 ¢uryeHc, O
(Jager R G (ed) 1968). Ancop6osana go3a D(r), y onpehenoj tauku (r), MOKE H3padyHATH

npeko ¢ayeHca Kopuctehu mo3HaTy penamujy:
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D) =] ECDT(r)%(E, r)Ae dE (6.5.1.1)

rae je: @ ¢uyenc y marom tkuBy T, % MaceHH KoeuiujeHT crnabibema u Ag ouekuBaHa

BPEIHOCT MpeJaTe eHepruje y HHTePaKIUju 0/ YeCThlle ca KuHeTnukoM eneprujom E (Carlsson

G A and Carlsson C A 1982).
6.5.2. Aumponomopgnu moodenu u ceomempuje cumyrayuja

MoaudukoBana Bep3uja OM dantoma, kopunihena y pagy, nooujena je uz3 MIRD u ORNL
mozaena (Snyder et al., 1978, Krstic and Nikezic 2007) koju caapike opraHe ¥ TKUBa JAaTHUX
rycruHa, unje Bpeanoctu cy y3ere u3 ICRU 1992. MIRD monen je 3acHUBaH Ha CTaHIapAHOM
mozeny mytikapia (ICRP 1975) Bucune 176 cm u mace 73 kg . ¥ cumynanujama cy kopuiirhena
nBa (antoma y mehycoOHO 3aBucHO] reomerpuju. Cumynanuje cy obOaBibeHe Kopucrehu
MCNP5/X kako Ou ce 0JIpeIuiIo MM0JbE pacejaHor 3padycmha Yy 3aIpEeMUHH  KOja OKPYXKYje I1aBy

oreparepa TOKOM MHTEPBEHTHUX IPOLEAYpa.

Cumynanyje cy M3BelI€HE Kako OM ce OmUcallo M0Jbe pacejaHor 3paycrma KOje ce Hajla3u OKO
3alpeMuHe O] MHTepeca, Koja OKPYXKYjy IJIaBy oleparepa TOKOM HHTEPBEHTHHUX IPOIeaypa
kopuctehu MCNP5/X codtBep. 3a noapasymeBane (pusznyke mapamerpe 3a TpaHCIopT (HOTOHA

kopumthene cy 1 ENDF/B-VI 6ubnnorexe.

bpoj cumymnarmmja, je mocTaBJbEH, TAKO /A c€ I00HMje cTaTUCTUUYKA HeoapehenocT Mama o 5%
(! o cranmapaHa aeujanyja). Y Behunu cumynanuja, 6poj uctopuja (CUMyIUPaHUX YECTHIA)

je y oncery m3mehy 10° u 1010,

®antom "layujenm" je 6uo y nexxehem momnoxajy, ok je dhanrtom "Onepamep" je crajao 6au3y
Bera y KoHpHUrypanuju Koja je TUu4Ha 3a uaTepBentHe npoueaype (Cruxa 18.). Cumynupan je
3alITUTHU OKOBPATHUK 32 MITUTACTY JKJIE3/y oneparepa oj ojoBa aedsprune 0,5 MM 1 3amTuTHa
Kewesba oJ1 onoBa AedspuHe o1 0,5 mm. Ocranu nmapaMeTpu O UHTEpCca y OBUM CHMYJIalyjama
cy: naron 70 kV, Al ¢puntep nedssure 3mm u oxroapajyhu eneprercku crnekrap ¢porona (IPEM
1997) noGujeH om TadkacTor u3Bopa. [IpeyHWK TMOJba PEHATEHCKOT 3padera u3Hocu 20 €M
(ocuMm 3a cuMynanyje yTullaja MpeyHukKa, riae je npomemen Ha 30 cm). [Ipyre cTpykType Koje

MOTY AOBCCTH 10 pacejaH,a, Kao HITO CYy 3MJ0BH, IO WU I'[J'Ia(I)OH OIICpalilMOHE CAJIC HHUCY
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pasmarpaH, OCUM Baszlyxa OKo (aHTOMa. PeHareHcka 1eB je MOJe/IOBaHAa Kao TAaYKaCTH
(OTOHCKH M3BOP KOjU EMUTYjE CHOII 3padycka y 00JIMKY KOHYyca. Y 1aJbeHOCT O] U3BOPa JI0 KOXKE
nojienieHa Ha Ha 60 CM u Omia je KoHCTaHTHA 3a cBe ciy4ajeBe. CBaku MCNP5/X ynasuu ¢ajn
je caapkao Bume ox 1500 nuauja xoma u 158 henuja (162 y cnyuajy cumynanmja Haodapa u
3amrTuTe), neuHrcad Kpo3 255 jeaHauyrHa MoBpIMHA (275 y ciiydajy cUMylamuja Hao4dapa u

3amrTuTe), 8 Marepujana u 12 matpuiia poramnuje (poranuja Gpantoma 3a oxpehenu yrao).
6.5.3. Chepru enemenm ounoe couusa

VY nyonukaruju ICRP 116 (ICRP 2010) kopumihen je aerabHu Mojen ouHor counBa (Behrens
et al., 2009) u amcopboBaHe 03¢ Cy MpPOICHEHE CaMO y O0JIACTH OCET/bMBO] Ha 3paucibe,
nebssune 0,47 mm u mace 49 mg (maca mama OJf jeJHE YETBPTHHE LIeJor oyHOr counBa). CBa
pauyHama Cy BpIICHA y BaKyyMmy, IOJl IMPETIIOCTaBKOM MPOIIUPEHOT W  YCMEPEHOT I0Jba
nokpuBajyhu ykynHy noBpiinHy ¢antoma. [IpumemeHo je yKymHo 6 reoMeTpuja 03paurBama:
AP, PA, LLAT, RLAT, ISO u ROT . ®antom (koju mpeacTaBiba onepamep) NpUMa pacejaHo

3paueme 011 haHToMa (nayujenma) u OKOJIUHE (6a30YX).

BepoBaraHoha na goTOH mocrie y OYHO COYMBO Oleparepa HAKOH BHIIECTPYKOT pacejama y
MalujeHTy U OKOJIHOM Ba3Ayxy, Beoma Mana. Ha mpumep, y ciayudajy AP reomerpuje, ako ce
y3Me y 003Hp JMMEH3Hja [EJIOT OKa W aKO M3BOP PEHJTCHCKOT 3payckha eMuTyje 38 MuIMoHa
4yecTHlla TOKOM Tporieype, 0poj pacejanux GoToHa Koju cThxe 10 oka je mpudnmxkHo 200, Tako
na camo oko 0,0005 % wyectmima koje eMHTYyje U3BOp JOCHe 10 O4HOTr couwBa (cimka 18). Ha
CITUIIM je TIPUKa3aH IMO0JI0XKaj orepaTepa y OJHOCY Ha MAlMjeHTa MPU Pa3IMYUTUM MO3UIIHjamMa
PCHTICHCKE 1EeBU. AJIGKBATHO MOJICJIOBakbe HWHTEPAKIMja C CIOXEHUM XETEPOrCHUM
CTpYKTypaMma, CJIO)KEHOCT TeOMeTpHje W MOTIyHO mnpaheme pacejaHux (HOTOHA W KpeHpaHUX

CCKYHAAPHUX YCCTHILIA 3a 3aXTCBA HCKOJIUKO CaTHU KOMHjYTepCKOF BpEMCHA Ha CPU KJIaCTepy.
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AN

AP LLAT / LAO 90° RAO 30° CRANIAL 40°

Cnuka 18. 'eomempuje kopuwihene y cumynayujama, ca onepamepom Koju cmoju ca oecHe
cmpane ¢hanmoma - nayujenma ("cmandapouna xongueypayuja” y oamem mexcmy). I eomempuje
¢y ¢ nesa Ha decHo; AP (penmeencka yes je usnao nayujenma), PA, LAO 90° (penoeencka yeg ca

cmpane onepamepa), RAO 30° u CRANIAL 40°.

Ycnen orpaHuYeHHX MOTYNHOCTH CHMYJanpja BPJIO TAaHKOT OYHOT COYHBA, 3alPEMHHE OJT
uHTepeca cy moaudukonane kopuirthemeM n8e chepe. OBe nBe chepe He MpencTaBibajy pearny
reOMEeTpUjy JbYACKOI OKa, a Yy3eTe Cy paau NoOoJblllakba CTAaTHCTUKE M H3pavyyHaBamba
JIOTIPUHOCA pacejaHor 3padela y OYHOM COUMBY oOIrepaTepa. 3alpeMuHE O] MHTepeca umajy

YHyTpalmy paaujyc oa 1 cm u aebspuny ox 0,5 cm.

MehympocTop je HCIymeH Ba3ayXxoM, JIOK je yHyTpallma HynsbMHa Oe3 Marepujana. Cpaka
,bycka ' je mojieJbeHa Ha ocaM mojperuja (cheprux ceemenama) UCTe 3alpeMUHE, OrPaHHUCHE
ca JIBe aKcHjajHe BepTHKaigHe paBHU. OBUX OcaM CerMeHaTa Cy UCKOpHUIINEHHU Jia ce pasiiuKyje
IpaBall JI0Ja3HOT U pacejaHor 3pauema. [la Ou ce uzbderao epekar “cross fire” uzmely cycennux
U CYNPOTHHUX CErMeHaTa, MpeKuaa ce UCTOpHja CBAKOT (POTOHA KOjH je yIIao y YHYTPAILIbH 10
cdepe; OBO ce MOCTHKE IOCTAaBJbabeM  HYITE BAXHOCTH TakBUM (oTtonmma (imp:p=0,
MCNP5/X ¢popmanuzam). CBe cumymnaiuje cy obaBbeHe mnpahemem GoToHa 0e3 ypauyHaBamba
JIONPUHOCA IPOM3BEICHUX CEKYH/IAPHUX EIIEKTPOHA (Kepma anpokcumayuja) 3a OIcer eHepruja
1o 70 keV. Kopumiheno je 16 cermenara npenctaB/beHux Ha ey 19. ca cnenehum o3Hakama:
L1, L2, L3 u L4 ce kopucte 3a obenexaBame NMpeambuX cerMenara jese chepe; L1, L2’ L3'u
L4' cy oaroBapajyhu cermeHTH 3aame ctpane u RI, R2, R3, R4, RI', R2', R3' u R4', cy

CETMEHTH JIecHe cdepe.
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{ ['naea omepaTopa
onepaTopa Crnosbauba /by cKa Moraes copega Iornes otmosagu

Cnuka 19. /[se cghepe cy 0ooame Ha enagy onepamopa Ha noaodicajy ouujy. ¥ yenmpainom
nonpeuHoM npecexy cghepe HaNa3u ce 0cam ceeMeHama Cnobaulrbe /byCcKe U YHYmpauted npasua
obnacm. [lecno je npuxazano 16 ceemenama Ha ciedehu Hayun. yemupu poHmanHa ceemeHma
Jege cmpane cghepe (v cmepy Kazamke HA 4ACOBHUKY, novesui 00 eopreee aegoe yena) L1, L2, L3
u L4, a ooeosapajyhu ceecmenmu na 3a0rwem oeny cy L1', L2, L3'u L4'. Ucma wema ce
npumjerye Ha 0ecHo oKo ca o3Hakom R ymecmo L; maxo 0a cy o3naxe RI, R2, R3 u R4 3a

npeorwy cmpany u RI1', R2', R3'u R4' 3a 3a0my cmpamny.
6.5.4. Cumynuparve 3auumumnux ypehaja

3amITHTHE HAOYapu Cy CHMYJIMpaHe Kao 3aKPHBJEEHHU CIIOj o oioBa nebspuHe 0,5 mm (cruxa
20). ¥ uuspy ucnuTHuBama eekta yTuiaja odMKa Haouapa, pa3MaTpaHe cy TpU BPCTE Haoudapa:
TN A je TofieJbeH Ha JiBa jerna u 06e30ehyje camo ¢ppoHTaIHY U O0UHY (J1aTepaiHy) 3allITUTY;
un B je ciimuan tumy 4, anu je qu3ajHupaH Kao jeqHa nenwna; Tun C je uetu kao tumn B anmm ca
JOJJaTHUM CJIOjeM Ha JHY KOju My Jaje 3aKkpuBJ/beHU oO0iMK 'L' mompedHor mpeceka. Tpwu
pacTojama 0] CIIoJbHE MOBPIIMHE cepe cy pa3MaTpaHa 3a CBaKU TUII cTakjia Kako Ou ce Oosbe

aHAIIM3HUPaAO0 TOTPUHOC PACEjaHOT 3paderha YCMEPEH 010370 MpeMa rope.

Takohe cy pazMaTpaHu yTHIajH 3alITHTHUX €KpaHa; jeIHA MPUYBPITNCHA 3a ONEPAIMOHU CTO U

Apyra MOKPETHH LITUT 3a oreparepa (3a o0e je nedsprHa osoa 0,5 mm).
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Cnuxka 20. Mooen 2nage onepamepa ¢ dooamkom sawmumuux Haoyapa muna A, B u C (mooden C
Jje uoenmuuan ca B, anu ca oooamum 3awmumnum crojem, koju oaje 3akpusmern ooaux "L"),

KaKo je pasmampano y cumynayujama.

6.5.5. Ilnan cumynayuja

Y mmpy oapehuBama pacejaHor 3pauemka y cPepHUM 3alpeMHUHaMa, MeT Pa3IuIuTHX CydajeBa

je IpOoydYaBaHO y aHAJIM3H Y KOjOj Cy MEHEHU clie/ichn mapaMeTpu CHMYyJIanuja:

(@) monosxaj omepartepa y OHOCY Ha TEJO MAllUjeHTa;

(6) mpaBar ri1aBe omneparepa y 0JHOCY Ha 0CY PEHATCHCKOT CHOMA (OKpeTameM mpemMa
WJIK O] CHOMA);

() ynotpeba Tpu BpcTe 3aITUTHUX OJIOBHUX HAOYapa;

(0) kopumheme 3aMTUTHUX EKpaHa;

(e) mpomeHa qrMEH3Hja MM0Jba MPUMAPHOT 3pakKa.

[IpBa nBa cioyyaja mpeAcTaBibajy MOI'YhHOCT KpeTama orneparepa y TOKy KIMHUYKE Ipakce, J0K
ocTaja TpU pa3MmaTpajy MoAudukaudjy (onTUMH3alMja y ciydajy Kopulihewma 3alTHTE U
Hao4Yapa) HEKUX aclieKaTa IMOCTYIKa ca CTAHOBHINTA 3aIITHTE OJ 3padema. Jla 6u ce omoryhme

CI/IMyJ'IaI_[I/IjC ¥y3 pasMarpamke CBHX MOFth/IX KOM6I/IHaI_II/Ija Trope HaBCIACHUX IIapaMcTapa,
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pa3sMOTpEeH je camMo OrpaHWyeH Opoj MOTyhwx TreoMeTpHja PEHTICHCKE IIEBU U3 IIHPOKOT
CIIEKTpa OpHjeHTalHja Koje Cy KIMHMYKK Kopuithene y mporeaypama (Kuon 2004, Struelens
2009, Topol and Teirstein 2012, Haggani 2013, Baptista 2015, Vano 2015). Kao mro je
MPUKA3aHO, OMNeparep CTOjU YCIPaBHO Y OJHOCY HA TAaIMjeHTa, y TOJO0XKajy MNPUCTYIa
dbemopaiinoj aprepuju (,, pemopannu npucmyn ‘), 01M3y CTpyKa MAaIMjeHTa, Ha pPacTojamby
oreparepa oko 80 ¢m ox mMuokapza. [loyoxkaj oBor omeparepa MOIEIOBAH je 3a UHTEPBEHCKE

KapAHOJIOIKE MPOIEAYPE, ATH C& MOXKE YONIITEHO KOPUCTHTHU U 32 MHTEPBEHTHY PAJIUOJIOTH]Y.

Amnanu3a mojaTtaka moapasyMmeBa yrnopehuBame (uryeHca pacejaHor 3padera Ha 16 cermeHara
cepe oko 00JIaCTH OYHOT COYMBA ONEpaTepa Ha OCHOBY CTaHIap/AHEe KOH(PUTypalrje MPUMEHOM
paznuuuTUX Mmapamerapa. [la Ou ce cMamuo Opoj cuMylianivja, HeKe BapHjallyje mapamerapa cy

KOMOWHOBaHE.
6.5.6. Pe3ynmamu

Pesynrati cumysaija mokasyjy 3ajeIHHYKe KapaKTEpUCTHUKE 32 CBE CUMYJIHPaHE TCOMETPH]eE.
OBO je neTajbHO Cy Pa3MOTPEHO Y HapeAHUM maparpadgumMa. AHaiu3a ce MPUMErbYje Ha CBUX MET
reoMeTpuja, ajum 300r BeIMKOr Opoja cHMylianuja, CBakuM edekar ce pasmarpa caMmo 3a

TEOMETpH]Y KOja je pesieBaHTHH]a WIH J1aje HaJUHTEPECaHTHH]E pe3yTaTe y CUMyJalijama.
6.5.7. 3ajeonuuxu pezynmamu 3a cee npojexyuje

VYnopehuBaweM mner reomerpuja, Mmoryhe je yTBpAUTH BapujaOMIIHOCT (piyeHca YecTHlla Koje
CTHKY 10 TJaBe oneparepa. Tabena 21. mpukasyje MakcuMainHH (IIYEHC pacejaHor 3payema 3a
CTaHJapAHY KoH¢urypauujy, y3umajyhu y o63up 16 chepHux cermeHara, HOpMajau30BaH Y
onnycy Ha AP reomerpujy. Kao mrTo ce moxe Bumetu, ¢iayeHc pacejaHux ¢GoToHa je
makcumaiad 3a LAO 90°, rae je 1eB MO3WIIMOHUpPAHA HAa WCTO] CTPaHHW omeparepa, a Koju je

H3J10KECH paCCjaHOM 3pauclmy Ca JCCHE CTpAHC TCIIa HaLII/IjeHTa.

diryenc pacejanor 3pauea y LAO 90° mpojekiuju mpu 1aToj OPHjeHTAN]H PEHTTEHCKE [IEBH €
mecHaecT mmyTta Behu Hero koa AP reoMerpuje (peHATSHCKA 1IeB Ce TTOCTaBJba W3HAJ MAIH]EeHTa),

a ocam nyta Behu Hero y PA reoMeTpuju (peHTIeHCKa 1IEB ce Halla3y MCIO/ MalljeHTa-CToJIa).

Ha cnumm 21. cy nmpuka3aHu pe3yiTard et reomeTpuja y "cmandaponoj kongueypayuju’ , Kako

O0u ce nmama ommrta uaeja o aUCTpuOyuuju QayeHca y 16 cdepHux cermenara. 3a CBaKy
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TeOMETPH]Y, MOAAIU CYy HOPMAIM30BAHU y OJIHOCY Ha MAaKCUMAaIHH (piryeHC T00UjeH Yy jeTHOM 0]1
mecHaecT cermeHarta. Kao mro ce Bumu, 3a cBe npojekiuje (ocum 3a RAO 30°), makcumym ce
Haya3u y chepHoM cerMeHTy L3 Koju oaroBapa JOmeM JICBOM Jeiy JieBor oka (ciuka 19). V
RAO 30° reomeTpuju, MAKCUMYM BPEIHOCTH C€ Hajla3W y CAMETPUIHOM I10JI0Ka]y (Y OJHOCY Ha
CarMTaJIHy paBaH TIJIaBe) KOju oaromapa cermMeHTy R4. OBo je yriiaBHOM 300T TpPHUCYCTBa
pelrenTopa cirKe, KOju ce Haja3u OJIM3y IJIaBe oreparepa, IITo Mpyka MOTyhHOCT 3allITUTE JIeBe

CTpaHe OYHOT COYMBA, a CAMUM THM JIOBOJIU J0 HajBehe eKCIO3uInje JECHOT OKa.

Tabena 21. Maxcumannu nyenc, 3a "cmanoapony konguzypayujy”, ysumajyhu y o6sup 16

cpepHux ceemenama Hopmanuzoeanux npema AP eeomempuju

MaxkcumyMm duryenca pacejanor 3pauemna

IIpojexuuje HOpPMAaJIM30BaH y ogHocy Ha AP npojexuujy
LAO 90° 15
AP 1
CRANIAL 40° 0.5
PA 0.12
RAO 30° >0.015

Pacejano 3paueme nonmasu Kako ce M oueKkyje, (a) ca JeBe cTpaHe, 300T MOJoXkaja oneparepa y
OJM3WHU pEHTTeHCKe IieBU, W (0) 070310, T/A€ je H3BOp pacejama, Tj, TIe Ce Hala3u
NO3UIMOHMpaHM manujeHT. [Ipema Tome, cermenTH ca Hajsehom BpeaHohy ¢uyenca cy L2, L3
ul 4, xao ulL 2, L3"uL4". Cerment L1', xoju ce Hana3u y IJ1aBU y 33HEM FOPHEM MOJI0KA]Y
j€ HajMame U3JI0KEH €0 JIEBOT OKa, Kao IITO je TO U ciIy4aj ca cermeHToM R1' 3a necHo oko, jep
je HajymasbeHHju oj m3Bopa. [lonoxaju npukazanu Ha ciaumnm 18. ce omgHOoce Ha "cmandapony
KoHGhueypayujy". AHaIM30M MojaTaka KOju Ccy A0OMjeHH MOIU(HUKOBAKHEM MapameTapa Koju

KapakTepHIlly OBaj CLIEHApUO MOJKE Ce 3aKJbYUUTH cienehe:

86



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHM3yjyhuX 3pauema y opranuMa 4oBedjer Teja -I10KTOPCKa JUCEepTalHja

(1) moyoxaj omeparepa y OJJHOCY Ha IMaIlMjeHTa U U3BOP 3payuciha, MEHa paciojieNly pacejanor
3pauema OKO OYHjy, MOIITYjyhu ommTe mpaBWIO Aa Kaja CE pacTojalkbe CMamyje pacejaHu

(yeHc pacre;

(2) nomepame TI1aBe omeparepa IMpeMa OCH CHONA MOXE MPOMEHHUTH JIOKAIU3alH]jy

MaKCUMAITHOT M3JIarama O] JICBOT MPeMa JCCHOM OKY;
(3) dbayenc pacejanux (HoToHa Olaja Kajaa ce MPEYHUK CHOIIA CMambYje;

(4) pa3zmarpaHu TUIIOBH OJIOBHUX Haodapa IMpyxkajy no0py O04HY 3amTHTy, 0ap 3a JEBO OKO
(mpermioctaBibajyhu a omeparep cToju ca JeCHE CTpaHEe MalMjeHTa, Kao IITO je MPUKa3aHO Ha

ciuiy 18).
6.5.8. LAO 90° npojexyuja

IMTpojexuunja LAO 90° mpexacraBiba HajBehy H3JI0KEHOCT pacejaHoM 3pauciby 3a omeparepa. Y
TaKBO] CUTYyallUjH j€ MOceOHO BakHA yoTpeba OJIOBHUX Haodapa Kako OM ce cMamuiia BPeIHOCT
npuMJbEHE J103€ 3a 00a ouHa counBa. Ha ciammm 21. cy mpukasanu pe3ynTatu u3padyyHata y 16
cepHUX cerMeHaTa OKO O4Hjy omepaTepa M HOPMalIM30BaHE y OJHOCY Ha  MaKCHUMAaJHY
BpenHoctH QuiyeHca y LAO 90° "crannmapaHoj koHpUrypauuju" 3a Tpu pa3marpaHa oOJIMKa

OJIOBHUX Hao4dapa.

O6a tuna Haouapa (4 u B) cmamyjy pacejaHo 3pauerme Koje noya3u ca OouHe crpaHe. 3a
cdepHu cermeHT L2, onHoC QuryeHc-MakcuMaiHu QuiyeHe ce cmamyje on 0,94 (6e3 Haouapa) 10
0,35 3a tumt 4 u 0,07 3a Haouape tuna B. Takole, 3paueme koje mocturHe cermeHT L3, rae ce
Haasu makcumym 3a LAO 90° (crangapana koHdurypamuja), cMamyje ce Ha BpeaHoct Ha 0,76
(tun A) u Ha 0,52 (tun B). Cmameme 3a cermeHt L4 je camo pena 15%, jep moctoju orpoman

JOTIPUHOC PacejaHor 3paderma Koje 0J103/10- Harope JOCTHUXKE /10 OKa.

Haouape tuna 4 u B moka3yjy orpaHudeHy e(puKacHOCT y CMamHBamby BpeJHOCTH (iyeHca
¢doToHa 3a JeCHO OKO, Koje je Beh Mame M3JI05KeHO 3padery Koja J0Ja3H C Mpeambe CTpaHe WIn
6ouno. Haowape tuna C mpyxkajy onrosapajyhe cmameme (ayeHca 3a ¢akrop 10 u Bume
(chepun cermentu L3, L4). Jennuau m3yserak je R3 cermeHt, y kojeM ce BpemHocT (iyeHca
CMamYyje Ha TIOJIOBUHY, JIOK 3a 3aiibe cermentTe L4 ', R3 'u R4 ', epexaTt cMamema je yrmopeaus ca

BCIIMYNMHOM CTAaTUCTHUYKEC HCOI[pebHOCTI/I.
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Kako 0m ce mocturia HajOoJba 3alITHTA OJ pacejaHOr 3pauckha, MOJATHH 3allTHTHU EKpaH
Tpeba MPaBUIIHO IMOCTABUTH Y OJTHOCY Ha MpaBall CHOIA M T0JI0Xka]j oneparepa. OBo je moceOHO
BXHO KaJa Cce HE KOpPHUCTE OJIOBHE Haouape. BakHo je Hariacutu na je creruduyHo
ONTUMU30BAHO MO3UIIMOHUPAHE TUPEKTHO Y KOPENAlUjU ca TEOMETPUjOM TOJIOXKAaja omepaTrepa.
3a cBe moisioxkaje peHtreHcke mesu, nmocebno LAO 90° koja ykibydyje HajBHIIY C€KCIIO3HIIH]Y
oreparepa, NOJAaTHY 3allTUTHY IUI0Yy TpeOa MpaBHIHO IOCTaBUTH U3Mel)y omeparepa wu

PCHTICHCKE LICBU.

Ha cnuum 22(a), cumynupana je reomerpuja LAO 90° ca npaheweM yectuna. Y oBOM ciy4ajy,
JOJaTHYU 3alTUTHH €KpaH, KOju Mpyka J00py 3amTuTy 3a reomerpujy PA, momepa ce mpeko
naIyjeHTa Ha cTpany omneparepa. Edekar oBe mpomene ce Moxe BHIETH Ha ciuiu 22(0), rae cy
(dayeHcu pacejaHux (OTOHA y OJHOCY Ha MaKCHMalHy BpeqHOCT (iayeHca, (3a CTaHIapaHy
koHpuryparmjy LAO 90°), mnporemeHn 3a 3aIlITHTY Y 00€ HEONTUMH30BaHe (M3HA MalMjeHTa)
U ONTHMH30BaHE MO3ULIM]y (ca OouHe cTpaHe omeparepa). [Ipunukom kopumihewa u g06por
MO3UIIMOHHUpaka TOJIATHE 3aIITHTE, BPETHOCT (uIyeHca ce MOXKe cMamuTH 3a GakTop 10 u Bume
3a mojenuHe cepHe cermeHTte oka. JlomaTtHo, ymoTpeda sawmumHux ekpaua TpyXa BEITUKY

3allITUTY 3a 3a/ibe cerMenTe oba oka (Bumet R1', R2', R3', R4'u L4").
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LAO ooo C'ran,uap,zu-xa KoHourypauuja (6es Haoyapa)
0.12 0.19 0.84
0.52 0.56 0.94
0.66 0.50 0.95 1.00
0.11 0.12 0.63 0.85
Haouape Tuna A
0.06 0.12 0.16 0.48
0.40 0.53 0.25 0.08
0.66 0.53 0.93 0.76
0.13 0.11 0.65 0.84
Haouape Tunma A
0.05 0.12 0.18 0.71
0.43 0.52 0.46 0.35
0.67 0.52 0.96 053
Haouape Tuna B
0.04 0.10 0.14 0.29
0.38 0.47 0.15 0.07
0.58 0.52 0.83 0.52
0.14 0.13 0.62 0.78
Haouape Tuna C
0.02 0.09 0.06 0.05
0.01 0.10 0.02 0.04
0.10 0.22 0.15 0.06
0.12 0.11 0.56 0.23
CermeHTtH
R1’ R2’ L1’ L2’
R1 R2 L1 L2
R4 R3 L4 L3
R4’ R3’ La’ L3’

Cnuka 21. LAO 90° 2eomempuja, npeened 3awmume Kojy Hyoe onosHe naouape. Mana oonoca
¢yenca pacejanux pomona, oopehenux y 16 cheprux ceemenama oKo 04HO2 COUUBA
onepamepa, y yOHOCY HA MAKCUMATHY 8peOHocm ¢hiyerca y ,,cmanoaponoj kouguypayuju” LAO
90° (ceemenm L3). Ilooeboanu 6pojesu (bold number) ce oonoce na npeore ceamenme, ook ce
uckowenu 6pojesu (italic) oonoce na 3aomwe ceemenme. Ocenuenu 6pojesu npurazyjy

HAju3102/ceHuje cecmenme 3a 0amy 3aumumny onyujy (mun naodapa).
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LAO 90° cTaunapasa KoEQHrypamyja (bes samrute)

0.04 0.12
0.40 0.52
0.66 0.50

0.11 0.12

CTo+3allTHTHH eKpaH H3Haj NalHjeHTa

0.03 0.1
0.36 0.46
0.54 0.44

0.1 0.1

CTo+3alITHTHH eKpaH ca CTpaHe oIleparopa

0.01 0.03
0.07 0.07
0.09 0.07

0.03 0.02

R1’ R2’

R1 R2
R4 R3
R4’ R3’

(6)

CermesnTH

0.19
0.56
0.95

0.63

0.17
0.48
0.85

0.58

0.02
0.07
0.09

0.06

0.84
0.94
1.00

0.85

0.76
0.83
0.90

0.78

0.06
0.08
0.08

0.07

L2’
L2
L3

L3’

Cnuka 22. (a) Unycmpayuja ucmopuja pacejanux vecmuya LAO 90° y cayuajy nocmojarwa

3aumMuUmMHO2 eKpana y HeonmuMUu308anoM CIy4ajy, Ha 1e60j CMpanu (U3HAO0 nayujenma) u

ONMUMU308aHO2 CIyYaja, ca 0eche cmpaue (ca cmpane onepamepa,.

(6) LAO 90° ymuyaj cmona u sauumumnoe expana . Mana oonoca ¢nyenca pacejanux ¢pomona,

oopehenux y 16 cheprux ceemenma oko ouujy onepamepd, y 0OHOCY HA MAKCUMATHY 8PEOHOCH

¢nyenca LAO 90 °y "ecmarnoaponoj kongueypayuju" (ceemenm L3). Ilooeb.wanu 6pojesu (bold

number) ce oonoce Ha npedrve ceemenme, 00K ce uckouienu opojesu (italic) oonoce Ha 3aorve

ceemenme. Ocenuenu Opojesu NPuKazyjy HajusnoNceHuje ceemenme y cuyuajy kopuwherna

3aumuntHoe eKpaHa.
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6.5.9. AP npojexyuja

Kao y LAO 90° reomerpuju, 3amrTuTa KOjy HyAe Haodapu ojarosapajyher oOimka je
HajeUKaCHUje CPEICTBO 3a 3aIITUTY O]l 3paucma O4HOr counBa. [lomepame omeparepa mpema
pyKaMa maldjeHta, cumyiaupajyhu reometpujy "paoujarnoec npucmyna”, mobehaBa BpeaHOCT
¢ryeHca ouHOT counBa 3a (akTop 2 (WU BUILE), ITO BAKU M 32 Mamke M3JI0KEHO JIECHO 0Ko. Ha
ciunu 23. oBaj edekar je jacHo npukazan. Y AP reomerpuju (,, cmanoapona kougpueypayuja“),
omepatep je ymaijkeH 80 CM ox  cpma, JOK ce Yy ,,padujainom npucmyny‘ OBO pacTojame
cMmamyje Ha 38 Cm. Y ToM ciydajy, 3amTuTa Kojy 06e30elyjy onoBHe Haouape je of BeIHKe
BaXHOCTH, aKO C€ HE MOXE KOPHCTUTH 3aIITUTHU eKpaH. PazMmaTpajyhu 3amruTHe Haouape THa
C wu ynopehyjyhu dayenc 3a ,, paoujarnu npucmyn “, pakrop cmamema ce kpehe ox 2,5 (3a R3'
Hajropu ciy4aj) g0 25 (y cayuajy L2 u L3). 36or mpaBiia pacejaHor 3pauera MpOU3BEICHOT
PEHATEHCKUM CHOIIOM OJ Tpyma manujenta (ciuka 23. (6)), ogoHe Haovyape tuna C cy moceOHO

eq)HKaCHC Yy 3alliTUTH OYHOT' COYMBaA OIl€paTepa.
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AP Cranpgappsa xoHdurypamya " demopamm npucrym'”
0.06 0.23 0.17 0.88
0.59 0.72 0.75 0.98
0.80 0.68 0.99 1.00
0.26 0.20 0.69 0.93
"Pamijamsm npuetyn”
0.16 0.48 0.32 1.15
111 ° 1.34 1.37 1.63
1.43 1.29 1.60 171
0.80 0.52 1.12 1.48
"Pamyjamm npuctyn” (Haouape Tima C)
0.04 0.11 0.05 0.04
0.01 0.02 0.03 0.05
0.03 0.15 0.07 0.06
0.19 0.20 0.30 0.10
R1° w2
R1 L2
R4 L3
Re L3

(6)

Cnuxka 23. (a) AP npojexyuja, epexam nomeparoa onepamepa (,, padujarnu npucmyn") u
sawmuma xojy nyoe naouape muna C. Mana oonoca ¢ryenca pacejanux pomona, oopehenux y
16 cheprux cecmenma oxo ouujy onepamepa, y 0OHOCY HA MAKCUMATHY 6PEOHOCH (ILyeHcd Y
AP eeomempuju y "cmanoaponoj kongueypayuju” (ceemenm L3). Ilooedwanu 6pojesu (bold
number) ce oonoce Ha npedre ceemenme, 00K ce uckouienu opojesu (italic) oonoce Ha 3aorve
ceemenme. Ocenuenu Opojesu NpUKa3yjy Hajuspajceruje cecmenme 3a 000AMHY 3aUMUmMy

(nokayuja onepamepa). (6) AP npojexyuja ca 3D npuxaszom ucmopuja uecmuya
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6.5.10. Cranial 40° npojexyuja

3a OBy BpCTy TeoMmeTpuje, ymorpeba 3alITUTHUX €KpaHa cToia W wmuma 00e30ehyje
eduKacHO cMameme QuryeHca (OToHA KOjU CTHXKE JI0 OYH]y olepaTepa, IITO C€ MOKE BHJIETH ca

cnuke 25. Y TakBOM CIy4ajy, CMamkebe TOCTHKE (PaKToOp S5 Wil BUIIE 3a 33HE CErMEHTE.

CRANIAL 40° Ctasaapasa KoHQHTYpaiyja
0.06 0.25 0.26 0.74
0.59 0.68 0.72 0.94
0.76 0.69 0.94 1.00
0.35 0.33 0.75 0.92
CRANIAL 40° ca 3aTHTOM
0.03 0.04 0.04 0.13
0.10 0.11 0.12 0.15
0.14 0.12 0.18 0.17
0.07 0.05 0.10 0.16
R1’ R2’ e L1 L2’
R1 R2 L1 L2
R4 R3 L4 L3
R4’ R3’ L4’ L3’

Cnuka 24. CRANIAL 40° ceomempuja: ymuyaj 3auimumue niode cmo.ia u 3auimumue niode.
Mana oonoca gnyenca pacejanux pomona, oopehenux y 16 cgheprux cecmenma oxko ouujy
onepamepa, y 00nocy na maxkcumanty gpeonocm gayerca y CRANIAL 40° ceomempuju y

"emanoaponoj kongueypayuju" (ceemenm L3). [looedmanu dpojesu (bold number) ce oonoce na
npeorwe ceemenme, 00K ce uckouieHu opojesu (italic) oonoce na 3aomwe ceemenme. OceHueHu

Opojesu npuxazyjy HajuziodceHuje ceeMernme 3a oame onyuje 3auimume.

Crnuka 25. npencTaBiba ciIydaj Kajga ce omeparep okpehe moj pa3jIuduTHM YTJIOBHMa IIpeMa

PEHIATEHCKOM CHOMY 3padea. Y OBOM CIyda]y, HajynedaT/buBHjH edekat je moBehame dyeHca
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(dhoToHa y IeCHOM OKY (HapO4HMTO Ha 3aamuM cerMeHTHMa R1'n R4', xoju cy BuIlle M310)KEHH y

IJIABHOM T10JbY PacejaHor 3payckha).

CRANIAL 40° Ctasnapasa KOHQHTYpanHja
0.06 0.25 0.26 0.74
0.59 c 0.68 0.72 0.94
0.76 0.69 0.94 1.00
0.35 0.33 0.75 0.92
30° Poramija
0.24 0.38 0.16 0.71
0.90 ° 0.91 0.98 0.98
0.84 0.93 1.01 0.94
0.69 0.48 0.53 0.73
45° Porammja
0.34 0.32 0.45 0.38
0.90 ° 0.94 1.08 1.04
0.92 0.99 0.98 0.96
0.75 0.77 0.81 0.91
90° Porammja
0.83 0.18 0.33 0.11
111 0.91 0.90 0.63
0.88 ° 0.96 0.81 0.98
0.82 0.59 0.39 0.52
R1’ gz CermeEtTH ;- L2’
R1 R2 L1 L2
R4 R3 L4 L3
R4’ R3’ L4 L3’

Cnuka 25. CRANIAL 40°: ymuyaj okpemaroa onepamepa. Mana oonoca gpayenca pacejanux
¢omona, oopehenux y 16 cchepnux ceemenma oxo ouujy onepamepa, 00 MaKCUMaiHe 6peoOHOCmu
¢nyenca y CRANIAL 40° noszuyuju "cmanoaponoj kougpueypayuju” (cecmenm L3). [looebbanu

opojesu (bold number) ce oonoce na npedre ceemenme, 0ok ce uckouienu opojesu (italic)
00HOCe Ha 3a0mwe ceemenme. OcenyeHu 6pojesu NPUKA3yjy HajuspadceHuje ceemenme 3a

0ooamuy 3aumumy (OKpemaroe onepamepa,).
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6.5.11. PA npojexyuja

[IpaBar pacejaHor 3pauema M 3alITUTHA €(UKACHOCT OJIOBHUX HAo4apa W 3aIITUTHOI €KpaHa y
PA reomerpuju, Beoma cy cimuHu oHmMa u3 AP mpojekmmje, anm ce BpeaHOCT (uryeHca
cMamyje 3a dakrop 1/2. V oBoM ciyyajy, McmpaBHa ymoTrpeba 3allITUTHOT €KpaHa MOXKE
CMamUTH pacejaHo 3pavyee¢ Ha OYHO COYMBO Kao INTO je MpuKa3zaHo Ha ciumu 26. Pakropu

cMamema 00rjeHn KopuihemeM oroBapajyhe 3amrute ¢y peaa ox 4-5.

PA Crasnapasa KoHQHIypanHja
0.06 0.23 0.21 0.95
0.49 0.67 0.64 0.92
0.76 0.66 0.97 1.00
0.31 0.25 0.78 0.97
PA zamruTa
0.02 0.04 0.06 0.25
0.09 0.13 0.13 0.23
0.14 0.14 0.22 0.25
0.05 0.04 0.19 0.25
R1’ gyr ~ Cermesmn ., L2’
R1 R2 L1 L2
R4 R3 L4 L3
R4’ R3’ L4 L3

Cnuka 26. PA ceomempuja: ecpexam 3awimume onepamepa. Mana oonoca ¢ayenca pacejanux

¢omomna, oopehenux y 16 cgheprux ceemenma oko ouujy onepamepa, y 00HOCY HA MAKCUMATIHY

speonocm payernca y CRANIAL 40° ceomempuju y "cmanoapownoj kougpueypayuju” (ceemenm
L3). [looebwanu opojesu (bold number) ce oonoce na npedre cecmenme, 00K ce UCKOULEHU
bpojesu (italic) ooHoce Ha 3a0mwe ceecmenme. OceHuenu 6pojesu NPuKasyjy HajusloNHceHuje

ceamenme 3a 000amMHy 3auWmumy onepamepa.
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6.5.12. RAO 30° npojexyuja

OBa reoMeTpHja TOHOCH HAJHIKU HUBO PACcejaHOT 3padycrma y OJM3UHU TIaBe orneparepa. Y OBOj
TeOMETPHjH, MaKCUMaJIHA BPETHOCT (uIyeHca je y JecHOM OKy (cermeHT R4) u 1o je 300r
MPHUCYCTBA pEIeNTopa CIMKE, KOjH TpykKa ISIMMHUYHY 3allITUTy JieBe cTpaHe (M OuHjy)
oneparepa. TakaB moBpeMeHH 3alITUTHH edekar je moBehaH y ciydajy "padujarnoe npucmyna";
OBaj edeKar je CympoTaH OHOME IIITO Ce OOMYHO OUYEKYje 3a OBaj MPUCTYI, uMajyhu y Buay 1a je
orepaTep ONMXKHM U3BOpUMA pacejara. ¥ OBOM pajay ciuka 27. mpukaszyje uzpadyHare (iayeHce
Koju mokasyjy peaykuujy 3a dakrop 2 -3 (R4, R3, L4, L3) - y mopehewy ,, padujarnoe

npucmyna “ ca ,, pemopanrnum npucmynom “.

RAO 30° Crarpapasa Korurypanyja ("dpemopansy npacTyn")
0.08 0.25 0.14 0.52
0.68 0.67 0.64 0.64
1.00 0.65 0.78 0.81
0.34 0.23 0.58 0.68
RAO 30° "Panujanss nOpHCTYD"
0.09 0.11 0.11 0.22
0.31 0.25 0.31 0.26
0.38 0.26 0.35 0.36
0.34 0.19 0.18 0.33
R1’ R2’ CermentH (1 L2’
R1 R2 L1 L2
R4 R3 L4 L3
Ra’ R3’ L4 L3

Cnuka 27. RAO 30° ceomempuja.egexam ,, padujarnoe npucmyna ‘. Mana oonoca pryenca
pacejanux gpomona, oopehenux y 16 cgheprux cecmenma oxko ouujy onepamepa, y 00HOCY Ha
makcumanty epeonocm gayenca y RAO 30° eceomempuju y "cmanoaponoj kongueypayuju"
(ceamenm L3). [looebmanu dpojesu (bold number) ce oonoce na npeore ceemenme, 00K ce
ucxowenu opojesu (italic) oonoce nHa 3aomwe ceemenme. OcenyueHu Opojesu NPUKa3zyjy

Haju3nodceHuje ceecmenme 3a 000AMHY 3aUiMumy onepamepa (no3uyuja onepamepa,.
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6.5.13. Ilopehusare pesynmama ca peonocmu u3z aumepamype

Pesynratu y oBoM pany cy y carnacHoctu ca Martin et al., (2015) and Martin (2016), rae cy
BPEHOCTH MPUMJIBEHE JI03€ 32 OYHO COYMBO, HajBEPOBATHH]E PE3yATAT KOMOMHAIIU]E JTUPEKTHOT
M pacejaHor PEeHITrCHCKOr 3pauera. 3allTHTa KOjy TPYKajy OJIOBHE HAaoyape, MOTY CMAambUTH
BpeaHoCT QuiyeHca sa BpeaHocT 5-10 (Momen Haouapa tumna C) u pe3ynraTd y OBOM pany Cy y
carmacioctu ca Koukorava et al., (2014) u McVey et al., (2013). Bapwujanuja no6ujeHHx
pe3ynrata ¢uryeHca je y cariiaCHOCTH ¢a OHMM IITO j€ eKCIIEPUMEHTATHO JOOUjeHO KOpHITNeHeM
TLD nosumerapa (Domienik and Brodecki 2016). Domienik u Brodecki cy wuspauynamu
KOPEKIIMOHH (PAKTOp KOjU Ce MpPUMjeHYyje Ha JO3MMETPE KOjU Cy IMOCTABJHEHU HA PA3IMYUTUM
MO3UIMjUMa Ha 3aIITUTHUM HaodapuMma. OBaj ¢akTop pasMarpa pa3siuky m3mel)y MakcumaiHe
BpenHOCTH M3Mel)y CBHX pa3MaTpaHMX IO3UIMja M OHOTa IITO CE MOXKE MEPHUTH Y 0Ja0paHoj
no3unuju. Pe3ynratu cTyauje cy mokasajiu Cy Jia je HajHMKU (aKTop MPUMEHCH 3a JI03UMETap
KOjU ce Hajla3u y JOWmeM Jiely 3allTUTHUX Haouapa, rje je u3padyHaTa Hajeha BpeaHOCT
¢dayeHca pacejanor 3pauema. OBO je y TOTIIYHO] CarjacHOCTH ca pe3yJiTaTUMa OBOTra paja.
[Tonoxaj oneparepa y nosumuju LAO 90° je najrenososnuju, nok nozumuja y RAO tpeba na
Oyne mpumapHa, kaj rox je To Moryhe. J/loOujeHu pe3yaraTi y OBOM pajy 3a OYHO COYMBO CY Y
carylaCHOCTH ca HayuHuM cTyaujama Balter (2001), Koukorava (2011) u Haggani (2012). Ako je
npojekirja LAO 90° HemsOexxHa, Tpeba KOPUCTUTH 3AITUTHE HAaoyape W 3AIITUTHU EKpaH.
[IpaBUIHO TO3WIMOHHMpAKE 3AITHUTHOT €KpaHa, 3HAYajHO CMamyje BPEJIHOCTH JI03€ 3a OYHO
counBo (cnuka 22, 24 u 26). Okperame I1aBe Ka PEHTICHCKO] LIEBH MEHa BPEIHOCT (iryeHca
(cmuka 25). TakaB pe3yaTar je y CKJIagy ca OHMM IITO je €KCHEpPUMEHTAIHO NpoHaleHo y

Hay4HOj ctyauju Strocchi et al., (2015).
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6.6. Ilpopauyn cneyuguune ancopbosane paxyuje y nojeOuUHUM OpeaHuma 4dogeujec mend
npunukom npumene paduornykiuoa *2Xe, *°"Tc u BKr npumenom MCNP5/X cogpmeepa

W3 oBor nena paga myoaukoBaH je pan noj HacioBom ,,MCNPX calculations of specific
absorbed fractions in some organs of the human body due to application of *3Xe, *™Tc and
8ImKr radionuclides “ y waconmucy - Radiation Protection Dosimetry, a pax je nat y npuory.

Y HyKJICapHO] MEIMIIMHU C€ KOPUCTE DPATUOAKTUBHH H30TONH W FHHXOBA jeIUICHA 32
nvjarHo3y W Tepamujy. Jla Om ce y TOKy Tepamuje Impou3Belia HajMama INTeTa MalfjeHTy U
00e30enun 100py pe3yaTaTy y AUjarHOCTHYKE CBpPXE, H30TOI MOPAa UMAaTH KpaTak MOIYKUBOT,
u Tpeba nga Oyne uuct rama emutep. Cuunturpaduja je jeaHa oa AUjarHOCTUYKUX METoJIa, Koja
Ce KOPUCTH y HYKJIICApHO] MEIUIMHK 3a MPOILEHY AUCTPUOyIHje pamuodapmaneyTuka y Teiny
(Wang (1997), Yoriyaz (2001), ICRP106, Uhrhan(2014). Ilnyhna cuuaTHrpadguja je mocrymnak
JIMjarHOCTUKE KOjJU KOPUCTH BEHTHJIAIIMOHY CUMHTHUTpadujy, nepdy3suony cuuHTHrpadujy, win
oboje. OBaj merox omoryhaBa oapehuBame TPOCTOPHE U BPEMEHCKE pacrojene
panuodapmaiieyTuka y Teay u oMmoryhaBa Beoma Mpelu3HO CHUMAamkEe OpraHa, TKHBa WU LEJIOT
TeJa, 3aBUCHO 0J1 Tora rje ¢y paguodapmaneyruk akymyaupa (UNSCEAR (2008), Ponto (2010),
Gardumi(2013).

Jenan on Hajuemhe kopumrheHux gapMmaleyTCKUX cpescTaBa y HYKI€apHO] MEIULHU je
®MTc u meropa jemmmema (Ciofetta (2007), Lin, J (2012), Parker, A. J (2012). ®™T¢ je rama
emutep eHeprujom on 141 keV u mepuomom momypacnama 6 h. Moxe ce koMOMHOBaTH ca
pa3IUYUTUM OHOJIONIKM aKTUBHUM JeIUIBCHUMA WM CyICTaHIlaMa, Koje omoryhaBajy
TPAHCIIOPT JI0 IIMJbHUX opraHa. OOWYHO ce KOPUCTH y MeToH IryhHe cimHTUTpaduje .

138Xe (T2 = 5,2 d) ce pacmama Gera pacmagoMm U emuTyje doton enepruje 81 keV.
Viucamem *¥Xe mory ce nporenutu nuyhue dynximje. To je BeHTHIAIMOHA cHMHTUrpaduja
xoja kopuctu *3Xe u 06uuno ce Bpimm npe mepdysuone cuuaTUrpaduje (Parker, A. J (2012).

8IMKr uma mepwon pacmana 13 s u emutyje rama 3pademe eHepruje ox 190 keV. JJobuja u3
reneparopa SRb/AIMKr u kopuctu Ce Kao MapKep 3a BEHTWJIAIMOHY CIHMHTHTPadH]y.
Hepocrarak 81Kr je y ToMe mTo MMa KpaTKo BpeMe MoJlypaciaja,, ITo cMambyje JOCTYHHOCT U
noehaBa TpomikoBe reneparopa (Parker, A. J (2012). ¥V oBom paay pa3MaTpaHe Cy camo

HajHHTEeH3UBHUje ramMa TuHHje. Jlpyre rpyme rama nuHKja emutoBane of “3Xe u ¥"Tc umajy
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BeOMa HM3aK TIPHHOC M HHCY y3eTe y oO3up. 8MKr emuryje camo jeaHy rama JIMHH]Y ca
MPpUHOCOM 01 68%.

VY nyonukanuju ICRP110, 3a BpenHoctu 3a cretuduyiny arncopooBany ¢pakuujy (Specific
Absorbed Fraction) cy nate 3a HU3 TUCKpETHUX BpeaHOCTH eHepruja. Takohe mocroje moganu o
SAFs BpemHocTUMa y JTUTEpATypH, JOOHjCHH MPUMEHOM pa3IMUUTUX copTBepa Oa3uaHuUX HA
Monte Kapmo merogu (MIRDSE, OLINDA, EGSnrc, FLUKA, MCNPX, PENELOPE wurtx.), anu
Cy moJiaiy Takole TOCTYIHHM caMo 3a JTUCKPETHE BPEIHOCTH €Hepruja 3a Hajuernthe xopuirhene
paauonykauze, kao mro cy: °F, 1Ly, 13 and Y.

Y oBom pany cy kopuunthene CT cnuke. JlurutanHe ciuke A0OHjeHE O]l CKEHUpPamba
CTBapHUX 0c00a KOMIIJyTepCKOM TOMOrpadujoM UM MarHETHOM PE30HAHIIOM Tpeba J1a umajy
JIOBOJEHO BEJIMKY BPEIHOCT Pe30iylivje 3a MojeloBame Bokcen (panroma. Codrrep kopuriheH y
oBoM panmy ImagelJ je oTBopeHOr KoJa, a KOjH j¢ HAMCHEH 3a HAaydHE CBpPXE CHUMAama
MYJITHANMEH3HOHATHUX CIIMKa 1 Moxe ce pey3etd 32 MAC OS, Windows and Linux.

[TomTo Ccy rope MOMEHYTH PaJUOHYKIUAM BXHU y HYKICApHO] MEIUIIUHK, a CHEPruje rama
($oTOHA KOje EMUTY]y OBH PATUOHYKIUIH Cy Pa3IHuuTe 0] oHUX Koje cy mare y ICRP, namepa
OBOT JIenia paja Ouna je uspauyHaBame SAF 3a KOHKpPETHE SHEpPruje OBUX PaJIMOHYKIUIA, KaKO
O6u ce wuszbersia uMHTepnosanuja u3Mely AMCKpEeTHMX TMOAAaTaka €Hepruja W Kako Ou ce
ynotnyHuiau nogauu. ITopen onpehusama SAFa u3BplieHe Cy U A0AAaTHE CUMYyJAlMje 3a HeKe
BpPEIHOCTH €HEepruja Kako Ou ce MPOIICHHIIA TPellka MHTEPIIOIAIH]e.

[Topen Tora, uss oBOT paaa 6uo je ynmopehusame BpeaHocTH SAFS 100HjeHIX ca MOJeInMa

ORNL ¢anToMa 1 Bokcen Mojiena Topakca.

6.6.1. Mamepujanu u memoode

Y 0BOM pajiy BOKcea MOJeN TpyIia KOHKpeTHe ocobe je nooujen kopuirhemem DICOM ceta on
108 CT (Computed Tomography) mox onoOpeHum craHgapaHuM mnpotokonuma. CT cimka
IpyIHOTr Kolla 35-TOAMIIEE MalljeHTKHIbE je CerMeHTHpaHa noMohy codTBepa 3a oOpamy
cmke Imaged - Bepsuja 1.51n 2017 u npeTBopenu y Bokcen reomerprjy. Comka 28 mokasyje
HeoOpahene CT moxarake rpynHor koma y ImagelJ 3D mnpernenauy (Cnuka 28.a), mpe mporieca

CerMeHTallyje, Kao U MOMPEeYHH MpeceK IpyaHor Koma (cnuka 28.0) kopucrehu ucrte mojaaTke.
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Cnuxka 28. CT cnumyu epyonoe xowa ckenupanu y Imaged 3D npeanedauy u nonpeunu npecex

epyoroe kowa. a) CT cauke epyonoe xouia npe obpade 6) npecex epyoHo2 KOuia nocje

gOKcenuzayuje
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OBaj cer ciMKa je TMpEeBEIEH y T'E€OMETPU]y BOKcela, Koja omoryhaBa peaqucTH4aH OIHC
aHaTOMHje YOoBeKa. Bokcen Moaen Topakca je TpeACTaB/beH TPOIUMECH3HMOHAIHUM HH30M
BOKcena ca uaeHTudukannonnMm OpojeBuma ID. 3a cBaku mojenunaynm Bokcend, |ID OGpojeBu
yKa3yjy Ha KOjU OpraH WM TKHUBO C€ OJHOCH. Benmuku Opoj BOKCena 3axTeBa KOpHUITheme
HaIpeaHOT payyHapCKOT CUCTeMa, 300T yera cy MacuBHE cumyJaiuje ooaBibene Ha AEGIS04-
KG kiacrepy, Koju je cacTaBHH J€0 e€BpoIcKe Mpexe kiactepa (European Grid Initiative-EGI).
Boxkcen moaen Topakca vMa HEKOJIMKO OpraHa OJ] MHTepeca: Koxa, ryha, KocTu, cpie, KHiMeHa
MOXIHMHE, aopTa, MUIIMNK M MacHO TKHBO. Bokcen Mmojen JpbyACKOr Tela 3acCHOBaHa je€ Ha
MMOHOBJLEHUM CTPYKTYpaMa HCITYEBCHUM OJIpel)eHUM MaTepujaioM, KOju OAroBapa CrieliupuaHoM
oprany. Ha mocebaH HauumH je KOMOHMHOBaHa yrnorpeba W TMONYHAaBakbe M PEIICTKACTHX
CTpYKTypa, mTO je oMmoryhmio neduHHCame reoMeTpHje BOKcenl (paHToMa Kao 3ampeMHuHe
UCIYICHE IMPAaBOYraOHMM pelIeTKaMa KyOHHX enemeHaTa. [Ipecek BOKcen Mojena Topakca
HAKOH Tpolleca CerMeHTaluje MpukKazaH je rpadguuku Ha ciuuu 29., KOjU CaapXKu MOMpPEeYHH
IpeceKk Iy Z oce y pa3nuuutuM mnosoxkajuma. Ciuke 29.a u 29.60 mpukasyjy npecek Mojena

BOKEJI TOpakca Ha Pz =23 cmu pz = 55 cm.

Cnuxka 29. Ilpecex soxcen mooenra mopaxca. Moenmugpurayuonu b6pojesu opeana Ha 080j cauyu

cy oamu y Tabenu 22. I1D 256 je cnownu npocmop.

Paznuuntum opranuma/TKuBY aojesbeH je oarosapajyhu ID Opoj, kommatubunan ca henujckum
kaptuiiama y ynasHoj garorerin MCNP5/X. V taGenu 22. mpukasan je oarosapajyhu ID 6poj,

OpraH/TKHBO, YKyIHaH Opoj BOKCENIa y CBaKOM OpraHy, Maca U TyCTHHA. YKymnaH Opoj Bokcena y

cuMymnarijaMa usHocuo je 13592124, Kaxo je 3ampemuna Bokcena 17.64-107* cm®, noGujena
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neb/bMHA U Maca KOXKE€ Yy BOKCEN MoJeNy Topakca je kommarubuiaHa ca pedepentHum |ICRP

BpCAHOCTHMA.

Tabena 22. Ooabpanu opeanu modena 80Kel mopaxKca ca 00208apajyhum uoenmuguxayuonum

Opojem, bpojem 6okcena, mace u 2ycmuHe

ID 6poj Opran/ Bbpoj Bokcena Maca BokceTn30BaHUX T'ycruna (g/cm?3)
Tkuso oprana/Tkuso (g)
100 MacHO TKHBO 2228002 3734 0.95
110 Koxa 133485 257 1.09
120 ITnyha 2019581 1055 0.296
130 Koctu 605734 2052 1.40
140 Cpue 229676 425 1.05
150 Krnumena MoxxauHa 23257 43 1.04
160 Aopta 80231 149 1.05
170 Munmhn 1983323 3674 1.05

VY oBoM pany, BpeaHocTH pe3yatara SAF, nobujeHu ca Bokcen MojeIoM Topakca, ynopehenu cy
ca ORNL marematnukum ¢antomom. ORNL ¢antomu ce cacroje ox Tpu riaBHe cekuuje: 1)
SUNTUYHH [IIMH]AP KOjU TIPEACTaBIba TPYII U pyKe; 2) IBa KPY>KHA KOHYCa KOja MPeACTaBIbajy
HOT€ W CTOlaja; 3) KpY>KHU IUWIMHAAP Ha KOJU j€ TTOCTaB/bEH CIUNTHYHU IUIMHAAD , TPECEUEH
MIOJTyEJIMIICOM/ 1A KOJU TIPeICTaBJba BpaT U IJIaBYy.

[TpernocraBsbeHo je Aa je pacnaj KopuirheHUX paguoHyKIna JTOKalIu30BaH y rryhuMa,
IITO TpPEJCTaBJba M3BOpP Tama 3pauema. CBaku IUTyhHO KpWIIO TpPEACTaB/ba CE€ ca IOy

€JIUTICONIOM, Ie(PUHNUCAHUM jJEAHAUYNHOM :

2 2 2
(_] (XJ (_j <1and 232,
a b c (6.6.1.1)
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AKOZgSZ<Zyp, Y<Yr U X< X (YCIOBM paBHM HOPMAJHU Ha -Z, -y U -X OCH U
MpeceKy enurnconaa, Tako Aa ¢hopmupajy miyha). Oarosapajyhe Bpennoctu cy: z:ir=41.60 cm,
Zor=48.50 cm, y1r=1.20 cm u x1r=-5.00 cm .

Koopaunate nentpa enurnconsa cy: Xo=7,33cm, yo=0 u 20=39.21cm; a, b u C npencraBibajy
oce enwurcounaa, anje cy Bpexnoctu 4.09 cm, 6.98 cm u 20.55 cm. O3nake R u L onHoce ce Ha
necHo u JeBo mryhuo kpwio. 3a aeBo miyhHo kpuito (X+Xo) Tpeda 3aMeHUTH; ca (X-Xo); ZIR ca
Zo; Z2r ca Z21; V1R sa YiL . Oxrosapajyhe Bpeanoctu seBor ruryhHor kpuia cy: Z21=49.00 cm u
y1.=7.00 cm.

Cmuka 30. npukasyje nmpecek ORNL ¢dantoma , kao rpaduuku usznasz uz MCNP xona.

Cnuxka 30. Ilpecex scencroe panmoma ORNL: a) pz = 51cm u 6) pz =55cm

Cnuxa 30.a) 1 - nayha, 2- cpya, 3 - kuuma, 4 - kocmu pyxe, 5 peopa.
Cnuka 30.6) 1- nnyha, 2- kuuma, 3 - kocmu pyke, 4 - pebpa, 5-nensuc, 6- jeorax.

Maca Bokenn30BaHOT opraHa/TkuBa n3BeneHu ¢y u3 CT mogaraka ckeHupama. [lo3naBajyhu
0poj BOKCeJa, n(Tabena  22), Kao U 3anIpeMUHy  JeJHOT  BOKcenla
V =0,084cmx0.084cmx0.25cm=17.64-10"* cm’, nako ce Moe OPEIUTH 3aIPEMHHA CBAKOT
OpraHa/TKMBa y BOKCEJI MOJENY TOpakca, Tj. 3anpemuna opzeana=n*V W MHOXKEHE JaTe
BPEITHOCTH Ca MPETIOCTAaBJFEHOM CPEIHhOM I'yCTHHOM TKHBA, OMOTryhaBa M3padyHaBame HEroBe
Mmace. Jla 6u ce ymopenunun ORNL dantom ca Bokcen mojaenom Topakca, ORNL danToMm je

MiceyeH y HUBOY JHa Iiyha. Pasmarpanu cy MoHOeHepreTcku u3BopH dotona (81 keV 3a 1*3Xe,
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141 keV 3a ®™Tc un 190 keV 3a 8'™Kr) u Takohe cy mpaheHe cekyHmapHe decTHIEe Y
cumynaijama. M3Bop je xomoreno pacnopehen y matum opranmma (myha). Cut off, ognocho
MUHUMAJTHE Hepryja J0 KOje Ce YeCTHIIe MpaTe y CUMYyJalujaMma je MoAeHIeH Ha BpeqHoCT of 1
keV. Cacras TkuBa kopuiheH 3a Bokcea mozen Topakca y3et je u3 ICRP 110, nok cy 3a ORNL

(hantom kopuithenu pedepeHTHU TOIAIIH .
6.6.2. Pezynmamu u ouckycuja

Cee cumynamuje cy m3ppmene kopuctehu MCNP5/X codrsep. Ilpoctupame ykymso 108
YeCcTUIlAa j€ CHUMYJIUpPaHO Kako OW ce IOCTHIVIA pEelaTUBHA HECHUTYPHOCT Mama OJ jEAHOT
MPOIICHTA 3a CBe opraHe W 3a obOa ¢anToMa (Bokcen monen topakca U ORNL). Crenudpuane
aricopboBane (paxmuje oapeheHe Cy y OKOJIHMM OpraHMMa W TKMBHMa TOKOM HWHKOPIIOpAIHje
pamroHyKiIHIa y myha Kao H3BOPHOT peruoHa. 3a Ty cBpxy kopuiihena je *F8 tally kapruia 3a
u3padyyHaBame JEno3uiuje eHepruje y oprany/TkuBy (y MeV mo ¢orony) 3a Bokcen mozen
Topakca ykpydyjyhu u npahewe cekynmapuux vectuna. [lomro *F8 tally e maje pesynrare
HOpMaJIM30BaHe 1O MacH, OMII0 je moTpeOHo nozjenuTu pedynrar goodujen u3s MCNP5/X kona ca
MacoM TKHMBa Wiu opraHa. JloOujeHa BpeIHOCT MpeTBOpeHa je y creruduuHe ancopOoBaHe
bpaxkimje uzpaxene y Gy no uectunu (Gy per particle).
Kaptuma F6 je kopumthena 3a mpomeny jgo3ze y opranuma ORNL ¢antoma. OBa kaprtuma
MCNP5/X kona naje pesyntare y MeV-g? no vecmuyu ussopa, amu y KERMA anpokcumanuju
(Tj. 6€3 CeKyHIapHOT TPAHCIIOPTA YECTHUIIA).
SAFs 3a ogabpane oprane cy onpehenu kopucrehu cinenehy dpopmyiy:
Eq
-m

SAF = (6.6.2.1)

i
rze je Eq cpenma eHepruja AenoHoBaHa y IIMJBHOM Oprany, Ei je npumapHa eHepruja eMUTOBaHa
OJl CTpaHe HM3BOopa M M je Maca LMJBHOI opraHa. Pesynratu crneuupuyHuX arncopOoBaHUX
dbpakimja npukasanu cy y Tabenama 23,24 3a 81MKr, 9MTc 4 133X,

W3 oBux Tabema moxe ce BuaeTd na cy BpemHoctH SAF nHajpehe y turyhmma, xoctuma,

MunimhrMa ¥ MaCHOM TKHUBY JIOK CYy Y IpYTMM OpraHWMa/TKMBHUMa MambU.
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Tabena 23. Pesynmamu SAF (kg™) 3a soxcen moden mopaxca 3a **3Xe, *™Tc u 81Kr

Pasnuka Pasnmuxa Paznnka
SAF SAF SAF
3anpemuHa BPEIHOCTH BPEIHOCTH BPEIHOCTH
Opran/Tkuso  opraHa 133%e 3a Bokcen  MTc 3a Bokcen MK 3a BOKCEl
(cmd) Mojen Mojen Mozen
TOpakca u Topakca u TOpakca u
ORNL ORNL ORNL
(danToma (danToma (danTOMa
(%) (%) (%)
Macno Tkuo  3930.5 1.72:10 1.78-102 1.85.102
Koxa 235.8 0.96-10 9.82 0.96-102 14.96 1.01-107? 16.4
[Tnyha 3564.2 5.59-107 -24.3 5.09-102 -16.89 5.18-10? -15.9
Koctu 1465.7 5.01-102 124 2.90-107 6.86 2.29-102 8.0
Cpiie 404.8 3.63-107 243 3.05-102 7.56 3.01-10? 9.0
Kuumena 41.3 2 35.102 2.42-1072 2.48-10
MOK/IHHA
Aopra 141.9 453102 3.92.102 3.90-102
Muruhn 3449 1.89-107? -16.5 1.76-107? -7.07 1.78-102 -4.5

Tabena 24. Pesynmamu SAF (kg™Y) 3a ORNL ganmoma 3a **3Xe, ®°"Tc u 81™Kr

Opran/TkuBo 3anpemuna oprana  33Xe ®mT¢ 8ImKr
(cm?)

Koxa 371 8.72.10° 8.39-10° 8.66-10°
Mnyha 2200 7.38-10°2 6.12.102 6.16-102
Jenmak 25.6 2.62-10 2.17-10% 2.11-10

Kiby4Ha KocT 41.6 1.93-107? 1.04-107? 8.18-10°
JlonatuyHa KocT 154 4.48-10? 2.26-107 1.79-102

Pebpa 401.8 5.73-102 2.68-102 2.09-102
Kuuma 325 5.65-107? 3.15-107 2.49-107
Tumyc 27.3 1.89-107? 1.53-10? 1.47-10?

Cpue 230.8 3.54.10 2.84.102 2.76.102

Tpyn 8380 2.26-102 1.89-107? 1.86-10?
I'pynn 347 1.39-107? 1.21-10? 1.21-10?
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Bpemuoctu SAF cy 5.59-102 kg?, 5.09-102 kg?  5.18-102 kgt 3a 133Xe *"Tc u 81™Kr 3a nuyha
npukazane cy y Tabenu 23. kopuctehu BOKcen MOJIen Topakca.
Oncrynama n3mely Bpennoctu SAF 3a ucte mocmarpane oprane, nqooujerne momohy ORNL u

BOKCEJ MOjIelia Topakca, cy y omcery oxa 2,43% no 24,3%.

6.6.3. Ilopehusarve pezynimama SAF ca epednocmu uz numepamype

[Topehewe ca momanmma u3 nureparype BpemHoctu SAF mobujene momohy MCNPX
codrBepa npukazane cy y tabemu 25.
Y pany Hadid et al., (2010) mnpumemeno je 2 Bpcre dantoma ,,Adult Male Reference
Computational Phantom (RCP-AM) and Adult Female Reference Computational Phantom
(RCP-AF)“, 3a enektpone u (otone ca eneprujama on 10 keV mo 10 MeV. Ilocmarpanu cy
cienehu opranu: 1uryha, tupouaa um jerpa. [la Om ce ymopenuiau ca MpeACTaBJbEHUM PajioM,
wiyha cy TpermpaHa kao uU3BOp W kKao mera 3a eneprujy on 0.08 MeV, 0.1 MeV u 0.3 MeV.
Jlo6ujene Bpujennocts cy 7.78-102 u 7.13-102 kg 3a 0.08 u 0.1 MeV, pecnextusHo. Pesynrat
y oBoM paxy 3a 0.081 MeV (3¥1Xe) naje Bpemnoct 7.38-1072 kg™ mrro je y mo6poj carmacHocTH.
Crenuduuna ancopboBana ¢pakinuja y miyhuma, kao U3BoOpy, y3eTa je u3 pama Patni et al.,
(2013), rze je xopumhen ICRP pedepenThr Bokcen Mozen Topakca: SAF m3Hocu 5.95-107 kgt
32 MOHOEHEPreTcKo rama 3pademe 100 keV u 5.78-1072 3a 200 keV. Y npeacTaB/beHOM paay Cy
u3Bpieny mpopadynu 3a 81 keV (**3Xe) u 190 keV (for 81™Kr). IMomro cy BpemHOCTH eHepruja
penaTuBHO 6iH3y, M3padyHaTa BpeaHocT SAF on 5.59-102 kgt 3a Xe u 5.18102 kgtl3aKrcyy
N00poj carfllaCHOCTH ca pe3ysTaTUMa LUTHpaHor paja,rae je kopuurheH copteep FLUKA koju
ce Takole 3acHuBa Ha MoHnTe Kapno meronu.
VY pany Villoing et al., (2017), npumemenu cy pauynapcku nporpamu GATE u MCNPX 3a
u3padyHaBame no3umerpujckux BenmmunHa (AF, SAF u S-gpeonocmu) 3a MOHOEHeEpreTcke

18F, 17y 131§ 0¥, | Ynopehenn pesyntat cy moHOBO 106HjeHH 32

(boTOHE U eNeKTPOHE, 3a
mryha kao U3BOp 1 Kao MeTa, ca Bpexaomhy o 7.80-102 kg™ 3a 0.1 MeV.

Jla Ou ce mpolleHWIa Tpellka WHTEpPIoJalKje W U3BpIIMIO nopeheme ca apyrum ayropuma,
M3BpIICHA CY J0JlaTHAa M3padyHaBama 3a auckpeTHe eHepruje ox 0.05, 0.08, 0.1 u 0.2 MeV.

[Momam o SAF cy nmpukazanu y Tabenu 25. ['pemke naTeprionarmje 3a Xe u Kr cy uzmehy 3% u
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5% 3a 06a dantoma. Onpehena Hecnarama uzmel)y ayropa mpoucTUdy U3 NPUMEHE Pa3TUUUTUX
codTBepa M pazIMIUTUX haHTOMA.

Tabena 25. Ynopehusare SAF (kg™1) dobujenu y osom pady ca nodayuma uz aumepamype

Lungs €<— Lungs SAF (kg—1)

Enepruja (MeV) Hadid et al Patni et al Villong et al OBaj pan
ORNL Voxel
0.05 1.26-101 1.04.10? 1.38.10 1.45.10% 9.15-10%
0.08 7.73-107 7.76-107 5.62-107
0.081 7.38-10% 5.59-107
0.1 7.13-10° 5.95.107 7.80-10 6.78-10 5.19-107
0.141 6.12-10% 5.09-107
1.190 6.16-107 5.18-107?
0.2 5.78-107 6.33-107 5.20-107?

Paznuke u3mely mspauynarux Bpemnoctu SAF kopucrehm Bokcenm mopen Topakca u Mojesa
ORNL ¢anroma, cy nocienuua peanHujer o0JIMKa, BEJIMUYWHE U MO3UIIMOHUPAka OpraHa Koju
KapakTepHIIy BOKCET MOJIEN Topakca. Pesynraru armcopOoBaHe 103€ MO YECTHUIM JOOMjEHU 32
JIBa MoJiena ¢y npuka3anu Ha ci. 31. YV oba cirydaja mo3e ce moBehaBajy ca moBehameM eHepruje

rama 3pavcma.

20
=, OPH/I parmom ® 21 keV %4 1.8 Boxkcen pasTom B 81keV
S ® 141 keV 2 ® 141keV
S 15 A 190 keV Q 1.6 A A 190 keV
L) B
Q14 ] Q 144
= o
124 1 -
g g ) & A
§ 10 - A g 1.0 4 ; i
D gg A ) *
5 = & 5 08
8 osd A & » g ] & A
g Z ! § A ® 08 A ]
W o A ® S b A
S m * D 04 ® .
Q - Q' 0.4 ®
Qo2 % x . ] N A u
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Ki 1 s Kaywu Jommman Pefpa Kwews  Tmeyc Cpoe  Tpyn  (pym 0.0 o T s ol o o o T e
T e Mamo Kowa IInyha Koo Cpue Kirmeena Aopra  Mummfin
TEHEO MOKIHER
raf/ TKHBO )
op Opran/TkuBo
a) 0)

Cnuxka 31. Pesynmamu ancopbosane 0oze (fGy no gpomony) 3a ORNL (a) u soxcen moden (6)
mopaxca 3a 81 keV (**3Xe), 141 keV (*™Tc) u 190 keV (B1™Kr).
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Ha cmumm 32, Bpenmnoctu SAF cy HopManu3oBaHe y oOJHOCY Ha Iutyha, mTo omoryhaBa
nupekTHuje mnopeheme m3mely nBa moxena: 3ampaBo, KopucTehw HCTy METOHOJOTH]Y 3a
M3padyHaBame, pa3iuKe MOTY HACTaTH caMo U3 '"TeoMmeTpujcke" paznuke u3Mely BOKCeNl MOJel
TOpakca U MPUMEHEHOT aHATUTUYIKOT Monena. Bpeanoct 3a koctu 3a ORNL danToM nobujena je
YTeKHaBakbEM 110 MacH 3a MOjeJMHE KOCTH.

Kao mrTo ce Moxe BHIETH ca rpaduKa, NOHAIIAkE je cInaHo 3a 2MTc u 81Kr, a mame 3a 33Xe,
Il Cy OJHOCH PA3IUYUTH, Kao IITO je ouekuBaHo. OHM cy yriiaBHOM Behu 3a BOKced Mojen
TOpakca M TO yIJIaBHOM 300r penatuBHO BehepasznassuHe m3mely oprana, rie moctoju Beha
aricopmija 3axBajbyjyhu mnocrojamy "mexoe mxuea" Koju pa3aBaja UcCTpaxeHe oprane. pyru
pasJior je TeXHUYKE MPUPOJIE, Kao IITO je MaTeMaThyKa KOHCTPYKIHja (paHTOMa, Kao U pa3jiuKe
y turry MIRD ¢dantoma. OBaj edekar je HapounTo eBUAEHTaH koA >3Xe koju emutyje GoToHE

HUKHUX €HEpruja.
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7. 3AK/bYUYAK

JenHa on HajAMHAMHYHMjUX TOJpYydYja HMCTpaXKMBama 3allTHTE OJf 3padema, jecTe
MOJIETIOBakh¢ aHATOMHUje YoBeKa y3 nmpuMeny Monte Kapio cumynanuja. Jlosumerpuja 3padema
MMa 32 Wb J]a OJIpEIH BPETHOCTH U PACIIONIeNTy EHEepTHje 3pauemha ACTIOHOBAHE Y PAa3IHYUTUM
JIeTOBUMa JbYJICKOT Tejla ycjel CIOJballlber W/WIM HMHTEpHOr o3paunBama. [la Ou ce
no0oJbIIana 3aTHTa, PEryIucane Cy U MOCTaB/bEHE BPEAHOCTH TPAHUYHE JI03€ 3a OCETJbUBE
opraHe ¥ TKHMBA. 3a MpopadyH amncopboBaHMX go03a y oBoM pany je kopumthen MCNP5/X
cobTBep. Y 0BOj TOKTOPCKOj AMCEpTAlUjU pa3BujeH je ynasuu ¢aja 3a y MCNP5/X codrsep,
kopumihemem perrerkacte crpykrype (lattice) koja mpeacraBiba OCHOBY BOKCEN T'€OMETPH]E.
YnorpeOoM MOHOBJbEHUX CTPYKTypa, oMoryhaBa ce kopumiheme nedunucanux hemumja, Koje
CBOjOM MYJITHILTHKAIIAjOM TIPEICTaBIbajy oJpeheHe 3anpemMune o HHTEpeca y CHUMyJanujama.

HoOujen je ynasuu ¢ajn 3a yHampehen wmarematnuku ORNL wmomen y kojem je
KOMOMHOBaHa BOKCEJ reOMETpHja ca KJIACHYHOM reoMerpujoM. Takohe KpewpaH je M BOKCEI
MOJIeNI TOpakca W CKyna cy KopumrheHH 3a u3padyHaBame arncopOOBaHUX /1032 U HEHE
pacmozienie y pa3IMYMTUM CHUTyalMjama o3padyuBama. [IpeacraBibeHa je HW reomerpuja
BOKCEJIM30BaHOI OUYHOT COYMBA U yropeheHa je ca He-BOKCEIM30BAHUM MOJEIIOM OKa.

Takohe je anammsupana npumeHa Mounte Kapimo merone mnpu HCTpaxuBamwy I0Jba
pacejaHor 3pavema OJM3y OYHOT COYMBa ONepaTepa Y MHTEPBEHTHUM Tporuenypama. JlooujeHu
MOJIAII MOTY C€ YCIEUIHO UMIUIEMEHTHPATH U KOPUCTUTH y OyayhHOCTH Ha MOJbY 3aIITUTE O]
3pauema, NPWIMKOM ojapehuBama M moOOJblIaka pa3yMmMeBama oOAHOcCA jo3a/edexar y
pa3nIuuuTUM cutTyarjama. JloOujeHu pe3yataTu MPUMEHOM BOKCENl TEOMETPUje MMajy HEKOJIMKO
nMIutikainyja. Jlooujena je seha pauyHcka euKacHOCT yroTpeOoM pernieTkacTe CTpyKType, Koja
OJIaKIIaBa PYTHMHCKE CHMYyJAllje 3a MPOLEHY Ppa3IUYUTUX JO3UMETPHUJCKMX  BEIMYUHA.
[ToGospmana je Op3uHA U3BpIICHA CHMYJAlMja, Kao W jEAHOCTaBHOCT MAaHMITyJalfjama
pa3IMuUTUM 3alpeMuHama, Koje Cy BaXKHe y 3aJaToj TeOMeTpuju cumynanuja. PazBojem oBux
crpykrypucanux mozaena y MCNP5/X codrBepy, omoryhena je ymopeaHa aHanu3a A00HjeHHX
nojaTaka u3Melhy pa3IMUMTHX METoJa U MOJENa, Ka0 M HUXOBE NMPUMEHE Y CaMOM IPOLECY
3amrTuTe oJ1 joHusyjyher 3pauema. Ha ocHOBy ymorpeGe moOMjeHUX pe3yaTara pasInduTHX

CUMYyJIallija y IUJbY 3allITUTE OJ1 3paueha, JaTH CY 3aKJbydlln o0paheHux pesynrara:
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e 3axwyuax BNC mepanuja nayha
[D. Krstic, V.M. Markovic, Z. Jovanovic, B. Milenkovic, D. Nikezic, J. Atanackovic. MONTE
CARLO CALCULATIONS OF LUNG DOSE IN ORNL PHANTOM FOR BORON NEUTRON
CAPTURE THERAPY. Radiation Protection Dosimetry; 161(1-4): 269-273, 2014. ISSN: 0144-
8420]

Paznuka y mo3u Koa kaHmepa W HOpMaiHor TkuBa Iuiyha cyrepumie ga 6u ce BNC
Teparnuja MorJia MPUMEHHTH 3 JICYCHE TyMOpa, MPU YeMY 3J[paBO TKHBO MOKe OuTH momTeheHo
on omrehewa. OnHoc mo3a y muIyhHOM TKHMBY ca MeTacTa3ama M 3ApaBOM ILTYNHOM TKHBY ce
pasnukyje 3a daktop 5. Jlo3e y CBUM APYrUM OpraHuMa cy Beoma Maje y nopehemy ca jro3ama

y iyhuma. OgHoC 1032 y TYMOPY U 3/IpaBOM TKHUBY C€ pa3iuKyje 3a (akrop 5.

e 3laxwyuak BNC mepanuja jempe
[Dragana Krstic, Zoran Jovanovic, Vladimir Markovic, Dragoslav Nikezic, Vlade Urosevic
MCNP simulation of the dose distribution in liver cancer treatment for BNC therapy Central
European Journal of Physics; 12(10):714-718, 2014.]

Pesynratu oBe cumynarnuje, Aajy BeoMa KopucHe nHpopManuje mnpuimkoM Turanupama BNCT
TpeTMaHa. Pe3ynratu moka3yjy Ja Cy eNUTepMHUYKH HeyTpoHu Oosbu kanaugatu 3a BNC
Tepanujy, Uako je BPEIHOCT MPHUMJbEHE J03€ KOja MOTHYE O] TEePMUYKHX HeyTpoHa Beha.
bynyhu na cy nmoze wu3paxkeHe 1Mo M3BOpy HeyTpoHa (pPer source neutrons), Behe Bpeme
M3JIarama eMUTEPMUYKIM HEYTPOHHUMA 32 UCTH (IIYKC KA0 KOJ TEPMUYKUX HEYTPOHA, JIOBOJIH JI0
HCTE BPEIHOCTHU JI03€ Y TKHUBY TyMOpa, allid je /1032 y 3/IpaBOM TKUBY JAJIEKO Mama y Cly4ajy
NPUMEHE EMUTEPMUYKHX HeyTpoHa. OKOJHM OpraHd y TOM cily4ajy MNpHUMajy JalleKo HUXKe

J03€.
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®  3akmyuak npumeHe BOKcell 2eomMempuje y CUMYIAYUjama Mamemamuikoe Mooeid 04Hoz2
coduea

[D. Krstic, Z. Jovanovic, D.Nikezic, O.Ciraj-Bjelac, D. Vucic. CALCULATION OF THE

DOSE CONVERSION COEFFICIENTS FOR THE VOXELIZED MATHEMATICAL MODEL

OF THE EYE LENS Proceedings of Second International Conference on radiation and

Dosimeytry in Various Filed of Research, RAD 2014, Nis, Serbia, 27-30 May 2014, pp 199-

20131]

OBO wHCTpaXHMBame je OHEIO HOBE KOHBEP3MOHE KoeduIMjeHaTa 3a HEYyTPOHCKO
3padyeme 32 OYHO COYMBO. 3a MOTpede M3padyHaBama /1032  Pa3BUjEHH Cy BOKEIM30BaH U
HEBOKCEIIM30BaH MaTeMaTHYKH MOJEJ OYHOI COYMBA; JIMYHU [03HM ekBuBaseHTa HpP(3), a je
M3padyHaT MPH PA3JIMYUTHM EHEprujaMa O3pauyrBarba HEYTPOHHMMA 3a Pa3JIMYMTE MHIUICHTHE
yriose. JloOujeHr KOHBep3nOHH (DAKTOPH Cy 3HAa4ajaH JOMPUHOC 3a KamuOpaiujy Jo3uMerapa
3a OYHO COYMBO; TaKohe Cy BaKHM M 3a HpPUMEHY Y oJpehuBamy 7032 32 OYHO COYMBO IPU
npoeCHOHAIIOM U3JIaramkby Y MEJAUIUHU U HHAYCTpUju. OBO Tpeba pa3MaTpaTd y CBETIIY HOBOT
cMamema J03€ 32 04HO counBO o7 150 mSv Ha 20 MSV u yubEHUILY 1a HEYTPOHCKO 3pavyeHe
Jaje TOMUHAHTAaH JIONPUHOC Yy YKYITHO] MPUMJbEHO] A03u. Mako mocToju Benka BepoBaTHOha
na he 1ea0 TeNo MPUMHUTH 103y JIMMUTHPAHY 32 OYHO COYMBO, HEJABHO CMAaIbEHhE¢ BPEIHOCTH
aricopOOBaHe J103€ 32 OYHO COYMBO, 3aXTeBa JOJATHO mpaheme U MpoBepy ycarjalleHOCTH ca
MPONMCAHOM TPAHUYHOM JI030M, TJIe TOJ C€ Ha PAaJHOM MECTY KOPUCTH HM3BOP HEYTPOHCKOT

3pauema WK 3a JO3UMETPH]Y Y ClIydajy MOTEHIIN]aTHOT WHIIUJICHTA.

e 3akmyuak npumene Moume Kapno memooe y ucmpaxcusary nomsa pacejanos 3paiersa
O1U3Y 0UHOZ couusa onepamepa y UHMePEEeHMHUM NPoYedypama
[Paolo Ferrari, Frank Becker, Eleftheria Carinou, Vadim Chumak, Jad Farah, Zoran
Jovanovic, Dragana Krstic, Artem Morgun, Sara Principi and Pedro Teles. Monte Carlo study
of the scattered radiation field near the eyes of the operator in interventional procedures.
Journal of Radiological Protection, 36: 902-921, 2016. ISSN:0952-4746]
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Y oBOM pajy je npoyudaBaH (IyeHC Ha OYHUM COUYMBUMA YCIIE]] PacejaHor 3paduckkha Koje 01
rJIaBe oreparepa TOKOM Hajuenthe kopunrheHHuX UHTEPBEHTHUX KapAHOJIOIMIKHUX M PaIHOJIOIIKAX
npoueaypa. OBo je MOCTUTHYTO Kpo3 cBeoOyxBaTHy MonTe Kapio cumynanujy mnpocTupama
3pauema y MHTEPBEHTHO] KapAHOJIOIIKO] MPOLEAYPH, a KOje 3aBUCH OJf IIHPOKOT CIEKTpa
napameTapa, KOju yTH4dy Ha JaTe BPEIHOCTH pacejama W arcCoplilldje 3pauemha Kao IMTO CY:
JIOKallMja W OpHjeHTaluja TeNa W TJIaBe omepaTrepa, KoJMMallfja PEHATCHCKOr CHOIa,
reoMeTpHja U3BOpa, MallKjeHTa U oneparepa 1 Jap.

['maBHa cBpxa OBOT paja je uMajia IBOCTPYKY YJIOTY: HCTPaXHBabE MPOCTOPHE pacroese
pacejaHor (pOTOHCKOT (PEHTTEHCKOT) 3pauera y ONM3MHU U YHYTap O4Mjy oleparepa, Kao H
npoy4aBame Moryhux edekara kopuiihema ypehaja 3a 3alITUTy 0] 3pauema — OJIOBHE Hao4ape
u naaghoucke zawmume. be3 003upa Ha OrpaHUYCHHA OBOT Pasla Y CMUCIY UCIUTAHUX €HEpPruja
CHOIIa, CMameHOr Opoj MpojeKIja oJadpaHuX Kao KapaKTePUCTHYHA IIPOjeKIMja TOKOM
WHTEPBEHIIM]CKHUX TPAKCH, TMMECH3H]€ MaIljeHTa, TMMEH3H]e 10Jba, Ka0 U MOJIOXKAj oneparepa y
OJTHOCY Ha MAaIlMjeHTa, MOTY C€ HABECTH HEKH BaXXHHM 3aKJby4lld. [IpeincTaBibeHE CHMYyIaluje
najy TOTIYHY CIMKy nuctpuOynmje (iayeHca pacejaHor (OTOHCKOT 3padcma OKO TJiaBe
oreparepa U o4eKyje ce na Oyne KopucHo y onpehuBamy HajOOIJbE JIOKaAIHje Jo3UMeTapa Kaaa ce
BPIIIM MOHUTOPHUHT OYHOT COYHBA.

['eHepaHO, MaKCHUMAJIHO pacejaHO 3pavyeHe Ce Haja3W y JIOKEM JICBOM JIely JIEBOT OKa
(ocum y RAO mpojeknmju y K0joj ce oarorapajyhu MakcHMyM ToMepa JIECHO) y CiTydajeBuMa
KaJa omeparep CTOju Ha JIECHO] CTpaHW y OJHOCY Ha marujeHTa. [lokazaHo je ga mosumerap 3a
oun TpeOa MOCTABUTH IUTO OJIMKE MO3MLMJU OKa Koje OM Tpebano sa MpUMH HajBUILY JI03Y.
Tpeba moceOHO 0OpaTUTH MaXBky Kajga oreparep Mmomepa TJaBy W3 MEIUIIMHCKHX pa3jiora,
npeMa MaIujeHTy WK MpeMa JTUjarHOCTUYKUM €KpaHWMa, TIPU YeMy 71032 MOXE OUTH 3HATHO
Beha Hero mTo je oBne gaTo.

Ca craHoBuImTa yroTpeOe 3alITUTHE ONpeMe, ca/alliba aHalh3a IMoKaszaja je Ja THIIOBU
Haoyapa Koje HyJie caMo 00uHYy 3amTuTy (Mojenupanu y Turnosuma 4 u B y oBoM paay) He Mory
e(pUKaCHO CMambUTH E€KCIO3MIIM]y OYHOI COYMBA, j€p 3payerme J10J1a3u YIIIaBHOM O0J103/10, U U3
TOT pasjiora Haodape Koje mpare KOHTYpe JIMIa oneparepa Mory 6osse (cirydajy crakaia tuma C
npoduna L) obe3dbenutn epukacHU]y 3aITHTYy Of 3padema. [IpaBunHa ymorpeda 3amTUTHOT

HJ'Ia(bOHa, TaKOIjC MOXKC€ 3HATHO CMAalbHUTH BPCAHOCT (bnyeHca pacejaHor 3paucmka, a TUMC U
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BPEIHOCT JI03¢ Y OYHOM COYHMBY, Qi HErOoBO NPAaBUIHO MO3HWIMOHHPAKHE MOpa OUTH
npuiaaroheHo MpojeKIrju PEeHTICHCKE IIEBH; CaMO y TOM CJyd4ajy 3allTHTa MOXE TOHYIUTH
CMameHhE pacejaHor 3pauema 3a ¢akrop oxa 10 win Buie.

Pesynraru cy takole qo0kazanu npucycTBO 3padcha KOje TOCTHIKE 09U HAKOH BHIIECTPYKOT
pacejama, Koje ce jaBjba y He3amTrHheHnM JienoBuma tena oneparepa. OBo ,, ckpugero ** 3pavuemne
¥Ma BXHY YJIOTY Y €KCITO3UIIM]H HajMambe U3JI0KEHOT OYHOT COYMBa (YIJIaBHOM JECHOT, KaJia ce
orepaTep Haja3W Ha JIECHO] CTPAHU MAalUjeHTa), MTO ce e(PUKACHO MOXE CMamUTH Momohy
3aIITUTHOT I1adoHa. Y MO3UIIMjU JeCHE MPEhe MPOjeKIrje, 300T Mamer JTOMPUHOCA PAcejaHOT
3pauema, Kaja je moTpedaH paaujaliHi MPUCTYIT Y OBUM CIIy4dajeBUMa, OJATHO 3allTUTA, KOja ce
MOBPEMEHO J00Mja O/ CTpaHE pelenTopa CIHKe, MO3UIIMOHUpaHa Ha JIEBO] CTPaHU oreparepa,
CMamyje paculaHo 3pademke Koje JocThke oud 3a ¢akrtop on 2 -3. Pesynraru oBe crynuje
JONPUHOCE 00JbEM pa3yMeBamy O03padCHOCTH O4YMjy Oleparepa W Ipema Tome, Tpeba na
JonpuHecy 00JbOj 3aIUTUTH YKJBYYCHOT MEIUIIMHCKOT 0c00Jba, Kao U YIO3HAaBame ca
pa3IMYMTAM acleKTUMa ONTHMH3AlMje 3alITUTE O]l 3paucrha y CKJIaay ca HOBOM EBPOIICKOM

mupektusoM (EURATOM 2013).

® 3akmyuak npopauyHa cheyuguune ancopbosame ¢hpaxyuje y HOjeOUHUM Op2aAHUMA
woseyjec mena npunukom npumerne paouonykiuoa 2Xe, *"Tc u B"Kr ynompebom
MCNPX cogpmeepa

[Z. Jovanovié, D. Krsti¢, D. Nikezi¢, J.M. Gomez Ros, P. Ferrari. MCNPX calculations of

specific absorbed fractions in some organs of the human body due to application of 1*3Xe,

9mTc and 81™Kr radionuclides. Radiation Protection Dosimetry. 1-8, 2017.

d0i:10.1093/rpd/ncx181 ISSN: 0144-8420]

VY oBoj crymuju CT momamu cy kopumiheHHM 3a pa3BOj BOKCEI MOJelia Topakca 3a
u3pauyHaBambe SAFS y pasiuMuMTHM OpraHuMa/TKuBMMa, kaga cy Ooi"Kr, %™Tc u 13Xe
MHKOpHOpHpaHHu y Tuiyhuma TokoM mpumeHe cuuHTurpaduje. Pan je mpenuMuHapHa cryauja.

Pesynratu natu y oBom pajny cy kopuiiheHa 3a ynopehuBame panroma.
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OBa pa3iKa MOTHYE U3 YHIHCHUIIE Jia je BOKCENl MOJEJ TOopakca Mpe3eHTAllMja CTBapHE
JbyICKe ocobe, koja je cBakako napyraudja ox ORNL danToma. [Jobujene paznmke usmehy
pe3ynraTa BOKCENl U MaTeMaTUYKOT Mojiena cy y oncery ox 2,43% no 24,3%. Tpeba HanoMeHyTH
Ja je MaTeMaTHYKH MOJEJN IMpOoceyHa Mpe3eHTalfja BEJMKE MOMyialuje, JOK BOKCET MOJEI
npeacTtaBba oapeheHy ocody, a He 1meny nomyrnanujy. MuxepeHTHa orpanudema y CT
noJIaIiMa, IPOCTOPHA PE30IyIHja, apTeakTH, MOKPETH, TaKoh)e MOTY TOTIPHHETH pa3IuKama.

Mehyrum, ynopehuBame ca HOBUM pedepentHuM MmoxaeinoMm ICRP je 3anoBospaBajyhe.
[Ipukazanu mogany ce MOTy KOPUCTHTH Y OyayhHOCTH 3a M3padyHaBame /103 U 3a 3alITUTY O
3padema y HyKJeapHoj MmeaunuHu. Jla Ou pesynratu Ounu jomr 00JbU, IIHJb je moBehame Opoja

OpraHa U TKHUBaA CaAAPXKAHUX Yy BOKCECII MOJCITY.
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Monte Carlo simulations were performed to evaluate dose for possible treatment of cancers by boron neutron capture therapy

(BNCT). The computational model of male Oak Ridge National Lab

was used to simulate tumours in

v (ORNL) ph

the lung. Calculations have been performed by means of the MCNP5/X code. In this simulation, two opposite neutron beams
were considered, in order to obtain uniform neutron flux distribution inside the lung. The obtained results indicate that the lung
cancer could be treated by BNCT under the assumptions of calculations.

INTRODUCTION

Boron neutron capture therapy (BNCT) is a radio
therapy'", based on nuclear reaction when boron
('°B)-loaded tissue is irradiated with neutrons of the
appropriate energy. As a consequence of this neutron
capture, high-energy alpha particles are emitted and
lithium ('Li) nuclei are recoiled. This reaction pro-
duces particles that have a range in tissue of several
micrometres, which is comparable with the radius of a
cell. Another advantage of this method is that meta-
static cells have higher affinity towards boron uptake
when compared with normal healthy cells. In this
way, the major damage due to radiation is localised
inside the cells containing boron. This advantage is
even more pronounced when the whole organs such
as brain, liver, lung, pancreas and prostate'” are
treated. In clinical application of BNCT, 'B com-
pounds such as BPA (boronophenylalanine) and BSH
(sulfhydryl borane) have been widely used as short-
range alpha-particle-producing agents”. BPA has
been clinically used for the treatment of malignant
cells?. The first extracorporeal applications of
BNCT were done on non-respectable liver metastases
in Pavia, Italy” 7. Studies in BNCT have improved
the ratio of tumour-to-tissue dose by choosing
neutron spectra carefully. Using in vivo trials, two
spectra have been used: reactor- and accelerator-
produced neutron beams® '?.

MATERIALS AND METHOD

In this work, advantages of BNC therapy are investi-
gated for metastasis and tumours located in the lung.
In the first set of simulations, the doses, which neu-
trons deliver to the healthy lung tissue and lung tissue
with metastasis spread all over the whole lung, were
calculated. Simulations were separately performed for
lung tissue with metastasis and healthy lung tissue.

Metastases were simulated by enriching the lungs
with different concentrations of boron. A healthy
lung tissue was assumed to absorb one-tenth of the
boron concentration compared with the lung tissue
with metastasis' .

The simulations were performed using MCNPS5/X
code'® and Oak Ridge National Laboratory
(ORNL) phantom!®, MNCPX code was used to
simulate the neutron transport from the source to the
lung target organs. Input files with existing human
ORNL phantom were published previously by Krstic
and Nikezic!". These files are readily available at the
CPC journal library"'* and Medical Physics Geometry
database at the Los Alamos National Laboratory'™.
The phantom described in the authors’ previous publi-
cation was positioned vertically, as shown in Figure 1
and as described in ORNL publication''?,

In the second set of simulations, metastasis in the
normal lung tissue was represented geometrically.
First, ORNL phantom was filed with identical voxels,
each having the volume of 1 cm?®. This was done in
order to obtain a spatial distribution of the dose
inside the lungs, by calculating the dose to each voxel
separately. The aim of this approach was to determine
the depth dose distribution in antero-posterior (AP)
and postero-anterior (PA) geometry at the position
where tumour was localised. A tumour was repre-
sented with a block of 2 x 2 x 2 cm® at the position
with coordinates: x from —9 to —7, y from —1 to 1
and z from 61 to 63 (all in cm), as depicted in
Figure 2.

The phantom contains three tissue materials: lung,
bone and soft tissue. It has been assumed that the
simulated irradiation source consisted of two virtual
neutron beams that simulated AP and PA geometries
(parallel and of equal intensity) in order to obtain
uniform flux distribution inside the right lung. A

© The Author 2014. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals permissions@oup.com
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Figure 1. Cross-sectional view of the ORNL phantom at
plane px=—6 cm (left) and pz=55 cm (right). For
coordinate system, see Eckerman ez al.'¥

Figure 2. Cross-sectional views of the ORNL phantom.

neutron source was first chosen to be rectangular with
dimensions 11x25 cm?, in order to fully cover the
largest cross-sectional area of the right lung. This
geometry was used elsewhere!'®.

Since lungs were represented as two ellipsoids, rect-
angular neutron field may not be the best way to care-
fully irradiate the lung. This is because of the fact that
a significant portion of other tissues, outside the
lungs, is irradiated in this case. In the following step,
simulations were performed using a neutron field that
had the shape of half of an ellipse. This way the geom-
etry of the source was identical to the largest cross-
sectional area of the lung. Furthermore, the dose to
the organs other than lungs was expected to be lower.
It was also necessary to take into the account a depos-
ition of boron in other healthy organs. This concen-
tration was assumed to be one-tenth of the
concentration of the boron inside the tumour tissue,
as indicated earlier.

Radiation dose dependence with respect to boron
concentration was investigated for heart, spine, rib
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Figure 3. Energy spectrum of neutron beam at TRIGA-II
reactor. See Matsumoto''").

cage and oesophagus. These organs were in the direct
beam. Boron deposition in other organs was
neglected.

The epithermal neutron beam from a TRIGA-IT'"
reactor was used as the primary neutron source for
the depth—dose calculations, as shown in Figure 3.

In total, 107 neutrons were simulated in order to
obtain a small calculation uncertainty, of the order of
a few per cent. MCNP energy deposition tally-f6 was
used for absorbed dose calculation (in Gy per source
neutron). This tally represents a KERMA approxima-
tion and consequently the absorbed dose in the irra-
diated cell, providing that secondary charged particle
equilibrium exists, which is undoubtedly the case in
this study. First, calculations were performed using
MCNPX code, by simulating different percentage of
boron (in ppm) in right lung metastases. The inten-
tion was to perform calculations as close as possible
to the best conditions for BNCT therapy. Neutron
beam was taken to be rectangular in one case and
half ellipse in the other case.

In the second part of the investigation, tumour was
geometrically represented as the 2 x 2 x 23 cm cube,
localised inside the healthy lung tissue. The tumour
was localised in the region where probability of for-
mation of tumour is higher. This is the region in the
upper part of the lung, where trachea branches.
ORNL phantom was filled with voxels in order to de-
termine depth dose distribution. This way the tumour
was represented with 8 voxels, creating a cube. A cross
section of the neutron beam was chosen to have the
same shape as the tumour. That is a 2 x 2 cm? rect-
angle positioned at the surface of the ORNL
phantom at the front and back sides of the phantom.

RESULTS AND DISCUSSION

The obtained results for the first part of calculations
are presented in Figure 4 with circles. In separate
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Figure 4. Absorbed dose per one source neutron in healthy
lung tissue and lung tissue with metastasis with respect to
the boron concentration in lung tissue with metastasis.

simulations where healthy lung tissue was simulated,
a concentration of boron in the right lung was taken
to be one-tenth of the concentrations from previous
simulations''”, This way an absorbed dose in the
healthy tissue and the tissue with a metastasis could
be directly compared, since irradiation conditions
were identical. These results are presented in Figure 4
with triangles.

The very first data point, where boron concentra-
tion is equal to zero, corresponds to the healthy tissue
without boron content. It can be seen that even small
concentration of boron in the lungs induces somewhat
higher absorbed dose. As expected, a gap between
healthy lung tissue and tissue with metastasis is
increasing with increasing boron concentration in the
lungs. This way it was possible to deliver a large
absorbed dose to the tissue with metastasis without
exceeding a dose limit for healthy tissue.

From Figure 4, it can be seen that elliptical field is
more appropriate, since absorbed dose for the same
value of neutron fluence rate is larger. Application of
rectangular field increases the absorbed dose to the
surrounding organs.

Figures 5 and 6 depict an absorbed dose in healthy
organs, which are in the direct neutron beam. As
mentioned, those are heart, spine, rib cage and oe-
sophagus. Note that the boron concentration in these
organs is 1/10 of the concentration in lung tissue with
metastases. Figure 5 represents an absorbed dose
from a rectangular field whereas Figure 6 represents
an absorbed dose from elliptical field.

The absorbed dose in right lung is larger for ellip-
tical type of field, whereas absorbed dose in healthy
organs, except for the rib cage, are smaller when com-
pared with the same absorbed dose due to rectangular
field. The latter irradiation geometry seems more
appropriate since difference in the absorbed dose
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Figure 6. Absorbed doses in organs with respect to boron
concentration inside the lung tissue with metastasis:
elliptical field.

between healthy lung tissue and tissue with metastasis
is larger in this case. Moreover, with increasing boron
concentration, a difference between these values
further increases. This results in delivering a larger
dose to the metastatic tissue whereas healthy tissue is
relatively spared.

An interesting trend is observed in Figures 5 and 6.
From zero boron concentration to 25 ppm (2.5 ppm in
healthy organs), the absorbed dose to healthy organs
decreases. This decrease in dose is attributed to the
well-known phenomena of self-shielding and neutron
flux depression''”. These phenomena are typical to
situations, such as this one, when neutron beam passes
through the material that contains nuclides with very
high cross section for thermal neutron capture. In
other words neutrons are ‘soaked’ by boron, and
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Figure 7. Depth dose distribution at x=—8 cm and height
at z=62 cm.

consequently, the neutron fluence rate is significantly
dropped. Beyond 25 ppm, as depicted in Figure 5, re-
gardless of the neutron fluence monotonic drop, the
absorbed dose to healthy organs starts to increase
because, at that point, '°B(n,a)’Li reaction becomes
the most dominant mechanism of delivering the dose.
Obviously, beyond 25 ppm, the absorbed dose rate due
to '°B(n.,a)’Li reaction becomes more significant than
neutron flux depression due to the presence of boron.
One can further observe that the delivered dose from
elliptical field, regardless of the boron concentration, is
lower than the corresponding dose from rectangular
field, even at zero boron concentration. This is true for
all observed organs, with the exception of rib cage.
Moreover, from Figure 6, it is evident that absorbed
dose to the healthy organs is much more constant for
elliptical neutron field. These findings confirm that el-
liptical neutron field would be a much better choice of
irradiation.

Figure 7 gives the depth dose distribution at the
direction that represents an intersection of planes
px = —8 and pz = 62 cm. This intersection is repre-
sented by the line that runs through the centre of the
tumour. It is assumed that there is no deposition of
boron in trunk, other than in the mentioned sur-
rounding organs. From Figure 7, one can see that
there is a clear correlation with boron concentration
and absorbed dose in the organs.

CONCLUSION

The difference in evaluated dose in cancer and normal
lung tissue suggests that BNCT could be applied for
the treatment of cancers. The difference in exposure of
cancer and healthy tissue can be observed, so the
healthy tissue can be spared from damage. An
absorbed dose ratio of metastatic tissue-to-the healthy
tissue was ~5 (Figure 4). Absorbed dose to all other
organs was low when compared with the lung dose.

Absorbed dose depth distribution shows that BNC
therapy can be very useful in the treatments for
tumour. The ratio of the tumour absorbed dose and
irradiated healthy tissue absorbed dose was also ~5
(Figure 7). It was seen that an elliptical neutron field
was better irradiation choice.

ACKNOWLEDGEMENT

The authors thank Professor Jasmina Vujic of
Department of Nuclear Engineering UC Berkeley for
helpful suggestions.

FUNDING

This work was supported by Serbian Ministry of
Education and Science and Technological Develop-
ment (grant nos. 171021 and 43011).

REFERENCES

1. Farr, L. E., Sweet, W. H., Robertson, J. S., Foster, C. G.,
Locksley. H. B., Sutherland, D. L., Mendelsohn, M. L.
and Stickley, E. E. Neutron capture therapy with boron in
the treatment of glioblastoma multiforme. Am. J.
Roentgenol. 71(2), 279-293 (1954).

2. Yasui, L., Kroc, T., Gladden, S., Andorf, C., Bux, S.
and Hosmane, N. Boron neutron capture in prostate
cancer cells. Appl. Radiat. Isot. 70,612 (2012).

3. Hopewell, J. W, Morris, G. M., Schwint, A. and
Codere, J. A. The radiobiological principles of boron
neutron capture therapy: a critical review. Appl. Radiat.
Isot. 69, 17561759 (2011).

4. Voyant, C., Roustit, R., Tatje, J., Biffi, K., Leschi, D.,
Briangon, J. and Lantieri Markovici, C. Therapeutic po-
tential of atmospheric neutrons. Rep. Pract. Oncol.
Radiother. 16, 21-31 (2011).

5. Altieri, S. et al. Boron absorption imaging in rat lung
colon adenocarcinoma metastases. J. Phys. Conf. Series
41, 484-495 (2006).

6. Bortolussi, S. and Altieri, S. Thermal neutron irradiation
field design for boron neutron capture therapy of human
explanted liver. Med. Phys. 34, 47004705 (2007).

7. Protti, N. et al. Calculation of dose distribution in the
lung of a rat model irradiated in the thermal column of
the TRIGA reactor in Pavia. Appl. Radiat. Isot. 67,
210-213 (2009).

8. Verbeke, J. M., Vujic, J. and Leung, K. -N. Neutron
beam optimization for boron neutron capture therapy
using the D-D and D-T high-energy neutron sources.
Nucl. Technol. 129, 257258 (2000).

9. Baba, H., Onizuka, Y., Nakao, M., Fukahori, M., Sato,
T, Sakurai, Y, Tanaka, H. and Endo, S.
Microdosimetric evaluation of the neutron field for
BNCT at Kyoto University reactor by using the PHITS
code. Radiat. Prot. Dosim. 148, 528 -532 (2011).

10. Blaickner, M., Kratz, J. V., Minouchehr, S., Otto, G.,
Schmidberger, H., Schitz, C., Vogtlinder, L.,
Wortmann, B. and Hampel, G. Dosimetric feasibility
study for an extracorporeal BNCT application on liver
metastases at the TRIGA Mainz. Appl. Radiat. Isot. 70,
139-143 (2012).

272

$10T ‘9 12q0150) U0 IIAOMIBJN J8Z0IRAS AreIqrT Als1aatun) 1e /310 spewnolpiojxo’ pdyy:diy woij paprojumocg

125



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032

joHM3yjyhuX 3pauema y opranuMa 4oBedjer Teja -I10KTOPCKa JUCEepTalHja

11;

BORON NEUTRON CAPTURE THERAPY OF LUNG

Matsumoto, T. Monte Carlo simulation of depth—dose
distribution in several organic models for boron neutron
capture therapy. Nucl. Instrum. Meth. A 580, 552557
(2007).

. X-5 Monte Carlo Team. M CNP—-a general Monte Carlo

N-particle transport code, version 5 Vol. I: overview and
theory. Los Alamos National Laboratory; LA-UR-03-
1987 (2003).

. Eckerman, K. F, Cristy, M. and Ryman, J. C. The

ORNL mathematical phantom series. Oak Ridge
National Laboratory. 1996. Updated 08 April (2009).
Available on http://ordose.ornl.gov /resources/Mird.
pdf.

14.

15.

16.

17.

Krstic, D. and Nikezic, D. Input files with ORN L-math-
ematical phantoms of the human body for MCNP-4B.
Comp. Phys. Commun. 176, 33— 37 (2007).

Goorley, T. MCNP medical physics geometry database. Los
Alamos National Laboratory. Available on http://menp-
green lanl.gov/ publication/ pdf/MP_DataBase_March2008-
LA-UR-08-2113-release.pdf. Also available on http://
www.pmf.kg.ac.rs/radijacionafizika /Products.html
Bortolussi, S. Boron neutron capture therapy of dissemi-
nated tumours. Scientifica Acta 1(1), 123128 (2007).
Neutron Fluence Measurements. JAEA technical reports
series no. 107. International Atomic Energy Agency,
(1970).

$10Z '9 12q0120) U0 JIAOMRIN JBZOIRAS AIRIQIT AlIsIaAtuf) 18 /310" spewnolpioyxo: pdiy:dny woiy paprojumoq

126



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032

joHn3yjyhux 3padema y opraHuMa 4oBedjer Tejia -I10KTOPCKa JUcepTanmja

Cent. Eur. J. Phys. « 12(10) » 2014 « 714-718
DOI: 10.2478/s11534-014-0507-2

'\.._:'//-
VERSITA

Central European Journal of Physics

MCNP simulation of the dose distribution in liver
cancer treatment for BNC therapy

Research Article

Dragana Krstic'*, Zoran Jovanovic', Vladimir Markovic!, Dragoslav Nikezic', Viade Urosevic?

1 University of Kragujevac, Faculty of Science,
R. Domanovica 12, 34000 Kragujevac, Serbia

2 University of Kragujevac, Faculty of Technical Science,
Svetog Save 65, 32000 Cacak, Serbia

Received 18 March 2014; accepted 10 June 2014

Abstract:

The Boron Neutron Capture Therapy (BNCT) is based on selective uptake of boron in tumour tissue com-
pared to the surrounding normal tissue. Infusion of compounds with boron is followed by irradiation with
neutrons. Neutron capture on '°B, which gives rise to an alpha particle and recoiled “Li ion, enables the
therapeutic dose to be delivered to tumour tissue while healthy tissue can be spared. Here, therapeutic
abilities of BNCT were studied for possible treatment of liver cancer using thermal and epithermal neutron
beam. For neutron transport MCNP software was used and doses in organs of interest in ORNL phan-
tom were evaluated. Phantom organs were filled with voxels in order to obtain depth-dose distributions in
them. The result suggests that BNCT using an epithermal neutron beam could be applied for liver cancer

treatment.
PACS (2008): 87.53.Bn, 24.10.Lx, 87.19.x]
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1. Introduction

Nuclear reaction '*B(n,a)’Li is a basic principle of Boron
Neutron Capture Therapy (BNCT). High energy alpha
particle and recoiled ’Li, created in this reaction produce
a large and spatially close ionization in vicinity of the
the reaction. The range of reaction products is compara-
ble with the size of cells. Metastatic cells have higher
affinity towards boron uptake, so a higher dose will be

*E-mail: dragana@kg.ac.rs

delivered to tumour cells during neutron irradiation. The
normal healthy tissue can be spared from the nuclear re-
actions if they have not taken up '°B they can be spared
from the nuclear reactions. The advantage of this process
is even more pronounced when the whole organs such as
brain, liver, lung, pancreas and prostate are treated [1-4].
This method was first used in 2001 in Pavia, ltaly [5]. BNC
Therapy was applied to an isolated liver suffering from dif-
fuse metastasis, which was pre-treated. The blood content
was removed through washing and the liver was made hy-
pothermic at temperature of 4°C. A neutron isotropic field
was applied from the experimental reactor at Department
Nuclear and Theoretical physics at University of Pavia.

&) Springer
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Liver perfusion with a solution of 10boronophenylalanine
(10BPA) ensured that concentration of boron in tumour
was about six times greater than that of healthy liver tis-
sue [3]. The therapeutic procedure was successful, and it
was applied again in 2003 on different patient. The effi-
cacy of BNCT in destroying the tumour cell populations
and the high selectivity of its killing effect was confirmed
[3]. No other kind of antineoplastic therapy stands com-
parison with this one [6]. Liver autotransplant is a hard
task both for patient and surgeon. An in situ irradiation of
the liver, with the method of hypothermic exsanguineous
perfusion, should reduce both the surgical trauma and the
time required for the procedure; but in this case a proper
shielding of the patient’s body and a bed-side source of
neutrons would be needed [6]. Results obtained in the
elimination of the liver metastases have encouraged other
research groups to begin studies and projects for the auto-
transplant method. For the TRIGA reactor in Pavia, a new
configuration of the thermal column was designed by using
MCNP calculations that would ensure a better dose uni-
formity in the explanted organ. Another BNCT research
area in Pavia was dedicated to lung tumours, consisting
of irradiating the organ with external epithermal neutron
beams, without organ explantation. ~ Other clinical tri-
als for liver treatment have been performed in Argentina
[7]. A facility for the irradiation of a portion of patients
explanted liver and lung was constructed at the RA-3 re-
actor, Comision Nacional de Energia Atomica, Argentina,
[7]. The facility, located in the thermal column, is charac-
terized by the ability to insert and extract samples without
the need to shutdown the reactor. The most recent clinical
trials with BNC therapy reported very promising results
for head and neck cancer [8]. A recent work consists of the
study of a different isotope **S as a alternative to "B for
neutron capture therapy. It could produce an enhancement
of the tumour dose near the surface in BNCT treatments or
applied to superficial tumours as ocular melanoma [9, 10].
Other studies showed the optimal irradiation technique for
BNCT dosimetry of recurrent breast cancers [11]. It was
shown that thermal neutron beam was the optimal treat-
ment with shorter irradiation timeas a longer irradiation
time was not suitable for actual clinical trials in breast
cancer treatments. With respect to the neutron sources,
only beams obtained from research fission nuclear reac-
tors have been employed up to now. These are facilities
that cannot be built into hospitals and therefore this is a
limitation of the technique. However, the new projects of
producing the neutron beams from accelerators may lead
to a new era in BNCT.

Here authors wanted to investigate BNC therapy effi-
ciency for localised tumors in the liver. In the authors
previous paper [12] metastasis and a lung tumor were de-

scribed. The difference in evaluated dose in tumour and
normal lung tissue suggests that this therapy could be
applied for treatment of tumours and metastasis in lungs.
In this work, the advantages of BNCT therapy for liver
tumors are investigated.

2. Material and methods

The computational model of the male Oak Ridge National
Laboratory (ORNL) phantom [13, 14] was used here to
simulate tumours in the liver. Calculations have been
performed by means of the MCNP5/X code [15] which
was used to simulate neutron transport from the source
to the target organs. The subject liver and surrounding
tissue was filled with voxels in order to obtain dose dis-
tribution in direction of the beam. Since the tumour is
localized inside of liver, a collimated beam was used in
order to minimize the dose in healthy tissue. To ensure
an isotropic neutron field, the tumour was irradiated in
anterior-posterior AP and posterior-anterior PA geome-
try. Location of the tumour was chosen as in [16] with the
tumour represented by the 3 x 3 x 3 cm® cube filed with
1 cm? size voxels, as shown on Figure 1.

1T
T

Figure 1. Transversal cross section of ORNL phantom at height
z=35cm

The coordinates of the tumour are x: -13 to -10 cm; y:
-2 to 1 cm, and z 33 to 36 cm. The neutron source po-
sition is marked on Figure 1 by the black lines outside
of the trunk. The source is the same size as the tumour
and collimated with direction towards the tumour. The
energy of the neutrons was taken to be 0.025 eV as the
representation of thermal neutrons and 1 keV for epither-
mal neutrons. Two cases were investigated in this study
the tumour tissue was injected with both 30 and 45 ppm
of boron. For the 30 ppm case, 3 ppm was taken to be
absorbed in healthy tissue as in [16]. For the 45 ppm case
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Figure 2. Depth dose distributions in case of: (a) thermal neutrons in AP geometry; (b) thermal neutrons in PA geometry; (c) weighted dose depth
distribution for thermal neutrons; (d) epithermal neutrons in AP geometry; (e) epithermal neutrons in PA geometry; (f) weighted dose
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depth distribution for epithermal neutrons

Table 1. Doses in right kidney and spine [Gy per incident neutron]

Thermal neutrons

Epithermal neutrons

Boron concentration 30 ppm 45 ppm 30 ppm 45 ppm
right kidney 6.71-10"'®  1.17.10"">  6.66-10""7 1.13.10°1'6
spine 704077 4081071  2.95+10~" 3.43.10°"
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8 ppm was taken to be absorbed in healthy tissue [3]. In
total, 107 neutron histories were simulated in order to ob-
tain calculation uncertainty smaller than two percent in
almost all cases. MCNP energy deposition tally-f6 was
used for absorbed dose calculation (in Gy per source neu-
tron).

2.1. Results and discussion

The tumour tissue presented in Figure 1 was irradiated
with two separate beams in AP and PA geometry with
thermal and epithermal neutrons. Y axis dose distribution
at the direction that goes through middle of the tumour for
AP and PA geometry is presented for thermal neutrons in
Figures 2a and 2b, respectively. Doses in these two ir-
radiation cases were weighted with 0.5 and summed to
give dose per neutron from both geometries of irradiation
in which near uniform field was expected. Summed dose
is presented in Figure 2c. For epithermal neutrons dose
distributions for AP and PA geometry are presented in
Figures 2d and 2e; weighted dose is presented on Fig-
ure 2f. Doses on Figure 2 are in Gy per one incident
neutron from source. Analyzing graphs for thermal neu-
trons it can be seen that almost all neutron flux has been
absorbed in the side of the trunk from which neutrons are
incident. Outside of the tumour, the dose could be practi-
cally neglected, when comparing to tumour dose and the
dose in opposite side of the trunk. With increasing depth,
dose is rapidly decreasing. In the tumour tissue, the dose
is higher due to higher concentrations of boron. In or-
der to get a more homogeneous distribution of dose and
more effectiveness of irradiation neutron flux was split into
two beams from opposite directions. In that way dose to
healthy tissue can be reduced to half in one direction. In
Figure 2c the weighted dose was shown. It can be seen
that dose per neutron is about half the dose in healthy
tissues while tumour dose is practically the same when
irradiating in both directions. Non uniform depth dose in
tumour is consequence of non symmetrical conditions of ir-
radiation. The important thing that should be noticed is
the fact that for thermal neutrons and 30 ppm concentra-
tion of boron dose in tumour is the same as the dose near
the surface of the trunk. For BNCT treatment it is pro-
posed that due to higher concentration of boron in tumour
tissue compared with healthy dose in tumour is far greater.
For concentration of boron in tumour of 45 ppm, dose in
truck is even greater than dose in tumour. Considering ep-
ithermal neutron beam situation is more convenient. Fig-
ures 2d and 2e show the depth dose distribution for AP
and PA geometry where it can be seen that neutrons have
enough energy to deliver far greater doses in the tumour
tissue compared to the healthy tissue. On Figure 2f it can

be seen that the tumour to healthy tissue ratio is greater
compared to that of thermal neutrons, which makes them
better candidates for BNC therapy. Values of doses are
larger in the case of thermal neutrons, up to 60 - 10~"°Gy
per neutron, compared with epithermal neutron dose up
to 2-107"°Gy per neutron. The tumour to healthy tissue
dose ratio is about 4 for epithermal neutrons. In addition
doses in nearby organs are calculated also. In this study,
the right kidney and the spine are also in the vicinity of
the beam. Doses in these two organs are given in Table 1.

2.2. Conclusion

BNC Therapy has been shown as a good approach for
selective treatment in some cases of malignant diseases.
It has been already shown that this approach has advan-
tages in the treatment of lung metastasis and localized
tumours. In the case of the liver BNC Therapy, the method
is also shown as a viable method for tumour treatment.
Simulations such as this present very helpful pretreat-
ment approach in order to provide insight during treatment
planning. Here it was shown that epithermal neutrons are
better candidates even though doses from thermal neu-
trons are larger. Since doses are per source neutrons, a
higher exposure with epithermal neutron for same flux as
the thermal neutrons can give rise to same dose in tumour
tissue, while the dose in healthy tissue will be far lower in
case of epithermal neutrons. Surrounding organs in this
study receive far lower doses than tissue which is in the
way of the beam, due to the collimated beam of neutrons.
BNC Therapy has been shown as very powerful method
due to selective uptake of boron.
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CALCULATION OF THE DOSE CONVERSION COEFFICIENTS
FOR THE YOXELIZED MATHEMATICAL MODEL OF THE EYE LENS
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Objective of this work was to caleulate te conversion coefficients from fluence to personal dose equivalent Hp(3) for
neutron radiation and voxelized mathematical model of eye lens using Monte Carlo MCNP5/X code. For the purpose
of dose calculation a voxelized mathematical model of the eye lens was developed and calculations of personal dose
equivalent in terms of Hp(3) delivered by neutrons of various energies was performed. Dose calculation was also
performed for anthropomorphic phantoms and results were compared with those obtained using voxelized phantoms.

Key words: eye lens, neutron beam, MCNP5/X, conversion coefficients

1. INTRODUCTION

Many recent studies have demonstrated that the lens
of the eye is much more sensitive to radiation,
indicated that radiation risk has been significantly
underestimated in many practical situations at the
workplace [1-3]. It has been shown that threshold for
cataract development lens might be much lower than it
was previously taught [2-3]. Consequently, the
International Commission on Radiological protection
(ICRP) proposed a reduction of dose limit for eye lens
from 150 mSv to 20 mSv per year [4]. This 7.5 fold
reduction of a dose limit has attracted great attention
and eye lens dosimetry has become a very intensive
research area [5-7], including development of new
dosimeters, calibration procedures and eye lens
monitoring arrangements in various fields of
application of ionizing radiation. This ICRP
recommendations has also increased interest in the
calculation of conversion coefficients from fluence to
personal dose equivalent Hp(3) for neutrons, which
have not been available before [8]. Operational
quantities for area and individual monitoring of
external exposures have been defined by International
Commission on Radiological Units and measurements
(ICRU). The Hp(3) is recommended as operational
quantity for eye lens monitoring [9]. It is the dose
equivalent in ICRU (soft) tissue at an appropriate
depth at 3mm, below a specified point on the human
body. Recently, activities carried out under the
ORAMED (optimisation of radiation protection for
medical staff) calculation of the conversion factors
from air kerma to Hp(3) for photons, giving rise to
operational quantities to monitor of the eye lens dose

which could be applied not only for low-energy
electrons and photons but also for all other types of
radiation [6, 8,9].

2. MATERIALS AND METHODS

Dosimetric approach based on Monte Carlo modelling
and calculations using the MCNP5/X code was used in
this work. MCNP5/X was also used to simulate the
neutron transport from the source to the area of
interest. MCNP allows the treatment the complex track
transports of neutrons, photons and electrons in
different  geometrical models in 3-D  space
environment, allowing modular choice surface of
interest. To calculate Hp(3) a slab phantom was used
and irradiated for various incident angles and neutron
energies The irradiation geometry was simulated using
parallel expanded and aligned field of monoenergetic
neutrons in vacuo, large enough to irradiate the entire
phantom. This model (slab) consisted of ICRU tissue ,
including 4-elements composition (10.1 % H, 11.1 % C,
2.6 % N and 76.2 % O with mass density 1.0 g.cm3).
The scoring volumes in the slab was modeled as
follows: : a cylinder of radius r=5 cm and thickness
(height) of 1=0.04 mm was used to model the eye lens.
Eye lens was not modeled with the radius of 5 cm.
Scoring volume was taken as 5 ¢m in radius which
encompasses space between two eyes. Such approach
was recommended by ORAMED project [10]. The
cylinder was positioned at the centre of the front face
of the slab phantom of dimensions 30 x 30 x 15 cm? at
a depth of d=3 mm. The axis of the cylinder was
normal to the front face of the phantom. For the
purpose of dose calculation, the region of interest was
the cylinder was voxelized (figure 1). Dose was also
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calculated for nonvoxelized geometry represented by
slab phantom (figure 2) and results were compared
subsequently.

#

Fig. 1 Voxelized slab phantom

Fig. 2 Nonvoxelized slab phantom

Using the advantage of libraries in MCNP5/X code, in
this calculations to obtain the final results the tally
cards for neutrons importance: F4:n and Fé:n and for
photons importance: F6:p were used. Totally 107
simulations were run to obtain small relative
calculation uncertainty that is not greater than few
percents. Calculation of conversion coefficient from
neutron fluence to Hp(3) was performed using tally
kerma and suitable energy dependant quality factor for
neutron radiation [11-22].

2.1 Results and discussion

Hp(3) was calculated at the depth of 3 mm below the
surface of slab phantom. Conversion coefficients are
provided for various neutron energies, incident angles
and two mathematical models of the eye lens. For
precise comparison and dose calculations for two types
of slab phantom (voxelized and nonvoxelized),
simulations were performed using MCNP5/X code for
21 different neutron energies from 0.01eV up to 15
MeV using parallel expanded and aligned field for
three different incident angles (a=0°,30°60") of
neutron beam irradiation. The first sets of data for
voxelized slab phantoms are given in Table 1. and the
second sets of data are given in Table 2. It can be seen
that data for voxelized and nonvoxelized slab phantom
approximation are in good agreement for all sets of
energies and angles, indicating that there is no
significant difference in eye dose of either of those
phantoms is used.

Many authors have used various calculation tools to
produce coefficients to convert radiometric quantities
to suitable operational dosimetric quantities, including
Hp(3)[23-25]. The air kerma to Hp(3) conversion
coefficients for photon radiation of various energies,
incident angles and phantom designs were calculated
[11, 23-27] . The conversion factor were also calculated
to convert electron fluence to Hp(3) and Hp(0.07)
using a model of the lens an different geometries
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[24,28]. Thus, the conversion coefficient for photon
and electron radiation have been calculated for a wide
range of monoenergetic and polyenergetic beam and
simplified and sophisticated models of the eye;
however, to our knowledge there are only few papers
dealing with conversion coefficients for neutron
radiation [8]. Gualdrini et al (2013) to provided
conversion coefficients suitable application in eye lens
neutron dosimetry procedures in the energy range
from thermal to 15 MeV in order to validate the kerma
approximation for the calculation of the energy
deposition. The results revealed that assessments of
eye lens dose in terms of Hp(3) in the range of energies
starting from 600 keV to 12 MeV might lead to an
underestimate of the absorbed dose to the lens of the
eve, which stress the importance of further
investigations in this area.

Although there is a large probability that whole body
dose limit would be reach prior eye lens dose limit [25]
recent reduction of dose limit for the eye lens requires
additional monitoring to verify compliance with dose
limit wherever neutron radiation is used at the
workplace or for dosimetry in the case of potential
accident [8,29]. Eye dosimetry is only considered for
radiation protection because of cataract induction
which is classifies as tissue reaction with a typical
threshold. Nevertheless, recent data on the of this
threshold are not consistent and disagree about one
order of magnitude of this threshold [30]. There are
even claims that cataract could be considered as a
stochastic effect, whish also highlights the need for eye
dosimetry.

Table 1. Fluence to Hp(3) conversion coefficients
calculated for neutron energies in the range of 1.00E-
09 keV to 15 MeV and three incident angled for
voxelised geometry

E(ll\l;rg)v H3=F (3,00 /& | H2=F(3,307) /4 H=*(3,607) /2
ev,
1.00E-09 1.71E+01 1.71E+01 1.71E+01
2.50E-08 3.46E+00 3.46E+00 3.44E+00
2.00E-07 1.27E+00 1.26E+00 1.25E+00
2.00E-06 4.12E-01 4.12E-01 4.01E-01
5.00E-05 8.89E-02 8.49E-02 8.07E-02
1.00E-04 7.99E-02 7.49E-02 7.06E-02
5.00E-03 3.23E+00 3.23E+00 3.23E+00
7.00E-02 9.29E+01 9.29E+01 9.30E+01
0.30 2.55E+02 2.55E+02 2.55E+02
1 3.87E+02 3.87E+02 3.87E+02
2 3.58E+02 3.58E+02 3.58E+02
3 3.50E+02 3.50E+02 3.50E+02
4 3.62E+02 3.62E+02 3.62E+02
5 3.52E+02 3.52E+02 3.52E+02
6 3.18E+02 3.18E+02 3.18E+02
7 3.50E+02 3.50E+02 3.50E+02
8 3.31E+02 3.31E+02 3.31E+02
10 3.86E+02 3.86E+02 3.86E+02
12 4.27E+02 4.27E+02 4.27E+02
14 4.96E+02 4.96E+02 4.96E+02
15 5.17E+02 5.17E+02 5.17E+02
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Table 2. Fluence to Hp(3) conversion coefficients
calculated for neutron energies in the range of 1.00E-
09 keV to 15 MeV and three incident angled for
nonvoxelised geometry

?&e:‘%' HE= (3,004 | HE=(3,30°) /4 | HEF(3.6070 /%
1.00E-09 1.71E+01 1.71E+01 1.71E+01
2.50E-08 3.46E+00 3.46E+00 3.43E+00
2.00E-07 1.26E+00 1.26E+00 1.25E+00
2.00E-06 4.14E-01 4.12E-01 4.02E-01
5.00E-05 8.79E-02 8.54E-02 8.25E-02
1.00E-04 .99E-02 7.89E-02 7.22E-02
5.00E-03 3.23E+00 3.23E+00 3.23E+00
7.00E-02 9.20E+01 9.29E+01 9.29E+01

0.30 2.55E+02 2.55E+02 2.55E+02
1 3.87E+02 3.87E+02 3.87E+02
2 3.58E+02 3.58E+02 3.58E+02
3 3.50E+02 3.50E+02 3.50E+02
4 3.62E+02 3.62E+02 3.69E+02
5 3.52E+02 3.52E+02 3.52E+02
6 3.18E+02 3.18E+02 3.18E+02
7 3.50E+02 3.50E+02 3.50E+02
8 3.31E+02 3.31E+02 3.31E+02
10 3.85E+02 3.86E+02 3.85E+02
12 4.27E+02 4.27E+02 4.27E+02
14 4.96E+02 4.96E+02 4.96E+02
15 5.17E+02 5.17E+02 5.17E+02

2.2 Conclusion

The results of this paper outlined a new sets of
conversion coefficients for neutron radiation. For the
purpose of dose calculation a voxelized mathematical
model of the eye lens was developed and calculations
of personal dose equivalent in terms of Hp(3) delivered
by neutrons of various energies was performed. Owing
the recent reduction of eye lens dose limit from 150
mSv to 20 mSv and fact that neutron radiation is
predominant contributor to the total dose [28], a
further investigation in to improve the accuracy of the
ey dosimetry for neutron radiation is needed.
Acknowledgement: This work was supported by
Serbian Ministry of Education and Science [Grant No
171021 and 43011].
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Abstract
Interventional radiology and cardiology guarantee high benefits for patients,
but are known to be associated with a high level of radiation exposure of
medical staff. The recently suggested decrease of the annual dose limit for the
eye lens, from 150 to 20 mSv, caused a need for a reconsideration of practices
ensuring sufficient protection for the lens of the eyes of medical staff. In such
context the study of the scattered radiation around the operator’s head could
help in finding the best solutions to be adopted for the ceiling-suspended shield
and lead glasses in the most common situations in interventional practices.

0952-4746/16/040902+20$33.00 ©2016 IOP PublishingLtd Printedin the UK 902

135



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHn3yjyhux 3padema y opraHuMa 4oBedjer Tejia -I10KTOPCKa JUcepTanmja

J. Radiol. Prot. 36 (2016) 902 P Ferrari et al

MCNPX Monte Carlo code was employed with anthropomorphic
mathematical phantoms to simulate interventional practice projections. For
each projection the effect of changing selected parameters on the evaluated
scattered radiation towards the operator’s head has been calculated.

The variety of modelled situations provides plentiful material regarding
the spatial distribution of the scattered radiation, useful to improve eye lens
radiation protection, such as the following:

(a) Glasses, which provide shielding from both lateral and bottom-up
scattered radiation, can reduce by ten times the exposure to the most
exposed eyes;

(b) The ceiling-suspended shield offers valuable protection, but such
effectiveness can diminish by 90% if the shielding is not correctly
positioned;

(c) The transition from femoral to radial access usually intensifies the
scattered radiation toward the operator head (a factor of 1.5 for AP
projection), but for RAO projections, a reduction of the order by two
to three times, in the case of radial access, can be seen, due to the
protection provided by the image receptor.

The detailed fluence outcomes show that there is a preferential direction
of the impinging scattered radiation that should be considered when radiation
protection options are evaluated or when a dedicated eye lens dosemeter is
used for monitoring.

Keywords: eye lens, interventional radiology, interventional cardiology, lead
glasses, shielding, Monte Carlo, medical staff dose monitoring

(Some figures may appear in colour only in the online journal)

1. Introduction

Interventional radiology and cardiology are widespread practices and, if properly applied,
may have huge benefits for patients, but are known to involve high levels of radiation exposure
for operators (Vano et al 1998, 2008, 2010, Carinou et al 2014), making the optimization of
radiation protection a crucial issue for the patient and medical staff. Protective devices like
lead aprons, collars, curtains and suspended screens are commonly used to protect (reduce the
exposure of) organs and tissues known to be radiosensitive—essentially the ones from the list
of contributors to effective dose (ICRP 2007). However, until recently, protection of the head
and, specifically, the eyes attracted less attention.

Nowadays interventional cardiologists and radiologists are the medical personnel with the
highest doses to the eyes (Jacob et al 2013b); thus the importance of providing a good selec-
tion of specialized protective devices along with recommendations on their proper employ-
ment has emerged, with the aim of ensuring sufficient radiation protection of the eye lens
(Carinou et al 2015). It is still under debate if there is any threshold above which cataract and
lens opacities may occur and some studies suggest that if it exists, then it should be lower than
previously thought (Worgul et al 2007, Ainsbury et al 2009, Shore et al 2010). Some health
studies have shown that interventional cardiologists and radiologists are at a considerably
higher risk of developing cataracts than other professionals (Vano et al 2010, 2013, Jacob
et al 2013a). This highlights the importance of an improved dosimetry for this sensitive organ.
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As a matter of fact, due to the annual workload of interventional staff, the estimated eye lens
exposure can easily exceed 20 mSv (Vanhavere ef al 2011). The new annual eye lens dose
limit suggested by the ICRP, which was reduced rather drastically from 150 to 20 mSv, sug-
gests that greater concern needs to be focused on the correct dosimetric estimation of doses in
this organ (ICRP 2012). In addition, although the use of protective devices can significantly
reduce the eye lens dose, this reduction depends on their availability and on the conditions in
which these devices are employed (Koukorava et al 2011). Among others, these conditions
include the proper use of the ceiling-suspended shield close to the scattered radiation field,
considering the x-ray tube angulation and the position of the operators, and the use of lead
glasses which should fit, as closely as possible, the operator’s head.

The recent statement on eye lens radiation protection (ICRP 2011, 2012) has produced a
large number of publications on the adequacy of the definition of operational quantity (Mariotti
et al 2011), on the appropriateness of calibration procedures in terms of Hp(3) (Bordy et al
2011, Gualdrini et al 2011), and on the amount of yearly exposure for medical staff in inter-
ventional procedures (Vano et al 2008, Donadille et al 2011, Vanhavere et al 2011).

Due to the characteristics of x-ray application (the beam is collimated and targeted at the
imaging device, the current and voltage are automatically adjusted in order to achieve adequate
image quality with the least possible exposure, etc), the doses to the operator’s eye lenses and
other organs are caused by the scattered photons. Virtually no incident (un-scattered) radia-
tion reaches the operator’s head. Thus studying the distribution of scattered radiation allows
optimization of the radiation protection of medical staff. Moreover, the assessment of doses
caused by scattered radiation is not a trivial task given the extremely complex geometry and
energy composition (spectrum) of irradiation in an interventional radiology room. In such
context Monte Carlo simulations can be very useful for determining the effectiveness of the
adopted protective device, because direct measurements can be affected by the intrinsic com-
plexity of the radiological practice that could hinder the efficacy of the proposed solutions—as
the variability in literature data suggests (Koukorava et al 2014, Ciraj Bjelac et al 2016).

The present investigation stemmed from a series of works started during the ORAMED
project (Optimization of Radiation Protection for Medical Staff) (Vanhavere et al 2011) and
continued in EURADOS Working Group 12 (dosimetry in medical imaging; www.eurados.
org) (Vanhavere et al 2012) in which part of the activities of a task group were devoted to
radiation protection in medical practices by employing Monte Carlo simulations.

In this study ORAMED-type anthropomorphic mathematical models have been used
in order to determine the scattered radiation that reaches the operator’s head (called OMs,
ORAMED mathematical models, in the following), allowing the determination of the effec-
tiveness of the radiation protection offered by the ceiling-suspended shield and lead glasses in
the most common situations in interventional workplaces.

2. Materials and methods

This work was aimed at studying the spatial distribution of scattered radiation around the head
of the interventional radiologist and, particularly, toward their eyes’ lenses (the head being
not directly exposed to the x-ray beam). Additionally, the paper investigates the way scattered
radiation is affected by the direction of the x-ray beam on the patient’s body (radiographic
projection) and by the presence of a protective device.

Energy transport, absorption and scattering and thus doses in organs/tissues of interest can
be described through particle (photon) fluence which is a fundamental quantity, traditionally
used for shielding and protection optimization (Jager 1968), from which the absorbed dose,
D(r), in a certain point, r, can be calculated using the well-known relation
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o = [ ‘I’T(r)//—j(E, rA: dE M

where @ is the fluence, y/p is the mass attenuation coefficient and Ae is the expectation
value of the imparted energy in an interaction by a particle of kinetic energy E (Carlsson and
Carlsson 1982).

2.1. The OM anthropomorphic models and geometries

Simulations were performed to describe the scattered radiation field around the air volume
surrounding the operator’s head during interventional procedures using the state-of-the-art
MCNPX Monte Carlo family code (Pelowitz 2013). The default physical parameters for pho-
ton transport (i.e. analogue scattering including Rayleigh scattering and the energy cut-off
set to 1keV), and ENDF/B-VI libraries for the scattering cross sections were used. For each
simulation, the number of simulated particles was adapted to obtain statistical uncertainties
below 5% (10 standard deviation). In most of the considered situations, the number of stories
(simulated particles) ranged between 10” and 107,

A modified version of the OM phantom was employed in the present work. The OMs were
derived from the MIRD (Medical Internal Radiation Dose) model (Snyder e al 1978, Krstic
and Nikezic 2007) and contained original organ and tissue composition and densities; these
were taken from ICRU 1992. The MIRD model is based on the standard male dimensions
(ICRP 1975) with a 176 cm height and 73 kg weight.

During the ORAMED project, eye lenses were added and the arms were modified, on the
basis of a published catalogue of anthropometric measurements (NATICK/RT-97/015 1995),
and bent in order to better mimic their position in interventional practice (Koukorava et al
2011). Two phantoms were used in these simulations. They were equal, except for the arms’
positions and the provided shielding. The ‘patient’ phantom was in the supine position and
the ‘operator’ stood close to it, in a configuration that is typical of interventional procedures
(figure 1). A thyroid collar of 0.5mm Pb and a lead apron of 0.5mm Pb in front of the opera-
tor’s body were also added to the operator to simulate the usually worn protections.

A T70kVp voltage, 3mm Al filter, and respective photon energy spectrum (IPEM 1997) pro-
duced by a point source were considered in the simulations. The diameter of the x-ray field on
the imaging was 20cm (except in the diameter-effect study, where it was changed to 30cm).
No other scattering structures, such as the walls, floor or ceiling of the operation room, were
taken into account except for the air surrounding the phantoms and the image receptor (which
was mainly the absorber of the radiation). For the sake of simplicity, the image intensifier was
represented by a cylinder while the x-ray tube was modelled by a point photon source emitting
in a direction that can be described as a cone.

The source-to-skin distance was set to about 60 cm and the distance between the source and
the image intensifier was about 90cm. These distances were kept constant for all irradiation
conditions and are representative of routine practice.

Each MCNPX input file contains more than 1500 lines and describes 158 cells (162 in the
case of glasses and shielding) defined through 255 equations of surface (275 in the case of
glasses and shielding), 8 materials, and 12 rotation matrices.

2.2. The spherical scoring volumes

In the ICRP 116 report (ICRP 2010) the committee employed a detailed eye model (Behrens
et al 2009) and the absorbed doses were evaluated only in the radiation-sensitive region of
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Image Device

!

AP PA LLAT / LAO 90 RAO 30° CRANIAL 40°

Figure 1. The geometries employed in the simulations, with the operator standing at
the right of the lying phantom representing the patient (‘the standard configuration’
in the text). The cylinder represents the position of the image receptor which in turn
defines the beam direction. The projections are, from left to right, AP (with the x-ray
tube over the patient), PA, LAO 90° (the x-ray tube on the operator side), RAO 30° and
CRANIAL 40°.

the lens, that is, a region of 0.47mm (mean) thickness and 49 mg mass (less than one fourth
of the whole lens). Those calculations were performed in vacuo, considering an expanded
and aligned field, i.e. covering the whole phantom, and with the radiation directly imping-
ing towards the organs and tissues (in AP, PA, LLAT, RLAT, ISO, and ROT projection). The
problem considered in this work is much more difficult since the phantom representing the
operator receives only the radiation scattered from the patient phantom and the surrounding
air. It should be stressed that the probability that a photon arrives in the operator’s eye lens,
after multiple scattering within the patient and the surrounding air, is very low. To give an idea
of the statistical difficulties of the present simulations, if we consider a region of the dimen-
sions of the whole eye and 38 million particles emitted by the x-ray source, in the case of
antero-posterior irradiation projection (see figure 1), the number of scattered photons reaching
the eye is of the order of 200, so only about 0.0005% of the particles emitted by the source
reach the volume of interest (eye lens). This result is not only statistically insignificant but also
requires several hours of CPU processing, with a common 64-bit i5-core PC, due to the com-
plexity of the geometries and the full tracking of scattered photons needed for the adequate
modelling of interactions with complex heterogeneous structures. To determine the effect of
the tube orientation on the scattered radiation and evaluate the impact of protective tools
(glasses and shielding) on eye lens exposure, additional (angular) sampling of the particle
population in the eye lens is required, which means further deterioration of previous statistics.

Those conditions seriously limited the possibility of employing this very thin region of
the eye lens for the directional sampling of the scattered radiation and, therefore, we decided
to modify scoring regions using two wider spheres. Although these two spheres were not
representative of the real geometry of the human eyes, they were taken as a dummy scoring
volume for the Monte Carlo simulations to improve the statistics and compute the directional
contribution of scattered radiation to the operator’s eye lens with sufficient accuracy. The
scoring volumes had an inner radius of 1cm and a thickness of 0.5cm. The gap was filled
by air, whilst the internal cavity was void. Each shell was subdivided into eight sub-regions
(spherical segments) of the same volume, delimited by two axial perpendicular planes. These
eight segments were used to distinguish the directions of the incoming scattered radiation. In
order to avoid cross-firing between adjacent and opposite segments, every photon entering the
inner part of the sphere was killed by setting to zero the photon’s importance (imp:p = 0, in
MCNP formalism). With respect to the range of the investigated energies (up to 70keV), all
simulations were performed only by tracking photons without following the produced second-
ary electrons (kerma approximation).

139



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHn3yjyhux 3padema y opraHuMa 4oBedjer Tejia -I10KTOPCKa JUcepTanmja

J. Radiol. Prot. 36 (2016) 902 P Ferrari et al

Spheres 7\

OPERATOR'S HEAD

VIEW FROM THE VIEW FROM THE
FRONT REAR

OPERATOR'S HEAD

Figure 2. The two spheres added at the operator’s head, in the eyes’ positions. In the
centre one a crosscut of the sphere shows the eight segments of the external air shell and
the inner void region, where the importance for particle tracking is set to zero in order
to avoid cross-firing among the opposite segments by the same photon (imp:p = 0). On
the right the 16 segments are identified as follows: the four frontal segments of the left
sphere are named (clockwise direction, starting from the upper left corner) L1, L2, L3,
and L4, and the corresponding segments on the rear are L1/, L2/, L3, and L4'. The same
scheme is applied to the right eye with R instead of L; thus, R1, R2, R3, and R4 for the
front and R1’, R2, R3’ and R4’ for the rear.

For the discussion of the results the following formalism as presented in figure 2 will be used
to identify the fluence in the 16 segments: the L1, L2, L3, and L4 labels to mark the anterior
segments of the left sphere; L1’, L2/, L3/, and L4/, for the corresponding posterior segments;
and R1,R2, R3, R4, R1’, R2, R3', and R4/, for the respective parts of the right sphere.

2.3. Simulated protective devices

The shapes of the considered anti-X protective glasses are very simple (see figure 3). They
are simulated as a curved layer of 0.5mm lead. In order to investigate the goggle shape effect,
three types of glasses are taken into account: type A is divided into two pieces and provides
only frontal and lateral protection; type B is similar to A but is designed as one piece; type C
is the same as type B but with an added layer at the bottom that gives it a curved ‘L’ shape
cross-section. Moreover, three distances from the scoring sphere’s external surface have been
treated for each glass type in order to better analyse the directional contribution from the
bottom-up scattered radiation.

Table shielding, attached to the operating table, and a ceiling-suspended shield are also
considered (both 0.5 mm Pb). The ceiling shielding is of two types: A is an arc-type ceiling-
suspended shield positioned very close to the patient and slightly turned around the z-axis
towards the operator; B is a rectangular ceiling shield positioned to touch the patient, without
a tilt, and shifted on the left side of the operator for LAO 90° projection.

2.4. The simulation plan

With the aim of determining the scattered radiation in the spherical volumes, five different
cases were studied for sensitivity analysis in which the following simulation parameters were
modified:

(a) the operator’s position with respect to the patient’s body;
(b) the direction of the operator’s head with respect to the x-ray beam axis (turning it towards
or away from the beam);
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Figure 3. A model of the operator’s head with the added anti-X glasses type A, B and
C (identical to B but with a bottom shielding added that gives a curved ‘L’ shape to the
goggles) as considered in the simulations.

(c) the use of the three types of lead glasses;
(d) the use of ceiling-suspended shielding and table shielding;
(e) the field dimensions of the primary beam on the image intensifier.

The first two cases represent the possible movement of the operator during clinical prac-
tice, while the other three consider the modification (optimization in the case of shielding and
glasses) of some aspects of the procedure from a radiation protection point of view.

To allow the simulations while considering all possible combinations of the above-men-
tioned parameters, only a restricted number of possible x-ray tube projections have been con-
sidered from the wide range of orientations clinically used in interventional procedures (Kuon
2004, Struelens 2009, Topol and Teirstein 2012, Haqqani 2013, Baptista 2015, Vano 2015).
These are (see figure 1) the AP (tube over-couch); PA projection (tube under-couch), often
used both in cardiology and in vascular practices; the widely exploited full lateral projection
(LLAT/LAO 90°), which can also be employed in combination with caudal or cranial (CRA
40°) projection; and the right anterior oblique (RAO 30°), utilized as an alternative for LAO
in digital subtractive angiography and vascular radiology.

Herein, the term ‘standard configuration” means the following: the operator wears a pro-
tective collar and apron but no protective glasses or shielding is used; the irradiation field
diameter is fixed to 20cm on the image receptor. Thus, there is one ‘standard configuration’
for each of the five considered x-ray projections. As shown in figure 1, the operator stands
upright perpendicular to the patient, at the femoral artery access position (‘femoral access’),
near the patient waist (i.e. the position of the operator is about 80 cm from the myocardium).

This operator’s position is modelled for interventional cardiology practices but the tested
projections and the following analysis can also be employed for interventional radiology in
general.

The sensitivity analysis involves comparing the fluence of scattered radiation reaching the
16 segments of the spheres surrounding the operator’s eye lens tallied for the standard con-
figuration against that obtained with different parameters. The variable parameters in that
analysis are reported in table 1.

In this study the x-ray energy beam is fixed to one value (70 kVp, 3mm Al filtration)
because an investigation of beam qualities has already been performed by Koukorava et al
(2011). In the current simulations low energy (within the range 60 kVp-125 kVp normally
employed in interventional practices) is chosen in order to emphasize the scatter effects under
investigation. In the case of higher kVp beams the studied effects are still present but less
evident, as the radiation scatter is present but less pronounced, at least for a patient of the
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Table 1. Investigated parameters in the sensitivity analysis.

Parameter Standard configuration Investigated cases

Lead glasses No glasses Glasses type A, B, C (see figure 3)
Glasses type A, three distances from the sphere’s external
surface (0.5, 1, 2cm)

Ceiling and No shielding Table shielding + ceiling shielding,
table shielding table shielding + ceiling shielding optimized (only for
LAO 90° projection)
Operator’s turn ~ No turn Operator’s turn relative to the beam axis direction
Procedure ‘Femoral access’, ‘Radial access’, distance reduced to 38 cm from the
about 80cm from the  myocardium centre (along the Y axis)
myocardium centre ‘Radial access’, variation of operator’s position along X
(along the Y axis). axis (operator nearer/farther from the patient), different
cases
X-ray field 20cm diameter ‘Radial access’, 30cm diameter

dimensions

dimensions modelled in the present work. For the same reason, to amplify the effect and
reduce the number of simulations, some parameter variations have been combined (such as
radial access and beam diameter in the image receptor in table 1).

3. Results

The simulation results show common aspects for all five simulated projections. Hence, a gen-
eral overview is given below and a more detailed analysis is provided in paragraphs dedicated
to each projection.

Such aspects are discussed in detail in the following paragraphs. Sensitivity analysis is
applied to all five projections but, to limit the manuscript length, each effect is discussed only
for the projection where it is the most relevant or yields the most interesting results.

3.1. Aspects common to all projections

First of all, by comparing the five projections, it is possible to determine the variability of
particle fluence reaching the operator’s head. Table 2 reports the maximum fluence, for the
‘standard configuration’, considering all of the 16 spherical segments, normalized to the AP
projection. As can be seen, the scattered photon fluence ratio is at its maximum for LAO 90°,
where the tube is on the same side of the operator which is exposed to radiation backscattered
from the right side of the patient body. The fluence in the LAO 90° tube orientation is sixteen
times as high as that in AP projection (i.e the x-ray tube is placed over the patient), which is
eight times as high as that in PA projection (i.e. the x-ray tube is under the patient-couch).

In figure 4, the results of the five projections in ‘standard configuration’ are shown in
order to give a general idea of the fluence distribution in the 16 spherical segments. For each
projection, the data are normalized to the maximum fluence registered in one of the sixteen
segments. As can be seen, for all projections but one (RAO 30°), the maximum is observed in
the L3 segment which corresponds to the lower left part of the left eye (see figure 2). In the
RAO 30° projection, the maximum is located in the symmetrical position (with respect to the
sagittal plane of the head) corresponding to the R4 segment. This is mainly due to the presence
of the image receptor, near the operator’s head, which provides possible protection for the left
eye leading to the highest exposure shifting to the right eye.
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Table 2. The maximum fluences, for the ‘standard configuration’, considering all the
16 spherical segments normalized to the AP projection.

Maximum scattered fluence

Projection normalized to AP projection
LAO 90° 15

AP 1

CRANIAL 40° 0.5

PA 0.12

RAO 30° 20.015

The scattered radiation comes, as expected, (a) from the left side, because of the position
of the operator near the x-ray tube, and (b) from the bottom, where the scatter source, i.e. the
patient, is positioned. Thus, the segments that get the highest fluence are L2, L3 and L4 as well
as L2/, L3" and L4'. Segment L1’, which is located inside the head in the rear upper position,
is the least exposed part of the left eye, as is the case of segment R1’ for the right eye, which
is the most distant from the source. This is due to the trivial geometrical consideration taking
into account the relative position of these volumes with respect to the beam orientation and
the scattered field.

The data in figure 4 refer to the ‘standard configuration’. The sensitivity analysis which is
performed by modifying the parameters characterizing this scenario shows that:

(1) the position of the operator with respect to the patient and the source changes the distribu-
tion of scatter radiation around the eyes, following the general rule that when distance
diminishes the scattered fluence increases;

(2) the turn of the operator’s head towards the beam axis may change the localization of the
maximum exposure from the left eye to the right eye:

(3) the fluence of scattered photons decreases as the beam diameter decreases;

(4) the considered types of lead glasses provide good lateral protection, at least for the left
eye (supposing the operator stands on the right side of the patient as in figure 1).

3.2. LAO 90° projection

As shown in table 1, the LAO 90° projection presents the highest exposure to scattered radia-
tion for the operator. In such a situation, the use of lead glasses is particularly important to
reduce doses to both eye lenses.

In figure 5 the values of the scattered photon fluences, evaluated in the 16 spherical
segments around the operator’s eyes, and normalized to the maximum fluence in the LAO
90° ‘standard configuration’, are presented for the three considered types of lead glasses
(figure 3). The associated relative uncertainties are of the order of 5%. Both type A and B
glasses reduce radiation coming laterally. For the L2 segment the fluence-to-maximum-
fluence ratio reduces from 0.94 (no glasses) to 0.35 for type A and to 0.07 for type B glasses.
Also the radiation reaching the L3 segment, where the maximum for the LAO 90° ‘stand-
ard configuration’ (figure 4) is located, is reduced to 0.76 (type A) and to 0.52 (type B).
Meanwhile, the reduction for the L4 segment is only of the order of 15% because there is
still a huge contribution of scattered radiation that reaches the eye from the bottom-up direc-
tion. Similarly, type A and B glasses show limited efficiency in reducing photon fluence for
the right eye, which is already less exposed to radiation coming from the front or from the
side due to geometrical reasons. Type C glasses provide a relevant reduction, by a factor of
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Figure 4. Ratios of the scattered photon fluences evaluated in the 16 spherical segments
around the operator’s eye lens, normalized to the maximum for each projection
“standard configuration’.

10 and more (L3, L4), of the fluence reaching the majority of the frontal and rear segments
for both eyes. The only exceptions are the R3 segment, where the fluences are only halved,
and the rear segments L4/, R3’ and R4', where the reduction effect is comparable with the
magnitude of the simulation uncertainties.

Obviously, in order to achieve the best protection against scattered radiation, the ceil-
ing-suspended shield needs to be correctly positioned in the room with respect to the beam
and the operator position; this is particularly critical when lead glasses are not used. It
is important to emphasize that specific optimized positioning is directly correlated with
the employed projection. For all tube projections, especially LAO 90° which involves the
highest operator exposure, the ceiling shield should be correctly positioned between the
operator and the x-ray tube. In figure 6(a), the simulated geometry with particle tracking
is shown. Here, the ceiling shield, which usually provides good protection for PA projec-
tion, is moved from the position over the patient to the side of the operator. The effect of
this change can be seen in figure 6(b) where the ratios of the scattered photon fluences
to the maximum photon fluence, evaluated for the LAO 90° ‘standard configuration’, are
reported for the shielding in both non-optimized (over the patient) and optimized positions
(the side of the operator). In the case of non-optimized shielding, the ceiling shield has a
limited reduction effect on the scattered radiation fluences and its efficiency is compara-
ble to that of the use of type A glasses. However, a reduction by a factor of about 10, and
more for some segments, can be generally achieved for optimally positioned shielding.
Additionally, the use of ceiling shields provides great protection for the rear segments of
both eyes (see R1’, R2/, R3’, R4’ and L4").
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LAO 90° Standard configuration (no glasses)

0.04 0.12 0.19 0.84
0.40 0.52 0.56 0.94
0.66 0.50 0.95 1.00
0.11 0.12 0.63 0.85
Glasses type A (see figure 2)
0.06 0.12 1016 0.48
0.40 0.53 0:25 0.08
0.66 0.53 0.93 0.76
0.13 0.11 0.65 0.84

Glasses type A (see figure 2) higher air-gap

0.05 0.12 0.18 0.71
0.43 0.52 0.46 0.35
0.67 0.52 0.96 .95
0.14 .11 0.65 0.86
Glasses type B (see figure 2)
0.04 0.10 0.14 0.29
0.38 0.47 0.15 0.07
0.58 0.52 0.83 0.52
0.14 0.13 0.62 0.78
Glasses type C (see figure 2)
0.02 0.09 0.06 0.05
0.01 0.10 0.02 0.04
0.10 0.22 0.15 0.06
0.12 0.11 0.56 0.23
Regions Legend
R1’ R2’ £’ L2’
R1 R2 1 L2
R4 R3 L4 13
R4’ R3’ L4 L3’

Figure 5. LAO 90°, study of the protection offered by the lead glasses. Map of the
ratios of the scattered photon fluences, evaluated in the 16 spherical segments around
the operator’s eye lens, to the maximum of the fluence in the LAO 90° ‘standard
configuration’ (segment L3). The bold numbers refer to the frontal segments whilst
the italic ones to the rear segments. The shadowed numbers depict the most exposed
segments for the given protection option (glasses type).

3.3. AP projection

The over-couch tube setting produces a back-scattered radiation cone in the direction of the
operator’s head. In such a situation, the scatter field is predominantly influenced by the distance
between the operator and the irradiated part of the patient’s body by the x-ray tube. As in the LAO
90° configuration, the protection offered by glasses of a suitable shape is the most efficient tool
for the radiation protection of the eye lenses. Moving the operator towards the arms of the patient,
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(a)

LAO 90° Standard configuration (no shielding)
0.04 0.12 0.19
0.40 0.52 0.56 0.94
0.66 0.50 0.95 1.00

0.11 0.12 0.63 ’ 0.85

0.84

Table + ceiling shielding above the patient

0.03 0.1 0.17
0.36 0.46 0.48
0.54 0.44 0.85

0.1 0.1 0.58

Table + ceiling shielding on the side of the operator (optimized)

0.76
0.83
0.90
0.78

0.01 0.03 0.02 0.06
0.07 ° 0.07 0.07 0 0.08
0.09 0.07 0.09 0.08

0.03 0.02 0.06 0.07

Regions Legend

R1” R2* L’ L2’

R1 R2 L1 L2
R4 R3 L4 L3
R4’ R3" [ E3’

(b)

Figure 6. (a) Results (particle tracking) of LAO 90° which shows the particle tracking
and the scatter in the case of the ceiling shield in the non-optimized case, on the left
(above the patient), and the optimized case, on the right (on the side of the operator).
(b) LAO 90° effect of the table and ceiling shielding. Map of the ratios of the scattered
photon fluences, evaluated in the 16 spherical segments around the operator’s eye lens,
to the maximum photon fluence in the LAO 90° ‘standard configuration’ (segment
L3). The bold numbers refer to the frontal segments whilst the italic ones to the rear
segments. The shadowed numbers depict the most exposed segments for the given
protection option (ceiling shield location).
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AP  Standard configuration “femoral access”
0.06 0.23 0.17 0.88
0.59 0.72 0.75 0.98
0.80 0.99 1.00
0.26 0.69

0.93

“Radial access”

0.16 0.32
111 134 137
143 1 29 1.60

0.80 1.12

“Radial access” with glasses type C

0.04 011 0.05 ‘ 0.04

1.15
1.63
171

0.01 0.02 0.03 0.05
0.03 0 15 0.07 0.06
0.19 0.30 0.10

Regions Legend
Ly
° :

R1’
R1

R4’

()

Figure 7. (a) AP projection, effect of the operator shifting towards the patient’s ‘radial
access’ and the protection offered by the type C glasses (see figure 2). Map of the
ratios of the scattered photon fluences, evaluated in the 16 spherical segments of the
operator’s eye lens, to the maximum photon fluence in the AP *standard configuration’
(segment L3). The bold numbers refer to the frontal segments whilst the italic ones to
the rear segments. The shadowed numbers depict the most exposed segments for the
given protection option (location of the operator). (b) AP projection of a cut of the
patient (internal structures are visible) and of the intensifier, with a 3D representation of
the x-ray particle tracking (the air surrounding the phantoms is set transparent).
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CRANIAL 40° Standard configuration

0.06 0.25 0.26 0.74
0.59 0.68 0.72 0.94
0.76 0.69 0.94 1.00

0.35 0.33 0.75 0.92

CRANIAL 40° shielded

0.03 0.04 0.04 0.13
0.10 0.11 0.12 0.15
0.14 0.12 0.18 0.17

0.07 0.05 0.10 0.16

Regions Legend

R1" R2’ L’ 12
R1 R2 51 12
R4 R3 14 13

R4’ R3’ L4 L3

Figure 8. CRANIAL 40° projection: effect of the table and ceiling shielding. Map of
the ratios of the scattered photon fluences, evaluated in the 16 spherical segments at
the operator’s eye lens, to the maximum of the fluence in the CRANIAL 40° ‘standard
configuration’ (segment L3). The bold numbers refer to the frontal segments whilst
the italic ones to the rear segments. The shadowed numbers depict the most exposed
segments for the given protection option.

thus simulating a ‘radial access’ geometry, increases fluence to the eyes by a factor of two or
more; this is also true for the less exposed right eye. In figure 7 this effect is clearly shown. In the
AP ‘standard configuration’, the operator is 80cm from the myocardium, while in ‘radial access’
this distance is reduced to 38cm. In such a case, the protection provided by the lead glasses is
particularly essential if ceiling shielding cannot be employed. Considering type C glasses (see
figure 3) and comparing fluences to ‘radial access’, the reduction factor ranges from 2.5 (for R3’,
the worst case) to more than 25 (in the case of L2 and L3). Because of the direction of the scat-
tered radiation produced by the x-ray beam impinging on the patient body from the torso (see
figure 7(b)), type C lead glasses are particularly efficient in protecting the operator’s eyes.

3.4. Cranial 40° projection

For this type of projection, the use of a table and ceiling shields provides an efficient reduction of
the photon fluence reaching the eyes as can be seen from figure 8. In such a case, the reduction
reaches a factor of 5 or more for the rear segments as well. Figure 9 gives an idea of what hap-
pens when we move away from the ‘rigidity” of the simulated CRANIAL 40° ‘standard configu-
ration’. In this case the operator is turned by different angles towards the x-ray beam. As shown
in this figure, the most notable effect is the increase of photon fluences to the right eye (see in
particular the rear segments R1’ and R4’, which are ‘more exposed’ to the main scattering field).

3.5. PA projection

The direction of scattered radiation and the protection efficiency of lead glasses and ceiling
shields in the PA projection, with the tube under-couch, is very similar to those of the already
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CRANIAL 40° Standard configuration
0.06 0.25 0.26 0.74
0.59 0.68 0.72 0.94
0.76 0.69 0.94 1.00
0.35 0.33 0.75 0.92
30° rotation
0.24 0.38 0.16 0.71
0.90 0.91 0.98 0.98
0.84 0.93 1.01 0.94
0.69 0.48 0.53 0.73
45° rotation
0.34 0.32 0.45 0.38
- c > ‘ o
0.92 0.99 0.98 0.96
0.75 0.77 0.81 0.91
90° rotation
0.83 0.18 0.33 0.11
111 0.91 0.90 0.63
0.88 ° 0.96 0.81 0.98
0.82 0.59 0.39 0.52
Regions Legend
R1’ R2" L1 L2’
R1 R2 L1 L2
R4 R3 La L3
R4’ R3’ [ L3’

Figure 9. CRANIAL 40° projection: effect of the operator’s turn. Map of the ratios of
the scattered photon fluences, evaluated in the 16 spherical segments at the operator’s
eye lens, to the maximum of the fluence in the CRANIAL 40° *standard configuration’
(segment L3). The bold numbers refer to the frontal segments whilst the italic ones to
the rear segments. The shadowed numbers depict the most exposed segments for the
given protection option (operator’s turn).

considered AP projection, but the fluence is halved (table 1). In this case, the correct use of a
ceiling-suspended screen can reduce scattered radiation to the eye lens as shown in figure 10
where the fluence in PA ‘standard configuration’ and in the shielded case is plotted. The reduc-
tion factors obtained using proper shielding are of the order of 4-5.

3.6. RAO 30° projection

Table 1 shows that this projection yields the lowest level of radiation scattered fluence near
the operator’s head. In this particular geometry, the maximum fluence value is located at the
right eye (segment R4) and this is due to the presence of the image receptor, which provides a
partial shielding of the left side (and eye) of the operator. Such occasional protective effect is
increased in the case of ‘radial” access; this effect is the opposite of what is usually expected
for this access, given that the operator is nearer to the scattering source. Figure 11 documents
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PA Standard configuration

0.06 0.23 0.21 0.95
0.49 0.67 0.64 0.92
0.76 0.66 0.97 1.00

0.31 0.25 0.78 0.97

PA shielded

0.02 0.04 0.06 0.25
0.09 0.13 0.13 0.23
0.14 0.14 0.22 0.25

0.05 0.04 0.19 0.25

Regions Legend

R1" R2’ L1’ L2’

R1 R2 L L2
R4 R3 L4 L3
R4’ R3’ L4 L3’

Figure 10. PA projection: effect of operator shielding. Map of the ratios of the scattered
photon fluences, evaluated in the 16 spherical segments at the operator’s eye lens, to
the maximum of the fluence in the PA ‘standard configuration’ (segment L3). The bold
numbers refer to the frontal segments whilst the italic ones to the rear segments. The
shadowed numbers depict the most exposed segments for the given protection option.

the calculated fluences showing reduction of a factor up to 2-3 (R4, R3, L4, L3)—in ‘radial
access’ compared to ‘femoral access’.

4. Comparison to literature data

In general, our results are in agreement with what was expressed in Martin et al (2015) and
Martin (2016) where radiation doses to the eyes, when lead glasses are worn, are likely to
result from a combination of x-rays transmitted through the glasses and of the scattered radia-
tion coming from unprotected parts of the head. Our results support the conclusions drawn in
the aforementioned study, which did not allow more definite interpretations of this phenom-
enon. For some incident angles, eye lens exposure is dominated by the scattered radiation
from the patient which finally reaches the eye lens—this effect can be easily seen considering
figure 5, where different types of glasses are tested, for LAO 90° projection. The protec-
tion offered by lead glasses can reduce photon fluence by a factor of 5-10, for the optimally
shaped model (type C), depending on the considered operator’s position; this result agrees
with Koukorava et al (2014) and McVey et al (2013).

The fluence distribution variation is coherent with what was experimentally obtained using
TLDs (Domienik and Brodecki 2016). Dominiek and Brodecky calculated the correction fac-
tor to be applied to a dosemeter placed in different positions on the glasses. This factor con-
siders the difference between the maximum value among all considered points and what can
be measured in the chosen point. They showed that the lowest factor has to be applied for a
dosemeter put in the bottom part of the glasses, where the highest scattered radiation fluence
is found. This is in perfect agreement with the outcomes of this work.

Notwithstanding the different evaluated quantities (equivalent doses versus fluences) and the
fact that the simulated geometry differs from real set-ups, the behaviour reported in table 1 is
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RAO 30° Standard configuration (“femoral access”)

0.08 0.25 0.14 0.52
0.68 0.67 0.64 0.64
1.00 0.65 0.78 0.81

0.34 0.23 0.58 0.68

RAO 30° “Radial access”

0.09 0.11 0.11 0.22
0.31 0.25 0.31 0.26
0.38 0.26 0.35 0.36

0.34 0.19 0.18 0.33

Regions Legend

R1’ R2’ L1 L2’

R1 R2 L L2
R4 R3 L4 L3
R4’ R3’ L4 L3

Figure 11. RAO 30° projection: effect of the ‘radial access’. Map of the ratios of the
scattered photon fluences, evaluated in the 16 spherical segments at the operator’s eye
lens, to the maximum of the fluence in the RAO 30° ‘standard configuration’ (segment
L3). The bold numbers refer to the frontal segments whilst the italic ones to the rear
segments. The shadowed numbers depict the most exposed segments for the given
protection option (operator’s location).

confirmed by the report of Vano ef al (2015). The most intense scattered radiation reaching the
operator occurs for LAO 90° projection and therefore, the opposite RAO projections should
be preferred, whenever possible. As a matter of fact, these results for the eye lens are in agree-
ment with what was reported for whole-body irradiation in Balter (2001), Koukorava (2011)
and Haqgani (2012). If LAO 90° projection is inevitable, glasses and/or ceiling shielding should
be used to reduce scattered radiation (see figures 5 and 6). Otherwise, the position of the image
receptor near the operator for RAO projection provides additional shielding, as does ensuring the
operator is located very close to the patient (as shown for ‘radial access” in figure 11). Indeed, a
properly positioned ceiling-suspended screen significantly reduces eye lens doses since it shields
the whole scattered radiation reaching the operator’s head (see figures 6, 8 and 10).

Turning the head towards the x-ray beam (or, conversely, away from it) changes the fluence
distribution (see figure 9) thus changing the localization (i.e. the segment in our simulations)
where the maximum dose is achieved. Such an effect for oblique projections is consistent with
what was experimentally found by Strocchi et al (2015). The operator’s tuming with respect
to the x-ray beam becomes particularly important for a correct positioning of the dosemeter.
The change of direction of the operator’s head with respect to the diagnostic monitor can eas-
ily affect the distribution of the fluence of scattered radiation around the eyes.

5. Conclusions

Fluences to the eye lenses were studied by investigating scattered radiation reaching the
operator’s head in course of some commonly used interventional cardiology and radiology
practices. This was achieved through comprehensive Monte Carlo simulation of irradiation
occurring under a broad variety of dose-affecting parameters: radiographic projection (angu-
lation), location and orientation (turn) of the operator’s body and head, and collimation of the

918

151



3opan JoBanoBuh: Ilpumena MCNPS/X codrBepa u Bokces paHTOMA 32 pavyyHame 1032
joHn3yjyhux 3padema y opraHuMa 4oBedjer Tejia -I10KTOPCKa JUcepTanmja

J. Radiol. Prot. 36 (2016) 902 P Ferrari et al

x-ray beam. The main purpose of the study was two-fold: investigate the spatial distribution
of the scattered photon (x-ray) radiation field in the vicinity and inside the operator’s eyes
and study the possible effect of plausible radiation protection devices—Ilead glasses of several
typical designs and a ceiling-suspended shield.

Notwithstanding the limits of this work in terms of the beam energy investigated, the
reduced number of projections selected to characterize interventional practice, the dimensions
of the patient, the dimensions of the field of view, and the ‘rigidity’ in schematizing the opera-
tor’s position with respect to the patient, some important conclusions can be outlined.

The present simulations allow a complete portrayal of the photon fluence distribution of the
scattered photon radiation around the eye lens of the operator’s head and are expected to be
useful in determining the best location of a dosemeter when eye lens monitoring is performed.
Generally, the maximum of the scattered radiation is located in the lower left part of the left eye
(except in RAO projection in which the respective maximum is shifted to the right) in cases where
the operator stands on the right side of the patient. It was shown that a dosemeter for the eye lens
should be placed as close as possible to the position of the eye which is supposed to receive the
highest dose. Care should be taken when the operator moves his/her head towards the patient
for medical reasons—modification, which cannot be estimated—or due to the position of the
diagnostic screens. From the point of view of protective gear use, the present analysis showed
that the types of glasses which offer only lateral protection (as modelled in types A and B in the
present work) cannot efficiently reduce exposure to the eyes, because the radiation comes mainly
from the bottom, and for this reason glasses with a shape that can better fit the operator’s face (as
in case of type C L-shaped glasses) should be supplied for a better radiation protection scheme.

Proper use of ceiling shielding can significantly reduce the scattered photon fluences, and
thus the doses to the eyes, but its correct positioning has to be adjusted in relation to the x-ray
tube projection; only in that case can the shielding offer a reduction of the scattered radiation
by a factor of 10 or more.

The results have also proven the presence of radiation reaching the eyes after multiple scatter-
ing, which occurs in the unshielded parts of the operator’s body. This ‘hidden’ radiation plays an
important role in the exposure of the least exposed eye (generally the right one, when the operator
stands on the right side of the patient), which can be efficiently reduced by using ceiling shielding.

Right oblique anterior projections, due to the lower contribution of scattered radiation, should
be preferred to left oblique ones, whenever possible. Indeed when radial access is required in these
cases, additional shielding, which is occasionally provided by the image receptor, positioned at
the left side of the operator, reduces the scattered radiation reaching the eyes by a factor of 2-3.

The results of this study contribute to better understanding of the regularities of the irradia-
tion of the operator’s eyes and, thus, should contribute to better familiarization of the involved
medical staff with the different aspects of the optimization of radiation protection in line with
the new European directive (EURATOM 2013).
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Monte Carlo simulations were performed to evaluate treatment doses with wide spread used radionuclides '**Xe, *"Tc and *'™Kr.
These different radionuclides are used in perfusion or ventilation examinations in nuclear medicine and as indicators for cardiovas-
cular and pulmonary diseases. The objective of this work was to estimate the specific absorbed fractions in surrounding organs and
tissues, when these radionuclides are incorporated in the lungs. For this purpose a voxel thorax model has been developed and com-
pared with the ORNL phantom. All calculations and simulations were performed by means of the MCNP5/X code.

INTRODUCTION

Radioactive isotopes and their compounds are com-
monly used in nuclear medicine for diagnosis and meta-
bolic therapy. Accordingly, the use of different kinds of
isotopes taking into account the procedure to be
applied to patients or in laboratory conditions requires
determination of the distribution of the dose. In order
to minimize the harm to the patient and provide good
results for diagnostic applications, the isotope must
have a short half-life. Scintigraphy is one diagnostic
method used in nuclear medicine to evaluate the distri-
bution of radiopharmaceutical uptake in the body!" *.
Lung scintigraphy is a diagnostic imaging procedure
that uses ventilation scintigraphy, perfusion scintigraphy
or both. This method enables determination of the spa-
tial and temporal distribution of radionuclides in the
body, tissues or the whole body, de{)endmg on where
the radiopharmaceutical accumulates 7

One of the most commonly used pharmaceuucal
agents in nuclear medicine imaging is *™Tc and its
compounds®'?. It emits gamma with energy of
141 keV and has a half-life of 6 h. It can be combined
with various biologically active compounds or sub-
stances (nanoparticles comprised of Technetium-99m
cores have recentlgnbeen used) enabling transport to
target organs'' ", *™Tc— technegas is commonly used
for ]ung scintigraphy imaging!'?.

BXe (T, = 524 d) disintegrates by beta-
emission and emits a 81keV photon. Xe is
inhaled to assess pulmonary functions and produce
good quality imaging of the lungs. Ventilation scin-
tigraphy which uses '**Xe is usually performed
before perfusion scintigraphy!?.

SImKr has a half-life of 13s and emits gamma
with energy of 190 keV. ¥!™Kr is obtained from the
generator *' Rb/*"™Kr and ®'™Kr is used as a marker
for ventilation scintigraphy'?. A disadvantage of
8ImK 1 is that the short half-life of the parent radio-
nuclide, ®'Rb (4.57h), decreases availability and
increases the cost of the generator'!?,

In this work, only the most intensive gamma lines
were considered. Other groups of gamma emitted by

33Xe and *™Tc have very low intensity and they
were not taken into account. *'™Kr emits only one
gamma line with yields of 68%.

In International Commission of Radiological
Protection  (ICRP) pubhcz;monslH 16), Specific
Absorbed Fraction (SAF) are given for some dis-
crete values of energies, and some interpolation is
needed in order to obtain SAF for energies which
are different than those given in reports. There is
also data on SAFs in literature, obtained with different
Monte Carlo codes (MIRDSE, OLINDA, EGSnrc,
FLUKA, MCNPX, PENELOPE, etc.)"" 2%, but
the data were again given for discrete values of
energies.

Interpolation is always the subject of uncertainty.
Since the abovementioned radionuclides are import-
ant in nuclear medicine, and energies of gamma
photons emitted by these radionuclides are different
than those given in ICRP, the intention of this work
was to calculate SAF for energies of these radionu-
clides, in order to avoid interpolation between dis-
crete data and to fill this gap for lungs as a source
region. Additional calculations were performed in
order to estimate the error of interpolation.
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Some authors have published SAFs for the most
intensive gamma energies which are specific for sev-
eral radionuclides used in nuclear medicine as '°F,
", ' and 2°Y®% 23 29 In this work data are
given for other groups of radionuclides, '**Xe, ™ Tc
and ®'™Kr, used in nuclear medicine not included in
literature.

In addition the objective of this work was to com-
pare SAFs obtained with ORNL phantom and voxel
thorax models'?.

MATERIALS AND METHODS

The **™Tc isotope is an almost pure gamma emitter,
with energy 141 keV and half-life of 6 h that is long
enough to perform scintigraphy; it is also very
affordable for being eluted daily from the generator.
In addition to **™Tc, two other isotopes, STmgr and
133Xe, have been considered. Three types of phan-
toms are in use in protection against ionizing radi-
ation: stylized mathematical phantoms, voxel
phantoms and the latest generation of so-called
hybrid phantoms®® ).

In this work, a voxel thorax model was obtained
using a Digital Imaging and Communications in
Medicine_ (DICOM) set of 108 Computed
Tomography (CT) images of the thorax of a female
patient under approved standard protocols. CT data
of a 35-year-old female patient were segmented
using image processing software ImageJ*”—version
1.5In 2017, and converted to voxel geometry.
Image] software can very effectively operate with
multi objects. This is an open source image process-
ing program designed for scientific purposes of
recording multidimensional images and it is down-
loadable for MAC OS, Windows and Linux®?,
Figure 1 shows raw CT data images of a thorax
before processing of segmentations open in the
ImageJ 3D viewer (Figure la) and a cross-section of
the thorax (Figure 1b) using the same plugins.

Digital images obtained from scanning of real per-
sons by computed tomography or magnetic reson-
ance®” 29 should have sufficient resolution for the
construction of voxel phantoms.

This medical image set has been translated into a
voxel geometry, which provides the tools for realistic
description of human anatomy. The voxel thorax
model was presented by a 3D array of voxels with
Identification (ID) numbers. For each voxel the ID
numbers indicate to which organ or tissue the voxel
belongs. A large number of voxels requires the use of
enhanced capability computer hardware and for this
work, so massive calculations were performed on an
AEGIS04-KG cluster®", which is an integral part of
the European Grid Initiative-EGI®?. The voxel
model was used with the Monte Carlo code
MCNP5/X®Y. The developed voxel thorax model

(5]

has several organs of interest as follows: skin, lungs,
bones, heart, spinal cord, aorta, muscle and adipose
tissue. In MCNP the voxel representation of the
human body is based on repeated structures filled
with a certain material corresponding to the specific
organ. In a particular way the combined use of uni-
verse, fill and lattice cards permits definition of the
voxel phantom geometry as a volume filled by rect-
angular lattices of cubic elements. A cross-section of
a voxel thorax model after the segmentation process
is shown as graphical output in Figure 2, containing
a cross-section along the z axis at different positions.
Figure 2a and b shows a cross-section of a voxel
thorax model at pz = 23 and 55 cm, respectively

Different organ/tissue is assigned a corresponding
ID number, compatible with cell cards in the
MCNPS/X input file. Corresponding ID number,
organ/tissue, total numbers of voxels in each organ,
mass and density are presented in Table 1. The total
number of voxels in simulations was 13592 124. As
the volume of the voxel is 17.64-107% cm?, the
obtained thickness and mass values for the skin in
the built voxel thorax model are compatible with ref-
erence ICRP values''* 3%,

In this work, the results on SAF, obtained by a
voxel thorax model were compared with an ORNL
mathematical phantom. ORNL phantoms were
described in®* 3® and consist of three major sec-
tions: (1) an elliptical cylinder representing the trunk
and arms; (2) two truncated circular cones represent-
ing the legs and feet; and (3) a circular cylinder on
which sits an elliptical cylinder capped by half an
ellipsoid representing the neck and head. It was
assumed that decay of the investigated radionuclides
is localized in the lungs, representing the source of
gamma radiation. Each lung lobe is represented by
half an ellipsoid with a section removed, as defined
by the following equation for the right lung:

s 2 7 \2 oz \ e
(.x xo) +(~_) +(* "’) <1 and z >z
a b €

(O]

If g < 2 < 3g, p < Yy and X < xz (The condi-
tions for the planes that are normal at —z, —y and
x-axes and cut an ellipsoid, so that they form a
lung.). The appropriate values are: zjz = 41.60 cm,
2 =48.50cm, y,, = 1.20 cm and x5 = —5.00 cm.

The coordinates of the ellipsoid center are:
xo=7.33cm, y, =0 and z; = 39.21 cm; @, b and ¢
are the axes of the ellipsoid, whose values are 4.09,
6.98 and 20.55 cm, respectively. The letters R and L
refer to the right and left lung lobe, respectively. For
the left lung (x + xo) should be replaced with
(x = Xo); z1r With zy; g with 2575 p,, with y,, . The
appropriate  values for the left lung are:
2y =49.00 cm and y,, = 7.00 cm.
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Figure 1. Thorax CT scans in ImageJ 3D viewer and cross-section of thorax. (a) Raw CT data images of a thorax before
processing in the ImageJ 3D viewer. (b) Cross-section of the thorax.

Figure 3 shows a cross-section of a phantom, as
graphical output from MCNP code.

The masses of voxelised organ/tissue were derived
from CT scans. Considering the CT scan the cut should
be a few cm from the lowest point of the lungs to the
beginning of the neck. Knowing the number of voxels,

from htt

=mber 2017

://academic.oup. com/rpd/article-abst ract /doi/10.1093/rpd/nex181 /42102

n, (Table 1) which represent some organ/tissue, and the
volume of one voxel V' = 0.084 cm X 0.084 cm X
0.25cm = 17.64-10~% cm?® , one can easily determine
the volume of each organ/tissue in a voxel thorax mod-
el, i.e. organ volume = n - ¥ and multiplication with
the mean assumed density of the tissue, enables
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Figure 2. Cross-section of a voxel thorax model with differ-
ent horizontal planes. ID numbers of organs in this figure
are given in Table 1. ID 256 is the outer space.

Table 1. Selected organs of the voxel thorax model with a
ponding ID ber, ber of voxels, mass and

cor

density.
ID Organs/  Number Mass of Density
number tissue of voxels voxelized (g/cm3 )
organs/tissue (g)
100 Adipose 2228 002 3734 0.95
tissue

110 Skin 133485 257 1.09
120 Lungs 2019 581 1055 0.296
130 Bone 605 734 2052 1.40
140 Heart 229 676 425 1.05
150 Spinal cord 23257 43 1.04
160 Aorta 80 231 149 1.05
170 Muscle 1983323 3674 1.05

calculation of its mass. To compare the ORNL phan-
tom to the voxel thorax model, the ORNL phantom
was cut at the level of the bottom of the lungs.
Monoenergetic photon sources were considered
(81 keV for “*Xe, 141keV for *™Tc and 190 for
'mK 1) and a full *history’ of secondary charged par-
ticles was followed in the simulation. The sources
were considered to be homogeneously distributed in
the source organs (lungs). Energy cut-off was set to
1 keV in simulations. Tissue composition taken from
ICRP110 was used for the voxel, while ORNL used
data from references!* '),

RESULTS AND DISCUSSION

All simulations were done using MCNP5/X code*.
In total 10° particles were run to obtain a relative
uncertainty lower than 1% for all organs and for
both phantoms (voxel thorax model and ORNL).
The SAFs were determined in the surrounding
organs and tissues during the incorporation of radio-
nuclides in the lungs, as the source region. For that

4

Figure 3. Cross-section of an ORNL female phantom: (a)

pz = 5lcm and (b) pz = 55cm. (a) 1: lungs, 2: heart, 3:

spine, 4: arm bones, 5: ribs. (b) 1: lungs, 2: spine, 3: arm
bones, 4: ribs, 5: pelvis, 6: esophagus.

purpose a *F8 tally card was used to calculate
energy deposition in organ/tissue (in MeV per pho-
ton) for the voxel thorax model following secondary
charged particles. Since the *F8 tally does not pro-
duce results normalized per mass, it was necessary
to divide the output obtained from MCNP5/X calcu-
lations with the mass of tissue or organs. The
obtained value was converted into the SAFs in Gy
per source particle.

Tally card F6 was used for dose estimation in
organs of the ORNL phantom. This card of
MCNPS/X code produces results in MeV g™ per
source particles but in KERMA approximation (i.e.
without the secondary charged transport).

The SAFs for selected organs were evaluated using
the following formula:

Ey
iem

SAF = (2)

where E, is the average energy deposited in the tar-
get organ, E; is the primary energy emitted by the
source and m is the mass of the target organ. The
results of SAFs calculations are presented in
Tables 2 and 3 for *'™Kr, **™Tc and !33Xe, respect-
ively. From these tables, it can be seen that SAF are
largest in the lungs, bones, muscle and adipose tissue
while in other organs/tissue they are smaller.

SAF values for lungs using the voxel thorax
model, shown in Table 3, are 5.59 - 1072, 5.09 - 107
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MCNPX CALCULATIONS OF SPECIFIC ABSORBED FRACTIONS
Table 2. Results of SAF (kg™") for the voxel thorax model for **Xe, *™Tc and *'™Kr.

Organs/  Volumes 133%e
tissue of organs for voxel thorax
(em’) model and ORNL
phantom (%)

Differences of SAF 2eiTe

Differences of SAF ~ *'™Kr  Differences of SAF
for voxel thorax for voxel thorax
model and ORNL model and ORNL
phantom (%) phantom (%)

Adipose 39305  1.72-1072 1.78 -
tissue

Skin 2358 096-107° 9.82 0.96 -
Lungs 35642 5591072 243 5.09 -
Bones 14657 5.01-1072 124 2.90 -
Heart 4048 3.63-107 243 3.05 -
Spinal 413 235.1077 242
cord

Aorta 1419  453.1072 3.92.
Muscle 3449 189-107° -16.5 1.76 -

1072 1851072
1072 14.96 1.01-1072 16.4
1072 —16.89 5.18-1072 -159
1072 6.86 2.29. 10'3 8.0
1072 7.56 3.01-1072 9.0
1072 2481072
1072 3.90-1072
1072 -7.07 1.78- 1072 -4.5

and 5.18-102kg™! for '*Xe, ®™Tc and ¥ ™Kr,
respectively.

Discrepancy between SAFs values for the same
considered organs, obtained using ORNL and voxel
thorax models, are in the range from 2.43 to 24.3%.
The values given in Table 2 are the differences in
respect to the ORNL phantom.

Comparison results of SAF with literature data

A comparison with literature data for SAFS
obtained with MCNPX software is shown in
Table 4.

In the article by Hadid er al'” Adult Male
Reference Computational Phantom (RCP-AM) and
Adult Female Reference Computational Phantom
(RCP-AF) were applied, and electrons and photons
with energies from 10keV up to 10 MeV were con-
sidered. The following organs were considered:
lungs, thyroid and the liver. Results obtained for
RCP-AM and RCP-AF phantoms were given in
Annex A. In order to compare with the presented
work, the lungs were treated as the source and as a
target for energies 0.08, 0.1 and 0.3MeV. The
obtained values are 7.78-102 and 7.13-10 2 kg™ for
0.08 and 0.1 MeV, respectively, while in the pre-
sented work we got 7.38:107kg™" for 0.081 MeV
(**'Xe) which is a good agreement.

SAF in lungs, as the source organ, were taken
from a article by Patni er al.*" where the ICRP ref-
erence voxel thorax model were used: SAFs were
595102 kg! for monoenergetic gamma radiation
of 100 keV and 5.78-1072 for 200keV. In the pre-
sented work calculations were done for 81 keV
(***Xe) and 190keV (for ¥'™Kr). Since the energies
are relatively close, for the calculated SAF of
5.59-10 kg™ for Xe, and 5.18-102 kg™ for Kr are
in good agreement with the results of the cited paper.
In this work, computer software FLUKA was

September 2017

Table 3. Results of SAF (kg") for the ORNL phantom for
133%e, " Tc and *'™Kr.

Organs/ Volumes 133%e Gt Mmpi

tissue of organs
(em’?)

Skin 371 8.72-107% 8.39-107* 8.66-107%
Lungs 2200 7381072 6.12-107> 6.16- 1072
Esophagus 256 2621072 2.17-1072 2.11-1072
Clavicles 416 193-107> 1.04-107> 8.18-1073
Scapulae 154 448-1072 2261072 1.79-1072
Rib cage 401.8 5731072 2.68- 107> 2.09-1072
Spine 325 565-1072 315107 2.49.1072
Thymus 273 1.89-1072 1.53-1072 1.47-107
Heart 230.8 3.54-107> 2.84-107> 2.76- 1072
Trunk 8380 2261072 1.89-107> 1.86-1072
Breasts 347 139-1072 1.21-107 1.21-1072

applied which is also based on the Monte Carlo
method.

In the article by Villoing e al.** computer pro-
grams GATE and MCNPX were applied to calcu-
late dosimetry quantities (AF, SAF and S-values) for
monoenergetic photons and electrons, as well as for
fluorine-18, lutetium-117, iodine-131 and yttrium-90.
Comparable results were again obtained for lungs as
a source and as a target, with 7‘80-10_2kg_ for
0.1 MeV.

In order to estimate the interpolation error, and to
make comparison with other authors feasible, add-
itional computations were performed for discrete
energies of 0.05, 0.08, 0.1 and 0.2 MeV. Data about
SAF are presented in Table 4. Interpolation errors
for Xe and Kr were between 3 and 5% for both
phantoms. Certain discrepancies between authors
originated from the application of different software
and considered phantoms.

The differences between computed SAF values
using the voxel thorax model and those obtained

24)

from https://academic.oup.com/rpd/article-abstract /doi/10.1093/rpd/nex181/4210245/MCNPX-CALCULATIONS-OF -SPECIFIC-ABSORBED-FRACTIONS
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Table 4. Comparison of SAF (kg ™) obtained in this work with literature data.

Lungs « Lungs SAF (kg™')

from htt

Energy (MeV) Hadid er al " Patni e al ®" Villoing er al.®¥ This work
ORNL Voxel
0.05 1.26 - 107! 1.04- 107" 138-107" 145.107! 9.15-107
0.08 TA3=107= 7.76 - 107 5.62-107
0.081 7381072 5.59-1072
0.1 7.13-1072 5.95.1072 7.80- 1072 6.78 - 1072 5.19-1072
0.141 6.12-1072 5091072
1.190 6.16-1072 5181072
0.2 5.78-1072 6.33-1072 5.20-1072
20 dose per source particle obtained for the two models,
= 18] A ORNL phantom g?l1ki\e/v are presented in Figure 4. In both cases the doses
g ] A 190 keV increase with energy of gamma radiation. ]
£ In Figure 5 the SAF are presented normalized
g - ° to the SAF in the lungs allowing a more direct
> 124 comparison between the two models: as a matter
6] ; :
£ 404 & A of fact, employing the same calculation method-
§ 08 ] A ology, differences can only derive from the ‘geo-
2 A g 6 & metrical’ difference between the voxel thorax
g - o 8 i & A model and the analytical model. The value for
g 041 o ° o bone for the ORNL phantom was obtained by
2 2] ‘§ 6 o - S weighting according to mass for separate parts of
0.0 o bones. As cang}:e\ seen thglncl:urves trend are well
e « /\5 preserved tor Tc and Kr and, in a minor
6* ‘y\ \‘\C’»v?\)\}c‘h 9'?\ ‘&“*\)‘\ ? way, for **Xe but ratios are, as expected, differ-
& Organltissue ent. They are generally higher for the voxel thorax
model and this is due, mainly, to the relative recip-
20 rocal distances within organs, as a matter of fact
— 184 Yoxel.phantom O 81keV for technical construcuon reasons, as in the MIRD
§ 16 " 2]“9(1) Eg‘\f type phantom" 7 there is a larger absorption due
2 58 to the soft ‘soft tissue’ separating the mvesu%ated
o 141 organs. This effect is particularly evident for **Xe
§ 1.2 4 o A that emits lower energy photons.
€ 10
3 g & °
S 0.8 a K
06.] CONCLUSIONS
2 A o B a
S 04 o H o In the present study CT scans were used to create a
< 02] o % o o voxel thorax model of a thorax to be employed in
o calculating SAFs in different organs/tissue, when
0.0 L e ) SImg ¢ 99mMTe and '**Xe, were incorporated into the
65\) & o“c’ o (ch" 0099 < ‘\\\)50\’ lungs during scintigraphy examinations. The work is
vO\?OS 5\: intended as a preliminary study and the three radio-

Figure 4. Results of absorbed dose (fGy per photon) for
ORNL and voxel thorax models for 81keV (mXc)
141 keV (*°™Tc) and 190 keV (3'™Kr).

from the ORNL model, are due to the more realistic
shape, size and positioning of organs characterizing
the voxel thorax model. The results of the absorbed

//academic.oup.com/rpd/article-abstract/do

nuclides were used to test the phantom. For this rea-
son a benchmark with other numerical models is
presented. Discrepancy between SAFs obtained
using the voxel thorax model and ORNL mathemat-
ical phantom is presented in Tables 2 and 3. This dif-
ference is due to the fact that the voxel thorax model
is a representation of a real human person which is
surely different than the ORNL phantom. The dif-
ferences are from 2.43 to 24.3%.

0i/10.1093/rpd/nex181/4210245 /MCNPX-CALCULATIONS-OF -SPECIFIC-ABSORBED-FRACTIONS
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represents a specific person and not a whole
1.04 —=—Voxel model R 1)
—e— ORNL model population® - ).

1330 Inherent limitations in CT imaging, as spatial
0.8 4 resolution, motion artefacts, could also contribute to
the differences. However comparisons with the new
ICRP reference model are satisfactory. The pre-
sented data could be used in the future for dose cal-
culation and radiation protection purposes in
0.4 nuclear medicine. Further developments will be done
in the near future aimed at increasing the number of
0.2 4 organs and tissues contained in the voxel model and
the available SAF.
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SUMMARY

The subject of the research of this doctoral dissertation is the application of the voxel
geometry for calculation of the absorbed doses of ionizing radiation in the organs of the

human body in different irradiation situations.

The goal of work and tasks

The aim of this dissertation is to improve the dosimetry of ionizing radiation using the
"voxel" model.

The tasks set before the author of this doctoral dissertation consist of the following:

» Creation of a voxel model based on CT or MR images of specific persons by which the
human organism is presented as a set of small volume elements of the tissue, so-called
voxel;

 Implementation of the voxel model in the already existing model of the human body -
ORNL phantom according to which the bodies are presented as geometric bodies through
the equation of analytical geometry in 3D;

« Application and implementation of voxel geometry in MCNP5/X software;

* Calculation of the dose of ionizing radiation in volumes of interest in voxelized
geometry;

* Application of geometry according to other phantom models and their application in

different situations.
Methodology
In this paper several methods have been applied:

a) By processing DICOM images obtained on the basis of a CT image of specific
individuals using ImageJ software;

b) Creation of a model of a given model of a given model by the identification of
individual organs;

v) Development of input files for MCNP5 / X based on the previous points;
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g) Application of MCNP5 / X for calculating the absorbed doses in various situations of

exposure to ionizing radiation.

Results

Absorbed doses were calculated in the following cases of irradiation in nuclear medicine
and radiology:

- application of BNC therapy;

- doses received by the operator and patient in intravenous radiology;

- doses in the application of radiopharmaceutical **3*Xe, *™Tc and 8™Kr and

- the calculation of a dose that receives eye lens.
Conclusion
Voxelization provides a better insight into the distribution of absorbed doses by

individual organs and tissues, which is not otherwise possible with the use of the ORNL

model. It is possible to identify "hot spots" in the body in the event of an accident, etc.
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Odpazay 1

H3JABA AYTOPA O OPUTHHA/THOCTH JJOKTOPCKE HAUCEPTAIIHJE

Ja, 3opaH JoBaHoBuh , U3jaBJbYjeM J1a IOKTOpCKa

ﬂ.HCBpTaLlHj& o HacJIOBOM:

Mpumera MCNP5/X codTBepa 1 Bokcen daHToMa 3a payyHake ao3a
JoHuM3yjyhux 3payerba y opraHuma Yoseujer Tena

Koja je omOpamena Ha I1pMpoIHO-MATEMATHIKOM haKyJITeTy

YHusepsurera y Kparyjeslyy npejctasiba opuzunanto aymopcko 0eno HacTano Kao pesysrar

CONCMBEHO2 UCTPANCUBAYKOZ padd.

Osom Hsjasom maxohe nomephyjem:

® [1acaM jeduru aymop HaBelieHe JOKTOPCKe AUcepTalmje,

® Jay HaBEACHO] AOKTOPCKOj AMCEPTALM|U HuCaM usspuiuo/ia noepedy ayToOpCcKOT HUTH
ApYror npasa UHTEJIEKTYaIHe CBOjHHE APYrHUX /UL,

¢ /la yMHOMEHM MPUMEPAK JOKTOPCKE AMCePTALMjE Y ITAMNAHO] H elEKTPOHCKO] OpMH

y 4HMjeM Ce MpWIOTy Hamasu osa Usjasa cagpxku AOKTOPCKY JIMCEPTALjy MCTOBETHY
00pareHoj 10KTOPCKOj AMCEPTALIUjH.
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Oobpazay 2

H3JABA AYTOPA O HCKOPHIIRABAHKY JJOKTOPCKE AHCEPTAIIHJE

Ja, 3opaH JosaHosuh

‘/ JI03BOJbABAM

HE N03BOJbaBaM

YHusepsurerckoj 6ubanorenn y Kparyjesiy aa nauuuu agsa TpajHa YMHOJKEHa [pUMepKa y

CIeKTPOHCKO] (OPMH TOKTOPCKE AMCEPTALIMje 10/ HACTOBOM:

Mprmera MCNP5/X codTtBepa v BOKcesn dbaHTOMa 3a padyHake 403a
JOHM3yjyhux 3pavetba y opraHnMa Yoseujer Tena

Koja je omOpamena Ha [1pMpPOAHO-MaTeMaTUKOM dakynTeTy

Yuupepsurera y Kparyjesuy, u To y uenunun, kao u Aa 10 jeqaH MpUMepak TAKO YMHOKEHe
AOKTOPCKE  IMCEPTAUMje YYMHH TPajHO HOCTYNIHUM jABHOCTH ITyTe€M MIUTATHOL
penosutopujyma YHusepsutera y KparyjeBiy u LEHTPATHOT pErO3HTOPH]jyMa HAIEKHOT
MWHHCTApCTBA, TAKO J1a NPUNAJHNLH jJaBHOCTH MOTY HAYHHHUTH TPajHe yMHOXKEHE IPUMepKe

Y €/eKTPOHCKO] (POPMH HaBe/IeHe IOKTOPCKE AMCepTaLyje TyTeM Apeysumarsd.

Osom H3jaBom Takohe

/ JI03BO/baBaM

HE 103BOJbaBaM

! Ykonko ayTop usaGepe 1a He 103BO/M NPUNAIHMIAMA JABHOCTH /1 TAKO HOCTYMHY JOKTOPCKY JAUCEPTALHM]y
KopHcTe NOA yeitoBnMa yTBphernM jensom o Creative Commons TMUEHIH, TO HE HCKIBYTY]E IPaBo TIpHMaIHHKa
JaBHOCTH /1a HaBeIGHY JIOKTOPCKY AMCePTALNjy KOPUCTE Y CKay ca oapeabama 3akona o ayTOPCKOM M CPOJIHHM
npaBuma,



NpUNagHALMMA jaBHOCTH 1a TAKO JOCTYTIHY JOKTOPCKY AMCEPTALM]y KOPHCTE MO/ YCI0BHMA

yTBpheHuM jeHom oa crenehux Creative Commons TULEHLM:
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5) AyTOpCTBO - HEKOMEPLIHMJATHO - JE/TUTH MO/ HCTUM YCIOBMMA
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NOTIIHC ayTopa
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