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YBOI

Tema oBe aucepranuje je oapehuBame 103a paJOHOBHX M TOPOHOBHX HOTOMAaKa y
JbyJICKOM OPTaHM3MY YCIJIE YHYTPAIIIET M CIIOJbAIIEr H3jiarama. YOBEKOB OpraHusam je
CBAaKOJHEBHO U3JIOKEH pa3IMYUTHM BpcTamMa 3pauema. Haj3HauajHuje je wu3iarame
npupoaHoM 3pauerry (UNSCEAR report, 2010; ICRP 32, 1981). M3Becran mnpoieHar
JbyACKE TIONynanuje, 4uja mpodecHja yKJbydyje paa ca HU3BOpHUMa 3paycka BeIITayke
npupoje, je mogatHo usnoxker 3padewy (UNSCEAR report, 2008). Ty ce mpe cBera Muciu
Ha TIPUMEHY 3paycmha y MEIUIMHH, /1€ TeXHHUYKa JIMIa OWBajy HM3JI0KEHA DPa3TUYUTHM
BHJIOBHMA 3padeh-a, 3aTUM JIMIa 4rja je mpodecrja Be3aHa 3a paj y OJM3HHH HYKICaApHUX
peakTopa, akieneparopa Wid reneparopa penarenckor 3padema (ICRP 103, 2007; NCRP,
2009). Jleo momynanuje unja je mpodecuja Be3aHa 3a paj ca H3BOpUMa joHU3Yjyher 3pauetma
ce TpeTrpa Kao mpoQecHOHATHO U3JI0KEHA JINIA U 32 BUX BaKe OCCOHE TPaHMIIE U3JIarama.
Takohe, ox cpeanHe mMpoUUIOT BeKa JbYACKA MOIMYyJalHja ce CyounsIa ca JOJaTHUM BUIOM
u3Jarama Koju je n3a3BaH JbyJACKUM (akTopoM. Pagu ce o uznaramy 3pauemy 0]l BEIUITAUKUX
palMOHYKJINJA AOCHENUX Y MPUPOJIHY CPEINHY HYKJIeapHUM Ipobama, pa3HUM HYKJIEapHUM
aKUMJEHTHMA, OJl KOJUX Cy Hajuo3HATHju akuuHeneHT y UYepHoOuwsby 1986 u ckopuju
akuuaeHT y @ykymumu 2011. Ilpe akTHBHOCTH OBHX BpCTa y MPUPOAHO] CPEIUHU CE HUCY
Morid HahM pajiMOHYKIMIU Kao IITO Cy 37Cs (NCRP 154, 2006) u JpYrH BEIITaYKd
PATHOHYKITHIN, KOji Cy JaHAC PACIPOCTPARCHM IO YHTABO] IUIAHETH. ' CS ce Herae MOXKe
Hahu y TparoBuma, a Ha U3BECHUM JIOKalyjama y Behum KoJauunHama.

W3narame CTaHOBHHMINTBA NPUPOIHOM 3paueihby MOXKE BapUpaTH y 3aBUCHOCTH O]
JoKanyje u reorpadcke mupuHe. KoMIoHeHTe MPUpOTHOT 3padyerha Cy KOCMUYKO 3pavecke,
3paueme OJl PaJMOHYKJIMJA MPUCYTHUX Ha IUIAHETH 3eMJbM jOII OJ BpEMEHa HEHOT
HACTaHKa, Kao W 3payemhe paJUOHYKIWIA KOJU Ce CTBapajy MHTEPAKLUUjOM KOCMHUYKOT
3pauema U arMmochepe (HIP. 14C). NHTEeH3UTET KOCMHUKOT 3padema HUje UCTH Ha CBUM
JeTTOBMMa TUTAHETe ¥ FbEroB HMHTEH3WTET C€ Il0jadaBa MNPHUOJIIKABAaleM MAarHETHUM
nojioBuMa 3emibe. [IpuporHa KOMIOHEHTa 3payerma Koja MOTHYE OJ PAJUOHYKIUAAa MMa
Haj3HAYajHUJU Y10 Y U3JIaramy OMINTE Momynanuje. Y cactaB 3eMJbe yilaze eJIeMEHTH KOjH

MMajy KJbYYHY yJIOTY y O3payuBamy OIITE MOIyJaluje, a TO Cy ypaH 28 TOPUJyM 232Th,
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OBH eneMeHTH Cy KapaKTEPHCTHYHH 110 TOME INTO HHXOBUM pAaClaamkeM HACTaj)y HH30BU
paaroaKTHBHUX eJieMeHaTa KOjU JOAAaTHO YTHYy Ha M3Jlarame JbyjAcke momynanuje. Meby
MOTOMIMMA ypaHa M Topujyma ce Hamase pagoH (%?Rn), topor (“°Rn) u muxoBu
KpaTtkoxuBehu moromiu. Xemujcke 0cOOMHE M MPHUCYTHOCT OBHX €JIEMEHATa y YXHBOTHO]
CpeIMHH Cy OATOBOPHH 3a YMILEHUILY Ja HajBehu 1eo n3narama Jby/ICKe MOIyJIalyje MOTHIe
ympaso ox oBux enemenata (UNSCEAR Report, 2006).

Panon u TOpOH, 300T CBOjé MHEPTHOCTH HMMajy OCOOMHY 1a MUPYHIY]y OF MecTa
HACTaHKa, IITO je Hajuemrhe 170, 10 atMocdepe, Iie je BUX0Ba KOHIICHTpPAIKja MPaKTHYHO
unesnataa (Fleischer u np, 1997). Mehyrum ako ce pagu o armocdepd 3aTBOPEHHX
IPOCTOPHja, Y 3aBUCHOCTU O]l jayMHE M3BOpPA, PaJOH U TOPOH CE€ MOTY aKyMyJHpaTh U
JOCTHXKY KOHIICHTpAIHje, KOje MOTy OUTH OJ pHU3HMKa 32 OHOJIONIKE CUCTEME M CaMHM THM
spyze. [loTpeba 3a KOH3EpBAIMjOM TOIUIOTE Y 3UMCKHM TIEPUOANMA U XJa)elheM y JICTHUM
JIOBOJM [0 CMameHEe BEHTHJIALMje IMPOCTOpHja, IITO BOAM HArOMHJIAaBamy AaKTUBHOCTU
pagoHa, TOpOHa W HHMXOBUX IOTOMaka y arMocdepu 3aTBopeHHX mpocropuja. I[Tyrem
Ircama, oapeheHa KonmunHa paIuoakTHBHUX MTOTOMAaKa ce M3 Bazyxa yHOCH y Iutyha rie ce
tanoxu. [loTpeOHO je HamoOMeHyTH Aa ce 300r MHEPTHOCTH, PAJOH U TOPOH HE TaJOXKE y
IHMCAjHOM TPAKTy JbyAH, Beh BUXOBH NOTOMIIH, TaKO Ja Cy y NPUHIMIY OHM OJTOBOPHU 32
u3narame Jbyau. Pacmagom mnotomaka y Iuiyhuma emutyje ce anda 3pauewme Koje
MIpe/ICTaB/ba HAJUHTECH3UBHU]Y KOMIIOHEHTY 3padyea U Ha Taj HAUWH YHYTPALIBE Tj. HHTEPHO
O3pavMBam-€ TpEICTaB/ba JOMUHAHTHUA BUJ W3Jarama, TAe cy IuTyha opraH Koju mpuMma
HajBehy no3y. OBaj BuJ M3Narama je JAeTajbHO NPOY4YaBaH M MOKa3aHa je HEeJIBOCMHUCIIEHA
Kopenauuja u3Mely msnarama paJOHOBUM IMOTOMIMMAa M HacTaHka KaHuepa rutyha. Ilopen
YHYTpallllel H3Jaramka IyTeM HHXajlaluje Moryhe je W yHYTpalllbe HU3Jarambe IMyTeM
MHIE€CTH]€ BOJE WM XpaHe Koja UMa MoBehaHe KOHILEHTpallkje paloHa, TOpOHa U HUXOBHUX
notomaka (NRC, 1999). 36or kparkor momera ajida 4decTHla, ClOJbAllbe U3arame anda
3pauemy j€ OrpaHMUYEHO Ha KOXY OJ] CTpaHe JIeIOHOBAaHUX MIOTOMAaKa Ha JbYJICKO] KOXKH.

IMopen anda emutepa, mel)y paJoHOBHM M TOPOHOBHM IIOTOMIIMMA C€ Hajaze U
PaIMOHYKIIUIMA, KOJU €MHTY]y OeTa decTuile W nparehe BHCOKOEHEPTEeTCKO raMa 3payeie.
W3narame 0BOj BpCTH 3padema (Oera U rama), 300r TyroJOMETHOCTH HHje OIpaHHYEHO Ha
pecniupaTtopHu TpakT, Beh je Moryhe u o3paunBame Ipyrux opraHa Jbyjackor Tena. EHepruje
Oera 1 rama 3paverma paJOHOBHX M TOPOHOBUX MMOTOMaka Mory OutH Hemto Behe oq 3 MeV -
a, & paaujallMOHM TEKUHCKU (aKTOPH OBE BPCTE 3pauema Cy JBaJeceT IyTa Mamu O

panujaroHuX TeKUHCKUX (akTopa anda 3pauewa (ICRP 103, 2007). To 3uaum nma anda
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3paueme MHAYKYje JBajeceT myTa Behy paaujalmoHy mTeTy oa OeTa W rama 3padema Mpu
uctoj ancopoosanoj no3u (ICRP 103, 2007).

Ycnen BeuKOT TUHEAPHOT MpeHoca eHepruje anda 3padema paaujanuona omrehema
KOja ce MHAYKY]y Y OHMOJIOIIKMM CHUCTEeMHMa Cy JIOKaJHM30BaHAa Ha MaJie 3allpeMUHE pera
BEJIMYMHE jeTHE WJIM HEKOJIMKO henMja, ITo TOTOBO M3BECHO BOJM JI0 MHAKTHUBaINuje henuje.
Ha napyroj crpanm eHepruja, kojy Oera W rama 3payeme JACTOHY]Y, j€ JIOCTa Mambe
JIOKAJIM30BaHA M je/IHA YeCTUIIA 3padyerhba MOXKEe MOTOAUTH BelIHKH Opoj henuja, mpu yemy he
Onosomky eeKTu OUTH ca JocTa Mame ITere. Bemuku Opoj uCTpaxuBama je yCMEpeH Ka
onpehuBamy edekaTa U MpopadyHy 1103a ainda 3padema, JI0K je edhekat 6eTa u rama 3paycma
3aHemapuBaH. M3 Tor pasnora je morpeOHO mpoyuntu edekar Oera W rama 3paycrma Ha
Owosomke cucteme. TemMa oBe aucepranuje je onpehumBame /1032 y OpraHMMa JbYICKOT
opranuszMa o7 0eTa W rama 3padyerma KpaTKOKUBEhHX palloHOBMX M TOPOHOBHX ITOTOMAaKa
ycJiell eKCTEPHOT M MHTEPHOT O3paunBama. ATcopOOBaHa J103a MpEACTaB/ba CHEPrHjy KOjy
Jernonyje joHusyjyhe 3pademe mo jequHUIM Mace ancopOeHTa. YmpaBo OBa BEJIHUYMHA j& O]
MHTEpeca, jep ce Ha OCHOBY OBE BPEIHOCTH MOXKE OJPEAWTH CKBUBAICHTHA U e(EKTUBHA
71032 Ka0 BEJIMYMHA 32 KOje ce Ie(hUHUIITY IPpaHUIIe N3Jarama.

300r myromoMeTHOCTH OeTa U rama 3padyckka, MOpajy ce y3eTHu y 003Up CBU BUJIOBU
u3narama. Ty ce Ipe cBera MUCJIHM U Ha CHOJballlbhe, Tj. eKCTEPHO U YHYTpAIlhE, Tj. HHTEPHO
nznarame. EKCTEpHO M3Narame YMTaBOT OpraHM3Ma IMOTHYE OJI aKTUBHOCTH PAJOHOBHX H
TOPOHOBUX TIOTOMaka NPUCYTHUX y arMoc(epH, Tj. Y HENOCPETHO] OKOJIHHHU JbYACKOT
OpraHu3sMa.

VYcnen wuWHXanmauMje €0 AKTUBHOCTM HaTajlokeH Yy Iuiyhuma JompuHOCH
YHYTpallllbeM O3pauMBamy, KOj€é HHje OrpaHMYeHO camo Ha muiyha 300r JyroJOMETHOCTH
Oera u rama 3pauyema, Beh U Ha ocrajne opraHe. YKyMHO u3jarame je moryhe oapeauTu kao
YTEXHEHY CyMY CBUX HOjJ€IMHAYHUX BPCTa U3JIarama.

I[{uss oBora pana je kBaHTHUGHKalMja Jo3a OeTa M rama 3payewma y TKUBUMA U
OpraHuMa JbYICKOT OpraHu3Ma ycieJ HHTEPHOT W eKCTEPHOT M3Jlarama  0Ba MpodieMaTnka
je oopahena y Teopujckom aeny pana.

Kao mnpucryn kBaHTu(duUKauuju wu3narama ojnabpaH je JO3UMETPUJCKH MOJIElN
onpehuBama no3a. Jlo3uMerpujcke MOAETH y OBOj AHMCEPTALUjU KOjU Cy KOpHIIheHH, Cy
ICRP monen pecnimpatopHor TpakTa yoBeka 1 ORNL MareMaTH4ku MoJen WHIUBUIYE —
MareMmatnuku (paaTom. OB monenu he OuTHM AeTa/bHO OOjallIlbeHH y OMINTEM Iy OBE

JUcepTaIyje.
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3a TpaHCHOpT 3pauema W oApehuBame 1032 y TOMEHYTUM T03UMETPH]jCKHM
mozaemuma kopuithenu cy coprepu MCNP u PENELOPE xoju omoryhaBajy cumynanujy
TpPaHCIIOPTa €IeKTpoHA W (POTOHA M OApehUBame PEIeBAHTHUX BeNWYWHA. [[eTasbHU Omuc
oBuX codreBepa he Outu npukazan y Onmrem ey AucepTaimje.

CrperoM J03UMETPHUjCKUX MOJIeNIa U cOPTBEpa 3a CHMYJIAIU]y TPAHCIIOPTa 3payuckkha
onpehene cy nmo3e OeTa W rama 3pavyema y CBUM OpraHMMa JbYACKOT OpraHHM3Ma yCieln
YHYTpAIIET U CIHOJbAIIBEr 03pauyuBamba, MITO MPEACTaB/ba OPTMHAIHU JOMPUHOC ayTopa

OBE JUcCepTaIyje.
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Pacnopen matepujana 1mo riaBama

OBa mucepTanuja ce cacToju U3 JIBa Jiena:

e OIIIITA PASMATPAKA u

e TEOPUICKU JEO PAJIA U PE3VJITATH.
Jleo OIIIITA PA3BMATPABA je moHorpadckor kapakrtepa, Aaje Mperiiea cTama y OBOj
o0JlacTH ¥ HeMa OPHUTHHAJIHOT HaydHOr aompuHoca. CacToju ce o NpBe YEeTpH TJaBe y
KOjHMa je ONrcaHa METOOJIOTHja pajia | JaTH Cy TIOjJMOBH 32 Pa3yMeBame paja.

VY npBoj TIaBH, O] HA3UBOM ,,Onuime Kapaxmepucmuke paooHd, MOPOHA U HUXOE0
noHawarse y npocmopujama’, IpuKa3aHe Cy KapaKTePUCTHKE PAJIMOHYKIHIA O]l MHTEepeca 3a
OBaj pajJ, KOju Cy OJTOBOPHHU 3a HM3JIarame Jbynu. lIpeactaBibeHe Cy (U3NYKO XEMH]jCKE
ocoOWHE paoHa, TOPOHA M HHUXOBUX IOTOMAaka, a MOCEOHO Cy OIMCaHE paaHjalllioOHe
ocoOHMHE OBUX M30TOMNa. Y HACTaBKY je mpukazaH JakoOujeB mozen. Jlate cy mapamerapcke
jeHaYMHEe OBOI MOjJeja M YBEleHAa je TPUMOJAJHA PACIoJielia acpocoyia MO BEIHYUHH.
JakoOujeB Mojen je TpOIIMpEeH Ha TPUMOJAIHY paclojelly W TMpuKa3zaHe Ccy Haj0osbe
MpOLEHEHE BpEAHOCTH Mapamerapa JakobujeBor mojena. Takohe cy HaOpojane ¢uznuke
BEIMYMHE U JaTe HUXOBE JePHUHUIHU]E, a KOje Cy HEOIXOJHE 3a ONMUCHBAKE U Pa3yMeBambe
npobieMaTuKe Be3aHe 3a U3Jarame paJloHOBUM U TOPOHOBUM MOTOMIIMMA.

VY npyroj riaBu, TMOA HA3UBOM ,,/{03uMempujcku mooen bYOCKoe pecnupamopHo2
MpaKma u aKmueHOCMU padoOHOBUX U MOPOHOBUX NOMOMAKA ) PeCRUpamopHom mpakmy'
JIeTaJbHO j€ OMHUCaH JO3MMeTpujcku Mojen npeacraBibeH y ICRP66 myGnukanuju, a xoju
IpeJcTaBiba ynpomheH Mozen JbYICKUX Tutyha u ciiy’ku y no3uMerpujcke cBpxe. Takobhe je
y OBOj TJIaBH NPUKa3aHa METOO0JIOTHja TpopavyyHa JETIOHOBAHWX aKTUBHOCTH y Tutyhuma n
npencrasibeH coprep LUNGDOSE. Ogaj codtBep omoryhaBa u3padyHaBame ISTTOHOBAHUX
aKTUBHOCTH U Kopuctu npenopyke ICRP66 my6nmkanuje.

Tpeha rnaBa, mox HazuBom ,,ORNL mamemamuuxu mooden myockoe opeanusma —
mamemamuyku panmom™, NPEACTaBIba JO3UMETPH)JCKU MOJIENT YUTABOT JbYJICKOT OpraHu3Ma
y KoMe cy JaeduHHMCaHU [OjeIMHaYHU OpraHM MaTeMaTH4KuM penanujama. OBaj Mozen
CITy’)KH y JO3MMETPHjCKE CBpXe M omoryhaBa MpopadyH 11032 y CBUM OpraHMMa JbYJCKOT

opraHuisma.
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YeTBpTa riaBa, moJ Ha3UBoOM ,,Cogpmeepu 3a cumynayujy mpaHcnopma spayersa Kpo3
mamepujy* nerabHo ommcyje coptBepe PENELOPE m MCNP. bbuxoBa ymora je y
CHUMYJIAIIMjU Tpojacka Oera M Trama 3padyerma Kpo3 MaTepHhjy M H3padyHaBamy TIyOHMTaKa
€Hepruje MpHu CyAapuMma M MHTEpakifjamMa y MaTepuju. YJiora OBHX cO(pTBepa U HUXOB

Ha4yuH paz[aje OIIMCaH AC€TaJbHO.

Hpyru neo mucepramuje mox Hazueom TEOPUJCKU JJEO PAJIA U PE3VJITATU
NpEeJCTaB/ba OPTMHAIHU HAyYHH JONPHHOC ayTopa. Pe3ynTatm HaydHOT HCTaKUBama Cy
MpUKa3aHu y IiiaBama 5 — 9.

VY Tleroj rnmaBu monx HazuBoM ,,Oopehusare napamemapa Jaxobujesoz mooena
bpaynosum kpemamwem™ ayrop je monazehu 01 OCHOBHUX KOHIICTITA KpEeTama aroMa Hu
MOJIEKyJla Y Tacy IpeICTaBHO CO(TBEp HAa OCHOBY KOTa C€ MOTY OJPEIUTH IapamMeTpH
JakoOujeor mozxena. Pamu ce o Monte Kapio cumynanuju uuju MexaHu3aM j€ J€TaJbHO
OTMCAaH U MPEJICTaB/bEH Y OBOM eIy pajia, Kao U pe3ysTaTu KOju MPEICTaBbajy OPrHHAIHU
Hay4YHU JONPHUHOC. V3 OBOT Jena aucepTaliyje MporcTeKIIa je myoInKamja:

N. Stevanovic, V. Markovic, V. Urosevic and D. Nikezic Determination of parameters of
Jacobi room model using the Brownian motion model Health Physics, 96(1): 48-54, 2009.

V miectoj riaBu OBe AMCEpTallMje MOl Ha3UBOM ,,Ancopbosane gppaxyuje enekmpona
u bema 3paverba y OCEMBUBUM CHOjeBUMA /bYOCKO2 pecnupamopHoz mpakma cy
npopayyHare arncopOoBaHe (pakiifje Y OCETJbMBUM PETMOHUMA JbYICKOT PECIHPATOPHOT
TpakTta. AmncopOoBane ¢pakuuje cy oapehene kopumhewmem PENELOPE codtsepa.
AncopOoBaHe (pakimje y OCETJbUBUM CII0j€BUMA Cy IPETXOAHO Onile payyHaTe U MpHKa3aHe
y okBupy ICRP66 mybnukamnmje. OBe BpeTHOCTH Cy KOPUTOBaHE MOOOJbIIIAlbUMa TEOPH])CKOT
Mojiesia ¥ KOpUCTehr MeTo/Ie KOje /1]y TauyHuje pe3yiTaTe U pealHHuje OMUCY]y TPaHCIOPT
3pauema y oOceTJbuBUM ciojeBuMa. Kopuctehu nobOujeHe BpeaHOCTH arncopOOBaHHUX
¢dpakuuja onpehene cy 103e y OCET/BHBUM CJIOjeBUMA JbYACKOI pecupaTopHoOr Tpakra. M3
OBOT JieJla JucepTalije IPOUCTeKIIe Cy MyOIuKaluje:

V. Markovic, N. Stevanovic and D. Nikezic Absorbed fractions for electrons and beta
particles in sensitive regions of human respiratory tract Radiation and Environmental
Biophysics. 47: 139-145, 2008.

D. Krstic, V.M. Markovic, D. Nikezic and D. Vucic Absorbed fractions in sensitive regions

of human respiratory tract calculated by mcnp5/x software for electrons and beta
particles due to radon progeny. Romanian Journal of Physics 58: S164-S171, 2013.
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VY rmaBu cepam oBe AWCEpTaIMje MO Ha3UBOM ,,/[o3e 00 bema 3pauerpa 222Rn/7?°Rn
NOMOMAKA Y OCeMUBUM CNLOjeBUMA /bYOCKUX Nayha u 003HU KOHEep3UOHU gaxmopu’ cy
onpehene moze ox Oera 3padema y OCETJBHBHM CJOjeBUMa JbYIACKHX Iiyha ox crpane
JICTIOHOBaHUX AKTBHOCTH Yy CJIOjy MyKyca W muiauja. [IpopauyH je BpIIEH 3a OCETJbHBE
cliojeBe OPOHXMjATHOT W OPOHXHOJIAPHOT PErMOHA y KOME e Hajlaze 0azallHe U CEKPETOpPHE
hemnje koje cy uaeHTH(HUKOBAHE Kao paJMOOCeT/huBe. Takohe je u3BpIIeHAa aHaM3a
3aBHCHOCTH JO3HOT KOHBEP3MOHOT (hakTopa y OJHOCY Ha mapamerpe u3 okojuHe. M3 oBor
JieNia ACepTallyje MPOUCTEKIIA je MyOIuKaluja:

V.M. Markovic, N. Stevanovic, D. Nikezic Doses from beta radiation in sensitive layers of

human lung and dose conversion factors due to 2?Rn/*°Rn progeny Radiat Environ
Biophys, 50(3): 431-440, 2011.

VY rnmaBu ocam OBe JIUCEpTalHdje MOJ HA3UBOM ,,/[03e Y /YOCKUM oOpeanuma ycieo
bema u eama 3payerba pPadoOHOBUX U MOPOHOBUX NOMOMAKA HAMALONCEHUX ) /bYOCKUM
nayhuma,, Cy pauyHaTH JO3HH KOHBEP3MOHHU (PAaKTOPU y CBUM TJABHUM OpPraHMMa U TKHBY
ocratka Jeynckor opranumzMa. DCF je pauyHaTt 3a kparkoxuBehe pagoHOBE W TOPOHOBE
MOTOMKE KOju cy Oera M TramMa akTHUBHM M Haja3e ce nenoHoBanu y muryhuma. ORNL
MaTeMaTH4Ku (aHTOM je clykuo kao mozen 3a cumynauujy MCNP-4B codreepom. 3a
U3BOp 3padema cy y3era miayha y KojuMa Cy JAENOHOBaHU 2Yph u 2Bi. Y YBony u
Metononoruju pama cy omucaHe meroae kojuma je DCF mpopauynar. YV oBoj riaBw,
npopadyHare cy BpeaHocTH no3a U DCF-a u tabenmapHo mpukaszane. Takohe je m3BpuieHa
aHanmm3a ocetrsbuBocTH ICRP66 Mmonena Ha yna3zHe mapaMeTpe. YJa3HM HapaMeTpud OBOT
MoJiesia Cy BapupaHH y MOT'yhuM orice3nma, Iie ¢y OCTajIM MapaMeTpu JApKaHU KOHCTAHTHUM
M jelHaKuM Haj0oJbe TpolEeHmEeHUM BpeaHocTuma. Ha Ttaj HaumH ce onpelyyjy moryhe
Bpennoctn DCF-a y 3aBucHocTH 0 mapameTpa koju ce Bapupa. OBO IOTJIABJbE CaIPKU
OpPTMHAJIHU HAYYHU JIONPUHOC KaHUAATa, KOJU je pe3yaToBao myOnuKanyjama:

V.M. Markovic, D. Krstic, D. Nikezic Gamma and beta doses in human organs due to

radon progeny in human lung Radiation Protection Dosimetry, 135(3): 197 - 202, 2009.
D. Nikezic, V.M. Markovic, D. Krstic and P.K.N. Yu Doses in human organs due to alpha,

beta and gamma radiations emitted by thoron progeny in the lung Radiation Protection
Dosimetry, 141(4): 428-431, 2010.

VY rnaBuW neBeT OBe AHMCEpTallMje TMOJ HA3UBOM ,,/[03€ pAOOHOBUX NOMOMAKA KAO
ussopa cnomauitbee bema u eama 3paverpa’ je W3BPIICHA TPOIICHA H3JIarama YCIea
CIIOJballIlLET O3pavurBamba O ramMa u Oera 3pauclkha paJOHOBUX IMOTOMAKa paCHOPCIjCHI/IX y

atMocdepu 3arBopeHux mpoctopuja. ORNL maTemaTtuuku Mozen JbyJICKOT OpraHu3Ma je

7
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CMEMITeH Yy CPEIWHU MPOCTOPHje Y KOjOj c€ Haja3W aKTMBHOCT PaJOHOBUX TOTOMaka Koja
onrosapa jenuHuIHOM M3narawy. MCNP codTBepom mo3e 6eta u rama 3padema cy oapeheHe
y CBUM TJIaBHUM OpPTaHWMa M TKHUBY OCTaTKa JbYJICKOT opranu3ma. HaydHu gonpuHOC ayTopa
KOJH je IPOUCTEKA0 U3 OBE IJIaBe AUcepTainje je 00jaBJbeH y paay:

V.M. Markovic, D. Krstic, D. Nikezic, N. Stevanovic Doses from radon progeny as a

source of external beta and gamma radiation Radiat Environ Biophys, 51: 391-397, 2012.
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OIIIITA PASMATPABA

1 Omnmre KapakTepucTHKe PpaJoHAa W TOPOHA H HHUXOBO

NMOHALIAK-€ Y IPOCTOpPUjamMa

1.1 Onwme xapakmepucmuke paoona, MopoHa u HUX0BUX HOMOMAKA

1.1.1 Ommte KapaKTCPUCTHUKC paJOoHa U ElbCTOBUX ITIOTOMAKaA

Pamon (**Rn) je pammoakrTuBaH rac 6e3 6oje mupuca um ykyca. Hacraje anda

pacmazoM panujyma 2°Ra (T,;,= 1620 roxn.), xoju je cacTaBHU Jico 3eMJbUHE KOPE H jaBJba Ce
y PaIMOAKTUBHOM HU3Y 28y (T, = 4.46-10° rox.), Cmmka 1.1. Pagujym ce moxe Hahu

TPBEHCTBEHO y TIIy, K40 M Y Pa3sHUM APYruM Matepujamnma. Caxpxaj 2°Ra y Ty Bapupa y
3aBHCHOCTH O]l JIOKallMje, i je MPUCYTaH roToBO cByna. Ha HekuMm MecTHMa ce jaBiba y
TparoBuma, JOK ce Ha HekuMa Moke Hahu y obnuky pyne. Pagon cnama y Vllla rpyny
MEPUOJTHOT CHUCTEMa eJeMaHaTa M Kao IJIEMEHHUT Tac, XeMHjCKH je MHEepTaH M He Tpaau
jenumema. 300r Te 0coOKHE paZioH MOXe Jla HAIyCTH MaTepHujall y KOMe je HacTao pacrnagoM
22°Ra. Judysuja je jemaH o TIAaBHUX Mpolleca MUTpAIMje pagoHa OJf MecTa HACTaHKa.
Takohe, KOHBEKIIMjOM paJOH MOXKE Ja HAllyCTH MECTO HacTaHKa W JOCIe 0 BeoMma
ynajseHux permoHa. OcoOMHa MUTpandje paaoHa Kpo3 3eMJBHINTE MOXKE MOCTY)XHTH Kao
MH/MKATOp MPUCYCTBA MOJ3EMHUX YPAHCKUX pyJa. Y IMpolecy MUTpanuje Kpo3 TJIO, MOXe
JOCTIETH JI0 TIOBpIIMHE 3eMJpHITa U ipehu y armocdepy, (Fleischer u ap, 1997).

Bpeme nmonypacnana, T,,,, 222Rn je 3.825 nmana. Pacnaga ce emucujoM anda decTuie
e"epruje 5.59 MeV. Pacnanom 222Rn HacTaje 218po, KOjH je Y aTOMCKOM CTamy, CI10001aH U y

TPEHYTKY CTBapama je TO3HTHBHO HaelnekTpucaH. Atomu “®P0 Mory rpaauTy Kiacrepe ca

MOJICKYJIUMa BOJIEHE Tape W APYTMM CYOMHUKPOHCKHUM YeCTHIIaMa, MOTY C€ IPHUIIOJUTH
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aepocosiuma uiu octatu ciaoboaau, (Porstenddrfer u ap, 2005). 218pq j€ XeMH]JCKH aKTHUBaH H

UWHTEparyje ca 4ecTullamMma MNPUCYTHUM Y Ba3ayxy. OBaj paloHOB NHOTOMakK je Takohe

paaroaKTHBaH ca BpEeMEHOM noiypacnana 1,,,= 3.05 munyra. Paciaga ce emutoBamem anda

yecTuie eHepruje 6 MeV u nputom HacTaje aToM 214pp KOJH j€ IPYTH y HU3Y KPaTKOKMBEhHX

PaIOHOBUX MTOTOMAKa.

mi;‘?';‘f‘," 4.4710° roa. B 2.4510° roq,.
23% 77%

: 0(4.72. 4.78)
1.18 munyTa 28% 71%

2HPa-ITpoakTinujym

B0Th - ‘"l'"opuij

(l(4.62. 4.69), 7.710* rox.

23% 76%
Y
2Ra-Pagnym
0l(4.60, 4.78)

5% 95%

#4Th - Topujym

1620 roauua
v

2Rn-Panon

01(5.49)| 3.8 nana

v ‘ .
218Po-TTostoHMjyM 24Po-TlonoHujym 219Po-[lonoHujym |

6.0y | 3.1 MmunyTa b T w0164 us s.30| 138.4 nana
19.8 munyTa
2.68 MunyTa 22 ron. ! crabunau

A 4 A
219Pb-Onoso | 200pb-Onoso

. 238
Cnuka 1.1 JJujacpam pacnada “~U paduoakmuenoe Huza ca 6pemeHom NOIYHCUBOMA CBAKO2

| 24Pb-Onoso* |

paouonykauoa u enepaujom o vecmuya y MeV-uma. Hanomene: 3sezouya (*) oznauasa oa je
. 238 . 214n;
PAOUOHYKIUO uHmeHzusan cama emumep, = U ce pacnada u cnonmanom ¢ucujom; "Bl
Modce 0a 00dicusy u anga pacnao, anu ca maiom eeposamuohom oo 0.04 %, me je ma epana

3anemapera Ha cauyu

Hosonacram atom 2**Pb nma novetHy eHeprujy ox 117 keV mpuiavkom HacTaHka U
TPHTOM JIOKHBJbABA Y3MaK. YKOJIHKO je atoM “*P0 mpe pacraja GHO NPHIIOjEH 32 YECTHILY
aepocoJia, eHepruja y3maka 2l9pp je JOoBOJbHA Ja c€ OBaj aTOM OJIBOJH OJ YECTUIE ca
oapehenom BepoBatHohowm, (Mercer, 1972; Hukesunh u Cresanosuh, 2004). Ha Ttaj nHauuu
HacTaje ciI000/aH aToM 2l4pp 214pp je Takohe paanoaKTHUBaH, U pacraja ce 3 eMHUCHjoM Ha

2YBj . Pacnan npaTd eMmucuja y 3padewma. Crekrap [ 3pauema 214p je TpuKa3aH Ha

10
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Cmunu 1.2, ca nparehum rama nunujama natuM y Tabenu 1.1. FberoBo Bpeme momypacnana

je, T,,,=26.8 munyra.

100 T T T T T T
214 2
Pb
107 - _ 2M4n, B 7
Bi p

S 107 | -
K5
=N
E 103 1
)
<
g 10+ e -
= T
s ~
8 ~
Q
& 105 ~ 1
= AN

108 \ B

10—7 1 1 1 1 \

0.0 15 20 25 3.0 35
E(MeV)

222
Cnuxa 1.2 Bema cnekmpu nomomaxa “““Rn

(Table of Radioactive Isotopes, 2014)

TaGena 1.1 Enepruje rama 3padyema 24k u oarosapajyhe BepoBatHohe emucuje

(Table of Radioactive Isotopes, 2014)

E(keV) BeposarHoha E(keV) BeposarHoha E(keV) Beposarnoha
eMHucHje eMHucHje eMHCHje
9.42 0.002552 77.107 0.081670 295.224 0.197028
10.731 0.005002 86.830 0.010209 298.76 0.000204
10.839 0.044918 87.349 0.018376 305.26 0.000316
11.712 0.000602 87.892 0.000561 314.32 0.000796
12.48 0.000715 89.784 0.006840 323.83 0.000286
12.691 0.005513 90.074 0.001735 351.932 0.383847
12.967 0.011230 107.22 0.000153 462.00 0.002256
13.023 0.025522 137.45 6.13-10° 480.43 0.003267
13.211 0.006431 141.30 4,08-10° 487.09 0.004308
13.393 0.001531 170.07 0.000327 511.00 0.000327
15.247 0.005411 196.20 0.000704 533.66 0.001899
15.582 0.001940 205.68 0.000117 538.41 0.000204
15.685 0.000990 216.47 0.000225 543.81 0.000704
15.709 0.002348 238.40 0.000153 580.13 0.003593
53.228 0.012250 241.997 0.075851 765.96 0.000796
74.138 8.27-10° 258.87 0.005349 785.96 0.010923
74.815 0.049002 274.80 0.004839 839.04 0.005993

11
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Tab6ena 1.2 Enepruje rama 3pauema 21Bj onrosapajyhe BepoBaTHohe emucuje

(Table of Radioactive Isotopes, 2014)

E(keV) Beposarnoha E(keV) Beposaruoha E(keV) Beposaruoha E(keV) Beposarnoha E(keV) Beposarnoha
EMHUCH)E EMHUCH)E EMHUCH)E EMHUCH)C E€MHCH])C
9.658 0.000144  487.95 0.000204  873.07 0.000131 1377.669 0.029185 2266.51 0.000131
11.016 0.000279  494.20 8.76:10° 878.03 8.76-10° 1385.31 0.005523 2270.90 9.49-10°
11.13 0.002488  496.90 5.03-10° 904.29  0.000620 1392.50 0.000139 2284.30 3.72:10°
12.085 4.01-10° 501.96 0.000131 915.74  0.000190 1401.50 0.009266 2287.65 3.36:10°
12.823 4.01-10° 519.90 0.000117 917.80 3.65-10° 1407.98 0.015687 2293.40 0.002225
13.084 0.000109  524.60 0.000124  930.20 0.000241 1419.70 3.72:10° 2310.20 1.02:10°
13.328 0.000620  528.00 0.007296 934.06 0.022108 1470.90 6.71-10° 2312.40 6.57-10°
13.443 0.001664  536.77 0.000496 934.10  0.000365 1479.15 0.000372 2319.30 2.92:10°
13.635 0.000124  543.00 0.000613 93450 7.3.10° 1509.23 0.015395 2325.00 1.24-10°
13.778 9.27-10° 547.60 2.92-10° 938.65 9.49-10° 1515.50 5.03-10° 2331.30 0.000161
15.742 0.000358  572.76 0.00054 939.60 0.000131 1538.50 0.002743 2348.00 1.02:10°
16.077 3.87-10°  595.23 0.000124  943.34 0.000124 1543.32  0.001459 2353.50 2.92:10°
16.203 6.93-10° 600.00 5.84-10° 949.80 4.01-10° 1583.22 0.005034 2361.00 1.24-10°
16.213 4610° 609.31 0.336362 95220 4.38-10° 1594.73 0.001824 2369.00 1.97-10°
76.172 2.99-10° 615.73 0.000438 961.61 8.76-10° 1595.00 3.65-10° 2376.90 6.42:10°
76.863 0.004246  617.00 0.000248 964.08 0.002641 1598.00 4.38-10° 2390.80 1.17-10°
79.29 0.007150  626.40 3.65-10° 965.00 7.3-10° 1599.31 0.001678 2405.10 2.99-10°
89.256 0.000846  630.79 0.000131 976.18  0.000139 1636.30 8.76:10° 2423.27 3.36:10°
89.807 0.001620  633.14 0.000401 989.34 7.310° 1637.00 4.38-10°° 2444.70 5.84-10°
90.363 5.03-10° 634.72 4.74-10° 991.49 7.310° 1657.00 0.000336 2447.86 0.011455
92.317 0.000598  639.67 0.000219 1013.8 6.06:10° 1661.28 0.008391 2482.80 1.09-10°
92.618 0.000168  649.18 0.000438 1021.0 0.000102 1665.80 6.06-10° 2505.40 4.16:10°
221 2.19-10° 651.50 1.46-10° 1032.37 0.000569 1683.99 0.001576 2550.70 3.36:10°
230 2.92:10° 658.70 0.000109 1033.30 0.000175 1711.00 1.31-10° 2553.00 7.3-107
230 2.92:10° 661.10 0.000343 1038.00 6.06:10° 1729.595 0.021305 2562.00 1.31-10°®
252.8 2.19-10° 665.45 0.010653 1045.60 0.000190 1751.40 6.57-10° 2564.00 1.02:10°®
268.8 0.000146  677.41 4.3810° 1051.96 0.002298 1764.494 0.112364 2604.50 2.92:10°
2738 0.001094  683.22 0.000591 1067.20 0.000197 1813.73 8.03-10° 2630.90 5.84-10°
280.95 0.000438  687.60 5.03-10° 1069.96 0.002007 1819.20 1.02:10° 2662.40 2.19-10°
304.2 0.000306  693.30 4.38:10° 1103.64 0.000730 1838.36 0.002627 2694.70 0.000226
304.2 0.000306  697.90 0.000372 1104.79 0.000562 1847.42 0.015395 2699.40 2.04-10°
33331 0.000584  699.82 0.000117 1118.90 0.000292 1873.16 0.001598 2719.30 1.31-10°
334.78 0.000248  703.11 0.003444 1120.29 0.110175 1890.30 0.000584 2769.90 0.000182
348.92 0.000876  704.90 0.000343 1130.29 0.000292 1895.92 0.001167 2785.90 4.01-10°
351.9 0.000511  708.80 0.000124 1133.66 0.001809 1898.70 0.000416 2827.00 1.68:10°
356 5.11-10° 710.67 0.000547 1155.19 0.011893 1935.50 0.000299 2861.10 2.77-10°®
1363.47 5.69-10° 719.86 0.002765 1155.60 0.000117 1994.60 3.65-10° 2880.30 6.71-10°
375.59 3.36-10° 722.98 0.000255 115600 0.007296 2010.78 0.000343 2893.50 4.38:10°
386.77 0.002262  733.80 0.000314 1167.30 8.76:10° 2021.60 0.000146 2921.90 0.000102
388.88 0.002700  740.73 0.000292 1172.98 0.000372 2052.94 0.000503 2928.60 8.03-10°
394.05 0.000108  752.84 0.000949 1207.68 0.003291 2085.10 6.64-10° 2934.60 3.36:10°
396.01 0.000212  768.36 0.036044 1226.70 0.000131 2089.70 0.000365 2978.90 0.000101
405.74 0.001240  769.70 0.000219 1230.60 0.000109 2109.92 0.000642 3000.00 6.42:10°
428 1.68-10° 786.10 0.002262 1238.11 0.042246 2118.55 0.008318 3053.90 0.000153
439.34 8.76:10° 788.60 0.000109 1279.00 8.76-10° 2120.00 5.11-10° 3081.70 3.5-10°
452.92 0.000226  806.17 0.008902 1280.96 0.010434 2147.90 0.000102 3094.00 3.21-10°®
45477 0.002189  815.00 0.000277 1284.00 8.03-10° 2160.40 1.31-10° 3142.60 8.76:10°
461 0.000387  821.18 0.001153 1285.10 0.000124 2176.50 2.33-10° 3149.00 6.57-107
469.76 0.000941  826.30 0.000803 1303.76 0.000817 2192.58 0.000248 3160.60 2.33-10°
474.41 0.000803  832.39 0.000204 1316.96 0.000584 2204.21 0.037066 3183.60 9.41-10°
485.92 0.000161  840.40 6.57-10° 1330.00 8.03-10° 2251.60 4.01-10° 3233.20 7.3-107
486.7 438-10°  847.16 0.00019 1341.49 0.000161 2260.30 6.35-10° 3269.70 4.38-107
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Artomu *“Bi KOJU HACTajy pacragoM TPUIIOJeHUX aToMa 214pp 0CTajy TPHIIOjJCHH
aepocouiry, jep jesrpa 21*Bj wacrana HakoH Gera pacrnaga HeMajy JOBOJbHY €HEpPrujy y3maka
na Ou ce onBojuia. Bpeme monypacnana 214Bj, Koju je B pammoakrtuBaH, je T,,, =19.8
munyTa. Kao u xox 2l4p emMucHujy Oera yecTuia 214Bj IpaTH rama 3pademe, ydje Cy JUHHU]e
nare y TabGemu 1.2. Tlocnenmu e1eMEHT y HHU3Y PaJMOAKTUBHOT pacrmaja 238y je 208pp 5
mema pacnajaa je npukazana Ha Cmumum 1.1. Y Tabenu 1.3 cy cymupane ¢usnuke ocoOuHe

pagoHa U lbErOBUX KpaTKO)KI/IBehI/IX IIoToMaka.

TaGena 1.3 ®u3nuke ocoOMHE pazoHa U HErOBUX KpaTKokuBehux moromaka

pamuonykaun 1172 (S) BpCTa Enepruja (MeV)

paciaaa
“®Ra 51-10° « 4,60 (5%); 4,78 (95%)
222Rn 3310« 5,49
218pg 183 o 6,00
24pp 1608 B,y 1,024 max
214Bj 1182 B,y 3,272 max
214pg 1,610  « 7,69

Pajion, ?Rn, j€ paJMoaKTHUBHM €JEMEHT KOJU 3ajeJHO Ca CBOJUM KpaTKOKMBehuM
MOTOMIIMMA MMa HajBehu yieo y yKYITHOM M3Jaramy JbyJIu. ?2RN U BErOBH MOTOMITH umajy
JOTIPUHOC Of Ipeko 55% y yKYyNHOM H3Jaramy OMNIITE Momyianyje, ysumajyhu y o03up u
npupojiHe W BemTauke u3Bope 3pauewa, (UNSCEAR, 2006; ICRP 32, 1981; Darby u ap,
1998). CBu ocTanu MpPUPOIHH U3BOPU 3paucka MUMajy yAeo o1 oko 26%, a 3aTuMm ciese
BEIITaYKH M3BOPHU, OJ1 KOJUX j€ Haj3Ha4ajHUja qujarHocThdka paauonoruja. Ha Crurm 1.3
MpHUKa3aHa je pacrojesa JONPUHOCa PasHUX HM3BOpa KOjH YYECTBY]Y Yy O3padyHMBamy OIIITE
nomynanuje, (UNSCEAR, 2008; NCRP Report 93, 1987).

IMotomum RN mprcyTHOT y aTMOoc(epr Ce MOTY TAIOKHTH y 3eMJBHINTY HIH Y
BOJICHUM CHCTEMHMa, TJIe TNpeKo Ouspaka W KUBOTHE-Q JIOCIIEBAjy Yy JIAHAIl HCXpaHe.
Konmnenrpanuja pagoHa Ha OTBOPEHOM MPOCTOPY je 00MYHO Mama o1 10 Bq'm's, (UNSCEAR
Report, 2006; Yu u ap, 2006). OBa koHILIEHTpaIMja HE MPEACTaBJba 3HAYAJHY PAAMjaLlUOHY
ornacHocT. MehyTum, y 3aTBOPEeHMM IpOCTOpHjaMa ca CJ1aboM BEHTHJIAIMjOM DPAJOH ce

akymynupa, (Zhuo u ap, 2001). Konmenrpanuja pagoHa MoXe JOCTHNHM BHCOK HHUBO Y
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cIy4yajy Kajga j€ jaudMHa W3BOpa pajJoHa BelWKa, a BeHTWanuja ciaaba. Bucoke
KOHIIEHTpallKje paJloHa pelia BEJIUYUHE HEKOJIMKO CTOTHHA Bq-m'3 U BUILIE U MPEICTaBIbAjy

3Ha4ajHy paaujanuony omacHoct, (BEIR VII, 2006; Jolyon u ap, 2009).

Hyxneapna Ocraio
MEIUIINHA 4%

MenunuHcko
4%

Penrencko pauemwe
11%

IIpupogxu uzBopu
3pauerma
(ucxspyayjyhu

Panon)
26%

Cnuxa 1.3 Peramuenu 3nauaj nojeOunux uzeopa 3paverba Koju 0OnpuHoce

nonynayuonoj 0oszu, (UNSCEAR, 2008)

Konnenrpamnuja pagoHa y mpocTtoprjamMa HajBHIIE 3aBHCH O]l jaulHE M3BOpa pajioHa
KOjU MOKe OWMTH CJI0j 3eMJBHIITA HCIOJ rpal)eBHHE Kao U MaTepHjall KOpHUIIheH y U3rpajambu
o0jekTa. JegaH ojf 4yecTUX HauyMHa KOjUMa PaJOH JOCIEBa y MPOCTOpHUje je MyTeM BoJe, a
Moryha je KOHTaMHHAIMja M MyTeM raca Koju ce kopuctu y aomahunctBy. Ha Cnumu 1.4
MIPEJICTAaBIJbEH j¢ PENIATUBHU 3HAUYa] U3BOPA PaJOHA Y 3aTBOPSHHUM MPOCTOpHjaMa. 3eMIBHINTE
je uajpehu u3Bop pamona, (Eisenbud u Gasell, 1997), u3 xojer kpo3 NykOTHHE U MaTepHja
kopuitheH y usrpaamu nudysujom u kousekuujom, (Fleischer u ap, 1997), pagon nocrnesa y
MIPOCTOpPHU]E TIE CE aKyMYJIUpA.

[Topen jaumne wu3BOpa 222Rn, merosa KOHIIGHTpAIlMja 3aBUCHU OJ] WHTEH3HUTETA
BEJIHTUJIAIM]€ TIPOCTOpH]ja. Jauuna senmunayuje peacTaBiba Opoj M3MEHa YKYITHE KOJTUINHE
Ba3MyXa y TOKY jeJHOT caTa y TOj MpOCTOpHjH M m3paxasa ce y h™'. Ha xonuentpammjy
paJOHOBHX TOTOMaKa y 3aTBOPEHUM IPOCTOpHjamMa Takohe yTHuYe HHXOBO TaJI0XKEHE Ha
3WI0BE MPOCTOPHja U OCTalle YHyTpallme nospinuue, (Stevanovic u ap, 2009). Ionamame

PaZOHOBHX TMOTOMAaKa YHyTap MPOCTOPHja CE MOXKE OIMUCATH MOJEIIOM KOjU CE€ CacTOju Ol
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HU3a JUQEpeHINjaTHIX jeTHauYnHa y Kojuma ¢urypuiny oapehenu napamerpu. OBaj Moen
ce HasuBa JakoOujeB momen (Jacobi, 1972) u y3uma y 003up paauoOaKTHBHH pacrma,
VKJIambame PaJUOHYKINIa BEHTUJIAIN]OM, MPHUIIAjalbe aepoCcoiiMa MPUCYTHUM Yy Ba3dyXy,
0JIBajam-e OJ1 aepOCcoJia Y3MaKOM je3rpa MpH pacnaay U JCTO3HIIN]y PaIUOHYKINIa Ha 3UI0BE
npocropuja. JlerasbHu onuc JakoOujeBor mMojena je JaT y noceOHOj IiiaBu. Y OKBHUPY OBOT
paza je pa3BHjeH TEOPHjCKU MOJIET KOju MpoLewyje mapameTrpe JakodujeBor Mojena, mTo he

outu npesacraBbeHo y Teopujckom neny pana.

[Mujaha Boga

I'paheBunCKH
f 1%

Mar
3%

ATtmocepa
9%

IIpupoaau
W3BOPH BOJIE
18%

. 222 .
Cnuka 1.4 Renamusan 3nauaj uzeopa paoona “““Rn y 3ameopenum npocmopujama

(UNSCEAR, 2006)

Kama ce 2%’Rn Halje y 3aTBOpPEHHUM MpOCTOpHjaMa, OWUJIO y CTaMOEHOM WU
MOJPYMCKOM TIPOCTOpPY, Yy PYIHHIIMMa M CIHYHO, OH ce yHUupopMHO pacnopehyje mo
3anmpemMunu npoctopuje, (Urosevic u ap, 2008). VYcmen moeehane KoHIEHTparje Tj.
HaroMmjiaBama PaIOHOBUX MOTOMaKa pacTe paavjallioHu pu3uK. KoHIeHTpamnuja pagoHa y
3aTBOPEHUM MPOCTOpUjaMa MOXE IMPHPOTHO BapUpaTH TJe MPOMEHE MOTY OWTH JIHEBHE,
cesoncke u rogumnimbe, (UNSCEAR Report, 2008).

PagoHoBM moOTOMIM Cy 3HAaTHO OINACHHWjH MO YOBEKa OJf caMor pajaoHa. Pamon
JTOTIPUHOCH HWHXAJIAIMOHO] J03u cBera oko 1%, mok ocramux 99% mo3e mompuHOCE
KpaTKoXXUBehu pajoHOBH MOTOMITH 218P0, 214Pb, (Daniel, 2006; Marsh u ap, 2008). Hakon

yaucama OHM Ce TaJloXKe Ha YHYTPAIlbUM CII0jeBUMa TUCAJHUX IyTeBa, TJe Ce pacnanajy,
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WIH CEe PAa3IMYUTUM MEXaHW3MHMa IPEHOCE y KPBOTOK M TaCTPOMHTECTHHAIHU TPAKT.
Takohe je 3Ha4yajaH MexaHW3aM 4YMINhema MyTeM IMOKpPEeTama MYKyca Ha BHIIEC YHME Ce
HATAJIOXKEHU MaTepHujasl MyTeM cekpera u3baiyje u3 opranusma. lIpememrame y aumpne
KIIe3[le je joml jemaH oA MOryhmx MexaHHu3ama YKJamama HaTaJloKEHOr Marepujaja.
[Tpunukom pacniaza paloHOBM NOTOMIIM HATaJOXKEHU y ITyhrMa eMHTYjy 3pademe Koje ce
pocTHpe Kpo3 okoHO TkuBO U omrehyje ra. ICRP 66 nybnukanuja je mueHtudukoBaia
IIECT pa3MYUTHX BpCTa TKMBA Koja ¢y moceoHo paauoocersbuBa, (ICRP 66, 1994).

300r kparkor aomera anda yecTHia, HajOUTHHUjU BUJ H3Jarama JbyId KOJU je O
3HaYaja jecTe YHYTpalllbe H3jIarambe NpU 4YeMy je HMHXajaldja Haj3acTyIJbeHU]U Ha4YhH
YHOIIICHa Y OpraHu3am. 300T Tora pajioH U HBErOBU IMOTOMIIM MPEICTaBIba]y MOTCHIIN]jaTHA
pU3UK 3a HacTaHak KaHiepa tutyha. JlogaTHU pajMjalldOHM PU3HIM MO OCTaja TKHBA U
oprane cy Takohe mpemno3natu. [IporeHe no3a Mmokasyjy Ja YHOIIEHEM BOJE KOja CaJpiKH
BHCOK HHMBO pajioHa MOXKE JOBECTH JI0 3Ha4ajHO MoBehaHOT pH3HMKa Off CTOMAaYHOI KaHIepa
(NRC, 1999). Takohe moctoju WHIMKAIKja a ICMO3UIMja PATOHOBHX MOTOMAaKa MOXeE, MO
onpeheHMM OKOJTHOCTHMMA, JONPHHETH 3HAYAjHO] JIO3W Y OCET/PUBUM helMjamMa KOXe ca

mojaBoM Kamiiepa kao nociueante (NRPB, 1997).

1.1.2 Ormure KapakTeEPUCTUKE TOPOHA U HbENOBUX MOTOMAKA

Topon, 220Rn, je M30TOoM pajioHa U Takole je MHepTaH IUIEMEHMT rac, KOju Mpumaja
PaMOAKTHBHOM HU3y TopHjyMa 2°°Th. TOpoH, Ka0 M pajoH, eMaHAMjOM M3 3EMIBHINTA
JI0CTIeBa y Ba3yX TAe ce Moke Hahu MpucCyTaH y pa3iMuUTHM KOHIIEHTpaIdjama. Y KOJIHKO
Ce pajau O 3aTBOPEHUM U cllado MPOBETPAaBAHUM IPOCTOpPHjaMa MOKE Y U3BECHO] MepH Johu
70 aKkyMyJIalije TOpoHa U BeroBux nmoromaka, (Steinhausler, 1996).

Ha Counu 1.5 je mpuka3aHa 1mema HU3a paJinOaKTUBHOT pacnaja Topujyma. Kako cy
PaJoH ¥ TOPOH WIAHOBH PA3IMUYMTHX JIaHAIA pacmaga, OJHOC u3Mely KOHIIEHTpaluje pagoHa
1 TopoHa he JeroM 3aBUCHTH O] KOHIIEHTpaIlHja YpaHa ¥ TOPHUjyMa Y OKOJIHOM 3€MJBHUIITY,

cTeHama wiH rpaheBunckom Matepujany, (Shukla u ap, 1995). Bpeme momypacmaga TopoHa
je 3maTHO Kpahe ox pamona (T,,,(*’Rn)=3.82 nana) u u3HOCH 55 S, 360T yera je pasjapHHA

KOjy TOpOH MO)ke Tmpehu mpe Hero mTo ce pacmajgHe 3HaTHO Mamba, TaKo Jla ¢€ MPHCYTHOCT
TOpPOHA y OKOJIMHHM 3HATHO pasnukyje ox mpucyrHoctu paaona, (UNSCEAR, 2000). 36or

TOTra je Y MHOI'MM cnyqajeBI/IMa 3aHECMapuBaH HOONIPHUHOC OO03U OJ CTPaHC HHXAJIWPAHUX
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TOPOHOBHX IMOTOMaka. Mel)yTuM MHOTe CTynuje Cy MOKa3ajie Ja KOHIICHTpaIyja TOpoHa Ha
MHOTHM JIOKaIllMjaMa je MCTOT pelia BEeIMYMHE Kao M KOHICHTpalMja pajoHa M J1a YTHIA]

TopoHa He Tpeba 3anemaputH (Steinhausler, 1994; Porstendorfer, 1994).

B2Th-Topujym | #Th-Topujym

01(4.01,3.95) 1.410'" rox. 1.91 ron.
T7% 23% B 0l(5.42,5.34)
6.12 h 72% 28%

zzxAC-AKTHHl/lij*|

p

\ 5.75 ron. v

2Ra-Panujym | **Ra-Paaujym ]

0l(5.69, 5.45)| 366 nana
95% 5% v

| 20Rn-Topou |
0/(6.29)| 55.6 s
v
|3"’P0-H0nonnjym | |212P0-H0H0Hl/lij
06.78) 0.15s B 0.3 ps
0(8.78
60.6 MmunyTa 75
(64%)
l 212Bi-BuzmyT* l
Q(6.07)| 60.6 MuHyTa
ﬁ (36%)
10.64 h v
212Pb-Onoso* | | 208Ph-Onoso
crabunan
p
" 184.2s

| 28T -Tanujym* |

: 232
Cnuka 1.5 Jujacpam pacnaoa ““Th paduoakmuenoe Huza ca 6pemeHom NoIYyHCUBOMa C8axKoe
paouonykauoa u enepeujom o yecmuye y MeV-uma. Hanomene: 36e30uya (*) osnauasa oa je

PAOUOHYKIUO UHMEH3UBAH 2AMA eMumep

Topon ce pacmana emucujoM o dectuie eHepruje 6.29 MeV-a npu uyemy ce mobuja
216pg [TomoHujym je pBU y HU3Y TOPOHOBUX KPaTKOXKUBEhUX MOTOMaka M MMa PeaTUBHO
KpaTKo Bpeme moirypacrnaga koje usHocu 0.15 S. Pacmanga ce eMucHjoM o YeCTHIIE €HEpruje
6.78 MeV-a na **Pb.

212pp ce pacriaga - eMHUCHjOM KOjy TIpaTH WHTEH3WBHO 7Y 3paudewe, Crnuka 1.6. Kao

npoaykt B pacmaza “*’Pb macraje “’Bi xoju je Takohje P pammoaxtnBan (64%) ca
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WHTEH3UBHUM TpaTrehuM Yy 3pademeM U BpeMEeHOM mojypacmana oa 60.6 munyra. [Topen B
eMiucHje 212Bj ce ca penatuBHOM BepoBaTHOhoMm oxa 36% pacmana eMutyjyhu o dyecTtuiy
enepruje 6.07 MeV-a. lllema pacnaga 212Bj ce moxe Bunery Ha Cinrn 1.5.

Crextpu GeTa 3paucra TOPOHOBUX HoToMaKa 2-2Pb u #Bi cy npukaszanu Ha Cimim
1.6. Y Tabenama 1.4 u 1.5 cy nare eHepruje rama 3paucma 212pp y 212B;j PECIIEeKTUBHO, JIOK
TaGena 1.6 cymupa mojmaTke 0 TOPOHY ¥ Fb€rOBUM IIOTOMITUMA.

TopoHOBM MOTOMIIM KOjU HACTAjy PaJMOAKTHBHUM PACIaOM POIUTEIHCKUX je3rapa
Cy TO3UTUBHO HACTCKTPUCAHW W WHTCH3MBHO WHTEPAryjy ca OKOJHHM aToMuMa W
Mosiekyiuma. Hajuenthm mpomecw Koju ce oIurpapajy MpU HHTEPAKIUjU jecy IPOIecH
HeyTpaiu3aimje, 3aTuM (opMupama Kiactepa ca MOJICKYJIMMa BOJCHE IMape Kao M IpoIiec

MIPUIIajarka MOTOMAaKa aepOoCOINMA.

100 T T T T

10_1 . 212Pb B-

-—
o
o
T
]

2

|
-

l

|
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I
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/
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10-5 - \ \ -

Bepoarnoha emucuje (%)

|
i | '
106 - | \ T
|
|
|

107 '
0.0 0.5 1.0 1.5 2.0 25

E(MeV)

220
Cnuxa 1.6 Bema cnexmpu ““"Rn nomomaxa

(Table of Radioactive Isotopes, 2014)
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Ta6ena 1.4 Enepruje rama 3pauema 212pp npunazaajyhe BepopatHohe emucuje

(Table of Radioactive Isotopes, 2014)

E(keV) BepoBatHoha E(keV) Beposatnoha E(keV) Beposarnoha
eMHucHje eMICHje eMucHje
115.183 0.006077 12.480 0.000955 15.709 0.001150
176.680 0.000534 12.691 0.002772 74.138 0.000182
238.632 0.444478 12.967 0.014987 74.815 0.106859
300.087 0.033669 13.023 0.037673 77.107 0.179639
415.200 0.001468 13.211 0.003182 86.830 0.021454
9.420 0.003387 13.393 0.002084 87.349 0.041163
10.731 0.006775 15.247 0.008007 87.892 0.001232
10.839 0.060153 15.582 0.000944 89.784 0.014987
11.712 0.000883 15.685 0.001468 90.074 0.003839

Tabena 1.5 Enepruje rama 3pauema 212Bj y npurnasajyhe BepoBatHohe emucuje

(Table of Radioactive Isotopes, 2014)

E(keV) Beposaraoha  E(keV) BepoBatnoha  E(keV) Beposaraoha  E(keV) Beposaruoha
EMHUCH)E EMHUCH]C EMHUCH)C EMHUCH)E
39.858 0.052725 952.12 0.008216 12213 0.059442 16.213  2.08:10°
124.10 0.001546 1073.6 0.000773 12261  0.032379 70.184  5.32:10°
144.00 0.000483 1078.62  0.027256 12.390  0.039145 70.833  0.003721
164.00 0.000242 1512.7 0.014015 12.643  0.003818 72.873  0.006283
180.20 0.000155 1620.5 0.072007 12.823 1.86-10° 76.172 1.38-10°
288.07 0.014981 1679.7 0.002803 13.084  4.9810° 76.863  0.001962
295.10 0.001160 1806.0 0.004349 13.328  0.000285 79.290  0.003291
327.96 0.006717 8.953 0.007152 13.443  0.000768 82.115  0.000725
433.60 0.000580 9.658 6.67-10° 13635  5.6510° 82.574  0.001450
452.83 0.014981 10.172 0.014691 13.778  4.2510° 83.093  4.06:10°
473.60 0.002223 10.268 0.130966 14291  0.012323 84.865  0.000522
492.70 0.000290 10.994 0.001358 14.625  0.010632 85.134  0.000101
576.00 3.87-10° 11.016 0.000129 14.683  0.002030 89.256  0.000392
620.40 0.000174 11.130 0.001150 14738  0.014015 89.807  0.000749
727.33 0.317992 11.812 0.001981 15.742  0.000165 90.363  2.32:10°
785.37 0.053256 11.931 0.032379 16.077 1.79-10° 92.317  0.000277
893.41 0.018268 12.085 1.85:10° 16.203 3.19-10° 92.618 7.78-10°

TaGena 1.6 ®usnuke ocobrHE TOPOHA U HETOBUX KPAaTKOXKMBEMX MOTOMaKa

pamuonykmun  Tiy (S) BpCTa Enepruja (MeV)
pacmanga

“Ra 3.1610° « 5.69 (95%); 5.45 (5%)

“Rn 55.6 o 6.29

218pq 0.15 o 6.78

22pp 38304  a(36%) 6.07
B,y (64%) 0.574 max

212pj 3636 B,y 2.254 max

?12pg 0310° « 8.78
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[Ipoceuna koHIIEHTpaIja TOPHjyMa y 3€MJBHINTY je TpoIeHheHa Ha 25 Bq‘kg'l,
(UNSCEAR, 2000). 3emspuilTe y 4YHMjH cacTaB yla3d TI'paHHT MOKe uMmartd mosehane
KOHLICHTpALMje TOpHjyMa. JemaH of moTomaka topujyma ~2Th je pammjym (%*Ra). Ilo
pacmany “*’Ra dopmupa ce topon, “°Rn. Turmuna KOHIEHTPAILMja TOPOHA Y BA3LYIIHHM
mopama 3eMJbHMINTa Ha Behum pgybOumHama je oko 20 kBq-m'3 (3a 3emspmiTa Ca
KOHIIEHTPALlMjOM TOpoHa of 25 Bq-kg'l, noposnomhy ox 50%, ryctunom 1.5 g-Cm‘3 u
koeduimjenTom emanaiyje 0.3; Ramachandran u Sohoo, 2009).

OnoBo je Haj3HAYAJHUJU PAAUOHYKIHII y TOPOHOBOM JIAHIy KOjU HMMa PEIATHBHO
BEJIMKO BpeMe monypacnana oa 10.64 h Tako ma ce 3HaTHa (pakiiyja 0J0Ba IEMOHOBAHOT Y
OpOHXHjaTHOM EMUTENNjaTHOM TKUBY JbYJCKOT PECIUPATOPHOT TPaKTa MOXKE arcopOoBaTH y
KpB. Ha Taj HauMH ce myTeM KpBH NMPEHOCH A0 APYTrHUX OpraHa M MOXE MPOY3POKOBATH
BesMKy Ouosomky mrery, (Amgarou, 2002).

Kana ce nahe y 3arBopeHHM MpocTopHjaMa TOPOH C€ 3a paszluKy Of paJioHa He
pacniopehyje yuudopmuo mo 3anpemunu, (UroSevi¢c u ap, 2008; Yamasaki u ap, 1995).
TopoHOBHM MOTOMIIM Ce Kao M PaJlOHOBU MPHIMKOM HHXAJAIHje TAJIOKe Ha YHYTpAIIbUM
CJI0jeBMMA JHMCajHUX LIEBYMIIA PECHUPATOPHOT TPAKTA TJI€ CE€ pacrajajy U 03padyjy OKOJIHO
TkrBo. OCUM pacmajia Mmocroje ¥ JIpYrd Mpolecu yKiamama, Mely Koje crmanajy mnpoiecu
aricopnije u Tpanciokanuje. [lyrem ancopmiyje y KpB, MOTOMIIM MOTY JOMU 70 OCTaJIUX
opraHa JbYJCKOT OpraHW3Ma W JONMPHHETH 03U y muMa. llopen yHyTpammmer o3padnBama
OMTHO je HallOMEHYTH Ja j€ O3payuBame TOPOHOBMM MOTOMIMMa Moryhe u ycien
criojbalImux u3Bopa. Ilpe cBera ce MHcIM Ha 03pauvBamke TOPOHOBHUM TOTOMIIMMA
MPUCYTHUX y aTtMmochepu Koju Cy emMuTepd [3 U Yy 3pauema BHUCOKUX EHEpruja,

(Ramachandran, 2009).
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1.2 Jaxobujeé mooen nonawara nomomaxa y npocmopujama

[loHamame paioHa, TOPOHA M HHUXOBUX IOTOMAakKa y MHpOCTOpUjaMa Ce OIHCY]e
napameTapckuM audepeHnujatHuM jeaHaunHama (Jacobi, 1972), koje y o03up y3umajy
paMOAKTUBHU paClal, VYKIAkamke pPAaTuOHYKIUAA MyTeM BEHTHIALMjEe TPOCTOPH]a,
MIPHIIajarbe aepOCOIMMa U JICTIO3UIU]y Ha 3ujoBUMa npoctopuje. [lapamerpu koju onwmcyjy
OBE TIpoIlece Cy KOHCTaHTa pacmaaa Aj Op3uHa BEHTWIANM]E Ay, Op3WHA MpHUIIajamba Ay, U

Op3uHa JENOo3uIMje HEMPUIIOjeHUX W TPHIIOjJeHuX TmoToMaka Ay, Ay . Y caxeroj dopmu

jenHaunHe JakoOujeBOr MoJjiesia ce MOTy 3aIllucaTu Kao:

6’8\|ti = AN + P AN - (ﬂ’i + A+ A, + Ay )N | €
agti - ﬂ“aNiu + (1_ pi—l);ti Nia—l - (ﬂ“i +A4, + j“z )N ia (1.2)

rJie ce TOopwmH WHIEKC, U, OJHOCH Ha CJlI000IHY WM HenpunojeHy dpakuumjy (airborne-
unattached) a omn uHIEKC, A, HA PpakiMjy MpHTojeHy aepoconma (aerosol-attached) **2Rn
1 “Rn moromaxa yHyTap mpocropuje; P, je bakTop y3mMaka WM BepoBaTHONA o/Bajamba i-
TOT TOTOMKAa O] aepocoJia yclel paclaga POAUTEIbCKOT PaJMOHYKIHIA KOJU je€ TMPHII0jeH
aepocoily WM JEeTOHOBaH Ha 3upoBuMa mpocropuje ( P;_,# 0 y ciydajy a-pacrmama u p; ;= 0
3a B-pacman), u N onmcyje KoHueHTpammje moromaka. 3a 222Rn u “°Rn (i = 0), N, = N{ u
N2 =NJ =0, a 3a cBaku 222Rn u *°Rn noromax i, YKyITHa KOHIIEHTpaIlja y Ba3ayxy je
30up cnobosne u npunojere ppakmuje je N, = N;' + N7,

Jla 6u ce ommMcana HeKa peajHa CUTYyallMja, Mopa ce y3€TH y 003Up Ja KOHCTaHTE Y
jennaunHama 1.1 u 1.2, ocuM KOHCTaHTH pacniafa (oHe cy (U3MUKe KOHCTAaHTE U HE 3aBHCE
O/l CHOJBIIMX OKOJHOCTH), BeOMa 3aBUCE OJf T'€OMETpPHUje MPOCTOpHje, KOHIICHTpAIlHje
aepocoiia, KpeTama Ba3ayxa, aMOMjeHTATHUX YCJIOBa Kao M HaBHKa 0co0a Koje HacesbaBajy
OBE MPOCTOpHje.

ExcniepumenTtanHo Mepeme napaMerapa JakoOujeBor mojena je Beoma TEeHIKO 300T

TOra IITO OHM 3aBHCE KAaKO OJ BpEMEHa Tako W oJ] amOujeHTamHux (akropa. Ha mpumep,

HEKOJIMKO ayTopa je OIHcajo TEXHUKY Mepema Op3uHe Jeno3ulyje u Op3uHe BEHTHUJIAlHje
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(Mishra u mp, 2009; Posner u np, 2003). [Ipemopy4yeHo Tpajame BpeMeHa Meperba 0] CTpaHe
aytopa je 6mio 90 mana. Ha apyroj ctpanu Op3uHa BEHTWJIAIMjE j€ MEpEHa Ha MOJeIruMa
npocropuje auMensnja dm® u Tako HOGHjEHM PE3NTATH Cy MOTOM CKAIMPAaHH HA CTBApHE
nuMmensuje cooe. OBH mpuMepHr MOKa3yjy Ja Mepeme mapamerapa JakoOujeBor Mojena Huje
TPHUBHjAJTHO U 3aXT€Ba KOMIUTMKOBaHHU]e METOJIC WJIH JIyTe BPEeMEHCKe nepuoe. 300r Tora ce
3a oapehuBame KOHIIGHTpalMja IOTOMAaka Yy MpOCTOpHjaMa TMpuderaBa Kopuihemy
MPOLICHLEHUX BPEIHOCH MapaMmerapa Ha OCHOBY Beher Opoja Beh M3MepeHUX BPEIHOCTH KOje
cy ycpenmene. Tabena 1.7 mpuka3yje THIMYHE MHTEpBaje mapamerapa JakooujeBor Mojena

U BUX0BE Hajoosbe mporieHe (Amagarou u ap, 2003).

TaGena 1.7 [apamerpu JakoGujesor mozena (y h™)

[Tapamerap CumOon  Ormicer Cpenmwa BpeiHOCT
Jaunna BeHTHIIAIH] S My 02-2 0.55

Jauuna npunajama Aa 5-500 50

JaunHa nenosuuyje HeNpUIOjeHuX A 5-110 20

Jauuna neno3uiyje NpuIojeHnx A3 0.05-1.1 0.2

VY cnyuajy ycnocTaBibamkba paBHOTEXE U3Mel)y mpolieca KOju ce oIurpasajy y HIpOCTOPHjU
(BeHTMIIaLMja, TMpUNajamke U Aeno3unuja) jeaHaunHe 1.1 u 1.2 mompumajy jenHOCTaBHUjY

dopmy:

oA (Ciu—l + pi—lciell) (13)
LA A A A A '
Cia — ﬂ'aCi +(:I‘_ pi—l);i’lci—l (14)
A+, + A

VYkonuko ce amMOWjEeHTalHM YCIOBH Y MNPOCTOPHJU HE MEHAjy APACTUYHO y TOKY
BpeMeHa (Op3rHa BEeHTUJIAlM]je je KOHCTAaHTHA Kao M KOHIIEHTpalija aepocosia), paBHOTEKHO
CTale€ Ce YCIIOCTaBJba, IPU 4eMy je omnpapnaHo kopuitheme jeqHaumHa 1.3 u 1.4. Tpeba
HallOMEHYTH Jla Cc€ 3aHeMapyje KOHIEHTpalMja ci000/JHE HENpHUIOjeHe W MPHUII0jeHe
¢dbpakuuje BaH mpocTtopuje (croJbalima arMocdepa), Ilie je KOHIEHTpalja BeoMa Mana y

OJIHOCY Ha UCTYy Y IPOCTOPH]H.
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Oprunanau JakoOujeB MoJeN MOHallamka MoToOMaka y mpocropujama ce 0a3upao Ha
JEIHOMOJAIIHO]  pacmloJielld aepocojia KojumMa ce Tpunajajy moromMiu. M3BecHu
eKCIIepUMEHTAIHA TOJallh Cy TIIOKa3ald Ja je paclojena aepocoia IO BEIWYHHU
tpumonanna (Porstendorfer u Reineking, 2000), rae cy yBenene nykieanuona (nucleation),
akyMmynaipona (accumulation) u rpy6a (coarse) moga. Y pany ayropa Nikezic u Stevanovic,
(2007), mpouemeHe Cy Cpeame BPEIHOCTH Op3HHE JEMO3HIMje IMOTOMaKa IPHUII0jEHUX
aepocoiuma 3a cBaky moay. Jlmjarpam Koju Omucyje MOHAIIalke PaJOHOBUX TMOTOMAaKa Y

MIPOCTOPH)U ca TPUMOJIAITHOM pacioiesioM aepocoia je nat Ha Cowm 1.7.

:'_' > '| 2B TMprmajam¢ 1-P2" L-p' 1-p:t

USSR SRR R S N S S RN E SR AN S N S S R SR S R R T R A SR SRR B S R i
' i
1 '
1 1
1 )
H i
\ i
E SR E’h Tpumajamec E
| --- i
i — AA AA AA i
H ! L i :
H 1 \ AN AN :
E 218p 218p, 28p i
H HyKICA akymy1 pif rpy6a i
h n - 1 H
1 p i
; |~ L — i
1
[ I-p" 1-p* 1-p# 1
(R CEEE P : '
P i “Pb TMpumnajang :
1 ]
H AA AA AA i
1 [ [ (A 1
[ ! ! B !
[ A Y, | A A AT :
i 2i4py, 2l4py 2u4py i
H HyK/ICa aKyMmy1 g rpyba i
H n a P2 !
; > ——] :
f 4 i
H i
: E
H AA AA Ad i
' 3] ' ' !
] 1 1 ', '
' 1 AA A AA AW !
E 2I4Bi ZNBi 2l¢Bi E
! HyKJICa aAKyMy T rpy6a E
' i
; Henpunojena : :
: TPHI0) Tpunojcua i
E (paxumja tpaxumja i

Cnuka 1.7 lllema nonawarsa padonosux nomomaxa y npocmopuju. Mcnpexuoanum
JUHUjaMa je npedcmasbeHa 6eHmuIayuja, UCNPeKUOanuUM TUHUjaMAa ca MavyKuyamd je
npeocmasbena 0eno3uyuja,; NYHUM JUHUJAMA je npedcmasbel pacnao U OOI0UpaHUM NyHUM
JUHUJAMA Je npedcmasbeHo npunajaree u oosajarve. /echu 610K npedcmasba Npunojexy
@paxyujy 0ok 1eeu npedcmasba Henpunojere NOMomKe.

JenqHaumHe Ha OCHOBY KOjUX ce oJpelyje KOHLEHTpaluja paJoHa U HENpHUIIOjeHOT

21 .
®P0 cu ncre xao u y cTaHaapaHOM JakoOMjeBOM MOJIETY:
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dNo _
dt

rae je Np KoHIeHTpamuja 2Rn amoma'm™ u S je jaurMHa HW3BOpa aToMa pajioHa Yy

S—AoNg—4/Ng (1.5)

amomuma-m>-s, 1y je koncranta pacnana “?Rn, A, je 6psuna Bentmiaumje. Pacagom 22Rn
HacTaje HeIPHUII0jeHU aTOM 218pq y Ba3lyXy 4Hja je KOHIEHTpaIuja:

dN Y
dt

=/10N0—N1“(11+A,+1‘é+/1a) (1.6)

rze je N;' KOHILEHTpalKja HeNpUIOjeHNX 28pg y amomumam>, [IpBu unan y jeqHAYMHU
(1.6) AoNo, mpeacrasiba O6poj aroma 28pq pacrammx pacraaom 222Rn. Hemnpumnojenu atomu
Ce MOTY TPHUIIOJUTH aepOCOIMMa M Ba3AyXy jaUMHOM TPHUIIajaba Ay, WIM C€ MOTY YKIOHUTH
13 Ba3ayxa JEMO3HUIIH]OM, l‘é , BEHTWJIALUJOM, Ay UM pactagiom Aj.

Hapezse Tpu penaiuuje onucyjy KOHLEHTparuje ~-oP0 aToMa 3a TPH MOJE IIPUIIOjeHE

bpakmyje:
nucl
dNC;Lt ZiEUCINf _ Nlnucl (ﬂfl +ﬂ“v +/13uc:|) (17)
leaC acpju ac( ac) 1 8
T=/1aN1—N1 L+, + 0 (1.8)
deo co u CO( CO) 1 9
= AN NP A+ (1.9)

rae cy N.™¢ N2 N, KOHIeHTpaurje “°P0 aToMa y HYKJICALHOHO], aKYMYJIALHOHO] H
rpyooj momu. IlpBu uman Ha necHoj ctpanu penanuja (1.7-9) mpencraBiba mpumnajame
HempuIojeHnx aroma 2P0 y oapehenoj momu. Ilapamerpu AV, A u A% cy Gpsune
NpUIajamka y HYKI€allMoHOj, aKyMyJIallMOHOj U Tpy0oj mMoau. Jpyru unmaH y jeaHadyMHaMa
(1.7-9) mpencraBiba CMambHBakE KOHIICHTPAIIH]E 218pg atoma ycles pacnaja, BeHTUJIaIuje u

neno3unuje. Ha nctu HaumH ce jefHaunHE pa3BHjajy 3a 0CTale TOTOMKE:

dgltg AN +il(p1nuclN1nucl PN 4 pfoNfo)— N;(/lz + A, + Ay +/1a) (1.10)
O"\'dzntum = Z0UING + (1 pMe )N - N1, + 4, + A0 (111)

P g+ - N NE 4+ ) (112)

" =Ny + 1 p VN - Ny 4,4 47) (L.13)
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dN;
=N + 2, (pDUIN DU 1 pEONZE 1 DN )N (4 + 4, + 2% +4,) (1.14)
nucl
dl\:jst — lr)_\UCINg +(1_ DSUCI)ZQNSUCI _ NQUCI(ﬂg'FﬂV +ZEUCI) (115)
ac
Mg ol N2 e A) (8)
co
d':t‘? = JONY + (- pP NP - NP(2 + 4, + A°) (1.17)
Y ropmuM jemHaunHama, prtticcy daktopn y3maka mo anda pacnagy Ox > Po atoma y
oxroBapajyhnm momama. P cy daxTopy y3maka mociae Gera pacmaga atoma 2 Pb,

KOJU Cy y3€TH jeIHaKUM HYIIH.

Yy KOH,I[CHSOBaHOj (I)OpMI/I TopmE je,I[Ha‘II/IHC CC MOT'Y 3alliMCaTH Kao:

dgltlg = ANy, * ik—l(p'?UdN'?Efl + PN + pISONIfgl)_ Ny (’lk + A, + Ay + ﬂ,a)
(1.18)

d[\cljkzm = AN+ (L P VNS - N (A 4+, 4 20) (119)

dzltk = BN + (L % A INES — NE(a + 4, + 2°) (1.20)

dzltk = N + (- p&y P NSy~ NE(2y + 4, + 4°) (1.21)

VY ciydajy paBHOTEKHOT CTama, U3BOJIU Ha JIEBO] CTPAaHMU Cy jeTHAKH HYJIHM, TaKO Jia Cce

JeIHaYMHEe CBEIY Ha JIMHeapHe jeTHauYMHe KOje Ce MOTY 3allucaTH y KOHAEH30BaHO] (GopMHU:

u nucl p nucl acpyac Copj CO
:/1k—1Nk—1+/1k—1(pk Nict + Pic Ny + Pi Nk—l)

NY (1.22)
A + A, + A3 + 2,
et _ AN (- plt N (1.23)
k ﬂk +2V+/13ucl

N2€ — AZCNE +(1_ psfl)ﬂkleffl (124)

K A+ A, + AF
NP ) L (1.25)

At A+ 5

k=1,2,3.
Ha anamoran waymH ce MOry 3amucatd jeaHaunHe JakoOWjeBOr Mojena 3a TOPOHOBE

MOTOMKE, Iie ce y jenHaumHama 1.5 — 1.25 y3umajy KOHCTaHTe paJuOaKTHBHOI pacrajaa
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onroapajyhux TOpoHOBHMX TOTOMaka. BpemHocTm mapamerapa mpommpeHor JakoOujeBor

MojielIa KOjH YKJbYUyje TPUMOJAIHY pacnoaeny cy aare y Tademn 1.8.

Tabena 1.8 [Tapamerpu JakoOujeBOT MOJIeNNa 32 TPUMOJAIHY PACIIOIETY

(Nikezic u Stevanovic, 2007)

[Tapamerap Haj6ospe mponemena  Omncer
BPEIHOCT napamerpa

A 0.55 h™ 0.2-2h*

2, 50 ht 5-500 h*
Yy 20 ht 5-110 h*
A% mykreannona moma 1.2 h™ 0.05-1.2h*
A akymynammona moga 0.2 h™ 0.05-1.2 h
A% rpy6a Mota 0.2ht 0.05-1.2 h*

Y oBOM paay MOHAaIIakme paJOHOBHX IMOTOMaKa je pa3MaTpaHo ca acnekra bpayHoBor
Kparama IMoTOMaka y arMocepd MpoCcTOpHja, Ha OCHOBY dera cy ojapeheHu mapamerpu

JakoOujeBor mozena. Jletasban onuc U pe3yaTaTH cy NpUKa3aHHU y IPYroMm JIely paja.
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1.3 @u3uuxe eenuuune u jeounHuue Kojuma ce ORUcyje HOHaAULAIbE

padouoeux U MOPOHOBUX NOMOMAKA

1.3.1 OCHOBHE BEJIWYHUHE V PATU]AIIMOHO] (DUZHUIIHN

Bennuune koje ce KOpUCTE y paaujaliioHoj (GU3UIM ce MOTY MOACTUTH Ha (HU3HUKE,
OIEepalMoOHe W NPOTeKIHnoHe. Du3nuke BETMUMHE y paaujanuoHoj usunu cy dayenc, @,
aricopboBaHa 103a, D u kepma, K. OBe BelMYHMHE C€ JIOBOJE Y BE3y Ca OINEpPaluOHUM
BenMurHaMa JeuHrcaHuM 0oJ] cTpane MelyyHapoaHe KOMUCH]e 3a paJnjallioHe JeTUHUIIC U
mepema (ICRU-International Commision on Radiation Units and Measurements), kao u ca
MPOTEKIIMOHNM BEJIMYMHAMa NeUHUCAHUM Of cTpaHe MelyHapocHe KOMHCH]E 3a 3alITUTY

on 3pauemsa (ICRP — International Commision on Radiation Protection). V omnepaunone

BEIMYMHE CIlajajy amMOujeHTaaHd J103HM ekBuBajent, H (d) , auMpeknuoHM 03HH
expuBanent, H (d,QQ) m nmuynm nosmm exsusament, H (d) . Cucrem mnpoTeKmmoHHX

BCJIMYHNHA YHUHE CpClAmba ancop6OBaHa A03a 'y Oprany, DT , CKBHBAJICHTHaA 1034, HT n

eeKTHBHA 7033, E .
W3melhy ¢usnukux, omepanvoHMX M TPOTEKIIMOHWX BEIUYMHA YCIOCTaBJbCHA je

KopeJaiyja, 9uMe je TOOMjeH jeJJaH CHCTEM KOpeIHCaHuX BelndnHa nmpuka3ad Ha Crurm 1.8.

®du3nyKe BEIUINHE

o,K,D

Besa peko Q(L) BE3a NIPEKO wR U @r

OHepaHI/IOHC BCIIMYHUHC HpOTCKI_II/IOHC BCIIMYNHC

H™(d), H'(d,Q) nH,(d) D,, H, n E

A

[
»

VYnopehuBame MepHUX 1

H3pavyyHaTUX BPEIHOCTH

Cnuxa 1.8 Beza usmehy ¢uzuuxux, onepayuoHux u npomexyuoux eiuyuna
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[IpBeHCTBEHO je HEOMXOJHO YBECTH HEKE BEIMYMHE KOje€ Cy JoBele a0 neduHHcama

BEJIMYMHA KOj€ Ce TPEHYTHO KOPUCTE Y 3aIUTUTHU O] 3payuca.

Penarusna Ouosomika edukacuoct, RBE (Relative Biological Effectiveness), npencrassba

OJIHOC aricopOOBaHE J103€ €TATOHCKOT 3paverma Koja u3azuBa oapehenu Oumosomku edexar u

arcopOoBaHe J103€ JaTor 3pavekkha Koja n3a3uBa Taj UCTH edeKkar;

n=—, (1.26)

rae je n RBE, u Do u D, 103€ eTaJloHCKOT M JIaTOr 3payera MpH KOjUMa Ce Ola)ka UCTH

ouonomku edekar, (lvanovic, 1978). Kao eramoHcko 3pademe y3uMa ce Xx'-3pademe ca
rpann4HOM eHeprujoM ¢oToHa 10 200 keV. 3a eranoHcko 3paueme #=1. Tpeba HanoMeHyTH

na ce 3a poToHe CBHX eHepruja y3uma na je n=1.

Jluneapuu npenoc enepruje (Linear Energy Transfer — LET) naenekrpucanux dectuima y

MaTepuju ojpelyje ce 0THOCOM:
L - (d_Ej | (L.27)
dl ),

rae je dE cpeamu ryOuTak eHepruje, yclOoBJb€H TaKBUM HMHTepakuujama Ha nyty dl mpu
KOjUMa je TpeiaTa eHepruja Mama oj 3amare BpemHoctu A, (lvanovic, 1978). Enepruja
npara, A, Koja ynasu y dopmyny (3.2) ce Hajuemhie OAHOCH Ha €HEprujy O (aenra)
enekTpoHa. [Ipy Tpojacky HaeleKTpUCaHMX YeCTHUIa Kpo3 MaTepHjy OHe Tybe CBOjy
CHEePrujy y akTUMa eJIaCTUYHHUX M HECNIACTHYHHX cyaapa. Y MpolecHMa WHTEPAKIHje MOKE
nohu 10 cTBapama CEKYHAApPHUX TaKO3BAHMUX O €JIEKTPOHA KOJU MOCEY]Y IOBOJHHO €HEPTHje
3a Jajby JOHHM3AllM]y CpPEAMHE W HEKH MOTY 00pa30oBaTH COINCTBEHU Tpar. AKO C€ Yy aKTy
MHTEPAKIMje HaeNIEKTPUCAHEe YECTUIIE TPH TPOJTACKY KpO3 MaTepHujy CTBapa O €NeKTPOH ca
eHeprujom Behom ox AoHaa ce Ta eHepruja He ykipyuyje y Bpennoct dE . M30op enepruje

Impara A 3aBucH Ol KOHKPETHUX YCJIOBA.

Jo3uu ekBuBaneHT, H, ce nedunumie kao npon3Bo cienehux ¢gakropa:

H=Q-N-D, (1.28)

rae je Q dakTop KBaMTETa 3paueha U UMa UCTE HyMEPUUKE BPEIHOCTH Kao U PaujalliOHU
TeXUHCKU (pakTopu, N je nmpousBoj octamx Moaudukyjyhux dakropa, a D je ancopOoBana

A03a.
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1.3.1.1 ®usuuke BeIUYNHE

®ayenc, @, npeacraBiba Opoj yecTula Koje mpecenajy Qu3ndku maiy cdepy OKo

HEKe Tauke Yy K0joj ce ¢uryeHc oapelyje mo jeIMHUYHO] MOBPIIMHY J1aTe cdepe:
_dn
ds

KEPMA (Kinetic Energy Released in Material) mpencraBiba cymy HMHUIHMjaTHUX

D (1.29)

KAHETHYKHX CHEpruja CBHX HACICKTPHUCAHMX YECTHIIA HACTAJIHMX MPOJACKOM HHIUPEKTHO
jonmsyjyher 3pauema y ogpelenoM mMarepujany mace dM y nmpouecuma jonusanuje:

K = dE,
dm

(1.30)

Jenuanna 3a kepmy je rpej, 1Gy = 1ki .
g

ArnicopboBana j1o3a , D, mpenacTaBiba €HEPrujy HpenaTy HEKOM €JIEMEHTY 3allpeMHHE I10

JEIMHUIIN Mace eJIeMEHTa 3alpeMUHE:

_dE

D=—
dm

(1.31)

. : J
Jenunuia 3a ancopOoBany 103y je rpej, 1Gy = 1k_g :

1.3.1.2 Oneparmone BeTUINHE

OnepanoHe BETUYMHE CE YBOJAE Yy 3allITUTH OJ 3padema Kao Mepa EeKCTEPHOT
u3narama (OMiIo 1a ce paau 0 MOHUTOPHHTY HEKe 00JacTH WM JTMYHOM MOHUTOPHUHTY). OBe
BEJIMYMHE y NPUHLMIY Tpeba Aa Jajy MpOLEHY BPEJHOCTH TOPHE I'paHUlle peryaaTOpHHUX
BenmunHa. OrepannoHe BEIMYHHE Cy MOTPEeOHE 32 MOHUTOPUHT yCIIe]] €KCTEPHOT M3JIarama
jep cy IpOTEeKIIMOHE BeTMYNHE HEMEPJHUBE BETUUHHE.

3a neduHUIIN]Y ONEpPAIIMOHUX BEIMYMHA MOTPEOHO j€ YBECTH KOHIIENT MPOIIUPEHOT
nosba U ICRU chepe. Tlpommpeno mosse je Tako neduHUcaHO na (BIyeHC W eHepreTcka
pacrioziena y 3alpeMUHH OJ1 HHTEpeca UMajy HCTy BPEIHOCT Kao U peaHo (GU3UYKO MOJbE Y

naroj Taukd. [IpommpeHo M ycMepeHO MOJbe je MPOILIMPEHO IMOJbe KOJ KOjer BPEIHOCTH
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¢dbnyenca Hucy wu3oTporHe, Beh ycmepene y jemHom mpaBmy. ICRU cdepa je chepa
nomynpedynnka 15CM caunmena o7 TKHBHO eKBUBAJICHTHOT MaTepHjana ryctune 1g/cm’.

AmbOujertannu no3uu ekBuBagent , H (d) , mpeacraBiba 103HM €KBHBAJIEHT Ha

nyounu 0, ICRU cdepe, Ha paaujycy CynpoOTHOM OJ IPaBLa yCMEPEHOT I10Jba, HACTA0 O
onroBopajyher mpomupeHor moska. JyOuHa Ha K0joj ce MepH J03HU EKBHUBAJICHT HU3HOCHU

10mm 3a npoxopuo u 0.07mm 3a cabo mpoAOpHO 3padcHe.

Jupekunonu no3uu ekBuBaieHtT, H (d,Q), mnpencraBiba 103HH €KBHBAJICHT KOjU OU

ce mpousseo y npabny Q na ayomnu d ICRU cdepe y oarosapajylieM mpomupeHoM u
ycMepeHoM nosby. Bpennoctu 0 Ha KojuMa ce IMPEKLMOHH JO3HU €KBUBAIECHT oapehyje cy
MCTE KA0 Y 32 aMOWjCHTAITHY JI03HU CKBUBATHET.

JIMYHY J03HU EKBUBAJIEHT, Hp(d) , ce nedpunumie kao no3Hu ekBuBaieHT y ICRU

TKHUBY Ha ojroBapajyhoj nyounu d, ucros mocMaTpaHe Tauke Ha Telay. Mema ce o1 MecTa
rocMarpama Ha Telly W 3aBHCH W OJ IOjeAMHIIA, TaKO Aa NPEICTaBJba BHIIEBPEIHOCHY

BCJIIMYHHY.

1.3.1.3 [IpoTeknnoHe BeTUINHE

OcHoBHa wWjeja TMPOTEKIIMOHUX BEIMYMHA j€ Jla C€ HampaBu Kopenaiuja uzMehy
pU3MKa u3narawmy joHusyjyhem 3pauewmy (0]l €KCTEpPHUX WM HWHTEPHHUX H3BOpA) U je/IHE
JI03HE BelM4MHE Koja he y 003up y3uMaTH pa3iMyUTe OCET/BMBOCTH PA3JIMUUTUX TKUBA U
OopraHa Ha pa3JIM4UTe BpCTE 3pauerma. Ta BeauunHa je e(eKTHBHA /1032 U 32 BbY Ce BE3yjy
rpaHuile u3jarama Jbyau. Kako Ou ce onpeamna epekTrBHA 1032 HEOMXOHHO j€ TTO3HABAE

aricopOoBaHe M €KBUBAJIEHTHE J]03€ Y TKUBY UJIU OpPTraHy, Kao U KBAJIUTET 3pavyeha.

AncopOoBana n03a, Dtg, npencraBsba eHeprujy kojy jonusyjyhe 3paueme, R, nmpena Tkusy,

T, jemunnyHe mace. JeguHuIa 3a aricopOOBaHy /103y j€ Tpej, 1Gy=1J-kg'1.

ExBuBaneHnTHa J103a, H, je yBenena on crpane ICRU (International Commission on Radiation

Units and Measurements) Komucuje, (ICRU, 1962). ronune, kao BeIMYMHA KOja C€ KOPUCTH

y 3aIITUTH Of] JoHu3yjyher 3pauema. [IpBoOuTHA neduHUIMja eKBUBAJIEHTHE /03¢ je Ouia

nara jennauntnom (1.28). Kacuwuje je nedunuiimja oBe BearnunuHe 100HMIa O0IHK:
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Hy =Y weDrp, (1.32)
R

Cana ce BenmuunHa JAeuHUCaHA TIPEKO KBAJIUTETa 3paucmha Ha3uBa JO3HU €KBHBAJICHT, (dose
equivalent), a mpeko paaujallMOHUX TEXKUHCKHX (aKTopa €KBUBAJICHTHA jJ03a (equivalent
dose).

JenuHMIA 3a eKBHBaNGHTHY 103y je cusepr, Sy=J-kg'. ExsuBamentHa nosa je

JIMMEH3HOHO je[HaKa aricopOoOBaHOj ¢ 003UPHUM Ja je W, Oe3MMeH3MOHa BEeINYHHa.

EdexTuBHa n03a, E, je BenmnuuHa yBeneHna on ctpane ICRP ca nuipem na ce mporeHu pu3uk

croxacTHukux edexara. OBa BenuMunHa ce JAe(QUHUIIEC Ka0 EKBHBAJCHTHA 1038 MOMHOXKEHA

TKUBHUM TeXHHCKHM dakropuma W, (ICRP 60, 1991):
E=>wH;, (1.33)

IpU 4eMy ce CyMHUpame BPIIM [0 CBUM TJIaBHUM OpraHMMa M TKMBHMa |, JJOK C€ OCTaTak
TpeTHpa Kao jedaH opraH. Y 3alliTUTH O] 3padeka, eeKTHBHA 1032 je IO03UMETPHjCKa
BEIMYMHA TPEKO Koje ce KBaHTU(UKYyje PH3UK OJ u3jarama jOHH3yjyhum 3pauemuma.
I'panure n3narama, 3aCHOBaHE HAa KOHIIENITY IPUXBATJBUBOT PU3HKA, CY JNe(UHHUCAHE YIIPABO
npeko ose BenuuuHe. OBe ce nojaBibyje NpodIeM HEMEPJbUBOCTH e(EKTUBHE J103€, jep je 3a
BEHO ojipehBame MOTPEOHO TMO3HABamkE ancopOOBaHUX 1032 y OpraHUMa JhYACKOT Tea,
IITO Ce HE MOXKE MOCTUNM TUPEKTHUM MepemnMa. EQexTrBHA 103a ce 3aTo NpoIewkyje Ha
OCHOBY U3MEPEHUX BPEIHOCTHU ONEPALNOHUX TO3UMETPH]CKUX BEIMYMHA WIM MAaTEMAaTHUYKHX
Mojena. MaremaTuuku Mojenu oMoryhyjy u3padyHaBame J03a Yy OpraHuMa Ha OCHOBY
Mo3HaTe MPOCTOPHO EHEPIreTCKE yraoHe pacrojene 3padyerma. TakBU MOJENN ce Ha3WBajy
JIO3UMETPH]JCKH MOJICITH.

Sl jenununa 3a epexTUBHY 03y j€ CHUBEPT, Sy, UCTa Kao M 3a €KBUBAJICHTHY J03Y,

IITO MO>KE J1a CTBOPU 3a0yHY Y TIPAKCH.

Pagujanmonn texuHcku GakTop, W, . Meron yTekmaBama Pa3IMUUTUX BpCTa 3padyema ce

KOPHCTH jOIII O] paHUX IIE3/I€CETUX Y OKBUPY AePUHUIIM]E BETUUMHA 3aIITUTE O] 3payuckha.
IIpe 1991. romuHe yTeXmbaBame 3payemha Cce BPIIWIO NpuMemyjyhu ¢akTop KBanuTeTa
3pauema kopucrehn cnemmdpuuny Q(L) pynxumjy, (ICRP 26, 1977). V (ICRP 60, 1991)
paaujalioHu TEKUHCKA (PAKTOpH CYy pa3IMIuTO Ae(hUHUCAHH 32 TPOTEKIIMOHE U OTEepaIliOHE
J03HE BeJIIMUMHE KopuliheHe y oapehuBamy wu3narama. 3a TPOTEKIMOHE BEIHYHMHE j€

nepuHUCaH pajljalliOHU TEKUHCKH (aKTOp W, KOJUM ce€ MHOXH arcopOoBaHa J103a Jia ou
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ce oapenuan epeKTH pa3IMYMTOr 3paduciba. 3a onepaldoHe BenuuuHe ce 3aapxkana Q(L)
¢byHkuuja. Y NOpoTEeKUMOHE BEJIMYMHE clajajy arncopboBaHa no3a y oprany 71, D; ,
eKBUBAJICHTHA J03a y HeKoM oprany 7, H; u edexrtuBHa no3a, E. KoHuent paaujanuoHux
TEeXKUHCKUX (pakTopa ce 06a3upa Ha OMONOMKHM ePeKTUMa KOje MHAYKY]Y pa3IuvuTe BpCTa
3pauema. buonomku edexat Koju MPOM3BOAM OJpeleHO 3pauerme 3aBUCH OJ CBOjCTBA
NeNOo3UlIMje €Hepruje AyX MyTame HaeJIeKTpHCaHe uecTulle. PaaujallMOHUM TEXHUHCKUM
(dakTOpMa ce MHOXXHM aricopOoBaHa J03a Ja Ou ce y3eme y o03up pasinuke usmehy
Pa3NMYUTHX TUIIOBA 3pauema, Tj. a OU ce ypauyHajie pa3IiMuuToCTH y Bpeanoctuma LET-a u
RBE-a. McTopujcku riiejaHo BPEIHOCTH PAJAMjalliOHUX TEKUHCKUX (hakTopa Cy MPBOOUTHO
npukaszanu y (ICRP 60, 1991) y okBupy neduHHIMja MPOTEKIIMOHKX BeaMYHHA. Hbuxose
BpeaHOCTH Cy npukaszane y Tabenu 3.1, (ICRP 60, 1991).

Hcre BpegHOCTH W, Ce IpPUMEYjy 3a CBa TKHBA M OpraHe JbYJACKOI OpPraHH3Ma,
HE3aBUCHO O] YNIH-EHHIIC 1a KOHKPETHO IOJhE 3paueha Bapupa yclie] aTeHyallje U pacejama
MPUMapHOT 3pauemha W MPOAYKIM]e CEKYHIApHOT 3paucrha pasiuyuTor KBaiaurera. Ha Taj

Ha4YvH BPEIHOCT W, C€ MOXKE IOCMaTpaTH Kao Q)aKTOp KOjI/I penpe3eHTyje KBAJIUTCT 3pavucba

YCPEAHCH 110 PA3JIMYUTUM TKHBUMA U OpraHuMa JbYJACKOI' OpraHnusma.

Tabena 1.9 Pamujanmonu texuncku dakropu, (ICRP 60, 1991)

Tun 3pauema Enepruja W,
®oroHn CBE€ BPEIHOCTH 1
EnexkTpoHu 1 MUOHH CBE BpPEIHOCTH 1
Heyrponu <10 keV 5

10 keV — 100 keV 10
100 keV — 2 MeV 20
2 MeV — 20 MeV 10

>20 MeV 5
ITporonu >MeV 5
Anda gyectune, GucHoHU PpparMeHTH,

CBE€ BPETHOCTH 20

TEIKa je3rpa

[Iponienypa ycpeamaBamwa mnpu oxapehuBamy W, je noBena a0 oxapeheHux mnpobGiema,
MOTOTOBO Y CIy4ajy U3Jlarama CIoJballllheM HUCKO €HEPTeTCKOM HEYTPOHCKOM 3payewmy Te

CeKyHJIapHH eJNEeKTpOoHH (3pauewme ca manmuM LET) 3HauajHo mompuHOCe M03M TKHBa U
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oprana, (Dietze u Alberts, 2004). 36or Tora ycpeameHn W, y TKHBY WIN OpraHy H3JI0KEHOM

HUCKOCHEPTeTCKMM HEYTPOHUMA 3aBHCH O] MO3MIIMje TKWBA WA OpraHa y TeNy M YHaJHOT
npasiia 3padewa. OBaj mpobiem je nerasbHo auckyroBad y (ICRP 92, 2003) u y (ICPR 103,
2007) cy onepeheHe HOBE BPEAHOCTH Pa/IMjallMOHUX TSKUHCKUX (DAKTOpPa, KOje Cy MpHKa3aHe
y Tabemu 1.10. Cse Bpennoctu y Tabenu 1.10 ce omHOCe Ha ynajHO 3paveHe Ha TEJI0 WX Ha

CIIoJballlkba 3pady€mkha EMHUTOBAHA U3 U3BOpaA.

Ta6ena 1.10 Pagujarronu texuncku dakropu, (ICRP 103, 2007)

Bpcra 3pauema Wq
®otoHn 1
Enextponu u MuUOHHU 1
[IpoToHuU U HaeleKTpHUCaHU MUOHH 2

Anda gectune, pucnoHn
_ 20
(dparMeHTH, TEIIKH JOHH

Kontunyanna kpuBa y QyHKIUjU

0]l eHEepTHje HEYTPOHa (BHIETH
Heyrponn

Cnuky B.4 u Jennauuny B.3.16 y

(ICPR 103, 2007))

TxkuBHM TeXUHCKU (hakTop, W; , je BepoBaTHOha IojaBe KaHIlepa Ha HEKOM OpraHy WId

TKUBY Yy Cllydajy YHHU(OpPMHE O3padeHOCTH LEJOr Teja; MMa crenupHuuHe BPEIHOCTH 3a
pa3nuuuTe BPCTE€ TKMBA U OpraHa M ypauyHaBa Pa3jIM4HUTE OCET/BMBOCTH TKMBA U OpraHa y

JbYJICKOM TelIy Ha 3paueme. W, BpenHocTH mpemnoxene o crpane (ICRP 26, 1977), cy

0asupaHe Ha PU3UKY CMPTHHUX CiIydaja yciea KaHiepa M 030MJbHUX HAcleTHUX 00JIeCTH y
npBe JBe TreHepauuje. M3BeneHn cy M3 CTyAMja TMOMyNalyje MpPEXHUBEIE aTOMCKO
oombapnoBame Xupomume u Harackuja kpajem [Ipyror Ceerckor pata. ¥ ICRP 60, (1991)
je nmajbe pa3BHjeH OBaj KOHICNT YK/bYYMBAamEM HHU3a TKUBHUX TEXHHCKUX (haKTopa
0a3upaHuX Ha OMIIUPHUJUM EIHIEMHUOJIONIKUM CTyAHjaMa. BpeTHOCTH TKMBHUX TEKWHCKUX
(dakTopa cy nare y Tabemm 1.11.

I'ogune 2007, ICRP xomucuja ycBojuja HOBE BPEJHOCTH TKMBHHUX TEXKHHCKHX
daxTopa, y3umajyhu y 003up HOBa ca3Hama 0 eekruma jonusyjyhux 3padema, (ICRP 103,

2007). OBakaB mpHUCTYI Jaje MHOTO TPUKIaaHHU]jy 0a3y 3a oapelhuBame IITETHOT yTHIAja
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3pauema Ha 3apaBibe Jbyau. Y Tabemu 1.11 cy mpuka3zaHu akTyeTHH TKUBHU TEKHHCKHU

daxropu, (ICRP 103, 2007).

TaGena 1.11 ICRP npenopyke TKUBHUX TEKUHCKUX (haKTOpa

y okBupy myonukaija (ICRP 26, 1977; ICRP 60, 1990; ICRP 103, 2007)

TxUBHU TeXUHCKH (Pakop, W,

Tkivo 1977 1990 2007
N3Bemraj 26 H3BemTaj 60 N3Bemraj 103

Koirrana cpix 0.03 0.01 0.12
bemmka - 0.05 0.04
I'pynu 0.15 0.05 0.12
Jle6erno peBo - 0.12 0.12
l'onane 0.25 0.20 0.08
Jerpa - 0.05 0.04
[Tnyha 0.12 0.12 0.12
Jenmwak - 0.05 0.01
LpBena komrana cpxxk ~ 0.12 0.12 -
Koxa - 0.01 0.01
Cromak - 1.12 0.12
Tupouna 0.03 0.05 0.04
[ToBpmmHa KocTHjy - - 0.01
Mo3ak - - 0.01
[ipyBauHe *xIte3e - - 0.01
Ocratak 0.30 0.05 0.12

1.3.1.4 BenuuuHe KojuMa ce ONKCYje MOHalIamhe pajJoHa U leroBUX MOTOMaKa
AKTUBHOCT paJIMOAaKTUBHOT U3BOpa ce AePUHUIIIE Kao Opoj pacmana y jeIMHUIN BpeMeHa

A=)N. (1.34)

Jenuuuia 3a akTHBHOCT je 1Bg=1s".
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AKTHUBHOCHA KOHIICHTpAIlMja HW30TOIAa MpEJCTaB/ba MPOU3BOJ OpOjHE KOHIICHTpPAIHje TOT

m3orona N 1 oarosapajyhe koHcrante pacnaza A
C=AN. (1.35)

JeIMHMIA 32 AKTHBHOCHY KOHIIGHTpaIjy je Bg:m™,

PAEC (,,Potential Alpha Energy Concentration*) nmpeacraBiba CyMy IMOTEHIH]aTHHX CHEPTHja
CBHX aToMa y M° 6WiIo Koje KOMOWHAIMje pajoOHOBHX WM TOPOHOBHX IMOTOMaka. OBa
BelMuMHA ce 3a Pajon Moxe nspasutu kao, (Swedjemark, 1983):

PAEC =E,C,,,, +E,C +ECouy; (1.36)

24pp
rae cy Cj koHIeHTpaluje oaroapajyhux pamoHoBux nmoromaka, a Ej onroeapajyhe enepruje
emuToBaHOr anda 3padema. Sl jenmmmua 3a PAEC je J'm™. 3a oBy BenmumHy ce 4ecTo
yrnotpebsbaBa BaHcucTeMcka TpaauuuonanHa jeauauna WL (Working Level) koja uznocu 1
WL=21 zJ'm>, WL mspaxen y MeV mpejcraBiba 61iio Kojy KOMOUHAIH]y KpaTkoxuBehnx
PaJIOHOBUX MOTOMAaKa y jEIHOM JIUTPY BaslyXa KOjU MOTCHIUjATHO EMUTY]Y 1.3-10° MeV
eHepruje anda yectmma. AnrepraruBHo, 1| WL je Ttakohe enepruja anda 3pauema
KpaTKoKHBehMX PaJOHOBUX IIOTOMAKa, KOjH Cy y CEeKylapHO] paBHoTexu ca 3700 Bgm™
(100 pCi/l) pamona. Y ciay4ajy cekyyiapHe paBHOTEXe KOHIICHTPAIMje MOTOMAKa Cy jeIHaKe
MelycoOoM 1 jeTHaKe Cy ca KOHIIEHTPAIM]jOM pajIoHa.

3a topoHoBe motomke ce PAEC wu3pauynaBa Ha aHamoran HauuH, (Porstendorfer,
1994):

PAEC = E,C..., + E;C.sp, (1.37)

r7ie Ce KOHIEHTpaIuje 28pg 1 212pg e y3uMajy y 003up 300r mocra Behe KoHCTaHTe
pacnaga. ¥ cimydajy TopoHoBux noromaka 1 WL je enepruja anda 3pauema noromaka, Koju

CY y CeKyJapHOj paBHOTEXH ca 275 Bq-m'3 TOpOHa.

EEC (Equilibrium — equivalent concentration) — paBHOTe)KHa €KBHBaJICHTHA KOHIICHTpAIIH]a,
Ce, je OHa KOHIIEHTpAIIH]ja PaJIOHa/TOPOHA KOja Y PABHOTEKH ¢a CBOJUM TIOTOMIIIMA HMa UCTH

PAEC xao u n1aTa HepaBHOTEKHA MEIIIaBUHA.

EEC(**Rn) =0.105-C,.,, +0.516-C,.,, +0.379-Cyy ;. (1.38)

214Pb

EEC(**Rn) =0.91-C,,,,, +0.0.087-C.,, . (1.39)

rae cy EEC, xao u KoHIIeHTpall1je paJJOHOBUX ¥ TOPOHOBHX MOTOMAKa Jare y Bq-m'S.
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dakTop paBHOTEkKE MPEICTaB/ha OJTHOC KOHIIEHTpaIje panoHa, Ce, y CEKyJIapHO] PABHOTEKHU

ca MOTOMIMMA, KOja MMa MCTY KOHIIEHTpalHjy IMOTEHIMjaJlHE EHEpruje Kao U HUXO0Ba

CTBapHa HEPABHOTEXHA CMEIIa M KOHIICHTpalKje aKkTHBHOCTH pajioHa y Ba3ayxy Co.

C. (1.40)

F:_a
CO

AxrtuBHOocHa MenujaHa aepocosia (AMAD - Activity Median Aerosol Diameter) npencraBsba

OHY BPEIHOCT JIMjaMeTapa paJHOaKTUBHHUX aepocoja MpU KOjoj je KymMyJaTHBHA pacrojesa
aepocoja 1o BenuumHama jenHaka 0.5, Tj. TO je OHa BPEOHOCT AMjaMeTapa aepocolia MpH
KOjOj ce TOJIOBHMHA pPacIoiesie aepocoiia MO BeTMYMHAMa HAJIa3W WCIOJ, a MOJOBHHA W3HAL

OBE BPEIHOCTH Jujamerapa. Tunuuna Bpeanoct je oko 0.17 zm.

Uznarame kpatkoxkuBehum pamoHoBuUM mnoromiuma, X, je mpousBong PAEC-a u Bpemena
u3narama y armochepu ca oxrosapajyhum PAEC-om. Sl jenununa je Js'm?®, nox jey
yrnotpebu BaHcucTeMcka jeauauna manarama WLM (,,Working Level Month*) u jennaka je
u3naramy ocobe koja mposene 173 caru y atMocdepu y K0joj je paoH ca KOHIEHTPAI]jOM
ox 3700 Bq~m'3, y paBHOTeXH ca KpartkoxkuBehum moromiuma. 1 WLM wuznocu 12.69
J-s-m?®. la 6u no6bumn EEC y Bq-h-m'3 HEOMXOJIHO j€ TIOMHOXKHUTH Ca 6.4-10° u3nararme
nato 'y WLM.

Wznarame KpaTKOKMBENMM TOPOHOBHM IOTOMIIMMAa ce JepUHHINE Ha aHAJOTaH
HauuH pasoHoBuM noromuuma. | WLM je jennak usznaramy ocoOe koja nposeze 173 catu y
atMocepu y Ko0joj je TOpOH ca KOHIEHTparujoMm onx 275 Bq-m'S, y PpaBHOTEXHU ca

KpaTKO)KI/IBChI/IM noroMaumMma.

AncopOoBaHa ¢pakiuja je AepuHHUcaHa Kao 0JJTHOC aricopOOBaHE €HEpruje YeCcTUle 3paderma

y oape)eHOM perruoHy U eHepruje ca KOjoM je YecTHUIla 3paueha eMUTOBAHA.
DCE (,,Dose Conversion Factor*), mo3Hu KOHBep3HOHHU (GaKTOp, ce AeHhUHHUIIE KAa0 KOTHIHHK

edeKTUBHE /103€ U M3Jaramba KpaTKoKMBehUM pajloHOBUM NOTOMIIMMA. JEeIUHMIIA Koja je

najuemhe y ynorpe6u je uSvWLM™ wmi mSv-WLM™,
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2 Jlo3uMeTpHUjCKH MOJe] PeCcHUPATOPHOr TPAKTAa 4Y0BEKAa H
AKTUBHOCTH  PAJOHOBHX M  TOPOHOBHUX  MOTOMaKa Yy

pecnupaToOpHOM TPAKTY

2.1 Jlo3umempujcku mooen pecnupamopHioz mpakma 406exka

JIO3UMETPHjCKH MOJIEN JbYACKOT PECHHpPAaTOPHOT TPaKTa je HACcTao ca IUJbEM Jia ce
U3payvyHajy /03¢ Y PECIUPaTOPHOM TPaKTy MPO(ECHOHAIHO U3JI0KEHUX JIHIA U M0jeAnHaIa
CBUX ETHHYKUX TIpyla Ycle]] YHOUIeHa pPaJUOHYKIWAAa HPUCYTHUX Yy Ba3nyxy. Mozen
(Human Respiratory Tract Model - HRTM) je mnpencraBiben y wusBemrTajy 66
WurtepHanmonanne komwucuje 3a pamuonomnky 3amruty (International Commission for
Radiological Protection — ICRP), (ICRP 66, 1994). V oBoM wu3BEHITajy Cy OIHCaHE
MojuduKalyje U MoOoJblIaka MOJeNa JbYJICKOT PECIUPATOPHOr TPaKTa KOpHUIIheHOr y
usBemrtajy 30, MaTepHannoHanse komucuje 3a paauonomky 3amtuty (ICRP 30, 1979).

Jla 6u y MOTIyHOCTH 3a7J0BOJHHO TMOTpPEOE 3alITUTE O]l 3paueHha HEOIXOJHO je 1a
JO3MMETPUJCKA MOJIeNT PECIHPATOPHOT TpakTa oMoryhw MpopadyH 1032 WHIUBUIYaTHHX
YJIaHOBA MOMNYJallije CBUX €THUUYKUX Ipyma, Kao U Aa Oy/ie KOpUCTaH y CBpXy npeasubhama,
npoleHe u oapehuBama rpaHulia go3e. Takole je HEONMXOAHO Ja JO3UMETPHU]CKH MOJEN MpH
oJpehuBamy pu3rKa MOpe]] 3pademha y3uMa y 003up u apyre (paktope, Kao MITO Cy YHOIICHE
JYBaHCKOI JMMa W JApyrux 3arahuBada y aTmocdepu, 3aTuM pa3iuyuTa 000JbEHa
pecrupaTopHOr TpakTa U Jip. PecrniuparopHu TpakT je jelaH oJ JBa IJIaBHA ITyTa KOJUM ce
PallMOHYKJIMIN U OCTalle OllacHe MaTepHje MPHUCYTHE y Ba3JlyXy yHOCE y opraHuszam. Pusumk
0]l yIucama PaIMOaKTHBHUX MaTepHja je MPUCYTaH KaKo KOJ MPO(ECHOHATTHO M3JI0KEHUX
JIMIIa TAaKO W KOJI OIIITE TIOMyJIaluje.

VY 1axHyTH palMOHYKJIMIU pacialoM 03pauyjy TKHBa U henuje pecnupaTopHOr TpakTa
Kao U Apyrux oprana. Iloctoje MHOroOpojHH (U3UYKH, XEMHUJCKH U OUOJIOIIKU (PaKTOPH O]
KOjUX 3aBHUCH Jia T he pajiMOHYKIHIN MPHUCYTHU Yy Ba3ayXy OWUTH YHETH y peCHHpaTOpPHU

tpakt, (ICRP 66, 1994). Ilopen (Qu3MUKUX ¥ XEMHjCKHX, (DU3MOIOMIKKA (AKTOPU HUMajy
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Ba)XHY YJIOTY IpH ojpehHBamky KOJIWYHHE PAIHOHYKIIHIA JTOCIEINX Y PECIIUPATOPHU TPAKT.
Mel)y mruMa HajBaXHHjU Cy KapaKTEpHUCTHKE aucama (Op3uHa aucama, 3arpeMuHa Iuyha,
HAYMH JIMCama - HOC WM MPEKO YCTa, ...) U Ja JIM je€ PECIUpPaTOPHO TKUBO HOPMAIHO Tj.
3paBO WJIM M3MEHEHO Yycieln o000Jberma, MyNiemha WIM H3Jaramba HEKUM TOKCHYHUM
MarepHjama.

[Ipopauyn ancopOoBaHe /103€ y TKUBY ce€ ojipelyyje Ha OCHOBY €HEpruje arncopooBaHe
M0 jeIUHMIIM Mace TKHBA O] 3pavyea EMHUTOBAHOT M3 HEKor opraHa kao u3sopa. ICRP 66,
(1994) npenopyuyje pauyHame CpeAmUX 1032 3a TKMBA U OPraHe HM3JI0KCHE 3pavcmy. 3a
BehMHY TKMBa W OpraHa, 4aKk W y CiIy4ajy KaJa paJUOHYKIHIUd HHUCY YHU(POPMHO
pacriopelyenu u henuje TKMBa HUCY MOJIjETHAKO OCET/bUBH, CPE/lha 1032 Y TKHBY H OpraHy je
JI0BOJbHA U aJIcKBaTHA MPOIIeHA 3a moTpebe 3ammtute o 3paucia, (ICRP 66, 1994).

OBakaB MpHCTYI je 10CTa KPUTHKOBaH Yy Ommckoj mnpouutoctu. [locebHO je
WHTEPECAHTAH Clly4yaj TCIIKUX HaeJeKTpUCAaHUX udecTHiia ca BucokuMm LET-om, kao mTo cy
ana yecTHlle y ciydajy u3jarama pajoHy, TOPOHY, HHHUXOBHM MOTOMIIMMA M APYruM aida
eMUTEpHMa, O KOJUX je Haj3HauajHHju “>°PU. V 0BOM cilydajy, anda HecTHIE [Oroie
panatuBHO Manu Opoj henmja pecnimparopror cucrema; melyrum, norohene henuje mpumajy
M3y3€THO BEIIUKY 7103y, Koja Moke OuTh 4ak u seranHa, (Nikezic u Yu, 2001). C o63upom aa
je Ha oBaj HaUMH HajBehu Opoj henMja HETaKHYT, a MaJIM JIe0 MPUMHU BEJIMKE J103€, IOCTaBIbA
ce MUTame KOJIMKA j€ ONMPaBIaHOCT yCpenbaBamba /1032 Yy OKBUPY HEKOT TKHBA WJIM OpTaHa.

ANTepHaTUBHU TPUCTYNIl OBOM IMpoOJEMY jeé MHMKPOIO3MUMETPHUJCKU, KOJU TpeTHpa
npobnemM TpaHdepa €Hepruja y JOMEHY MajluxX 3alpeMHHa, ca crneuupuyHuUM MU 1moceGHO
neuHUCAaHUM JT03UMETpUjCKUM BenmarHama. (Rossi u ap, 1997).

Jlo3uMeTpujcKi MOJEN JhYJICKOT PECIHpPAaTOPHOT TpaKTa cauynmaBa Behu Opoj
MOJIMO/IENIA, KOjU OIUCY]y €IeMEHTE HEOIXOJHE 3a U3TPahy YKYITHOT MOJIeNa:

1. mopgomempujcku moden pecnupamoproe mpaxma;

2. moden ¢usuonozuje oucarna;

3. moden buonowkoe epexma 3pauersa,

4. mooen oenosuyuje;

5. mooden wuwherna u mpancioxayuje;

6. dosumempujcku mMooen pauyHarba ancopoo8arux 003a,

Cpaku on neduHHMCaHMX TOAMOJENa 3axTeBa neduHUcame oapeheHor Opoja mapamerapa,

Koju ozipel)yjy kapakTepuctuke u omoryhaBajy nmpopauyH PejieBaHTHUX BEIMUMHA Y MOJIENY.
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2.1.1 MopdomMeTpujcKu MOIET

MopdomeTpujckn MojeN onucyje MOp¢OJIOIIKa CBOjJCTBA PECIUPATOPHOT TPaKTa U
neduHUIIe HEONIXOAHE KapakTepucThke u auMensuje enemenata HRTM, koje ce kopucre y
J03MMETPUJCKOM MOJIETY 3a M3padyyHaBambe /1032 3padyera OJf MHXAIUPAHUX PaJMOHYKIN/A.
Mopdonoruja pecnupaTOpHOT TpakTa yTHUE HA KapaKTEPUCTUKE yIAXHYTOT M U3JIaXHYTOT
Ba3/yxa M3a3uBajyhu mpoMeHe y MpUTUCKY, OP3UHU U CMepY MPOTOKA, BIAKHOCTH Bazayxa U
jOIII HU3Y TTapameTapa KojuMa ce KapaKTEepHIIE KpaTame Ba3lyXa Y pECIIUPATOPHOM CUCTEMY.
Pecniupatopuu Tpaxkr je npema (ICRP 66, 1994) noesbeH Ha YeTHPU aHATOMCKE IICTTHHE:

1. excmpamopakcnu (ET) peeuon; ET peruon ce cacToju U3 CHOJHALIHET HOCHOT

npoiasza, HazanHor Tj. HocHor peruona (ETj;) u pernona xoju oOyxBara 3almu
HOCHHU TIpoJia3, rpkjbaH, xapeno u ycra (ET));

2. oponxujannu peeuon (bronchial — BB); BB perumon umHe Tpaxeja u OpOHXH]jE
rerepanuja ox 1 1o 8;

3. bponxuonapnu pezuon (bronchiolar — bb); bb pernon nmpencrasmajy 6ponxuose
reHepanuja ox 9 1o 15 kao u TepmuHaNIHA (Kpajiba) OPOHXHUOIIA;

4. anseonapno unmecmunannu (Alveolar Intestinal — Al) pecuon; Al perwon ce
CacToju M3 pecnupaTopHUX OpOHXHOJA, AJBEOJIADHUX KaHaja M Kecula ca
asyiBeosiama resepanuja oxx 16 no oxo 26.

Mopdonomxku rnenano, ET peruon npeacraBiba BaHIPYAHH PETHOH, JIOK PETMOHU

BB, bb u Al unne rpyaH#, 0OJHOCHO TOPAKCHU PErvoH, T.

JlumpHN YBOpOBHM, Kammiaape W KPBHU CYIOBH Cy NPHUCYTHH y CBUM DPETHOHUMA
pecriuparopHor Tpakta. JIumpuHu uBopoBH, LNgr, Yy BaHIpyIHOM pEeruoHy caxymbajy
Te4HOCT u3 oBe obnactu. JIumpuu uBopoBHu, LNty, koju cy nonupanun y BB peruony
(TpyIHM WM TOpaKCaTHU) CaKyIJbajy TEYHOCT M3 IEJIOT TOPAKCAIHOT Jejia PECIUPATOPHOT
TpaKTa.

[MTocToju HekomMKo reoMeTpujckux mozena Jpyackux miyha (ICRP 66, 1994; Yeh u
Schum, 1980; NRC Report, 1991; Weibel, 1963), koju mucajue myTreBe NpeICTaBIbA]y
L[eBYMIlamMa, KOj€ C€ CUMETPUYHO MJIM aCUMETPUYHO I'paHajy U JAepUHHCAHE CYy YHYTPAUIHUM
panujycom, Ty’KHHOM U Ae0JpUHOM 3ua. PeastHa cTpyKTypa JbYACKOT PeCcipaToOpHOT TpaKTa

j€ 3Ha4ajHO KOMIUIMKOBAaHM]a.
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[Toceban wm3a30B mpeacTaB/ba JEO TNIE C€ IIEBUMIIC TpaHajy, T3B., OudypkanuoHa
objacT, T1Ie je MoTpeOHO jeaH IWIMHAAP MOJACIUTH y JiBa INTO je HeMoryhe 0e3 WKakBe
muctop3uje. Cama OudypkannoHa odJIacT je J0CTa KOMIUTMKOBAaHA 3a OIKUC; jelaaH mMoryhu

MOJIeTl CHMETPUYHOT TpaHama je aat ox crpane (Nikezi¢ u ap, 2003).

2.1.1.1 Exctparopakcuu (ET) pernon

Baznyx nmocmeBa y minyha ynucamem Kpo3 HazallHE MyTEBE, OCHM Yy CIy4ajy Kajaa je
poJia3 Kpo3 HOCHY IIYIUbUHY OJIOKMpaH U y ciay4ajy Behux ¢usuukux Hampesama. Tamga ce
3600r moBehane morpede 3a KMCEOHUKOM Ipuberasa Jaucamy npeko ycra. [maBuu 3amatak ET
pervoHa je na ¢GuiTpupa yaaxHyTH Ba3ayx U crnposene ra jgo ruiyha, (ICRP 66, 1994).
[MpeunmihaBame Ba3lyxa ce IMOCTHXKE JCHO3MIMJOM YCIEH CyAapama ca TKUBOM 3HUja
Ha3aJIHUX [poJia3a, Kao M JCMO3MIHUjoM yciaen mudysuje. Bazmyx HEKOIUKO MyTa Memba
npaBall y OBOM Jiely, LITO I0jayaBa JAENO3HMLMjy cyaapameM. 3umoBu ET; permona cy
IPEKPUBEHH CJIOjeM KOXKe, TIe J0Ja3H 0 JIEMO3UIMje PaJnOAKTUBHHUX aepocoiia. 3U0BU
ET, pernona cy JenmuMHYHO IMOKPUBEHU IWJIMJATHUM EMUTEIIOM, a JCIHUMUYHO CJIOjEBUTHM

enurenom, (ICRP 66, 1994).

2.1.1.2 bpouxwujanuau (BB) pernon

®yHK1Mja OpOHXHjAHOT pEeroHa je IPBEHCTBEHO MpoBoheme Basnyxa. [lopex Tora,
peryiuile ce BIaXHOCT U TeMIlepaTypa yJaXHYTOr Bazayxa. YJaxHyTe YeCTHLE Ce TaloxXe
Ha 3MJIOBUMA OpOHXHOJIa JUPEKTHUM CylapameM, a MOXKe JOhu M 10 CeIUMEHTAIlfje |
mudysuje.

I'pynHM pervoH 3amoummbe AMCajHOM LIEBKOM, TpaxejoM. OHa ce eKCTpamyIlyMOHApHO
rpaHa Ha JBe IJIaBHe OpoHXHMje, Koje ce M came Jajbe rpaHajy. JleBa riaBHa OpoHxuja ce
rpaHa AMXOTOMHO, Tj. V JBE€ CETMEHTajgHe OpPOHXH]j€, O]l KOJUX CBaKa BOJW Ba3IyX Y jeIaH
pexam. JlecHa rimaBHa OpoHXHja ce TpaHa y TPH, Tj. TPHXOTOMHO, a CBaKa O/ CeTMEHTATHUX
OpoHXHja omeT, BoJM Ba3ayxX y mocebaH pexam, (ICRP 66, 1994). Ha taj HauwH, ce JIeBO
wiyhHO Kpuiio ce cacToju oJ JiBa, a JECHO O Tpu pexma. llemokynmHa muyha cy
aCHMETpUYHA W Pa3IM4MTa 3allpeMHHa Ba3dyXa C€ BOJIU Yy JIEBO W JIECHO IUIYhHO KpPHIIO.

['paname y BUIIMM reHepalyjama je yriaBHOM JMXOTOMHO, ajlM MOCTOje U pehu ciaydajeBu
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TpuxoToMHOT rpanama, (Weibel, 1963; Horsfield u Gumming, 1968; Yeh u Schum, 1980;
Phalen u ap 1985). JlumMeH3uje u reoMeTpHUja JUCAjHUX IIEBUMIA CE TPAJUJEHTHO MEha KaKko
oHe BuIe npoaupy y rwiyha. BB pernon unne 6ponxuje renepanuja on 0 mo 8, u3a kojux ce
Hayiazu bb peruoH.

3a mo3uMeTpujy, Tj. MpOpadyyHaBame J103a OJ BEJIUKOr je 3Hayaja I103HABAMHE
JoKanuja MeTa. MeToMm ce cMarpa Tpyna paauooceT/buBuX henmuja (umu cy6-hemujckux
cTpykrypa) norohenux 3padewem, (ICRP 66, 1994; NRC Report, 1991). IIpenmnocrasisa ce
Jla ce OBAaKBE MeTe Hajlaze y 3HIy LEBH Koje mpoBojae Ba3ayx. [lojemHocraBibeH MoOJEIN
npeceka 3uja TunuaHe oponxuje y BB pernony kopumrhen 3a mpopadyH 7103a je puka3aH Ha

Caumu 2.1.

- Mykyc (Cnoj rena)

oo [(OTTTTCCCTTTTLCCCATETLCCANTTIEEOION i + crtoj resa \
10 pum
Jenpa E
CEKPETOPHUX i i
hesmja 30 pm ?
(mera) :
L Jenpa 7
bazannux
bazanne henuje 15 pum fiemifa
OcHOBHa 5 l—m—" (meTa) J
memOpana ———— FATTTTTIITI T 5 }lm =
‘ : I “Lamina
Cnoj “markofage” 10 um | Propria”

CyOenurainu
cioj henuja

AnBeosapHa obJact

Cnuka 2.1 Y30yocnu npecex o6ponxuje, (ICRP 66, 1994)

OBaj pernoH pecnupaTOpHOT TpaKTa je OJ] MOCEOHOT 3Havaja y 3alITUTH O] 3pauyea,
jep BehuHa kapuuHoMa myha Hacraje ynpaBo y oBom peruony, (ICRP 66, 1994). LieBu cy ca
YHYyTpallllbe CTpaHe 00JI0KEHE CII0jeM CIIy3U KOju ce Ha3uBa Mykyc. Heuncroha, ykipyuyjyhu

U paJroaKTHBHE aepocoiie ca PaoHOBUM MOTOMIIMMA Ce pacTBapa y OBOM Cliojy. MyKyc ce
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cTaimHo mokpehe Harope, cBe /0 KIpeja TIe e T'yTameM MPEHOCH y TaCTPOMHTECTHHATHU
TpakT. OBaj mpoliec ce Ha3uBa ,,mucus lift“, u jegan je ox 3HaYajHUX MEXaHHW3aMa YUITNeHha
mwiyha. Cnoj Mykyca oOnaxke HuiIdje, TPEeIJbe KOje c€ CTalHO OKpehy cympoTHO TOKy
Ba3ayxa, nopehaBajyhu Tanoxeme HOICHOT MaTepHujaia, U Ha Ta] HAYWH CIIPEYaBajy HEroBO
npoaupame y a1yosbe peruone pecrimparopror tpakra, (ICRP 66, 1994).
Jenpa cexperopuux u OasanHux henwja mpenacraBibajy paauoocerspie mere, (ICRP
66, 1994). Cekperopue u OazanHe henuje cy ynudopmuo pacmnopehene ynyrap 30 um
nebenor cioja enutenHOr TKUBa. Ha nyOownum on 10 wm Hanma3u ce c€loj TKUBa y KOME Ce
Hajase jenpa cekperopHux henuja u uuja je nedsprna 15 um. Jlaswe, modepmm on ayoune 35
[m CIIeIH CJI0j KOju caapxu jeapa Oasannux henuja nebspune je 15 um, (ICRP 66, 1994;
Mercer u nip, 1991). OBa nBa cioja ce AeMMUYHO Mpekianajy. Mopdomomke numensuje BB
perruoHa, Koje CIIyXke y JIO3UMETPH]CKE CBPXE CY:
0 sanpemuHa 6poHXHja 1 Tpaxeja je 5-10° m?;
¢ mnoBpmmHa 6ponxuja je 2.9 102 m?%
¢ mpoceuHU yHYTpallkbH IujameTap je 5- 10° um;
¢ neGspuHE pa3NUYUTUX ClIojeBa nmpukazaHe cy Ha Cnunu 4.5:
" mpocevHa AeOJbMHA MYyKYyca, S5 um
" mpoceuHa AebspuHa Iuinje, 6 um

" mpoceyHa AyOuHa jenpa cekperopuux hemuja, (10-40) um

2.1.1.3 Bbpouxuomnapuu (bb) pernon

OBaj peruoH mpejcTaB/ba HACTaBaK CHCTEMa 3a MpoBoleme Ba3ayxa yHyTap TOpakca
U CacToju ce O]l AMCajHUX LeBUYMIIa reHepanuja o 9 no 15. Jleno3uiyja yraxHyTux 4ecTHia
ce BPIIM CeMMEHTALUjoM, TU(DY3HjOM U CYIapHUM TaJ0XKEHEM Yy 3aBUCHOCTHU OJ1 BEJIMUUHE
yecTuIa. 3a pa3nuky oj TkuBa BB permona y oBome pernony 6OazanHe hemuje ce Beoma
petko Hamase, (Bartels, 1983; Mercer u ap, 1991; ICRP 66, 1994). IlojennoctaB/beHE MOEI
npeceka TUIHYHE OpoHXHoIIe, KopullltheHe 3a mpopauyH J103€ je npeacTaBibeH Ha Ciunm 2.2.

Jenpa cexperopHux henuja ce cmaTpajy oceT/bUBUM MeTaMa.
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> Mykyc (I'ext ¢i10j)
[{uamja + cioj rena
Jenpa
Enuren CEKpPeTOPHUX
15 ym  henuja
(meTa)
bazanna
Mf_@aﬂa T Lo 1
S um
_f, “Lamina
Propria”
Cybnarepanu g
CJI0j TKHBA 20 pm sl

Anséonapna obsact

Cnuka 2.2 V30yocnu npecex dponxuone, (ICRP 66, 1994)

Cexkperophe henuje ce jaBibajy yHU(pOpMHO yHyTap 8 um aebenor cioja TKuBa Ha 4
um nyoure. Mopdosorike TuMeH3Hje npunucaHe Oporxujama bb pernona koje ciyke y
TIO3UMETPH]CKE CBPXE CY:
0 3anpemuHa GpOHXHMOIA je puGIIKHO 5-107° m?;
0 moBprnHa 6porxnona je 2.4-10" m%;
0 cpelmu YHYTpALIbH J1jaMeTap je 10° um;
¢ nebJbHHE pa3IMYUTHX CI0jeBa MpUKa3aHe Cy Ha CIULU 2.2:
* npoceuan npeunuk, 102 m (Imm);
* mpoceuHa faebpuHa MyKyca (ren), 2 um;
® mpocedHa aedsprHa nuiuje, 4 um,
* mpoceyHa aebsbrHa enuTenujyma (6e3 nunumje), 15 um;

" mpoceyHa ayOuHa jesrpa henuja o pusuka, (4-12) um.
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2.1.1.4 AnBeonapHo uHTecTUHAIHU (Al) pervuon

OBaj pervoH MoYMKke 3aBPIIHUM OpOHXHOJIAMa W YKJbydyje reHepaije OpoHXHoIa
on 16 1o 26. Y cacraB oBOr peruoHa Takohe yiasze pecrnupaTopHe OpOHXHOJE, aliBEOJIapHE
[EBYMLIE Ka0 U JIMM(HH CYJOBH M YBOPOBH. [ JlaBHM 3afaTak OBOT pErvoOHA je pa3MeHa
racoBa, (ICRP 66, 1994). Tanoxeme y OBOj 00JacTH ce€ BpIIM CEIUMEHTAIUjOM H
T y3HjOM.

TepMunanne OpoHXHOJE ce TpaHajy Yy peclupaTopHe, a OHE Ce€ Jajbe IpaHajy y
anBeosapHe KaHaje. Tu Ba3AylIHM NMyTEBU Cy OKYIUpaHH alBeosiama. V3MeHa racoBa ce
BpIIK y QJBEOJIHUM Kecullama, Koje cy Ha KpajeBuma 3atBopene, (ICRP 66, 1994).
PecnimpaTopre OpoHXHMOIIE, 3ajeTHO Ca AIBEOJHUM KaHAJMMa M KecHllama Cy TpaH3UTHA 30Ha
u3mely cucrema 3a mpoBoheme Bazayxa U aliBeosia. YKYIHA 3alpeMUHA pPECHUpPATOPHUX
6porxuona je 2-10% m®, a ykynma nopmmsa m3Hocu 7.5 M. YKyIHa 3ampeMuHa H

IIOBpLIMHA AJIBEOJIAPHUX LIEBUMIIA U KECHUIA U3HOCE 4.5-10°m® u 140 m? pecniekTuBHO, (Gehr

u ap, 1978).

2.1.2 Monuen bu3nosoruje ncama

OBaj Mozen je o] H3y3eTHOI 3Hauaja jep Op3MHA M 3alpeMHHA YJIAaXHYTOT HU
U3JIaXHYTOT Ba3jlyxa, HAUYWMH JUcama (Kpo3 HOC MM yCTa), Ka0 ¥ MHOTH JPYr'H MapamMeTpH,
yTUYy Ha KOJMYMHY PaJMOAKTUBHHX YECTHIIA M TacoBa, KOja MOXKE OWUTH JICTIOHOBaHA Y
pecnupaTopHOM TpakTy. (DH3HONOMIKK TapaMeTpyd OWUTHM 3a JTO3MMETPHjCKH MOJEN Cy:
ykynuu kamanurer mayha, TLC (Total Lung Capacity); pesunyansu GyHKIHOHATHHA
kamarurer, FRC (Functional residual capacity); sutanau kanamurer, VC (Vital Capacity);
MpTtBH mpoctop, Vg (dead space); tumanau Boaymen, Vr (tidal volume); 6p3una Bentuianuje
Ve (y I/min); 6p3una mucama, B (y m°h™); u dpexsenumja nucama fr (6poj ymucaja y
MUHYTH).

Jlo3e 3padema y pecnupaToOpHOM TPAKTy Y MHOTOME 3aBHCE O/ KapaKTepUCTHKA
nucama 1 HaBuka. OHe ojpel)yjy akKTUBHOCT YAaXHYTHX PaIMOaKTHBHHX YECTHIA U FbUXOBO
NPOJIUpake U JCTIO3HUIN]y YHYTap peclupaTopHOr TpakTa. KapakTepucTtuke ancama BeoMa

Bapupajy y OKBHUpY OIIITE NOMyJaluje JbYAH, Tako Ja HHje H3BOIJBMBO HAlpaBUTU
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JIO3UMETPHUJCKH MOJIEI JbYJACKHUX IuTyha, Koju OM OMO MPUMEHJBMB HAa CBE €THHUYKE TpyIe y
ceery. Y (ICRP 66, 1994) cy mare pedepeHTHE BpEeIHOCTH 3a pagHUKa Oeie pace Kao H
BPEIHOCTH 0CO0E MYIIIKOT U JKEHCKOT T0JIa Koje He 00aBibajy pU3NUYKe aKTHBHOCTH. Takohe
y MyOJIMKaIMju ce HaBOJE YIYTCTBA MOMONYy KOjUX c€ JaTe BPEIHOCTH MOTY MPHJIATOUTH
OCTaJIMM €THUYKHUM rpyrnama. OBo mpuiiarohaBame ce Ha3uBa ckaiupame. Y Tabemn 2.1 cy
JaTU TIapaMeTpH ojipaciie ocode Oese pace Koja o0aBjba MOCIOBE KOJU 3aXTEBajy Pa3iudUT

HuBO (usnuke aktuBHocTH, (ICRP 66, 1994).

Tabena 2.1 PedepentHe BpeqHocTH pagHuka Oene pace

(30 roguna crapocth, 176 cm Bucune, 73 kg Texxune, (ICRP 66, 1994))

3anpeMUHCKe KapakTeprcTHKe miyha Bpennoctu (1)
VYxynuu kananutet iyha (TLC) 6.98
Pesunyannu ¢pynknuonanau kamnaurer (FRC) 3.30

Buranuu xananurer (VC) 5.02

MptBu npocrop (Vq) 0.146

Bbp3una BeHTHIIAIH]jE Ve (I/min) B (m*h™)
CnaBame 7.5 0.45

Onmop, ceneme 9.0 0.54

bnaro BexOame 25 1.5

Hanopro BexxOame 50 3.0

Y naxuyTtn Bazayx (m°)

AKTHUBHOCT Jlakmmm pan Texwu pan
CnaBame, 8 catu 3.6 3.6
ITpodecuonanto

(5,5 h makma Bex06a +2,5 h oamop, ceneme) 9.6 -

(7 h nakma Bex6a + 1 h Temka Bex0a) - 13.5
Henpodecnonanto

(4 h ogmop, ceneme + 3 h nakma Bexoa + 9.7 9.7

1 h Temka Bexx6a) 23 27

Ykymno, 24 h
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2.1.3 Mouen onosomkor edekra 3padyemha

ICRP66 no3umerpujcku Mojen ce Oa3upa Ha MPETIOCTABIM Jla pa3InuuTa TKUBA U
henuje JpyncKOT pecrupaTOpHOT TpaKTa HUCY jeAHAKO OCET/bMBE Ha joHHM3Yyjyhe 3pauewme u
CTOra je HeOoIXo/iaH MpopavyH n03a y paznuuutuM pernonnma, (ICRP 66, 1994). 3a motpede
MIPOIICHE J103€ 3HAYajHO je MACHTU(HUKOBATU henmuje W TKHBa Koja Cy OJ PU3UKA MPUIHMKOM
n3naramwa joHusyjyhem 3pauewy. ICRP66 nyOnukammja mpennmaxe BpPEeAHOCTH TKUBHHUX
TeXUHCKUX (akTopa. Ha Taj Haumn, Moryhe je cymupame /103a 32 BaHTPYIHH U TPYIHH
PETHOH Koje ce J1ajbe KOPHUCTE 3a MPOopadyH e()eKTUBHE JI03€.

Ha ocHoBy pe3ynTara pannoOHOJONIKMX HCTPaXHBama, Oa3aHe M CEKPETOpHE
henuje cy HajBepoBaTHHja MecTa pa3Boja KaHIEpa M Ja HBHUX Tpeba YKIbYUHTH Y MpOpadyH
nose, (ICRP 66, 1994). JlumpaTtiuyHO TKHBO M JMM(PHHA YBOPOBH, CMATpPajy C€ HajMame
panuoocetsbuBuM, (ICRP 66, 1994).

[Tpunukom yHudpoMHOr wu3marama IuryhHor perumonHa Hajpeha je BepoBatHoha
HacTaHka kapuuHoma je y BB perumony, (Nikezi¢ u Yu, 200la). Ilocrojehu
CKCIICPUMEHTAIIHU MOJIAIM HUCY JIOBOJbHU 32 KBAHTU(HUKAIIHM]Y pelaTuBHE oceT/bHUBOCTH BB,
bb u Al peruona. Kopucrehn koH3epBaTHBaH HPUCTYI, OBa TPU PETHOHA CMaTpajy ce
nogjenHako pamauoocersprBa, (ICRP 66, 1994). ExBuBaneHTHa 1032 c€ HW3pavyyHaBa

kopucrehu cnenehe jennaunne, (ICRP 66, 1994):

Her = Heq Agr + Her Agr, +H Ay 1 (2.1)

Hiy =HggAgg + beAbb +Hp Ay +H LNy ALNTH ! (2'2)

rne cy He; n H,, eKkBHBaleHTHE 03¢ y BaHIPYJHOM U I'PYAHOM PETHOHY, PECHEKTHBHO,
KOj€ ce YTeXHbaBajy IpeMa paJujalioHoj ITETH Koja ce y3poKyje y onpehenom pernony. H;
Cy CKBUBAJICHTHE 03¢ y I-ToM peruoHy a A, daktopu koju oxpelyjy pacrnopery

paaujalroHe MTeTe y I-TOM PErHOHY Kao mTo je aato y Tabemu 2.2.
3a mpopauyH edexruBHe no3ze ICRP mpenopydyje BpeOHOCT TKMBHOT TEKHHCKOT

daxropa @, = 0.12, (ICRP 66, 1994).
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Tabena 2.2 ®akTopu 3a yTeKIHaBabe y Pa3IMuYUTUM PETHOHUMA PECTTUPATOPHOT

tpakra, (ICRP 66, 1994)

TkuBo A
Baurpynau peruon

ETi(ciospanimu Ha3aIHU PETUOH) 0.001
ET2(3aamu HA3aIHU PETUOH) 1
LNgr 0.001
['pynnu pernon

BB (Oponxujanau, resepanuje 1 — 8) 0.333
bb (6ponxuonapuu, reaepanuje 9 — 15) 0.333
Al (asiBeos1lapHO MHTECTHHAIIHU ) 0.333
LNy 0.001

2.1.4 Mouen ngeno3unmie

Mogen neno3unuje OMUCYje pacrojely HaTaI0KEHOT pPaJMOAKTHBHOT MaTepHjaja
VHYTap pPa3IMYUTUX AHATOMCKHUX PETHOHA y 3aBHUCHOCTH OJI CTapOCTH W Toja ocode H
pasznuuuTux (pusnonomKux napamerapa. OBUM MoJesoM ce ofpelyjy dpakuuje yaaxHyTux
aepocoJia, Koje ce JEMOHY]y Y Pa3IMYuTUM pErnOHUMA JbYACKHX Iutyha. Aepoconu MpucyTHU
y Ba3AyXy JAOCIEBajy y JbYACKH PECIHUPATOPHU TPAKT AMCameM. JemaH /1e0 YAaxHYTHX
aepocola ce Jeronyje y mryhumMa JIok ce ocTaTak yKJamba MIPUINKOM HU3/HCaja.

Jleno3unuja aepocosia ce jgoraha y CBUM permoHuMa Iutyha, amm ca pa3iuyuToM
epukacHomhy y 3aBUCHOCTH O JMjaMeTapa aepocoiia U KapaKTepUCTHKA MPOTOKa Ba3ayXa.
Mopen paenosunyje ce 0Oa3upa Ha anre0apcKMM jeqHAYMHAMa, KOje OIUCY]y TaJOXKeHe
aepocosia y IleBUMa Ha OCHOBY Op3HHE CTpyjama Bazayxa y mwuMa (Op3uHe yaucaja), (ICRP
66, 1994). ICRP66 nenu pecnupaTopHH TPaKT y HU3 QUITEpa MO MHUTAkY JIEMO3UIIH]je, TAC Ce

y CBaKOM HapeIHOM CMamYyje KOHIIEHTpalMja paJioaKTUBHUX U IPYTUX aepocoia.

2.1.5 Mouen ynuthema ¥ TpaHCIOKAIN]E

YecTHile ENOHOBAHE Y PECIUPATOPHOM TPAKTY JbYIU C€ YKIaWkajy pPasIndUTUM

MexaHu3MuMa. 3a ojpehuBame J03€ y OpraHMMa W TKUBHMa OJI BEJIMKE BaXKHOCTU je
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Mo3HaBame Ipoleca TpaHchepa paaroaKTUBHOCTH W3 Tutyha y nmpyre oprane. OmnmumpHe
cTynuje cy pahene o mporecuMa yminhema MaTepHujaia JIeMoOHOBAaHOT y IuIyhuMma; mocToje
Tpu r1aBHa MexaHnusMa tpaHcdepa, (ICRP 66, 1994):

0] y KpPB IIyTE€M aIiCopIIIHje;

(i)  y racTpoMHTECTHHAJIHU TPaKT, U

(ili)  y mokamHe nuMQHE YBOPOBE MyTEM TUM(PHHUX CYIOBA.
Mexanuzam (1) ce 0o3Ha4aBa Kao arcopnuuja, 1ok Mexanusmu (ii) u (iii) o3HauaBajy kao

TpPaHCIIOKAIIH]a.

2.1.6 Jlo3uMeTpujCKU MOJE] pauyHaAEKa aliCOPOOBAHUX 1034

CBpxa JO3UMETPHjCKOT MOJIEJIA je TPOLIeHA 03¢ Y TKUBMMa PECIIMPAaTOPHOT TPAKTa,
KOja Ce CMarpajy pU3MYHUM U IOCEOHO OCETJbMBUM Ha 3padyeme. [JaBHHM pesynTar
JO3UMETPHUJCKOT MoJiena JbyAckux tuiyha je T13B., mo3Hu KoHpep3uonum ¢akrop (Dose
Conversion Factor — DCF). 3a motpebe oapehuBamwa DCF-a morpeGHO je MNPOIECHUTH
€Heprujy amcopOoBaHy MO jeAMHHWIIM Mace TKUBa Tj., ancopboBany no3y, Drr 3a pasne
pETHOHE peCcIUpaTOPHOT TPaKTa, 3a JaTe yCIOBE O3padyHBama. ANICOpPOOBaHE J103€ Ce Jajbe

KOpUT'Y]y KopucTehM paaujallioHe TEKUHCKE (akTope, Wg, 3a Pa3IMYUTe BPCTE 3paucrma

yuMe ce 100uja eKBUBaJIeHTHA ja03a, H. TexuHcku (akTopu 3a yTeXKmaBame J103a IO
peronnma BB, bb u Al, ce y3umajy ca jeqHakom paaujaiiioHOM InTeTHoimhy. Y CBHM
perrnonuma ¢akrop yrexmasama u3Hocd 0.333, (ICRP 66, 1994). IIpeoctanux 0.001 ce
oJHOcH Ha nuMdHe xie3ne. Tako ycpeambeHa eKBUBAJICHTHA J103a €€ AaJbe MHOKU TKUBHUM

TEXKHMHCKUM (DakTOpoM 3a JbyzAcka miyha koju usHocu, W, =0.12, u nobuja ce epekTuBHa

71032 K0ja I0 jeIMHUIY M3JIarama Koja MpeIcTaBiba JO3HU KOHBep3noHU ¢akTop, DCF.

3a mpolieHy 103e Kopucte ce codpTBepu Koju ce 6a3upajy Ha OCHOBY MoJIefa JbYICKUX
yha garor y (ICRP 66, 1994). Jenan ox mux je mporpam LUDEP (Lung Dose Evaluation
Program), (Birchall u ap, 1991). KopucHuk cam neduHmme yrnazHe mapamerpe cyOjexTa u
rmapameTpe aepocosia, a Kao pe3yiTar ce noouja arcopboBana mo3a. Jla 6u ce oapenuna go3a
KOJy je HeKa 0coba mpuMuiIa MoTpeOHO je joIt 3HaTH yKymHo u3narame X y WLM, npu gemy
yCJIOBU M3Narama Tpeda Ja oAropapajy yciaoBuMa 3a koje je pauyHat DCF. Jlo3a ce 3aTum
u3pauyHaBa kao mnpousBog DCF-a m wmsnarama X. Ilporpam LUDEP ce oamnocu Ha

LECJIOKYIIHY 6I/IOKI/IHCTI/IKy TC€JIa U MOXKE CC NPUMCHHUTH W Ha APYre paauoOHYKIWJAC W Ha
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ocraiie oprane Jbyackor teia. Ckpahena Bepsuja LUDEPa ce masuBa RADEP, (Marsh u
Birchall, 2000), u ogHOCH ce caMO Ha paZiOH M HErOBE MOTOMKE.

Henocrartak oBakBHX Iporpama jecTe HEMO3HABame IHHXOBE CTPYKTYpEe Kao H
HemoryhHocT noOujama Mehypesynrara Koju MOTy OWTH 3HAa4ajHH 3a pellaBambe MHOTHUX
npobnema. 36or tora je passujeH nporpam LUNDOSE koju npatu ICRP66 myGnmkaryjy,
(Nikezic u Yu, 2001b); codTBep je OTBOpEHOTr THIIA, jaCHA j€ HEroBa CTPYKTYpa M JOCTYITHU
cy Mehypesynratu pauyHama, IMTO je Ha MpUMep, UCKopuinheHo y pagoBuma (Mapkosuh u
ap, 2009, 2011, 2012; Hukesuh u ap, 2010).

HNako je ICRP66 mo3umeTpujcku MOJEN BPJIO JIeTaJbHO M NMPENU3HO NeUHHCAH U
yKJbYy4yje TOTOBO CBE PEJICBAHTHE MapaMeTpe, pe3ysiTaT OBOT MOJIeNia HUje 3a/10BOJbaBajyhu.
ITporpam LUDEP nammcan na ocuoBy ICRP66 naje Bpemnoct DCF oko 15 mSv/WLM.
[Iporpamu RADEP u LUNDOSE mnotBphyjy OBy BpemHOCT, KOja c€ joIl Ha3uBa H
nosumerpujcka Bpeanoct 3a DCF, (Birchall u mp, 1991; Marsh u Birchall, 2000; Nikezic u
Yu, 2001b).

[Topen noszumerpujcke BpemHoctd DCF-a mocroju m enmnemuonomkn DCF uuja
BpPEIHOCT je no0OMjeHa Ha OCHOBY CTyadja OOAaBJbEHUM HaJ MOMYJAalHWjoM pyaapa Hu
kopumthemeM (akTopa pu3WKa UW3BEICHHX K3 O3payeHe Tmomyiainuje XHpounMe U
Haracaxkwuja, (ICRP 60, 1991). Ha ocHoBy oBux ctyauja BpeaHoct 3a DCF usnocu oko (4 -5)
mSv/WLM, (ICRP 65, 1993).

Moryhe je mpouienut HeoapehenocTu pesynrara 3a gozumerpujcky Bpeanoct DCF-a
BapHpameM BPEJHOCTH CBHX IapaMmeTrapa KOju MpelcTaBibajy yaa3 y Mojaen. Mehytum takse
MpOIIeHe HKCY JIOBENE 10 cMamema oBe pasnuke, (Marsh u Birchall, 2000). OBo Hecnarame
ce Oyro CMarpajio jeJHOM OJ 3Ha4YajHHMX HAaydYHUX KOHTpaBep3W. JemaH oj mpemiora 3a
ycarJaiiaBambe OBUX BPETHOCTH je OMO CMambEhe PaujallioHOT TeXUHCKOT GakTopa 3a anda
3paueme (Wi kBajurtera 3padewma Q), (Hofmann u op, 2004), anmu Ou TO UMAJIO AAJICKOCEKHE
MOCNEANIle Ha IEJOKYMaH CHCTeM 3allTUTE O] 3paueka, T€ Taj MPEJIor HUje 3BaHUYHO
YCBOJj€H.

Nwmajyhu y Buny oBo Hecnarame, ICRP66 je npemnoxuo na »UX0OB Mojen Tpeda aa
ciyxu 3a mopeheme 1032 y pasHMM cuUTyalnMjama, Kao M 3a mopeheme mo3za uzmelhy
MojelMHala U Tpyna, U Cl1. EKCIIIMIUTHOT W3HOIIEHa YWEHUYHOT CTamka, O pPaslvId
nu3Mely 7103UMETPpHjCKOT U eMUAEMUOJIONIKOT Hje Onilo.

OBa paznuka u3Mely emuaeMuoJiomKe W go3umMerpujcke BpemHoctu 3a DCF je
npBoOUTHO yOmakeHa HemTo Behom BpenHomhy emmaeMuoniomkor (akrtopa, kKoja je pe-

nporeHama ¢akTopa pusuka nmosehana Ha 6 1o 8 mSV/WLM. HaknanHe penporese u cryauje
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pynapa y ypaHCKMM PYyIHUIIMMA Cy jomn Buie noBehane enuaemuosnonmky Bpexnoct DCF
TaKo Ja ce pasnuka caga oko 30 % He cmarpa ce 3Hayajuom, (UNSCEAR Report, 2006 p
309, 528).

2.2 AKmuenocmu padoHOGUX U MOPOHOBUX NOMOMAKA Y PECRUPAMOPHOM

mpaxkmy

Jenan on muspeBa go3uMeTpHje je oapehuBame epeKTUBHE 03¢ KA0 BEITUYHHE 32 KOje
ce neduHUNIY TpaHULIe U3Jarama nojeauHamna. Kako je oBy ¢u3nuky BenW4YMHY HeMoryhe
MEpHUTH JUPEKTHO jelaH OJf HauMHa HEHOTr ojpehuBama je KopHilheme T03UMETPH)CKUX
Mojiena U copTBepa 3a CHMyJIalljy TpaHCIOpTa 3pavewma. 3a onapehuBame eeKTUBHE 103€
KOPHCHO je MO3HaBaTh €(PEeKTHBHY J03Y IO jJeAMHHULM H3JIarama, T3B. JO3HH KOHBEP3HOHU
¢dakrop — DCF (nmormassse 3). Cumynamujom ce moxke oapeautu DCF uspauyHaBamem
eeKTHUBHE J103€ OJ] KOHIICHTPAllMje PaJOoHa, TOPOHA M HHHXOBHX MOTOMAaKa Yy Bas3lyXy Koje
OJITOBAPajy JEIUHUIHOM H3JIaramy.

Jenuununo msnarame m3paxkeno y WLM jennako je msnmaramy ocobe Koja mposese
173 catn y aTMochepH y K0joj je pazoH ca KoHIeHTpamujom o 3700 Bg-m™, y paBHOTE M
ca kparkoxxuBehuMm moromuuma. M3marame KpaTkokuBehMM TOPOHOBHM IOTOMIIIMA C€

neduHUIIe HA aHAJoOraH Ha4uH pagoHoBUM noromiuma. 1| WLM je jennak uznaramy ocode
Koja mpoBezie 173 catu y atMocdepH y K0joj je TOpoH ca KoHueHTpanujom o 275 Bg-m™ |y
PaBHOTEXH ca KpaTKoKuBehum moToMiuma.

3a ompehuBame DCF-a yenen crosbamimer M3nmarama mosiasu ce ox 3700 Bg-m™
paznoHa, 1j. 275 Bq-m " topona y Ba3ayxy. IIpHIHKOM JMcama €0 yIaXHyTe KOHICHTPAIHje
pamoHa, TOpPOHa M HUXOBUX ITOTOMaka OCTajeé HATAJIOXEH Y JbYACKOM PECIUPATOPHOM
TpakTy. HeomxomHo je mO3HABaTH KOJMYMHY JIEIOHOBAHHUX PAAMOHYKIMIA Yy CBUM
pErMOHMMA PECTIMPATOPHOT TpakTa JbyJU Ca LIMJbEM Jla C€ OApPEAM YHYTpAIllhe H3JIarame.
Takohe je moTpeOHO W TO3HABATH KHUHETHKY OBHMX paJHOHYKIuaa jep he ce 1eo
KOHIICHTpaIlMje KOJU j€ HATAJIOKEH y PECHUpPATOPHOM TPAKTy JbYAHU arcopOOBaTH MyTeM
KpBH, JUM(]e WIM TracCTpOMHTECTHHAIHUM TpakToM. M3 Tora pasnora je yseren ICRPG6

MOZCIT JbYACKOT pCCIIUPATOPHOT TPAKTaA.
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3a npopauyn DCF-a Ha OCHOBY J03€¢ NMPUMJbEHE yCIIE jeAMHUYHE EKCIIO3HIIH]jE O]
CTpaHe CIIOJbAIILET U3JIarama MOTPEOHO je MO3HABATH aKTUBHOCTH PAaIOHOBUX U TOPOHOBHUX
MOTOMaka Koju 4nHe cnoboany ¢paknujy. CnobomHa (pakiivja ce OJHOCH HA HENPUIIOj€HE U
MIPUIIOjeHe PaJOHOBE W TOPOHOBE MOTOMKE KOjU Ce Hanma3ze y arMmocdepu mnpocropuja. Ha
OCHOBY JakoOujeBor mojena oBy (paklHjy 3a CBaku pajoHOB, Tabema 2.3, U TOPOHOB

MMOTOMaK MOXXKEMO OAPEIUTH Mo3HaBajyhu nmapamerpe JakoOujeBoOT Mojiena.

TaGena 2.3 AKTHBHOCHE KOHIICHTpAIIKj€ paJOHOBUX ITOTOMaKa

(y Bg-m~no jeonom Working Level (WL)) u muxose dpakuuje

Caarn  Cousi fa14pp f214gi
HEIpPHIIOjeHa .
50.10 1.46 0.0135 3.93:10°
dpaxiuja
IpUIIojeHa
1327.17 1004.71 0.359 0.271
dpakmnuja

CrnoJpanime u3Jiaralkbe MOXKEMO OIPaHHYUTH CaMO Ha PaJOHOBE MOTOMKE, KOjU UMajy
Behe Bpeme MOMy)KHUBOTA M KOJ KOjuX ce ciobomHa ¢pakmuja yaudopMHO pacropelhyje mo
3arpeMuHu  Tpoctopuje. TOpoHOBM TOTOMIM HeMajy YHUGOPMHY pacronmeny y
npocTopujama, Beh ce OHM KOHLIEHTPUILY Y OJIM3UHU 3U70Ba IPOCTOpHU]jE oJlaKie TUPYHIY]Y.
AKTHUBHOCHA KOHIIEHTpalllja eKCIOHEHIIMjaIHO onaja ca noehameM pazgasbUHE OJ] 3U]10Ba
MpOCTOpH]e.
bpoj panuoakTuBHUX pacrnaga y pasznuuutuMm pernonuma HRTM je noOujen
npopadyHuma OasupaHuM Ha ycBojeHuM konuentima y (ICRP 66, 1994). PasBujen je
coptBep LUNGDOSE.F90, (Nikezi¢ u Yu, 2001a), koju omoryhasa mpopauyyH aKTHBHOCHHX
KOHIICHTpaIlja 3a paJioH M HeroBe MoToMke. Kako ce eHepruje eMUTOBAaHUX YECTHIA U
ImeMa paclaja TOPOHa W ErOBHX IMOTOMaka pasnukyje ox pamona, LUNGDOSE je
MOU(UKOBaH Kako OW y3eo y 003up oBe paziuke U omoryhmo oapehuBame aKTUBHOCHUX
KOHIIGHTpallija TOPOHOBHUX IOTOMAaka y pa3IMYUTHM PETMOHMMA PECHUPATOPHOI TPaKTa
ey, LUNGDOSE ykipydyje nspauyHaBame ciieneher:
e JICTIO3UIIM]Y MOHOIUCIEep3HUX aepocoia, (Hinds, 1998), y pasauuuTim
nenosuimonum pernonnma HRTM npema anre6apckom mozeny y (ICRP 66, 1994)

nyOIuKanuju;
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® YKYIIHY JCNO3UIINjy MOTHIUCIIEP3UBHUX aepocona, (Hinds, 1998), mo permonnma
3a JlaTe ycJOBE O3pauuBama, NpU 4YeMy ce cyMalja Bpmu Kopuctehu tpu-
MOJIAJIHY JIOT-HOPMAIIHY JTUCTPHOYIIN]y aepocoia u
® DAaBHOTEKHE AKTUBHOCTH KPAaTKOKMBENHMX PpaJIOHOBUX IMOTOMAaKa y pa3jIHuUuTHM
pernonnma yuimhewa HRTM-a u ykyman Opoj €MHTOBaHMX YECTHIIA 3a JaTe
YCJIOBE U BpEME M3JIarama.
e Ogaj mporpaMm je MPBOOMTHO Pa3BUjeH 3a M3payyHaABambE JO3HOT KOHBEP3UOHOT
dakropa, anu cy Ha pacroyiaralby 1 MHOTOOpOjHU Mehypesynratu on Kojux ce
HEKH, Ka0 PaBHOTE)KHE aKTUBHOCTH, KOPUCTE Y OBOM Pajy.
Ynasuu napamerpu 3a LUNGDOSE.F90 nporpam cy: Gp3una mucama = 0.78 m°h, (Zock u
ap, 1996); tidal volume = 0.866 |/youcaj; ynkunonanuu pesunanau kanamurer = 3300 ml;
dakrop paBHoTexe F = 0.395 3a panon u F = 0.050 3a Topon; Henpunojena ¢ppaxiuja PAEC-
a, f =8 % 3a pamon u f =10.12 % 3a TOpoH; rycTMHa YecTHIla Henpumojene ¢pakmuje = 1
g/cm®; rycruna wectnua y mpurojenoj ¢paxumjn = 1.4 g/cm®; pakropu obumka (shape
factors) cy jemnaku 1 u 1.1 3a HENpUIIOjeHy U MPHUIOjeHY BPAKIH]Y, PECIICKTHBHO; CPEIAbU
IUjaMeTpu (ca TEOMETPH]CKUM CTaHJApJIHUM JeBHjalyjaM aatuM y 3arpanama) cy 0.9 (1.3)
nm, 50 (2) nm, 250 (2) nm u 1500 (1.5) nm 3a Henpumnojeny, HykiacanuoHy (nucleation),
akymynanuony (accumulation) u rpyoy (coarse) moay, pecnektuBHo, (Hukesuh u Yu,
2001b). ®dpakiuje PAEC-a npunpyxene natum moaama cy 0.0655, 0.262, 0.654 u 0.018. ¥
paxy (Marsh u Birchall, 2000) je mporiemeHo BpeMe MoyKUBOTa TpU TpaHchepy y KpB O
10 h, Ha ocHOBY pe3ynrtaTa cryauje Ha BosoHTepuma, (Booker u np, 1969; Hursh u Mercer,
1970; Hursh u ap, 1969). 3a Haj6osbe OlcHeHe BpeaHOCTH JakoOujeBor Mojena, (hpakiuje
PaJOHOBHX U TOPOHOBHX MOTOMAaKa cy ciezehe:
e Hempunojena ¢pakumja: Fpigp0=0.16, F214pp=0.01, F214Bi:0.3-10'3, Foiepo= 0.98,
F212p6= 0.91-10°°, F125i=0.88:10°, F2051i=0.75-10"%, 1 F212p=0.58:10"";
e Hyxkneammona wmoma: Figp0=0.15, F214pp=0.050, F145i=0.03, F216p0:0.87-10'3,
F212p5=0.70-10%, F2128i=0.20-10, F20571=0.76:10"°, 1 F212p6=0.13-10%;
e AxymynanmoHa woga: Figp=0.39, F214pp=0.30, F2145i=0.22, F216p020.22-10'2,
F212p5=0.39-10", F2128i=0.19-10"", F20571i=0.42:107, 1 F212p6=0.13-10"";
e TI'py6a moma: Fa1gpe=0.01, F214pp=0.01, F2145i=0.008, F216p6=0.62:107*, F210p,=0.15-107%,
F2128i=0.83-10°, F20571=0.18:10"° 1 F12p5=0.55-10"°,
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Kao pesynrar coprBepa LUNGDOSE no6ujamo Opoj pacmana mo jeIWHUIHA 3alpPEeMHHE Y
pernoHrMMa OJ MHTepeca. AKTUBHOCTH TI0 jeJMHUIIM 3anpeMune, Ay, cy TpaHnchopMucane y

PaBHOTEXHE aKTUBHOCTHU, A y uryhuma mo 1 WLM:

A= AW 'V, , 1I=BB, bb, nox je j=myxyc, yumja, (2.3)

rae je Vjj 3ampeMuHa y KOjOj je M3BOp AMCTPUOyHMpaH ca OaToOM aKTHBHOLINY Afij) .
3anmpeMHHE perMoHa y KOjuUMa ce Halla3u HW3BOp 3pavema Cy padyHare KopullhemeM
napameTtapa u3 (ICRP 66, 1994):

V; =P -d;, i=BB, bb, 1ok je j=myxyc, yuruja, (2.4)
rae je Pi nopumHa nenokynaor BB i bb peruona, a dij nedspuHa Mykyc u Luisja cioja
BB u bb pernona. Pasrorexne axtusrocts 2*Po n “*Bi y Mykyc m wmwmja ciojy cy
nobujene kopumhemem (2.3) u (2.4). 3a Al pernon, akTUBHOCTH Cy 100HjeHE CyMaIljoM IO

peruonuma Aly, Al; u Als. ¥V Tabenu 2.4 cy npukaszane aktuBHoctd mo 1 WL y cBum

peruoHumMa.

Tabena 2.4 YkynHe akTUBHOCTH y miiyhHUM pernonuma y Bg/WL

panoH TOPOH

Wpp ) pp  A7R;
BBrst 11.85 1415 3.18 2.95
BBsiow 12.74 1551 4.50 4.36
BB 2459 29.66 7.68 7.31
bbrst 42.67 56.35 1339 12.38
bbgow 44.84 6051 21.16 20.71
bb 87.51 116.85 3455 33.09
Al 297.38 429.73 95.67 89.22

WNHTepecaHTHO je 3ama3suTH Ja Cy aKTHUBHOCTH 2YBj gemrro Behe on axrmeHOCTH “**PO.
OuekuBaino Ou ce Ja Cy OBe aKTMBHOCTHU jeJIHaKe, yciell yCIoCTaBJbamba PaBHOTEXe n3Mehy
noromaka. MeljyTim, IeTabHija aHanmm3a mokasyje 1a ce ~*Bi 1o1aTHO Tanoxu ycien dera
j€ aKTHBHOCT 2l4pg (xoju je yBeK y paBHOTEXH ca 214pj ) Beha oA akTHUBHOCTHU 28po, Te
Jonasy 10 akymymnanuje ~*Bi y Al pernony. Ykymaa akrtusroct 2*Bi y Al peruony je cyma
JIB€ KOMITOHEHTe. JeJlHa KOMIIOHEHTa ce GopMupa yciesa pacnajaa 214pp (xoja Tpeba ma uma
UCTY aKTUBHOCT Kao U 21%Ph) 1ok ce apyra ¢opmupa ycien aeno3unuje 2B KOjH JJ0CIeBa

. 24n; 214
U3 yJIaxHyTOT Ba3jayxa. 300r oBora je akTuBHOCT < Bi Beha o aktuBHOCTH < PD.
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3 ORNL wmarematuukum M™Mojea JbYJACKOI OpraHu3Ma

MaTeMaTHYKHi paHTOM

J103UMETPHjCKU MOJIEI JbYJICKOT PECIIMPATOPHOT TPAKTA MPEJICTABIBEH Y MPEIXOJHOM
MIOTJIaBJbY je HACTA0 Cca IMJbEM Ja CE€ M3padyHajy J03€ Y PECIUPATOPHOM TPAKTY ycien
YHOILICHa paJIMOHYKIINIA IPUCYTHHUX y Ba3ayxy. Mehyrum ruryha Hucy jeaunu oparan kKoju
OuBa o3paueH Ha oBaj HauuH. [Ipunukom OeTa pacmaga, 4YecTUIE KOje C€ eMHUTY]y MOTY
MMaTH JIOMET M J0 HEKOJIIMKO JIECEeTHHA [IEHTUMeTapa, IITO MpeBasiia3u pa3mepe miyha Tako
Jla OKOJIHH OpTaHH MOTY OWTH HM3JIoKeHH. Takole ce y mpupou peTko jaBibajy 4ucTH anda
win Oera emurepu. BehwHa pammoHykinmga, ka0 M PaJOHOBH M TOPOHOBH IOTOMIIH,
npwimkoMm anda m Oera pacnmaga emMurtyjy M mparehe rama 3paueme. OBa BpcTa 3padema
MOKe MMaTu AoMeT Behu o Oera yectuima. ['ama 3padyeme je y MOryhHOCTH Aa oTpruHece
703 Y CBHM OpraHMMa JbYJICKOT oprann3Ma. Takole kama roBopuMo o Oera u rama 3padyemy
HE MOKEMO C€ OTPaHMYHUTH CaMO Ha YHYTpAIlleM H3Jlaramby OpraHa Kao IITO je TO CIy4aj
kox anda dvectuna. Ilpu mpoueHM yKymHe J03e, Mopa Cce Y3eTH y 003Up W JONpPHUHOC
CTIOJBAIIHET 3payueHha.

3a oapehuBame 103a y CBUM OpraHUMa JbYJCKOT OpraHu3Ma off CTpaHe OeTa 4ecTHIla
U raMa 3pauema y OBOM pajly je KOpHIINeH MaTeMaTH4KH MOJAEN JbYJCKOT OpraHu3Ma —
MareMaTH4KH (paHTOM, KOju je mpe3eHToBaH y myonukamuju Oak Ridge National Laboratory,
(Eckerman u gap, 1996). CBu opranu JbYACKOT Tela Cy MPEACTAB/HEHU AHATUTHUKAM
jeIHaYMHaMa TPOJAWMEH3MOHATHUAX TeOMETPHjCKHUX Tena. Ilopen aHAIMTHYKKX jeHA4YnHA Y
HEKUM CJIy4ajeBHMa ce KOPUCTE U HejeTHAuuHe.

®dantomMu cy (u3MuKe WIM BHUPTYENIHE pENpe3eHTal|je JbYACKOI Tela KOju ce
KopucTe 3a onpehuBame armcopOoBaHE /103€ y OpraHuMa M TKuBUMa. Mako Huje moryhe
HaIpaBUTH TakaB QU3MYKU (PAHTOM WM MaTEeMAaTHUYKH Mojen (aHTOMa KOju OM IpPEeLu3HO
CHUMYJIUPAO JbY/ACKO Teno, Moryhe je HampaBuTH (aHTOME WM MOJEJe KOjU ce KOpHCTEe Kao
arnpoKCUMAaTUBHU cyporatu. HajjenqHoctaBHMjU (PaHTOMH Cy KOHCTPYHCAHM OJI MaTepujaja
€KBUBAJICHTHUM TKHBY ca IIyIJbMHAMAa y OpraHMMa Ja OW ce TMOCTaBWIM JIO3UMETPH 3a
Mmepema (in Situ). TakBu (aHTOMH MMajy TYCTHHY M €JIEMEHTapHHU cacTaB Koja OJroBapa,
TKUBY, myhuma wimn crpykrypu koctujy (ICRP 51, 1987). Yecto ce KOpuCTEe BOJACHH

¢danTomu, moceOHO y MeIMIIMHCKO] (pu3niy, 3a onpehuBame pacnozesne 103€ y NalujeHTHMa
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M3JI0KEHUM 3pademy. 3a Mepeme pacronene arncopOoBaHe a03e 3a (OTOHE W HEYTPOHE
Kopucte ce uBpcTH XxoMoreHn ¢anromu. CdepHu u 1iodactT (aHTOMH Cy BeoMa
jemHocTaBHa anmpokcuManrja yopeuujer tena. Chepan mozen je aujamerpa 30 ¢m, cactoju ce
Ol MarepHjajla eKBUBAJICHTHOI MEKOM TKHUBY M KOPHCTH C€ IMOCeOHO y naeduHUCamy
OIIEPAaTHBHUX BEJIMYMHA Y 3AIUTHTH Of 3pauemha. Ou3nuku paHTOMH ce pa3Bujajy U Jajbe; Ha
IpUMep O CKOpa Cy TOCTYIHH (PaHTOMHM IPCTa U IIAKe.

ORNL cepuje maremarnukor ¢gantoma cy pazsuwin Eckerman, Cristy u Ryman y Oak
Ridge Laboratory (ORNL) (Cristy, 1980; Cristy u Eckerman,1987; Eckerman u ap, 1996).

Ousnuke numensuje ORNL dantoma npukaszane cy y Tadenu 3.1.

Tabena 3.1 ®uznuke numensuje ORNL cepuja maremarudkor haHTOMa

(Cristy, 1980; Cristy u Eckerman,1987)

danTom Maca (kg)  Bucuna (cm) Tpym u pyke [Monpeunun
(cm) naujamerap (Cm)

Hosopohenue 3.60 51.5 12.7 9.8

1 ron 9.72 75.0 17.6 13

5 ron 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
Oppacrao My1kapar 73.7 179 40.0 20.0

ORNL cepuja ykibyuyje dhanTome 3a HoBopoheHue, nHauBuaye crape 1, 5, 10, 15 roguna u
(¢anTOMa oJlpacior Mymkapua. 15-rogumimu (aHTOM perpe3eHTyje ola moja, MYLIIKH U
KEHCKH.

ORNL maTematnuku (paHTOM ce CaCTOjU U3 TPH pa3IUUYHUTE LeTUHE:

(1) Tpyna u pyKy Koju Cy IpeACTaBJbeHHN Ka0 MUNTHYKN [IHITHH/PH;

(2) Hore W cTomasa ca JBa 3aceUCHa KpyKHa KOHycCa U

(3) BpaT M ryIaBa pENpe3eHTOBAHM KPYXKHHUM IIWIIMHAPOM Ha KOME je jOII jeJaH
SJIMNTHYKY [UJIUHIAP, TOKPUBEH MOJIYETUIICOMIOM.

JlBa enmumicona Koja MpeAcTaBibajy TPYAH Cy MPHKadeHa 3a TPYI KEHCKOT (haHToMa,
(Eckerman u ap, 1996). Kox oBako KOMIUIMKOBaHE MeOMETpHje CHCTEMa, TMOTroJaH H300p
KOOP/IMHATHOI' CHUCTEMa jeé BeoMa BakaH M MOYKE€ y MHOTOME Ja CMamH BpeMe padyHa y

HEKUM ciydajeBuMa. LleHTap KOOpIMHATHOT MOYeTKa je ce Hajla3u y LIEHTpPYy Jome 0aze
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Tpyna (aHTOMa. Z Oca je ylnpaB/beHa BEPTHKAJIHO, Yy OCa j€ YIpaBJbe€Ha Ka 3a/b0] CTPaHU

danTOMa, a X oca Ka JieBoj pyuu, (Markovic u ap, 2009).

Tpyn kao enMMNTUYKK HWIMHIADP NPEACTaBIbA CE JeTHAYNHOM:

[ij J{lj <1,0<z<C,, (3.1)
Ar B,

rae cy BpenHocTH napamerapa A;,B;, u C; 3a cBaku Qanrom nare y Tabemu 3.2.

Jleo Tpyma ykJbydyje U pyKe, JOK Cy 3a KEHCKU (DaHTOM TPyau J0JaTe CIOoJba HA CEKIIH]Y

Tpyma.
TaGena 3.2 [Napametpu koju nepunaumy Tpyn y ORNL cepuju panToma
(Eckerman u ap, 1996)
Hyxwuna (cm) 3anpemuna Maca
®anToM s
A, B, C, (cm®) (9)

HoBopohenue 6.35 4.90 21.60 2 050 2030

1rox 8.80 6.50 30.70 5350 5350

Sron 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
MYIIIKapai

Bpat je mpencraBibeH Kpy>KHUM LMJIMHIPOM:
X*+y?* <R}, C, <z<C, +C,, (3.2)
Cama r1aBa cacToju ce OJ] CAMNTUYHOT UINHApa, jeqHaunHa (3.3), a moBpX mera je moiy-

enuncous, jeanaunna (3.4):

2 2
(ij {LJ <1, C; +Cpyy <2<C; +Cppo+Chy, (3.3)
A, ) B,
’ i (C, +Cyo+Cyy)
(Lj {LJ +[Z‘ T Ho ¥ Hljsl, 2<C; +Cy +Cyy (3.4)
AH BH CH2

[Tapametpu xoju nedunury rinasy y ORNL danTomy npukazanu cy y Tabenu 3.3.
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Ta6ena 3.3 [Tapamerpu koju nedunnimry riaaBy y ORNL cepuju hanToma
(Eckerman u ap, 1996)

Hyxuna (Cm) 3anpemuHa Maca
®daHTOM 3
Ry Ay By Cho Cin Ciz (cm®) (9)
Homopohenue 2.8 4.52 5.78 1.56 7.01 3.99 965 1,020
1 rox 3.6 6.13 7.84 2.30 9.50 541 2,410 2,580
5ron 3.8 7.13 9.05 3.30 10.70  6.31 3,670 4,000
10 rox 4.4 7.43 9.40 4.70 1168  6.59 4,300 4,710
15 ron 5.2 7.77 9.76 7.70 1235 6.92 4,900 5,410
Onpacrao
5.4 8.00 10.00 8.0 13.05 7.15 5,430 6,040
MyIIKapaI

Hore ce 3a cBaku u3 cepuja ORNL danToma cacroje ox aBa KpykKHa KOHYCa, KOJU CE MOTY
npeAcTaBUTH cienehoM HejeHaunHOM:

2 2 AT

X“+y Six(AT +C—ZJ—CLSZSO (3.5
L
TJIe ce 3HaK + y3uMa 3a JIeBy, a — 3a JiecHy Hory. OaroBapajyhu mapamerpu cy natu y Tabenn
3.4.
TaGena 3.4 [Napametpu koju nepuannry Hore y ORNL cepuju panroma

(Eckerman u ap, 1996)

Hyxuna (Cm) 3anpemuHa Maca
®aHToM 3
Co (cm) (9)
HoBopolhenue 16.8 451 480
1 rox 26.5 1,470 1,600
5ron 48.0 4,380 4,780
10 ron 66.0 8,930 9,740
15 ron 78.0 15,400 16,800
Onpacrao
80.0 20,800 22,600
MYIIKapaI

Bpennoctu 3a mapamerap A, cy nperxonHo gatu 'y Tabemn 3.2.
Y ORNL cepuju danToma kKoka ce mpeacrasiba cinojem aeospuae 0.2 CM Koju crosba

obaBuja ganroma. Ckenetu cuctem koq ORNL cepuje panroma cactoju ce on 8 nenona:
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KOCTH HOTY U PYKY, Kapiuia, kuuma (TOpH, CpEIbU U 0K 1€0), Tobama (YuHE je KOCTH
nobame W Jnia), pebpa, KJby4HE KOCTH W Jomnaruie. PermoHanHa pacmojena aKTHBHE
(hematopoietic) u unaktuHe (fatty) xomraHe cpku y BEJIMKO] MEpH 3aBHCH OJi TOJMHA
¢dantoma (Tabena 5.5). YkynHa maca ckenera oxapacior dantoma je 10000 g, ox yega je

3500 g maca komrrane cpxu (Maca aktuBHE Komtane cpxku je 1120 g a unaktusue 2380 ).

Tabena 3.5 Enementu xoju ynasze y cactaB TkuBa ORNL danToma

(Eckerman u ap, 1996)

Enement (%)  Mexo tkuBo Ckener  Ilnyha

H 10.454 7.337  10.134
C 22.663 25475 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
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 0.003 000
Zr 0.001 0 10.134
Pb 0 0.001  10.238
Gustina (g/cm®) 1.04 1.4 0.296

[Topen reomeTpuje, 3a H3padyHaBame 03a MOTPEOHU CYy XEMU]CKH CacTaB M T'YCTUHE
TKuBa ojJpehenux oprana. [Ipema ORNL nmyOnukanuju, jbyacku (GaHTOM ce cacToju O TpU

BPCTE TKHBA, CKEJIETHOT, IUTYRHOT U MEKOT TKMBA KOj€ UMajy pa3IuyuTe I'yCTHHE U XEMU]jCKU
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cacras, (Eckerman u ap, 1996). EnemenTapHu cactaB CBakor oJ] OBUX TKHBa JaaT je y Tabenn
3.5 3ajenHo ca oxroapajyhoMm rycTuHOM 3a cBe (paHTOME, H3y3€B HOBOpOheHUeTa.

Jennaumne oprana QaHToMa 3ajeHO ca OCTAIMM peJIEeBaHTHHM HHQOpMaIujama
(XeMHjCKH cacTaB, 3alpeMHUHE, Mace U CI.) ce ynucyjy y ynasuu (input) daju, (Kperuh u
Hukesuh, 2007), MCNP codtBepa koju kopucHuK Kpeupa. KomOuHyjyhm moBpim Kpo3
bynosy anre6py, MCNP dopmupa hemuje (cells) koje pemnpesentyjy oprane. Yiasau
¢ajnoBu oapaciior MyIIKapia u keHe ce Mory Hahu Ha uHTepHeT npe3eHTauuju pupoano —
marematudkor ¢akynrera y Kparyjeuy, (Kpcruh, 2014). Ilpumep y3myxHOr mnpeceka
ORNL dantoma nobujenor momohy ynazHor MCNP ¢ajna xopumhenor y oBom panay je

npukaszad Ha Ciunu 3.1.

Cnuxa 3.1. ¥V30yocnu npecexk ORNL gpanmoma.
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4 CodrBepu 3a cumyaanujy TpPaHCIOpPTa 3pavyema Kpo3

MaTepujy

3a onpehuBame 03HMX KOHBEpP3MOHMX (hakTopa Oera W TaMa 3paycmka
KpaTKOXXMBehuX paJloHOBUX M TOPOHOBHX IMOTOMAaKa HEONXOAHO j€ OJIPeauTH e(eKTUBHY
703y TI0 JeIWHUIIM W3JIarama. 3a Ty CBPXY HEOIXOJaH je JO3MMETPHjCKA Mojaen U codTBep
KOjU je y MOryhHOCTH Jla CHMYJIMpa TPaHCIOPT YECTHIIA 3pauckha Y OKBUpY oarorapajyher
Mozena u onpehyje nosy. Jozumerpujcku monen ruiyha onucan y nmyonukauuju (ICRP 66,
1994) u ORNL marematudku (aHTOM Cy TPEACTABIbEHH Yy MPEIXOIHUM TiiaBama. Y OBOj
riaBu he Outy onmcaHu cOPTBEPH 3a TPAHCIIOPT 3pauerha KOjU Y CIIPE3H ca JO3UMETPUjCKUM
MoJiesiuMa oMoryhaBajy mpopadyH pelieBaHTHHX BEIMYMHA. Y OBOj JUCEpTAIMju oapeheHu
cy no3Hu KoHBep3uoHu (aktopu - DCF y oceTspuBUM ci0jeBUMA JbYACKOT PECIUPATOPHOT
TpaKTa M y TIaBHUM OpraHMMa M TKHUBY OCTaTKa JbYACKOJ OpraHM3Ma M3a3BaHH OeTa u rama
3pademeM KpaTKokuBehMX paJloHOBUX M TOPOHOBHX IOTOMAaKa YCIE[ YHYTpAaIllber |
CHOJhAIlIBET 03paYNBambA.

3a npopauyH DCF-a Oeta u rama 3padema y OCETJ/bMBHM CJIOjeBMMa IUTyhHOT TKHBA,
koputihen je (ICRP 66, 1994) mozen peciupatopHor Tpakrta. TpaHCHIOPT 3padeha U I'yOuTaK
CHepruje y OCeTJbUBUM cliojeBuMa je cumysupad coptepom PENELOPE (Penetration and
ENErgy LOss of Positrons and Electrons), (Salvat u ap, 2003). Ynorpebom PENELOPE
codTBepa mpopadyHate cy arncopboBane dpaxiuje (AF — Absorbed Fraction) u mo6oJsias je
METOJOJIOIIKK TpUCTynn HauuieH y okBupy ICRP66 my6mukammje, (ICRP 66, 1994). ¥V
ICRP66 BpemnocTn arcopOoBaHMX (Qpakinmja eHepruje ojapehuBane cy KopulihemeM
coprepa EGS4 (Electron Gamma Shower), (Nelson u ap, 1985). EGS4 je codtep koju
CHUMYJIUpa TpPAHCIOPT YecTHla Kpo3 ojpeheHe wMatepujane, MmMehyrum uma oapeheHux
He/JocTaTaka y OOJIACTH HHUCKHX €HEeprHja 4ecTHIla, HAPOYHTO aKO CE Paadl O TPAHCIIOPTY
KpO3 TaHKe cliojeBe. Y TaKBUM CIIydajeBHMa TpEIIKe y pe3yjiTaTiMa MOTy OWTH Beoma
3HaTHe, (Bielajew u Rogers, 1987; Moliere, 1948; Fernandez —Varea u mp, 1993).

Jlo3ze y IJIaBHUM OpraHuMa M TKUBY OCTaTKa oJ O6era M rama 3paderma paJOHOBHX U
TOPOHOBHX TMOTOMaKa Cy ojapehnBane KOMOMHAIMJOM JIBa JO3MMETPHUjCKA MOJIeNIa Ha HAaYWH

koju he Oumtm ommcan y gapyrome peny oBe auceprammje. To cy ICRP66 wmopen
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pecriuparopuor Ttpakrta-a, (ICRP 66, 1994), u aHaaWMTHYKH MOJAET JbYACKOI Tejla —
matematnuku ¢anrom (Eckerman u ap, 1996). 3a cumynamujy TpaHCIOpPTa 3payciba

kopuinhen je MCNP-4B codreep, (Briesmeister, 1997).

41 EGS4

VY (ICRP 66, 1994) je 3a npopauyn arcopboBaHux (pakiidja y OCET/bHBHM CJIOjeBUMA
pecniuparopHor TpakTa, kopuuihen Monte Carlo coprsep - EGS4, (Nelson u ap, 1985), koju
omoryhaBa cumyJanujy TpaHcropTa 3padema kpo3 oapehenn marepujain. Codrep Moaemnyje
CTBapame CJICKTPOHA Y TUPEKTHUM CyJapuMa M 3aKOYHO 3paycwe M3Hala ojapeheHor mpara
enepruje (omabpano 1 keV, (ICRP 66, 1994)). ¥V oBuM cuMmysandjama MpakTHYHA TOPHA
rpaHuIla TYOHTKa CHEPTHje TPU CBAaKOM aKTy pacejama U3HOCH 6 % CHepruje eIeKTPoHa KOjy
je umao mpe pacejama. OBa BpEAHOCT je y CKJIay ca MaJlMM JIMHCAPHUM JIMMEH3HjaMa TKHUBa
METE y KO0jOj JI0Jla3H JI0 TyOuTKa eHepruje enekrpoHa. Enextponu u (GoToHU ce mpare oK
BUXOBa eHepruja He mamHe ucrnox 1 KeV-a, kama ce y3uma Ja ce JIOKQJIHO JICTIOHY]e.
HcTopuje cBUX CEKyHIApHHX €JIEKTpOoHa M (POTOHA KOjU c€ MPOM3BOJE NMPU HHTEPAKIIHjH
pUMapHe YecTHIle ca MeauyMoM cy npahene y nmornynoct, (ICRP 66, 1994).

3a BHCOKO €HEprercke enekTpoHe u mno3utpone, EGS4 mpuberaBa Tteopuju
BUIIECTPYKOT pacejama Koja J03BOJbaBa CHUMYyJALMjy Iyo0anHor edekra BeauKor Opoja
norahaja Ha ompeheHoM cermeHTy myTtame gare ayxwuue, (Nelson u ap, 1985). Osakse
CHMYJIAIMOHE TPOLEAype TNpeAcTaB/bajy KouaeHnzoBan Monte Carlo meron. Teopuje
BUIIECTPYKOT pacejarba MMIUIEMEHTHPAaHE Yy KOHJIEH30BaHE aJTrOPUTME 3a CHUMYIALHU]y CY
NPUOIIDKHOT KapakTepa ¥ MOTY BOJUTH Ka CHCTEMaTCKHM rperikaMa. OBa oJcTynama MOTY
OUTH BpJIO youJbHBA Y opeheHNM cilyyajeBUMa YClle]] 3aBUCHOCTH pe3yiTara cuMmysanuje y
OJTHOCY Ha YCBOjeHY IY)KHHY cerMeHTa mytame, (Bielajew u Rogers, 1987). Kopumiheme
BEOMa KpAaTKHX CErMEHaTa IyTamke MOXKE TPOM3BECTH JIAXKHE eEeKTe y OKBUpPY pe3yirara
cumynanje. Ha npumep y paxy (Moliére, 1948) Teopuja BUIIECTPYKOT eIECTHYHOT pacejarmba
Ha OCHOBY Kojer je HamucaH EGS4 ocHOBHHU KOJ, HMje NPUMEHJbMBA 3a JIy>)KHHE CEerMEHTa
nyTame Kpalinx 0]l HEKOJIMKO eNaCTUYHUX CPebUX CI000JHUX myTama, (Fernandez—Varea u
ap, 1993), crora BUIIECTPYKO €IACTHYHO pacejarm-e MOpa OWTH ,,MCKJbYYEeHO ™ Kajga CErMEHT
nyTame nocrane kpahu ox oBe BpenHoctu. Kao mocienuna HaBeeHOT, CTa0MIM3aIgja Koaa

3a KpaTKEC CCTMCHTC IIyTakba HC HMIUIMIHPA Oa CYy PE3yJiTaTu CI/IMy.]'IaI_II/IjC HCIIpaBHHU. 3a
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MOCJICIUITY, TPEIIKe TOKOM cuMysanuje he OMTH 3HaudajHe, MOCEOHO aKO Ce€ KOPUCTE TaHKH
CJI0jeBH MeAujymMa Kpo3 KOjU CE€ BPIIM TPAHCIIOPT, KA0 IITO Cy OCETJbMBHU ciojeBu BB u
noceOHO bb permona. Ilpumena KOHIEH30BaHMX ajropurama Be3aHa je ca MpodiieMHMa y
TeHepHCaby MyTamke YECTHIIE Y OJM3MHY MOBPIIMHE KOja pa3zBaja JBa MEeI1jyMa pa3InduTor
cacraBa. Kana ce uectuina kpehe y 0M3uHM rpaHHYHE MMOBPIIUHE, AY)KHHA CETMEHTA MTyTake
ce Mopa JpKaTH MamOM O] HajOJIMKEr pacTojama 10 pasjieiHe NMOBPIIMHE J1a OW Ha Taj
HAuMH CErMEHT IyTame OCTA0 YHYTap MeAMyMa Kpo3 KOju ce kperame mpartu, (Bielajew u
Rogers, 1987). OBakaB npucTyI y MHOrOME KOMIUIUKYj€ IPOrpaMHUpame YaK M 33 PEIaTHBHO
JEeTHOCTaBHE T€OMETpH]e.

[Tokazano je na je EGS4 moysnan codTBep 3a cuMylnaldjy TpaHCIOpTa 3padyemba.
['ope HaBeneHM HemOCTaIM Ce OJHOCE Ha MOCEOHE CiIydajeBe TPAHCIOPTA 3pavera Kaja ce
paau o0 TaHKUM cjlojeBuMa Meaujyma (pena Benuuunne 10-ak co00MHUX IyTama) Kpo3 Koje
Ce 3pavyeHle TPAHCIIOPTYje Ca PEIaTUBHO HUCKUM CHeprujama (MCIOJ| HEKOJIHMKO JCCETHHA

keV-a), (Bielajew u Rogers, 1987; Moliere, 1948; Fernandez —Varea u ap, 1993).

4.2 PENELOPE cogpmeep

Mopnen pacejama ycBojeH y PENELOPE codTBepy nmaje moy3gan ommc TpaHCIOpTa
3padema y uHTepBaiy eHepruja ox 1 keV 3a dorone u 100 €V 3a enekTpoHe U MO3UTPOHE 10
Hekonuko crotiHa MeV-a, (Salvat u np, 2003). PENELOPE renepuiie cinydajHu
€JIEKTPOHCKO-()OTOHCKH TJhYCAaK y KOMIUIEKCHUM MaTepHjalTHUM CTPYKTypama IpOU3BOJEHOT
Opoja pa3IMUMTUX XOMOIE€HHX pervoHa (rena) oxapehenor cacrasa. IIputom mHKOMIOpHpa
MOJIeJT pacejamba KOMOMHY]yhH HyMepHUuKe MaKkpOCKOIICKe e(pUKacHe IpeceKe (UM 3ayCTaBHE
epuKacHe IIpeceke) ca JeJHOCTABHUM aHATUTHUKUM JAU(epeHLrjaIHuM epUKaCHUM
npecenuma 3a pa3induTe HHTepakinone Mexanusme, (Salvat u ap, 2003).

Cumynanuja myTame eJIeKTpPOHa W MO3UTPOHA C€ BPIIM KOPHUIINEHEM MeEIIaHWX
anroputama kiace |l. MnTepakiyje uectuna 3payema ca MEIUjyMOM MOKEMO IMOJICIUTH Ha

tBpae (hard) u meke (SOft), y 3aBUCHOCTH O]l yHANpe/1 3a1aTUX napamerapa cuMmyianuje 6. -
WCC(M) u W, - WCR(M) (Salvat u np, 2003). 6. u W, mpencrasspajy yrao u rpaHU4HY

ereprujy (cuttof) Ha ocHOBY Kkoje ce mpaBu pasziuka u3Mmel)y TBpAWX M MEKHUX MHTEpaKIlHja.
3a BpeIHOCTH yTJja pacejama U €Hepruje KOjy YeCTHIa U3ry0n TPy HHTEPAKIU]jU Koje Ccy Behe

on rpanuyHe BpeaHoctd mnapamerapa WCC(M) u WCR(M) wuHTepakimje ce cMaTpajy
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TBpIUM, Tj. TUMA ,,hard* u cumynupajy ce aerasbHo. M 0O6paTHO, y MUTamy Cy MEKH Tj. ,,Soft™
Cydapu KOjH ce CHMY/IHMpajy MeToJaMa BHIIECTPYKOr pacejama, (Salvat u mp, 2003).
WCC(M) u WCR(M) mapametpu ce aedunuiny 3a cBaku matepujai, M. IlocraBibamem
napameTapa Ha HyJly BPILIUMO JIeTaJbHY CUMYJAIH]jy, TJIe C€ CBaKa YEeCTHUIla MPAaTH KOPaK MO
KOpak W CUMyJIMpa c€ CBaka MHTepakiuja moHaocod6. Ha Taj Haunn ce 06e30elyje BUCcOKa
TAQ4HOCT CHUMYJallMje, ald Ce 3HAaTHO NpOoayXaBa BpeMe IpopadyyHa M TOILIM BHIIE
padyHapcKHX pecypca.

WuauBuayanHu ,,TBpAU €IacTUYHU CyJapH, ,,TBpJe” HEellaCTHYHE MHTEPaKLuje U
eMucHja ,,TBPAOT* 3aKOYHOI 3pauemha Ce CHMYJIHpajy [eTajbHO, Hamp. CIy4ajHUM
TreHepucameM Ha OCHOBY oAroBapajyhux nudepenuujanHux eduxacHux mnpeceka. [lyrama
gyectuiie m3mely CykinecuBHUX ,,TBpAMX' MHTEpaKja wiu u3mely ,,TBpie* mHTEpaKkuuje u
nponacka uHTepdejca (MOBpIIMHE KOja JeNd JBAa MEAHMjyMa pa3U4YUTHX CacraBa) ce
reHepuIle Kao cepuja cioboxunux mnyrama, (Salvat m ap, 2003). KombOuHoBaHu edekar
,»MEKHX"* MHTEpaKlMja Koje ce JelIaBajy Ay CYKIECUBHHX KOpaKa MyTame Ce CUMYIUPajy
Kao jeiaH ,,BelITauku* norahaj Tuma ,,MeKHX‘* MHTEpaKIHja, IJIe YeCTHULA TYOU CHEprujy u
Merba mpasal] kperama, (Salvat u ap, 2003). [IpuarkoM HHTEpaAKIIMje YeCTUIA Ca METUYMOM
KpO3 Koju ce kpehe Moxke 1ohu 10 cTBapama CeKyHAapHUX YECTHIA. Y TOM CIy4ajy MOYETHU
napameTpu (BpcTa 4ecTHlle, €Hepruja, rnpapall KpeTamba U Jp...) CEKyHIapHe YeCTHIle ce
namre y Memopuju padyHapa. Kaga ce y mormyHocTH 3aBpimu npaheme KpeTama npuMapHe
YecTUlle, Tj. KaJla OHa U3ryOu CBY CBOjJy €HEpPrHjy WJM HalyCTH CHUCTEM, Ipejla3u ce Ha
CHUMYJIAIMjy KpeTama CEeKYHIapHUX YeCTHIIa KOje je IpuMapHa npoussesna (YKOJIUKO UX UMa).
[ToueTHn mapamMeTpu CEKyHJApHMX YECTHIa C€ YYMTaBajy M3 MEMOpHje pauyHapa M Ha
MOTIYHO AaHAJOTaH HAuYWH Kao W y CIIy4ajy NpUMapHE UYECTHIE NPUCTYNa CE HEHOM
TpaHcnopToBamy, (Salvat u ap, 2003).

PENELOPE codtBep je CTpyKTyupaH Ha Taj HAYMH Ja c€ yKyIHa IyTamba YeCTHIIe
TeHepUIle Kao HU3 CerMeHaTa IyTame — CI00O0AHMX MyTeBa; Ha Kpajy CBAaKOI CI000HOT
MyTa 4ecTUulla TPNHU MHTepakuujy (cyaap) rie rydu eHeprujy, Mema MpaBall KpeTamba U y
oapelheHnM ciydajeBMMa POM3BOIN CeKyHaapHe yectuiie, (Salvat u ap, 2003).

Ha Cioummm 4.1 je nmpuxazan anroputam rinaBHor nporpama. PENELOPE naker 3a
CHUMYJIalljy TpaHCIOpTa 3pauema Cce€ aKTUBHUpPAa M3 IJIABHOI IIporpama IO3MBabEM
noanporpama PEINIT, koju yuuraBa momatke Hu3 JaToTeKka pa3IMuYUTUX MaTepujaia,
npumnpemMa Tabese BeIWYMHA 3aBUCHUX O]l €HEPTHje KOje Ce KOPHUCTEe y TOKY CHUMYJIAIHje,
yuutaBa yia3Hu ¢ajn reomerpuje u ap, (Salvat m mp, 2003). I'eomerpuja cucrema je

nedunncana BB u bb pernonnma onucannx y ICRP66 nmy6omukanuju, (ICRP 66, 1994).
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CALL EIEE)NIT () |Mnunujamusyje PENELOPE

Y

N=N+1 | Crapryje UCTPH]y HOBE YECTHLIE

Y

KPAR, E, r=(X,Y,Z), d=(U,V,W)
WGHT, IBODY, MAT, ILB

[loueTHo cTame

Y

CALL CLEANS

Y

Y

CALL START

A

Y

CALL JUMP [=

Y

pit: .
i_< Ja 1y dyectuna npenasu HHTep(beJc?>

Monudukosaru DS no kpaja
nyTame 710 MHTEpdhejca

Y

r<—r+DS(A1

Aa

Y
r<—r+DSﬁ

Y

Y
Hanycrtuna
< cucTeM?
Y

- CALL KNOCK

L— Cnenehe Teno

—<E<EABS? >
|

CALL SECPAR(LEFT)

Ja

Y
< LEFT>0? Ad
Y

Y

N<NTOT? >

END

Cnuka 4.1 Aneopumam enasnoe (MAIN) npoepama 3a cumynayujy nwycka erekmpoua

ynompeoom PENELOPE cogmeepa, (Salvat u op, 2003)
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I'eomerpuja y PENELOPE codtBepy ce 06a3smpa Ha moBpmmMa JApyror pena.
3aTBOpEH MPOCTOp OrpaHHueH MoBpiMMa ce HazuBa Teio (body). CBako Teso ce cacToju o1
MPUIPYKEHOT MaTepHujaia KpEeHpaHor KOpHUIINemeM Iporpama KOju ce AUCTpuOyHupa y
ckiiony PENELOPE mnakera, (Salvat u np, 2003). Tokom cumynaiuje dectuia ce Kpehe
yHyTap Tena u JAenoHyje oapeheny konmnuuny enepruje. JlenmonoBane eHepruje ce Oenexe y
CBaKoM Tely nmoce6Ho. YKyman 0poj renepucanux uctopuja (NTOT) je mocTaB/beH Ha 10°.

Cumynanuja enekrpoHa y aucajuuMm myteBuma codrBepom PENELOPE ce moxe
OIKCATH Y HEKOJHMKO Kopaka, (Markovic u ap, 2007).

o [louetHe Tauke Kkperama F(X,Y,Z) dYeCcTUIE ce cIaydajHO Oupajy Ha MecTHMa

JIeTI03UIMje paJloHa U BberoBux noromaka. OBa Mecta cy Mykyc (ren) u muiua cioj, Ciuka
2.1 n Cnuka 2.2. Cumynanuje ce noceOHO U3BPIIABAjy 32 CBaKy KOMOMHALIM]Y HU3BOpa-METE.

o HpI/I TPAHCIIOPTY 3paydyCha, IIpaBall KpeTakba YCCTHULC CC OHI/Icyje je,Z[I/IHI/I‘IHI/IM

- —

BCKTOpPOM d . V s3aBucHoctu on H360pa KOOpZAUWHATHOI' CHUCTEMA, IIpaBall d ce moxe

neuHMCcaTH KOCHHycMMa Tpasama (U,V,W) (Hamp. mpojekijama Bekropa d Ha mpasiie
KOOPJAMHATHHUX OCa), MJIU TOJIAPHUM U a3UMYTaJIHUM yIiIoBUMa G U ¢:

d =(u,v,w) = (sin@-cose,sin & -sin @, cosy) . 4.2)

—

Komnonenre jemunudnor Bektopa d ce ciaydajHo Gupajy, jep je emucuja 3pauema
CiIy4ajaH Ipoliec, Te je U IpaBall EMUCH]e Takohe cilydajaH.

e Kaga cy moderHa crama 4ecTHIle MojelieHa mo3uBajy ce nognporpamu CLEAN u
START kaxo 6u u3Bpmiwin ojapeheHe omepanuje HeonxoHe 3a cumynanujy, (Salvat u mp,
2003), (mocTraBbarbe CBUX JIOKAJTHUX MPOMECHJPHBUX Ha HYINy, YATambe Tabena ca ehpruKacHUM
Ipecerma, pauyHambe aHATUTHUKUX e(hUKacCHUX Mpeceka U Jp.).

e [To3uBamem noanporpama JUMP renepuie ce ciio0o/iHa MyTamkba YECTULE U OHA Ce

noMepa 3a Ay)KUHY ITyTame Y MPaBIly d, (Salvat u ap, 2003).

e AKO YecTulla Ipecedye HEeKy OJf TPAaHWYHMX IMOBPILIMHA MPATH C€ Jajbe KpPEeTame ca
nmapaMeTpuMa Tela ca Jpyre CTpaHe TpaHWYHE MOBPIIA. Y CYIPOTHOME, MOIIPOrpam
KNOCK ce no3uBa kako Ou CUMyIUpao WHTEpaKIHjy, OJAPEINO HOBY €HEPrujy U IpaBail
KpeTama U CKJIAJUIITHO MOYETHA CTarka MPOM3BECHUX CEKYyHJAPHUX YECTHUIIA YKOJIUKO HX
uma, (Salvat m gap, 2003). JlemonoBana enepruja DE (Deposited energy) mpu akty
HMHTEpaKIje ce OeIeXu U Ha OCHOBY OBe BenuunHe ce pauyHa AF, (Markovic u ap, 2007).

e Axo dyecTuIla, mocie MHTepakiuje, uma eHeprujy Behy oxg EABS oBaj merox ce

MTOHABJbA CBE JIOK CHEPIHja YeCTHIle He ajHe ucnox EABS niu 1ok He HAITyCTH CHCTEM.
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4.3 MCNP-4B cogpmeep

Uctopujcku rnenano, MCNP je npBu copTBep HaMEHmEH CUMYJIALUjU MPOCTUPAHA
3padema Kpo3 Marepujy. tberoBu kopenu cexy mo 1940-ux roamnHa kanma je ruiejanua
Marematudapa ¥ (usnyapa paguia Ha pa3Bojy aTOMCKOT HaopyXama Ha IPOjeKTy
“Manhatan”. V pa3Bojy oBor codrepa, kao u came Metoae Monre Kapio, yuecTBoBaiu cy
TakBH YMOBH Kao von Neuman, Metropolis, Ulam, Fermi u ap. I[Ipso6utno, MCNP je 6uo
HAaMEHEH 33 CHMYJAIMjy TPaHCIOpPTa HEYTPOHA, paAd padyyHama KPUTHYHE Mace, ald je
KacHHje BHIIe myTa nopahuBaH M MPOIIUPEH, TAKO Ja MOXE Ja cuMyiaupa ¥ (OTOHE U
enexTpone. Orcer eHepruja y KojuMa ce MOKE BPIIUTH TPAHCHOPT YECTHUIIA j€ 3a HEYTPOHE
ox 10! MeV-a 1o 20-150 MeV-a, y 3aBHCHOCTH OX BPCTE je3rpa ca KOjuM HHTeparyje. 3a
dorone omcer enepruje je oxn 1 keV-a no 100 GeV-a, nok je 3a enekrpone omcer oxa 1 keV-a
no 1 GeV-a. 3a pa3Boj oBor codtBepa je ynoxeno Buiie of 1000 uctpaxuBaukux roavHa,
(Hendricks u mp, 2000).

Kopucuauk codrBepa kpeupa ymnaszau (ajn koju ce copTBep yuutasa. MHpopmaiuje
KOje caap:ku oBaj (aji 1eUHUITY ce Ha OCHOBY 3aaTe Mpo0JieMaTHKe U OJIHOCE Ce Ha:

e creuuuKaujy reoMeTpuje,

® OIKC MaTepujana Koju UCIyHaBa TeOMETPH]Y,

e JIOKAIMjy M KapaKTepUCTHKE U3BOPA,

® TUII CUMYJAllMj€ U BPCTY KpajlbUX pe3yaTara u

e u300p penykuuje Bapujance paau nosehama epuKacHOCTH cCUMYyJAIHje.
MCNP (A General Monte Carlo N-Particle Transport Code) Bpuii cumysnanujy TpaHCIopTa
HEyTpoHa, (OTOHA U EJEeKTPOHAa KpOo3 MPOM3BOJbAH Marepujan ojapeheHe reomerpuje. 3a
¢otoHe, coTBEp YKIbyUyje HMHTEpAKLIM]€ HEKOXEPEHTHOI U KOXEPEHTHOI pacejama,
MoryhHOCT (JIyOpOCIIEHTHE eMHCH]e€ Tociie (OTOENCKTPUYHE AaICOPIIHje W arCOPIIH]jY
NPUIMKOM CTBapama EJIEKTPOHCKO-TIO3UTPOHCKUX MapoBa. Y Tpolecy TpaHCIopTa
€JIEKTPOHA U MO3UTPOHA YKJbYUYj€ C€ CKpeTame Mo oJpeheHuM yriom yciiea BUIIECTPYKOT
KynonoBor pacejamwa, ryOuTak eHepruje y cyaapuma ca MoryhHouthy npomeHne nmytame U
MPOAYKIHN]Y CeKyHIapHHUX uecTla ykbydyjyhu u K u X-3pake, Oxe enekTpoHe, 3aKOYHO

3pauCHC, Ka0 U AaHUXUWJIIAIUOHE raMa 3pakKe.
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MCNP je nammcan y ,Fortranu90“ koju je xomOmHOBaH ca ,,C*“ mporpamcKum

jesukoMm. I'enepanna mutepHa ctpykrypa MCNP-a je cinemeha, (X-5 Monte Carlo Team,
2003):
WNuunmjanuja (IMCN):

yuuTaBame ynasHor ¢ajna (INP) 3a nuMen3nonucame mpoOMEHIbUBHX;

nepUHUCABE TPOMEHIBUBHX;

MIOHOBHO y4HTaBame yinasHor ¢ajna (INP) u noaeprBame BpeJHOCTH TPOMCHIBHBAMA,
NpOIeCYHpahe U3BOPA;

npoIeCyHpame Taluja,

oOpana cnerudukanyje MmaTepujaia 0e3 yauraBama OnOIMOTeKa;

M3padyHaBamke 3alpeMUHA U MMOBPIINHA hemnuja.

Onpehusame reomerpuje cucrema (PLOT).

O6paza Tabena epukacuux npeceka (XACT):

yuuTaBame OUOINOTEKA;

SIIMMUHICAE TI0aTaka O HEYTPOHMMA BaH orcera JIe(pUHICAHUX SHepruja;

JIOTUIEPOBO  KCTPANIONHMpAhe €JAaCTUYHUX UM TOTATHUX e(UKAacCHUX TMpeceka 0
onaroeapajyhe temmneparype yKOJIUKO je BHUIIIA OJ TeMIIepaTrype 3a Koju je OubinoTexa
epuKacHUX Mpeceka JeQpUHUCaHa,;

npolecyrupame OnOINOTeKa,

oOpana OubnroTeKka Be3aHUX 3a €JEKTPOHE W oapehuBame Tabena goMeTa M yrioBHE

JUCTpHOYLIMje PU pacejamy U 3aKOYHO 3pavyeHe.

MCRUN nokpehe ucropuje yectuua.

VY oksupy MCRUN, MCNP cumynupa ucropuje HeyTpoHa, (OTOHA WIHM E€JIEKTpOHA Ha

cinenehy HauuH:

Kpeupa IpuMapHy 4eCTHILY,

onpehyje pactojame 10 TpaHWYHE TOBpIIMHE, oMoryhaBa Mpelia3ak YecTHIle MPEeKO
rpanwutle y cienehy hemujy;

onpehyje TotarHn eUKACHU TIPECEK CyJapa HEYTPOHA W MPOU3BOAM (POTOHE aKO HX
umMa;

onpehyje ToTanHu epUKaCHU TIPECEK UHTEpaKIyje (POTOHA M TTPOU3BOIM €IIEKTPOHE aKO
HUX UMa;

MPaTH MyTamky eIECKTPOHA;

IpoILeCyHpa OMIIMOHE BUIIECTPYKE Cyaape;
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J onpehyje tanuje nerekropa, DXTRAN,;

e  [ITaMIa M3JIa3HE MOAATKE U TaIHje;

I'paduuxu npukasyje tanuje, ehpukacHe npeceke u apyre peieantae nogatke (MCPLOT).
VY oBOM pamy cumylanuja TpaHCIOpTa ellekTpoHa W (oToHa je BpmieHa 3a cimydaj ORNL

(haHTOMA OJIpaciuX MojeauHala ooa rmosna.

68



Jonpuroc eheKTHBHO] 034 01 O€Ta U rama 3payckha PaJOHOBUX M TOPOHOBHX IMIOTOMAKA - JIOKTOPCKA JMCEPTAIIHja

TEOPUJCKHU AEO PAJA U PE3VJIITATU

5 OppehuBame mapamerapa JakoOujeBor Moaesa CUMYJIANNjOM

bpayHoBor kperama

VY oBOM Jieny pajia, U3 Kora je mpoucTekia myonukanuja y yaconucy Health Physics,
(Stevanovic u mp, 2009), pasmarpaHo je TOHAIlIake PaJOHOBHUX IOTOMAaka ca acrekTa
BbpayHoBor kparama y mpoctropuju. OBakaB MoJien je M paHHUje KOpulTheH Kako Ou ce
onpenusic ciIo00qHE W JCMOHOBaHe (pakiyje paJoOHOBUX W TOPOHOBUX IIOTOMAKa Yy
HIpuaHOj mudysuonoj komopu (Nikezic u ap, 2005; Nikezic u ap, 2007a). Moxen
pa3BUjeH y MOMEHYTUM paJoBUMa je MOAM(PUKOBAH KAaKO OM MOTao0 Ja YKJbYUHd Yy pa3MaTpame
MIPUIIajabe aepPOCOIMMa IPUCYTHUM Y IPOCTOPHjaMa.

Monekynau raca ce croxacTMuku Kpehy cynapajyhu ce mpurom ca JApyrum
MOJIEKYJIMMa M dYecTUIlaMa MPUCYTHUM y Tacy IpU 4YeMy Joja3d O MpPOMEHE MpaBla U
Op3uHe KpeTama MoJeKyna. TakBo KpeTame je Mmo3HaTo je Kao bpayHoBO kperame. Ycien
CTOXACTHYKOT TIpolieca KpeTama MOJIeKyJia Ba3yxa U MPUCYTHUX YecThIa aepocosia Moryhe
je oBakaB Mojen cumynaupatd Moute Kapno meronom. IlpBoOutHa uzeja je Omna na ce
OBaKaB TPOILEC JETaJbHO CHUMYJIHMpa Ha OCHOBY (PM3MUKUX Mpoleca y Koje Cy YKJbYy4eHH
CyJlapu 4eCTHIIa U BbUXOBO CI000/10 KpeTame n3Mel)y CykiecuBHUX cyaapa. OBakaB MOJIEI j€
pa3BUjeH y TOTIMYHOCTH alM j€é MOpao OWTH HAIMyIITeH 300Tr HEMOTYhHOCTH TpaKTU4YHE
npuMeHe. Hanme, nerasbHOM cuUMyJalMjoM KOpak MO KOpak, rie Ou decTulla mpenasuia
M3BECHU cl000IHU MyT u3Mel)y 1Ba cyaapa y Kojuma Ou Memaia mnpasai 1 Op3uHYy, H3UCKYje
HEpeaslHo BpeMe padyHama. CpemH CI000HH IyT paoHOBHX M TOPOHOBHX TOTOMaka je
0KO Afree ~ 6.6-10 m a 6poj cymapa y cexyrmm je oxo n.=7-10° s (Hinds, 1998). Pazon unje
je cpenme BpeMe kHBoTa oko 7 =5.5 mana = 476883.12 s, ce cymapu y cpeamem N, -7

=3.3-10" myra. Bp3uHa KOMIHjyTepCKHX Tpolecopa je pexa Bemmumue GHz, ma wak u y
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cy4ajy Ja je mMoryhe cUMyJIupaTH jelaH Ccyaap y jeIHOM MPOIECOPCKOM TakTy (IITO je
HapaBHO HeMoryhe) moTpeOHO je pena BEIHMYHUHE 10° s, Tj. oko 11.5 maHa nma ce ucmpatu
KpeTame caMo jeIHOr aroma pajgoHa. 3a onapehuBame mapamerapa JakoOujeBor Mozena
MOTPEOHO je BUIIIE JECETHHA XHMJbaJla UCTOPHja jeTHOT MOTOMKA, IITO je HeMoryhe ypaauTu
YaK ¥ Ha KJIACTepHMa KOji MMajy pexa BemmunHe 10° mporecopekux jesrpa. 36or Tora ce 3a
cumylanyjy bpayHoBOT Kperama yBOJE KOHJICH30BaHE HCTOPHjE IMOTOMaKa y KOjuMa ce Ha
OoCHOBY onpeheHux pacmojena W BepoBaTHOha, y3 MO3HABamke MOYETHE Tayke KpeTama U
BpEMEHa KpeTama, oapelyje kpajma Tauka.

Ycnen croxacTHuke MPHPOJE KpeTama, BepoBaTHOha 1a uecTHiia M3 Tadyke ca
koopauHatama (Xo,Yo,20) Aohe mo tauke (X,Y,Z) 3a Bpeme t y racy ce Moke neHHUCATH TIpeMa

(Landau u Lifshic, 1965; Reist, 1993), cienchom dpyHkimjom:

1 B (X—Xo )Z+(V—Y0 )2+(Z—Zo)2

f(X, y,Z,t):We 4Dt (51)

rae je D xoeduuujent audysuje yectuile, Koju je 3a paJoHOBE MMOTOMKE y OOJIHMKY KiacTepa
Koju umHe 0KO 200 MOJNEKyJla BOXCHE [ape IPYINHCAHMX OKO IOTOMKa, oko 0.054 cm?/s
(Nazaroff u Nero, 1988). Koedpuuujent nudysuje ciiobogHOT OTOMKA KOju HHje GopmMupao
Kknactep je Muoro sehu, 50 cm?/s (Zhuo u ap, 2001).

Kama ce moromak mpuIoju aepocoiy, HEroBo KpeTame je Je(QUHHCAHO KpeTameM
aepocosa. Koepunujent nudysuje aepocosia, 3a K0Oju je MPUTIOjeH HEKH O] TOTOMaKa, 3aBUCH

0J1 BeJIMYMHE U 00JMKa aepocoa.

5.1 Cumynauuja npunajarwa nomomka aepocosy

VY TOKy KpeTama, paJoHOB IMIOTOMAK CE MOXKE CYIapUTH ca YeCTHIIOM aepocoiia Koja je
MPUCYTHA y aTMoc(epr U TOM TMPHINKOM C€ TMPUIIOJUTH aepocoily. BepoBaTtHoha cymapa
MOTOMKA Ca aepoCOJIOM 3aBUCH O] KOHIICHTpAIMje aepocoyia U Off HHXOBE pacrojiesne o
BelMYMHaMa. TpH MoJaliHa pacrojienia aepocoiia 1Mo BEJTUYMHU je aata oa crtpaHe (Hinds,

1998; Marsh u Birchal, 2000) penarujom:

_(ind,~In AMTD; )’
3 2|n20'gi

, (5.2)
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rae je mHAekc | =nucl, acc, co, o3mawaBa Hykiaenuony (nucleation), axymymaruony
(accumulation) u rpy0y (coarse) moxy pecrnekTuBHO. AMTDyye = 0.05, ognuct = 2.0, frue =
028, AMTDaCC = 025 Ggyacc = 20, facc = 070, AMTDCO = 150 Gg’co = 15, u fco = 002

JlujameTap aepocoia, U,, ce reHepuine HymepuykoM uarerpanujom (5.2):

f(x)dx =y, (5.3)

O —)

r7e je y cnydajau O0poj yaudopmHo pacnopehen va narepsaiy ox 0 mo 1.
Cpenmu c000JHU YT MOTOMKA, A, JO CyAapa ca aepocCOoJOM je JaT O] CTpaHe
(Hinds, 1998) penanujom

1
l:—ﬁ-ﬂ-n-d; , (5.4)

I je N KOHIIEHTpAIKja aepocoiia y IPOCTOPH]jH.
CiyyajHa Dy)KHHA IyTa aToMa “-°PO, 01 TAauke HEroBOI HACTAHKA PaAMOAKTHBHUM
pacmagoM 22’Rn, 10 cyzapa ca aepocoiioM U IIPUIajabeM 3a HCTH ce ogpehyje Kao:
I=—2-Iny. (5.5)
Ha npyroj crpanu cpenmu cii00OJHH IyT OBOT MOTOMKA M3Mel)y JBa peCrieKTHBHA
cyzapa ca MOJEKyIMMa Basnyxa je Amee=6.6-10° m u 6poj cymapa y jemumHuMmu BpeMmeHa
usHocu Ne= 7-10° s (Hinds, 1998). Koprcrehn oBe BenmMumHE MOXEMO OIPEAUTH CPEIEH
MyT KOjU MOTOMAK Tipelje y cirydajy Kaja Jia He 10J1a3u JI0 Cyaapa ca aepoCoIOM:
L=Agee Nt (5.6)

rze je t BpeMe kperama MoTOMKa.
VY3uma ce, fa ce TMpuUNajambe aepocoiy JOTOJM YBEK Kajla ce MOTOMAaK Cydapu ca
aepocojyioM. 300r Tora, YCJIOB MpHU KOjeM J0Jla3u [0 MpHUIlajama, je Ja TeHepHucaHa Ty>KHHa
nyTame y cumynaimju, |, 1o cymapa ca aepocosioMm Oy/ae Mama 01 MyTambe KOjy OM MoTOMaK
Mpenrao Kajga O ce KpeTao y Ba3AyXy KOJU HE CaJApPXKHU aepocoiie, T] YKYIHE MyTame KOjy
Moske mpehu, L:
I<L. (5.7)
VYKOJIMKO je 0Baj YCIOB UCIYH-EH MOTOMAK CE MPUIIaja aepoCoiy Y CBOM KpeTamy U Hajajbe
ce IocMaTpa KpeTame aepocoiia KOMe je MOTOMaK MPHUIOojeH.
Koedummjent nudysuje aepocona koju ca coOOM HOCH aTOM TMOTOMKa ce oxapehyje
uspasom (Hinds, 1998):
D= kTC, |
3md,

(5.8)
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rae je kK bomvanoBa koHcTanTa, T coOHa Temmeparypa; koedunujent C. je Kynuramopan

(Cunningham) xopekinonu aktop Koju je pyHKIHja qujameTpa acpocoia;

Ce =1+ 1d (15.6.+ 76004 ). (5.9)

P je mputucak y cobu; 77 je BUCKO3HOCT Ba3yxa U3pauyHaTa Kao
2(mkT)"*

= (Tz)lz ! (5.10)

3r7ody

1 M je Maca aepocoia oxpeljeHa mpeko cpeame rycrune aepocona 1.65 glem® (Kwang, 2006).

5.2 Cumynauuja nonamara padoHoGUX NOMOMAKA Y RPOCMOPUjU

Cumynanmja moHaniama pajoHa U HEroBHX MOTOMAaka y MPOCTOpHjH, y3umajyhu y
003HUp paJHOaKTUBHU pacrajl, JCMO3HLH]y U IPHIAjalke aepocoInMa, ca MajoM jauyHHOM
BEHTHJIAIHMjE, KOja MOXE OUTH 3aHeMapeHa (3aTBOpPEHE IPOCTOpHje), c€ MOXKE ONHCATH Yy

HCKOJIMKO HAPCAHUX KOpPaKa.

Kopax 1: 360r yaudopmMmHe pacnojese pajoHa y IpOCTOpUjU, TauKe HACTaHKa aToMa
218pq KOju ce opMHpajy pacmagaom 222Rn cy Takohe yaudopmHo pacnopehene y npoctopuju

U MOT'y CC€ TCHCPUCATH Kao:

X218P0 =A- 71
y218P0 =B Vo (511)
ZmPO =C- 73

rne cy A, B u C numensuje cobe (y>knHa, BUCHHA U IIUPHHA).

Kopak 2: Kazna CC OJpCAC TAaUKC HACTaHKa aToOMa 218P0, BCTrOBO BPpEME KHMBOTAa CC

CIIy4ajHO T€HEpHILIE Ha OCHOBY CPEII-Er BpeMeHa )KMBOTa, T

t=—zIn(y,) (5.12)

Kopax 3: Jennaunnom (5.1) ce reHepuiny Kpajise Tauke KpeTama. BepoBatHoha na
YecTulla Koja ce Haymasu y Tauku (Xo, Yo, Zo), Y TOKY Kparama gohe 1o Tauke (X, Y, z) mocie
BpeMeHa t je nata Ha ocHoBY (5.1) GyHKIHjOM:

1 (x—x0)2+(y—y0)2+(z—zo)2

4Dt dxdydz. (5.13)

— €
(47Dt)*'?

P(x,y,z,t) =
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VYcaoB HOpMUPAHOCTH BepoBaTHONE je:

o0 00 00

[ ] [Px.y. 2.t)dxdydz =
P (5.14)

© 1 _ (X*XO)Z © (y=Yo )2 _ (2*10)2

1
—— @ 4t gx|———M e 4Pt dz=1
J (47Dt)" 100(47th)“2

—00

e 4Dt dy

K 1

J;( 4 ﬂDt)l/Z
Wuterpanu koju ce jaBibajy y jennaunnu (5.14) cy mel)ycoOHO HE3aBHCHH M CBaKH O]l HUX,
HOpPMHpAH Ha jJeMHUILY, MPEICTaB/ba BEPOBAaTHONY aa ce yecTuna Hale y HEKOj TauKH IO
oapehenoj koopaunatu. Jeanauuda (5.14) HaMm roBOpH Ja je BepoBaTHOha Ja ce 4YecTHIIa
Halhe Omio T7Ie Y npocTopy, u3Mel)y -0o, +oo KOOpJIMHATA jeIHAKa jJeIUHUIU, Tj. YECTHUIA Ce
Mopa Hahu Herpe y mpocTopy. AKO je ropma TIpaHHIa HHTErpaluje KOHAYHa BPEAHOCT,

unterpanu y (5.14) cy mamu on jenunuie. Tako je:

X 1 7(x—xo)2

IresTl

Y 1 7()")’0)2

ke o o
i 1 JZZIZDOt)Z _

'[We dZ—]/S.

Cnydajau 0poj, y1 TIpeAcTaB/ba BepoBaTHONY aa dectHila jgohe ox Tadke Xop, A0 Tauke X, y
TOKY BpeMeHa . AHaJIOTHO 00jallIbehe BaXKH 3a OCTaJIe IBE KOOPIMHATE.
Tpu unterpana y jeanaunnu (5.15) ce mory 3anucaru y popmu

|

00

(x=xq )2

20" dx =y, (5.16)

1 _
e
N2ro

rae je o =+/2Dt . Koopaunara X (ropma rpaHuiia HHTErpallyje) ce Halasu Kao
X =X"o+X, = X"V2Dt +X, (5.17)

rze je napamerap X HU3payyHaT U3 UHTErpaa

X' X2
j%e 2dx = 7,. (5.18)
o T
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YKOIMKO ce Kpajike TauKe Hajla3e YHYTap MPOCTOPHjE 3a MOYETAK CE y3UMa Jia C€ aTOM 218pq
pacmajia Kao HEIPHUIIOjeH U TauKa pacraja ce o3Ha4yaBa Kao (Xs,Ys,Zs).

YKONMHKO ce Kpajia Tauyka Hala3u BaH MPOCTOPHjE TOJpa3yMeBa Ce JCMO3HIMja Ha
suny. Tauka nmemosurmje (Xg,Yd,Zg) ce oapehyje kao mpecek paBHU 3ujaa W JIMHHUjE KOja
moBe3yje moueTHy (X218po,Y218P0, Z218P0) M (X,Y,Z) Kpajiby Tauky KpeTama. Bpeme ox moderka
KpeTama 10 Hekor gorahaja (pacmam — S wim aenosuidja d), tn, ce MOXe OApeAMTH IO
dopmysu (Nikezic u Stevanovic, 20076):

1 (Xd,s — X18p0 ]2
t,=—|———"F"7—1 , (5.19)
2D X'
rae je x’ mapaMmerap reHepucaH Ha ocHOBY laycoBe ¢ynknuje. Kpajma Tauka, X, je
reHepucana jeqHaunaoM (5.17), rae je Xo KoopArHaTa MOYEeTHE Tauke KpeTama a t je Bpeme y
TOKY Kora ce Kperame Bpmd. Heka je ¢puHaiHa Tauka Kperama Xg Jara, OHaa je Bpeme, tm,
nmoTpeOHO Ja dectuna mnpehe pacrojame m3mel)y Tadaka Xg u Xg onpeheno crenehom

penanujom:

2
t = L[Mj (5.20)
2D X'

Cama je moTpeOHO TPOBEPUTH Ja JIH je HCIyEeH yciioB | <L, Tj. ma mu je mpe
pacmaga atom 2°Po cpeo aepocon. HamMe IpBO ce MPeAoCTaBiba KpeTame aToMa > oPo y
Ba3nyxy 0e3 mpucyctBa aepocona. Ha Taj HaunH ce oapelyyje mTa OM ce IeCHiIo ca OBHUM
aTOMOM J]a aepocoNIM HUCY TNPUCYTHH. HakoH Tora momro je KOHILEHTpaluja aepocolia
pasiM4mMTa OJ Hylle HCITHTYje Ce Ja JM je y MeljyBpeMeHy Y CBOM KpeTarmy aToM > PO Morao
Jla ce Cyiapu ca aepoCoJIOM M MIPUIIOjU MY ce. YKOJIHUKO ycioB | < L HMje ucnymeH TO 3Hauu
n1a ce atom 2®P0 He 61 IPHITOjHO aEPOCOITY M KPajibi HCXOJI j€ Pacran y Tauku (Xs,YsZs) WIH
Aeno3uirja y Tauku (Xg,Yd,Zd). Y TOM CIy4ajy UCTOpHja CUMYJAlHje KPeTamba OBOT IIOTOMKa

CC OBAC 3aBpiaBa, rac KpajH,e TAa4KC OBOI' IOTOMKA HpeI[CTaB.]'bajy MMOYCTHC TAYKC KpETama

214
cieneher motomka = Ph.

Kopak 4: Yxonuxko je ycnoB | <L ucnymeH, HEOXOHO j€ OPEAUTH TauKy y K0joj je
JIOTILTIO IO TIpUTIajarka U UCTIPATUTH Jlalbe KpeTame aepocona. Hajmpe ce oapehyje pacrojame

u3Mely moueTHe M Kpajibe Tauke y KpeTamwy onucaioM y Kopaky 3:

R= \/(X218Po - Xi)2 + (Yaigp0 — Yi)2 +(Z18p0 — Zi)2 (5.21)

rae je i=d (y cnyuajy menosunuje) wim i=S (y ciayuajy pacmama). C 003upoM jaa ce Tauka

npunajamba Hajla3W Herjae u3Mel)y moyeTHe M Kpajie Tauyke KpeTama CI000HOr aroma
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(Kopax 3), oBa Tauka ce MOke YHH(POPMHO TeHeprcaTH. PacTojame o IMoYeTKa KpeTarmba 10
npumnajama, dc, ce reHepuiie yaupopmuo y uarepsairy ox 0 1o R:
d.=R-y (5.22)

Koopaunate Tauke npumajama Cy:

Xe = Xpigp0 + g+ Py

Yo = Yougro +dc - Py (5.23)

Z, = Zygp, +dc - P,
Px, Py ¥ P, Cy KOMIIOHEHTE jeJMHUYHOI BEKTOpa IIpaBlla KpeTama moroMka. OBa Tauka ce
y3uMa TIOYETHOM TayKOM KpeTama aepocoia ca moToMkoMm. Kpajma Tauka ce oxapehyje
jennauuaom (5.1), rme ce y 003up y3uMa MpPEOCTalio BpEeMe JKUBOTA M OAroBapajyhu
koeduijeHt audysuje reneprucator aepocoiia, nmpema jeanaunau (5.8).

Kopax 5: Axo je kpajma Tauka KpeTama aepocoia T'eHepucaHa BaH IMPOCTOPH)E,
aepocoJ ce JCTOoHYje Ha 3UAY MPOCTOpHje. Y CYIPOTHOM IPHIIOjEHH IMOTOMAaK Ce pacmaaa y
npocropuji. HoBodopMupar# MOTOMaK ocTaje MPHIojeH 3a aepocol, ocuM ~*Ph, kojui Moske
y3MaKHYTH H OJIBOJUTH C€ 0] aepocoia ca ojxpeheHom BepoBaTHOhOM.

BepoBarnohy onBajama — dakrop y3maka je mpBobutHo oapemuo (Mercer, 1976) u
no6uo BpenHoct 0.8, 1 oBa BpeHOCT je yecTo y ynorpebu. Ayropu (Stevanovic u ap, 2004)
Cy mokazanu naa (akTop y3Maka 3aBHCH O] JMjaMeTpa aepocoja, OOJMKa U XEMHjCKe
cTpykrype. Tpeba HamoMeHyTH Ja ce aTOMH IOTOMaka MOTY IMPHUIIOJUTH aepocoily Ha
HEroBOj MOBPIIMHY, ajlM yciel Koaryjaluje aepocosia aToM IOTOMKa ce Moke Hahu u y
YHYTpaIIlOCTH aepocoia. DakTop y3Maka je pa3auuuT y OBUM ciyyajeBuma. OBae je
MPETIOCTaBbEHO clieziche: (a) MOBPIIMHCKO MPUTIajalbe aToMa MOTOMKA 3a chepHHU aepoco,
u (0) aepocon je xemujckor cacraa kBapua (SiOz). Ha ocHOBY OBUX mpeTrnocTaBku (GakTop
y3Maka Moke uMaTtu BpenHocT usmehy 0.5 u 1. Pacnonena ¢axrtopa y3maka 6a3upaHa Ha
OBHM IIPETIIOCTaBKaMa je HampaB/beHa W KOPUCTH CE 3a CHMYJAIHjy OJ[Bajarha OJIOBA O]
aepocoia.

Kana ce paBHOTEXHO cTame ycrocTaBu, Opoj aToma 28po, N, HacTamix y jeIUHUIH
BpeMeHa je KoHcTaHTaH. Cumynanujom je npaheHo KpeTame pPaJOHOBHX IOTOMaka y
NPOCTOPHjH Y BPEMEHCKOM HHTepBay ox 1o = 5 h. Bpeme HacTaHka moOjeMHUX
pagMoHYKIH/IA Tj. TOTOMAKa je CIy4ajHO FeHepHucaHo yHyTap uHTepBaia og S5 h, Tn=Toy, ¢
003MpOM J1a je HacTaHaK HEKOI TMOTOMKAa MpaTd paclaj, MPeTXOIHHKA KOjU je ciydyajHe
npuposie. Y TOKYy CHMYyJalldje Cc€ MOXE OJPEIUTH BpeMe Kpajiker Hcxoia ojpeheHor

IIOTOMKaA (6I/I.IIO Ja c€ paau o pacmnany, ,Z[eHO3I/II_[I/IjI/I NN HpI/majaH)y) 1 OeJIexe ce OHU nucxoau
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KOju ymazmajy y uHtepBan ox 5 h. Ha Ttaj maumu ce Moke oapeauTH OpOj pacrmagHyTHX
(Ndecay), nenoHoBaHUX (Ngepo) M npumnojeHuX (Nattach) y JEAMHHIM BpeMEHA, Tj. MO jeIHOM
qacy.

Bbpoj Hactamumx aroMa y jeOMHMLIM BpEeMEHA je jelHaK CyMH paclaJHyTHX,

JCIIOHOBAHUX U HpI/IHOjeHI/IX aromMa

ANy :ﬂ"lNiu +ﬂ'diNiu +/Lail\liua (5.24)
Tj. Yy TOPH-0j HOTAIMjHu TO O OHII0:
Nc = Nclijecay + Nclijepo + N:ttach ' (525)

3a oapehenu Opoj kpeupanumx atoma, N, = A, ,N.',, 6poj pacmagHyTHX IO jeIHOM dYacy,

u . . . . . .
Ndecay, ce oapehyje omucanom cumynauujoM. Ha Taj HaumH Opoj aroma KOjuU IOCTOJH Y

u

decay

npocropuju je N/ = . Ha ocHOBy 0poja nenoHOBaHUX U MPUIOjEHUX aTOMa MOTOMaKa

(Ndepos Nattach) onpehennx cumynanjom u u3 jenuauuna (5.24 u 5.25), jaunHa nenosuiyje u

npunajama ce oapehyje kao:

Nueo Nu
Ay = —=2 g}, = —2tech (5.26)
NY NS

AHaJOTHO, jaunHa JIEMO3ULMje IPUIO0jeHUX TOTOMAaKa je:

N
po
i = e (5.27)
I\Ii
a
rae je N = jlecay , 1 N§,, je 6poj pacmana mo cary npumojenux noromaxa u i= >°Po,

i
214p), 2l4n:
Pb, “"Bi.

3a cuMmynanyjy TOHAIllaka MMOTOMaka Yy NMPOCTOPHUjU OMMCAHO] W3HAA pPa3BHjEH je

KOMITH]yTePCKHU MporpaM Koju oMoryhaBa Oenexeme Opoja pacmaJHyTHX, JETIOHOBAHUX H

MIPUIIOJEHUX I10 jJeIHOM Yacy, Ha OCHOBY 4era payyHa rnapamerpe JakoOujeBor Mojena.
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5.3 Hizpauynasamwe napamempa Jaxooujesoz mooena

Ipocropuja aumensuja 4 X 3 x 2.5 m* je y3era y 063up 3a oxpeljuBarme napamerapa
JakoOujeBor mMojena, kao coba THUMMYHE BEIMYMHE. JaunHa AEMO3UIMje U MpHUIajama Kao
(dbyHKIIMja KOHIIEHTpalMje aepocoiia je mpeactaB/beHa Ha Cnumkama 5.1, 5.2 u 5.3. OBom
IPUIMKOM KOHIICHTpALIM]a aepocolia je Bapupana y omcery (1-10)-10° cm™,

Ha Cnunum 5.1 je npukaszana 3aBUCHOCT jauMHE JEMO3UIIN]€ HETPUIIOjEHUX IMOTOMaKa
0]l KOHIIEHTpallje aepocoiia. JaunHa aenosuiniuje Bapupa ox 39 mo 47 h?. 3a 2“*Pb u 2**Bi
aToMe, jauyuHa JENOo3HIMje MMa OJHMCKE BPEAHOCTH YCIIEJ HE MO0 pPa3IMYUTOT BpEMEHa
noxypacraza u Mema ce m3mely 30 u 36 h™ 3a 2“Pb u usmely 31 u 37 h™ 3a 2Bi. Jlo6ujene
BPEIHOCTH Cy y JOMeHY BpenHocTH aatux y (Amgarou, u ap, 2003). Jaunna genosuiiyje ce

nosehaBa ca KOHI_[eHTpaI_[I/IjOM acpocoJia.

50
° ¢ o
°
45 . Y L4
°
°
°
40 N [
— n
- s a
= 35 - A . . A
5 A ]
< - [ ]
A -
30 -+ [
o5 | o 28p,
214Pb
20 T T T T T
0 2 4 6 8 10

n,x 10° [m™]

Cnuxa 5.1 Jauuna denosuyuje nenpunojenux nomomaxa, Ay .
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Jaunna neno3uiyje MpUIOjeHMX ToToMaka je Aara Ha Cnunu 5.2. Bpemnoctu cy
3HATHO Mam€ OJ] MCTHX 3a HEMNpHIIOjeHe MOoToMKe. Paszjor je y Tome mTo je KoeduiujeHT
nudy3uje aepocosia MHOTO MamHu o7 KoedunujeHta audysuje cioOOTHOT aromMa KOju je
dopMHpao KiacTep ca MOJEKyIHMa BOACHE mape. 3a 2°PO artoMme jaumHa EHO3HIHMje
npuIojeHnx noromaka je msmehy 0.014-0.021 h™, nok je 3a *MPb u *MBi arome, usmehy
0.005-0.008 h™ 1 0.006-0.009 h™, pecrniekTBHO. OBE BPETHOCTH CYy Mambe O] MIPOIICHHEHUX Y
pamosuma (Amgarou u ap, 2003; Nikolopoulos u VVogiannis, 2007).

0.025
o °
0.020 - °
L °
°
°
°
0.015 -
o ° b
<,
©
Ke]
<
0.010 - A
A A A A
A : : n n . . [
]
: [ |
0.005 A o 28p,
m 2lpy
s 2p;
0.000 . T T T T
0 2 4 6 8 10 12

3 -3
n,x 10° [m™]
Cnuxa 5.2 Jauuna denosuyuje npunojenux nomomaxa, Ay .

Jaunna npumajama palOHOBUX MOTOMAaKa y (PYHKITM]H OJ1 KOHIIGHTpAIIMje aepocoia je
npencraBjbeHa Ha Crmmu 5.3. Moke ce yOuMTH Ja Ce jayrHa IpHIajarkba WHTEH3WBHO
nosehaBa ca KOHIIEHTPALMjOM aepocoia 1 3a 218po arome ce Merba y orcery ox 60-170 h™*. 3a

21%ph i ?Bi jaunna npunajama je mama u kpehe ce n3mely 41-120 h™' u 43-122 h,
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Cnuxa 5.3 Jauuna npunajara nomomaxa, 1, .

Ha cnounum 5.4. cy npezacraBibeHe (pakiiyje KOHIEHTpaluja 218po aroma y byHKIMjH
KOHIIGHTpaIldje aepocoyia Koje ¢y ojapeheHe Ha OCHOBY mapamerapa JakoOujeBor mojena
npeacTaBibeHuX Ha Cinukama 5.1, 5.2 u 5.3. EBueHTHO je ma ce KOHIIEHTpaIje IPUIojeHuX
noromaka rnosehaBajy ca KOHIIEHTPALljOM aepocoiia, JOK KOHIEHTpAalLMje pachagHyTHUX U

JICTIOHOBAHUX OMaJIajy.
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Bpennoctn mapamerapa JakoOujeBor wmojmena ojapeheHux y oBome paay cy
npeacraBibeHe y Tadenu 5.1 u ymopehene ca BpeaHocTuMa apyrux ayropa (Amgarou u ap,
2003; Nikolopoulos u Vogiannis, 2007). Nikolopoulos u Vogiannis cy mapamerpe oapeauin
Mepehu akTHBHOCHE KOHIIEHTpalldje paJlOHOBHX MMOTOMaKa y TepMajiHuM Oamama Eftalou u

Thermi.
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Tab6ena 5.1 Bpennoctu napamerapa JakooujeBor Mojena

Nikolopoulos u Vogiannis,

napamerpu JakooujeBor Amgarou u
mozena ht ap, 2003 2007 Osaj paz
Eftalou 6ama  Thermi 6ama

“¥pg 50-52 200-203 60-170

JaunHa npunajaa 2P 5-500 105-112 90-96 41-120

214pj 0.5-0.8 0.8-0.9 43-122

Jaumna nenosumuje PO 102-103 169-171 39-47

HEPHIIOjCHHX 214pp 5-110 112-120 98-105 30-36

IOTOMAaKa 214pj 0.6-0.7 0.5-0.6 31-37
JaunHa nenosmuje 218pg 49-5.0 0.9-1.1 0.014-0.021
TIPUIIOjeHNX 214pp 0.05-1.1 0.9-1.0 0.25-0.26 0.005-0.008
I0TOMaKa 214 3.7-4.0 1.8-2.1 0.006-0.009

Y pany (Amgarou u ap, 2003) mapameTpu MMajy MCTE BPEIHOCTH 3a CBE IMOTOMKE.
Nikolopoulos u Vogiannis cy wMepemeM aKTHBHOCHHX KOHIIGHTpalija oapehusaiu
napaMmeTpe 3a CBakH MOTOMAaK MOHA0CO0 U AOOMIM BPEAHOCTH Koje ce Mel)ycoOHO pa3nukyjy.
To je u moTBpheHO y OBOME paay M MpE/CTaBha OPTUHAIHH JTONMPUHOC ayTopa. Bpemnoctu
jaunHe neno3uidje MepeHe y Tepmannum Oamama (Nikolopoulos u Vogiannis, 2007) cy
3HaTHO Behe 300T n3pazuto noBeheHe BIaKHOCTH Ba3ayxa Koja moBehaBa jaunHy JEMO3Ullnje

MIPUIIOjEHUX [TOTOMAKA.
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6 AmncopO0oBaHe d¢pakuuje ejleKTpoHa u 0Oera YecTHIA Yy

0CeT/bMBHUM CJIOjeBUMA JbYICKOI PECIIUPATOPHOT TPAKTA

Y oBOM jeny pajma, W3 KOra je MpOMCTeKao wiaHak y dacomucy Radiation and
Environmental Biophysics, (Markovic u np, 2007), oxpehene cy amcopOoBane (pakiuje
(Absorbed Fractions — AF) eiiekTpoHa y OCETJBUBUM CJIOjeBHMA JbYJICKOT PECIUPATOPHOT
TpakTa. 3a Ty cBpXy je kopuirhen cumynanuonu coptsep PENELOPE 6asupan na Monte
Carlo meroau. Jbyiacku pecnupaTopHH TpPakT je MOJICIOBAaH MpeMa MyOJUKaIUju
Wnrepnanmonanne Komucuje 3a 3amrury on 3padewma (International Commision for
Radioation Protection — ICRP), (ICRP 66, 1994); y oBoj myOiuKaiiiju gare ¢y arncopOoBaHe
bpakije enexktpona rae je 3a mpopauyH kopuithen EGS4, (Nelson u ap, 1985),
cumynanuonu codreep. Heke o anpoxcumanuja koje cy kopumhene y ICRP66 moneny cy
no0oJbIlIaHE Y OBOM JIeNly paJa W TPEACTaB/beHE cy HoBopoOmjeHe BpermHoctu 3a AF.
Munumanna enepruja (EABS — Energy of ABSorption) 1o koje ce eJIeKTpoH mpaTH TOKOM
TpaHcnopra kpo3 marepujan je 1 keV y ICRP66 myOmukanuju, JOK je y OBOM paay Ta
BpenHocT cHukeHa Ha 100 eV. CHmxkaBambeM BpenHocTH 3a EABS no6ujajy ce npenusHuju
pe3yaTaTu arcopOooBaHUX (Ppakivja 3a MHUIMjaTHe eHepruje enexkrtpona ucnoy S0 eV. Iopen
Tora, Ja Ou ce mpeacraBmwia TkuBHA Maca y ICRP66 my6nukanuju kopumiheHa je Boa, JI0K je
y OBOM pajy KopuiiheHo ofroapajyhe enuTeanjaarHo TKUBO.

Ha ocHoBy n061jeHnx BpeqHOCTH arcopboBaHux (paxiuja oapehene cy noze u DCF
y ocersbuBuM ciojesuma HRTM, (Markovic u np, 2011).

On moceOHOr MHTEpeca y OBOME jeny cy Opouxujanau, BB, u Gponxuonapuu, bb,
PETMOHM Ha 4YMjUM YHYTpalllbHUM CJIOjeBUMa J0Ja3d [0 JEMO3ULHje YIaXHYTHX
panuonyknuaa. T ciojeBu cy MyKyc (Tell) M LuIMja MTo ce Moxe BuaeTH Ha Cnukama 2.1 u
2.2. Ha oBuM MecTHMa ce JCIIOHOBAaHM pAJOHOBH W TOPOHOBH TIOTOMIIM pacmaaajy
emutyjyhu anda u 6eta yecturie u rama 3pademe. [I[pema mozeny, oBa JBa cioja ce y3umajy
kao u3BopH 3payewa, (ICRP 66, 1994). EMuTtoBane uectuiie norahajy ocersbuBe CliojeBe U
JeTIOHyjy onpeheHy KONWYHMHY eHepruje y muMa. Panujanmona omrehema OCET/BUBUX

ciojeBa henuja 4nHe MX MOTECHIMjaTHUM MecTUMa 3a Gopmupame henuja kapuunoma, (ICRP
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66, 1994). OBo je jeman on pasjora 3alITO je OJ HWHTEpeca MpopadyyHaTH arcopOoBaHe
(bpakimje EeMHTOBAHOT 3paveha Y OCETIHHBHM CJIOjeBHUMA.

['maBHU JONPUHOC A03HM MOTHYE OJl EMUTOBAHOT ajida 3padewma. Mehyrum, ocramm
TUIIOBHU 3payema, 0eTa U rama, cy Takohe MpUCYTHH M JOMPUHOCE YKYITHO] 103U HE CaMo y
mwiyhuma, Beh u y ocranum, ynasenum, opraauma, (Markovic u gp, 2009). 3a npopauyn AF
y oBoM paay kopumihen je copreep PENELOPE, (Salvat u ap, 2003), koju metogom Monte
Carlo cumynupa enekTpoHCKO-(OTOHCKH IJbyCaK y IpOM3BOJbHOM Matepujainy. AF cy
IpopadyHaTe 3a MOHOCHEPreTCKe eNEKTPOHE M 3a CHeKTap Oera 3padema pPaJOHOBHX
[IOTOMAaKa y OCETJbUBUM CilojeBuMa IuujaTHor enurtena BB u bb pernona, (Markovic u mp,
2007).

[MocToju BuIE pasiora 300r Kojux cy arncopooBane ¢paxuuje y BB u bb pernonuma
pauynate koputthemem PENELOPE codtrepa. ¥ ICRP66 nyGiukaruju TKHBO OCET/BUBUX
CJI0jeBa je TPEACTaBJbEHO BOJOM YMECTO aJICKBATHUJUM MEIIHjyMOM KOjH OJroBapa peaHoOM
TKUBY. JloWa TpaHMIIa €HEepruje eJCeKTPOHA, KCIOJ KOje Cce y3uMa Jla Ce OHH JIOKAITHO
nenonyjy, je 1 keV. OBa rpanuiia eHepruje He yTHYe MHOIO Ha pe3ysiTaTe CUMYyJaluja y
KOjUMa eJEeKTPOHM WMajy BHCOKEe TmoueTHe eHepruje. CuTyamuja ce Mema YKOIUKO
CIICKTPOHHU TI0JIa3e ca MHHUIMjaJHUM cHeprujama peaa 50 keV u mame W Tama Tpemike y
npopadyHy Mory outu Beinuke, (Markovic u ap, 2007). Takohe, EGS4 uuje y moryhHocTu na
M3BPIIN CUMYJIAIN]y 32 €IeKTpOHEe ca ManuM nHuUIMjanHuM eneprujama (AF=0 y ICRP66 3a
erepruje mame onx 40 keV) jep ce eleKTpoHHM JIOKAIHO JEMOHY]y He MocTxyhu 10
OCeTJBMBHUX CIIOjeBa, IITO HE ojaroBapa penanocty, (Markovic u ap, 2007). OBu HemocTanu
cy npeBazuhenu y oBoM pany kopucrehu PENELOPE codtBep, y KoMe je eHepruja ucion
KOje ce eNeKTpoHu JIoKanHo Jenonyjy EABS=100 eV, cmamyjyhu TuMe rpemke pesysara 3a
Hucke eHepruje. Takolhe, kopuirheH je ajekBaTHHM, TKUBY €KBHUBaJIeHTaH, Martepujai. JenaH
O]l HajBXHUJUX pasJiora 3a mpepauyHaBambe AF je Mpenn3HOCT U TAYHOCT CUMYIAIIHOHHX
coprepa. EGS4, kopunthen y ICRP66 ny6nukamnuju Hije y MOryhHOCTH Jja Ta4HO NpopayvyHa
AF y TankuMm ciojeBuma kao 1mro ¢y BB u bb pernonu 3a enepruje enexrpona ucrmos 80 keV,
(Bielajew u Rogers, 1987; Moliére, 1948; Fernandez —Varea u ap, 1993). Ha apyroj crpanu,
PENELOPE wmoxe oapeautu AF 3a elekTpoHe CBUX MHHUIMjAJIHUX €Hepuja KOpUIINeHUX y
ICRP66, (Salvat u ap, 2003). OBa unmeHHIIA je OJ] MHTepeca Yy ciiyuajy oapehuBama AF Geta
CIIEKTpa HEeKHX HYKIMZA Kao WTo ¢y 2Pb u “**Pb koju canpsxe 48.75% u 22.92% uecruia ca
ereprujama ucrox 80 keV, mro ce moke Bugern Ha Cnukama 1.3 u 1.6, (Mapkosuh u np,
2009).
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PENELOPE ce kao codTBepcku mMmakeT IUCTpUOyHWpa y BHIY OTBOPEHOT Koja
nucanor y FORTRAN77 nporpamckom je3uky. Cama CTpyKTypa mporpamMa je TakBa Ja je
nmaker 3a cumynanujy m3pahen y Buay nogamnporpama, tako 1a PENELOPE xox mopa Outu
J0NyHeH riaaBHuM ,, MAIN® mporpaMoM, KOju KOHTPOJIUIIIE TEOMETPH]jY U €BOJIYLIH]Y ITyTambe
u Oenexu pereBanTHe Benuunne, (Salvat u ap, 2003). V oBom geny paga MAIN mporpam je
pa3BUjeH Kako OM ce CUMYJIHpAo TPAHCIOPT EJICKTPOHA KPO3 TKHUBO M Ba3AyX AHMCajHUX
neBunia. Cumynanuje cy BpIIeHE 3a JIBa pa3IMunTa cliydaja:

Cnyuaj I Cumynamnuja coprBepom PENELOPE je BpmieHa mox wcTUM ycliOBUMAa U
napamerpuma kao y cumynanuju EGS4 codrBepom y okBupy ICRP66 mnybnukarmje.
Tpancnopt enektpona ce Bpimo 10 eHepruje 1 keV-a u 3a marepujan KOju pernpe3eHTyje
TKHBO je KopuiitheHa Bojaa ryctune p = 1.0 glem’,

Cnyuaj Il Cumynamnuja je BpmieHa KopucTehu wu3MemeHe BpPEIHOCTH JIOHhE TPAHHUIIC
nenosunyje enexkrpona, EABS=100 eV. Kao TKkuBHU €KBaBWJICHT je KOPUIINEHO je eMUTeTHO
TknBo (p = 1.054 g/lcm®), (Ziegler u ap, 1985).

Ouekyje ce na mapamerpu kopuinhern y Ciy4dajy |l yruay Ha pesynarare cumynamnmje
3a eNeKTpOHE HHUCKUX eHepruja. Y oba ciyyaja cumynanuja je obaBibeHa PENELOPE

MIPOrpaMoM.

6.1 Pesyaimamu npopauyna ancopoosanux gpaxuuja

Kopumhemem PENELOPE codTBepa cumymanuje cy BplIeHE 3a pa3IHYnTE
Bpennoctu napamerapa (Ciyuaj | u 11) 3a u3Bope Oera yecTuiia cMelTeHe y oAropapajyhum
cnojeBuma BB u bb pernona. N3spauynare AF 3a MOHOeHepreTcke eJIeKTpOHe Cy MpUKa3aHe
Ha Cnukama 6.1 1o 6.6. u nmopehene cy ca BpenHoctuma aatum y ICRP66 ny6nukanuju. Ha
Cmukama 6.1 u 6.2 mpencrasibene cy AF y BB pernony, rae je u3Bop y Mykycy, 0K Cy MeTe
cekperopHe u 6asanne hemmje. Ha Cnukama 6.3 u 6.4 nate cy AF 3a u3Bop y nmimjaTHOM
cnojy BB pernona. Ha Cnukama 6.5 u 6.6 cy nare AF y bb peruony, riue ce u3Bop Hanasu y

MYKYCYy M LIMJIHMjaMa, PECTIEKTHUBHO.
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Moske ce BuaeTH BeoMma A00po ciarame 3a BpeaHoctn AF y cinydajy kama cy
CJICKTPOHU eMUTOBaHHM ca eHeprujama Behinm oz 80 keV-a. M3secHo Hecnarame y bb peruony
ce npumehyje 3a eHepruje enekrpona Behe ox 3 MeV-a, (Ciuke 6.5 u 6.6). Cumynanuje
EGS4 codreepoM HUCY TIOTO/IHE KaJ/la CE KOPHCTE TaHKHU CIIOjeBU Kao y ciy4ajy bb perunona.
3a BUCOKE CHEPruje BHUIIECTPYKO EIACTUYHO pacejarhe MOpa OMTH MCKJbYYCHO Kaja JAY)KHHA
nyTame npesasulje pacrtojame 10 Hajommke mospmune, (Fernandez —Varea u ap, 1993). 36or
Tora cradmin3anmja 3a ,,Maine* cio00/IHe MyTamke HY)KHO HEe UMILTAIIMPA TAYHOCT pe3yaTaTa
CHMYyJIaIyje, IITO 3a MOCIeANIly BOAU Ka BehuM rpemkama y CuMyJamuju.

3a enepruje mame on 80 keV pasmuke m3mehy AF pauynare PENELOPE u EGS4
corBepom cy 3HatHe. EGS4 BpenHocTu ancopOoBaHUX (pakiiMja HATIO OMaliajy U jeHaKe
cy Hynu 3a eHepruje no oko 40 keV, y 3aBucHocTH o1 KoMOMHaiuje u3Bopa mere. OBe
BpPEIHOCTH arncopboBaHuX (pakimja cy mocta Mame o BpenHoctu nooujeanx PENELOPE
copTBepoM, Koja N1aje BPEIHOCTH amcopOOBaHUX (pakiyja pa3IUYUTHX O]l HYJIE CBE N0
HAJHIDKUX CeHepruja. Pasnmka y pesyintaruMa 3a HHCKE CHEPruje je IOCIeauia
cumynanuoHux meroma umiuieMentupanux y EGS4 u PENELOPE codrteepy. Teopuje
BHIIIECTPYKOT pacejama koje kopucte EGS4 nmajy moOpe pesynrare 3a BHCOKE CHEpTHje
enektpona (>100 keV), 10k 3a HHCKe eHepruje oBe Meroje Hucy mnpermsue, (Fernandez —
Varea u np, 1993). Ha apyroj crpanu PENELOPE codTBep KOpHCTH allropuTam 3a AeTabHY
CUMYJIalI]y ,,Y€CTUIIC IO YECTHIy M MOXKE€ TMpPElU3HO Jla CHUMYJIHpA pacejambe Hu
MHTEpaKIHjy enekTpona ox enepruja 100 eV, (Moliére, 1948; Ferndndez—Varea u ap, 1993).

Paznuka usmely pesynrara cumynanuje BpmeHe PENELOPE codreepom 3a Ciyuaj |
u Il ce HajjacHuje mory yountu Ha Camkama 6.1, 6.2 u 6.4. Oxnctynamwa Ha rpadpunuma 3a
Cayuaj | 3a enepruje enekrpona go 30 keV cy mocienuiia BpeIHOCTH 3a JOWY TPAHHUILY
eHeprje, EABS, kojy enekTpoHH MOTY UMaTH TIPH TPAHCTIOPTY KPO3 MEAMjyM, KOja j& Y OBOM
ciny4dajy 1 keV. 3a mane uHULIKjaTHE SHEPrHje eNeKTPOHA, OBa IPaHUIA HHjE 3aHEMapJbuBa y
OJTHOCY Ha TIOYETHY €HEepPIUjy U Jaje MaKCUMAaJIHY IPELIKy 10 UCTopHju o1 3 % (3a moveTHe
enepruje enekrpora 30 keV) mo 10 % (3a mouerHe enepruje enektpona 10 keV) mpum
cumynanuju ucropuje jeane decrune. Y Crnyuajy I, EABS je 100 eV, a rpemka 3a jenny
UCTOPU]y C€ H3pakaBa y IMPOMWJIMMA, JIOK YKYIIHa pelaTUBHA TpelIka He IMpeBasuiiazu
HEKOJIMKO IMPOLIEHATA.

Pasnuke y pesynraruma 3a Maje eHepruje ¢y oJ BeJIMKOI 3Hauaja mpu npopauyny AF
Oera crekTpa paJAWOHYKIHAa. bera cHekTpu pagoHOBHX W TOPOHOBHX TIOTOMaka Cy
npukazanu Ha Cnukama 1.3 u 1.6, omgakiie ce Moke BHETH Jia 3a 212P}y 48.75% eMUTOBAHHX

Gera yecTHIa nMa eHeprujy Mamy o1 80 keV. 3a 2Pb, 22Bi, #*Bi npouenryante dpakimje
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yecTuIla ca eneprujama Mamum o 80 keV usnoce 22.92, 5.18 u 7.41%, pecriektuBHO. Ycien
BelMKHX (ppakiija Oera yecTHia ca eneprujama mamum ox 80 keV, paznuke y BpemHoctuma
AF Geta yecTHIia cy €BUICHTHE.

AricopOoBaHe (Qpakifje MOHOEHEPreTCKuX ellekTpoHa cy kopuimihene y ICRP
nyonukanuju 3a oapehuBame AF 3a Geta yecTuile pa3nmuuUTUX HYKIUAA. 3a npopauyH AF
Gera CIICKTpa y OBOM Jeily paxa renepucano je 10° gecTuia ca eHepreTckuM pacrosesnama
npe3eHToBannx Ha Crukama 1.3 um 1.6. Cer moueTHuUX mapamerapa je KOpHWIINeH Kao y

Cnyuyajy Il na 6u ce 0o6e30enmna Tagnoct pedynrara. Y Tabemu 6.1 cy nmpukazane AF Gera

emMuTepa.
TaGena 6.1 AF Gera 3pauema padyHare 3a motoMke “22Rn u 2°Rn

Peruon BB bb

HsBop Mykyc uima Mykyc Hwnmma

Mera CEeKpeT. Oazai. CEKpeT. 6azai. cekperopue henuje

AF(*"Pb) 0.09499  0.03423  0.09676  0.03460  0.05689  0.05942
AF(*?Pb)  0.18020  0.05727  0.18540  0.05802  0.13870 0. 14720
AF(*“Bi) 0.02956  0.01167  0.03003  0.01178  0.01504  0.01570
AF(**?Bi)  0.02362  0.009524 0.02404  0.009605 0.01163  0.01211

Pesynratn Ha Cnukama 6.1-6.6 mokasyjy pasnuke nzmely ancopboBanux (paxiuja gatux y
ICRP66 mybOnukammju u pauyHatux y oBoM paxy PENELOPE codteepom 3a Ciyuaj I, y
omncery enepruja 10 80 keV. 30or Benukor yjena Oera yecTHila ca HUCKUM eHeprujama, AF
Oerta 3pauema natux y (ICRP 66, 1994) mopajy OuTH KOpHTrOBaHe.

Kao mro je panuje nomenyro AF mpenctaBiba oHOC arncopOoBaHe eHepruje, Eaps,
YeCTHUILIE y JaTOM PETUOHY U HeHE YKYIHE EHEpruje IpU eMUCH]H, Eqgt.

AF = E_b 6.1)

tot

Tokom cumynanuje TpancnopTa 6era 3pauerma, OenexeHe cy moceOHO JeOHOBaHe eHepruje

YeCTHIA ca MHUIKjaaHuM eHeprujama ucrog 80 keV, E ;:so “V Oge BpPEIHOCTH Cy KOpHUITheHe

na O OMO TPOICHEH JOMPHHOC OeTa YeCTHIla ca MOYETHOM eHeprujoM MamoMm oxa 80 keV
. ) . <80keV . .

YKYITHO] arncopOoBaHoj Gpakuuju nenokynnor cnekrpa: Eoo  / Eaps. Pauyn nokasyje na je

. . 212 .
OBaj JIOMPUHOC BeoMa 3HauajaH u poctmke 20 % 3a uzBop, ~“Pb, koju ce Hamas3u y MyKycy,
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rJe ¢y Mera cexperopre hemuje bb permona. Hajmamu nompusoc je 3%, 3a uzsop, 2*2Bi, koju
ce Haja3W y IWJIUjaTHOM CIIOjy, JOK cy MeTa Oa3anmHe henmmje BB perwona u3 pasmora mro
oBaj moTomak caupxku 5.18% Oera wectnna ca eHeprujama MamuM on 80 keV. 3a cme
MOTOMKE M KOMOMHAIIMje M3BOP-METa JOIPHHOC HUCKOEGHEPIeTCKUX OeTa YecTUla yKYITHO]
aricopboBaHoj (paklMju YUTABOT CHEKTpa je y uHTepBany ox 3 n0 20% y 3aBHCHOCTH O
KOMOWHAaIIHje U3BOP-METaA.

Benuku 1ONpHHOC HUCKO €HEPreTCKUX OeTa YecTHla M pa3jiuke y BpeaHocTuma AF
3a Maje CHeprvje MOHOCHEPIeTCKHX eJeKTpoHa y oaHocy Ha momatke nate y ICRP66,
HMILTAIAPA Ja cy BpenHoctu AF pauyHatux y oBom zeny paaa kopumhemem PENELOPE

CO(bTBepa Ta4YHU U I1a €€ YCIICIIHO MOT'Y KOPHUCTCUTHU 34 HOTpe6e IMpoucHE a034a.
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22215+ 22
7 Jlo3ze ox Oera 3padema “““Rn/ °Rn noromaxa y 0CeT/bUBUM

CJI0jeBUMA JbYACKHX IUIyha U 103HU KOHBepP3UOHM paKkTOpHU

Benuku Hanopu y ucTpakuBamy Cy yCMEpPEHU Ka ofpehuBamy mreTHUX edekara anda
YeCcTHUIla €MUTOBAHHMX OJI CTpPaHE PaAJOHOBHUX W TOPOHOBHX ToTomaka. JlompuHoc Oera
YecTUI[a YKYIHO] JIO3M j€ YBEK HWHTYHUTHBHO 3aHEMapHBaH. Y OBOME JIeIy OBOI paja
KBaHTH(HKOBaHe Cy J103e OeTa yectuna y ocet/buBuM ciojeBumMa HRTM o pamoHoBux u
TOPOHOBHX TIOTOMAaKa JIEMOHOBaHWX y Iiyhuma. 3a oapehuBame no03a u npopauyn DCF-a
kopumhere cy arncopOoBaHe (pakidje y OCETJEMBHM CIIOjeBHMa, oApeheHe y MPEeTXOIHO]
rmaBu M nyonukoBaHe y paxy (Markovic u ap, 2008). Takohe je y oBome neny pazaa
W3BpIIICHA aHAIN3a OCETJBMBOCTH JO3HOT KOHBEP3MOHOT (haKTOpa y OJHOCY Ha MapaMmeTpe

JakoOujeBor mopena.
7.1 Memooonozuja npopauyna 003a y ocem.ougum cjlojesuma

[lo wHXamanuju, paJoOHOBH W TOPOHOBH TIOTOMIIM C€ TalOXe Ha YHYTpAIIbUM
MOBpIIMHAMA JUCAJHUX IyTe€Ba JbYJCKOT PpECHHUpPATOpPHOr TpakTa ojakie audysujom
nocreBajy y ciojeBe mykyca u muarja (ICRP66, 1994). Kako 6u ce oxpeauia edekTuBHA
71032 y OCETJbMBHUM CJIOj€BUMa, €HEpruja armcopOoBaHa MO jeIWHUIIM Mace (armcopOoBaHa
7103a) C€ MPETXOJHO MOpa H3padyyHaTH M YTEXKHBUTH OAroBapajyhuMm paaujalluOHUM U
TKUBHUM TEXUHCKHM (hakTopuMa.

Ancop6oBaHa eHepruja, Egep, 0 jeHO] €eMUTOBAHO] YECTHLM 3padema j€ y BE3H ca
abcopboBaHoM (PpakirjoM, AF, ipeko pemnaryje:

l N
Edep=—>_E; - AF(E;) (7.2)
N =
Ei je enepruja i-te Oera uectune, AF(E;) je ancopboBana ¢pakuuja u N je ykynan Opoj Oera
yectuna. C o03upoM ga GeTa decTuile MMajy KOHTHHYAJIHH CIIEKTap €Hepruja, arcopOoBaHa
bpakimja je takohe xonTuHyanHa ¢yHkimja enepruje. AF(E) je ompehena Moute Kapio

cumynanujom y I'maBu 6 oBor pama, (Markovic u nmp, 2008). AmcopboBana eHepruja
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nedunncana uspasom (7.1) uspadyHara je 3a 6asanHe u cekpeTopHe henuje OpOHXHjaTHOT
OpOHXHMOJIAPHOT PErHoHa, IJIe C€ M3BOPOM OeTa 4ecTulla CMaTpao MYKYC W LWIHja CJIOj.
Cpenma aricopOoBaHa J103a 10 jeIHOj YECTULIM 3paveha, 3a cBe Moryhe KoMOMHAIIH]je U3BOpa
¥ METE je u3padyHara Kao arncopOoBaHa CHEPTHja 1Mo jeJMHHUII Mace TKUBA KOJH MPEACTaBIha
Mety y jeaunuiiama (MeV/g: no wecmuyu 3pauersa).
Jlo3a y 6pouxujannom peruony (BB) je:
2Bk
Dls =———, 1 =Mykyc u nunmja, j = 6a3anHe u cekperopHe hemnyje, (7.2)

J
BB

e je m); maca j™ ocersbuBor cioja. Unaeke | 03HauaBa u3BOP, a j JIOKALH]y METe.
bpouxuonapuu (bb) pernonne campxku Oasanne henuje u cpeama no3a uspakena y (MeV
/g'no wecmuyu 3pavera) je.
i
Z Edep

D, = , | = MyKyc 1 numja ci1oj, (7.3)
mbb

e je Myp Maca CeKPeTOPHOT ciioja y bb pernony. YkymHa ancopboBana f03a y BB peruony
ol oxpeheHor paaMOHYKJINAA, Tj MOTOMKA N ce oapehyje yTexmeHHM CyMHpameM 103a Y
0a3aTHOM M CeKpeTOpHOM ci10jy. TexuHcku pakTopu OBHX ciiojeBa ce y3umajy jennakum, 0.5
Y YKYITHA /1032 OJ] TOTOMKa N 'y OpPOHXUjaJIHOM PETUOHY j€:
Dj; =0.5-D5" +0.5- Do, (7.4)

OBakBO yTeXmaBame 103a, npenopydeHo y ICRP66, mompa3symeBa ga cy OasamHe u
cexkperopre henuje pernona bb jennako ocersbuBe Ha anda 3paderme U J1a je BepoBaTHOha
110jaBe KaHLEpa y OBUM CIJIOjeBHMa UCTA MO jeAMHUYHO] 103U. AprymeHT koju ICRP66 n3neo
Ka0 OIpaBJIak-e 32 OBAKBO YTEKH-aBamke j€ J1a He MO0CTOje eKCIIEPUMEHTAHH MOoAalu KOju 61
yKa3HMBaJli Ha pPa3IMUUTy OCETJBUBOCT OBUX hennja.

Jlasse cy OpoHXHjaIHOM, OPOHXHOJIAPHOM U aJIBEOJAPHO-UHTECTHATHOM PETHOHY
npunucann  ¢akropu 0.333 (ICRP 66, 1994). Tako je ykynHa amcopOoBaHa 103a y

TanCO6pOHXI/IaJ'IHOM PCruony, (T-B), O HyKJInJa N mara Kao:
D'P—B,perradiation prarticle = 0333 DSB + 0333 Dk?b (75)

[Ipeoctanu neo yrexaBajyher ¢akropa o 1, ognocu ce Ha Al geo ox 0.333, a 0.001 je
pe3epBHCcaHo 3a TUMQHE KIIe3Ie.

Kako 6u ce ogpenno DCF ancopboBaHe no3e ce Mopajy mpepadyHaTd M0 jeJUHUIHOM
u3jaramy, a He M0 4ecTUI| 3padewma, y (MGY/WLM). Jenunuuno usnarame y (WLM)

(Working level month) oarosapa usnaramy on 173 cati y atMocdepu ca KOHIEHTPAIU]jOM
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panona ox 3700 Bq/m3 KOJH je y CeKyJlapHOj PaBHOTEXKH ca TOTOMIMMA. 3a TOPOH,
onromapajyha koHueHrtpamuja y atmochepu H3HOCH 275 Bq/ms. AricopboBaHa j03a u3
jennaumHe (7.5) ce MHOXXHM ca aKTUBHOCHOM KOHIICHTPALUjoM, A, ICIIOHOBAHOM Y JbYJCKHM
mwiyhuMa o KOHIIEHTpallMje Koja OJroBapa jeIMHMYHOM H3jiaramy y arMmocdepu. Ha Taj

Ha4YMH TPAaHCPOPMHUIIEMO 103y 110 YECTUIU 3paueha y 03y IO jJeTHOM pachanay.

I:)'Ir']—B = A\n Y- D?—B,perradiation prarticle ? I_BB or bb’ (76)

rae je Y npuHoc Oera 3padyewma KOjH je jelHaK jeIUHHUIM 3a eIeKTpoHe, A je aKTUBHOCT Y I-

TOM pernony nN-ror paguonykmmaa (*X*Pb, 2“Bi, #?Pb or #*?Bi), nara y Ta6emu 2.4.
ArnicopboBaHa /1032 ce 3aTHM MHOXH Ca paJdjallMOHUM TSKUHCKUAM (axTopom (W)

Oera 3paduerma, KOjU je jelHaK jeAMHUIIN, U 3aTHM CE CyMHpa IO CBUM PAJAHOHYKJIHIAMA N

Kako Ou ce nobuia exBuBanieHTHa 1033, (ICRP 103, 2007), (y jenuuunama mSv/WLM).

H=> w,-Dj 5, n="2"Pb, **Bi, *’Pb and ***Bi (7.7)

EdexTnBHa m03a ce majbe m3padyyHaBa MHOXKEHEM EKBHBAJICHTHE JI03€ Ca OAroBapajyhum
TKUBHUM TSKHHCKUM (pakropom, koju je 0.12, 3a mryha (ICRP 103, 2007).

E=0.12-H (7.8)
EdextuBHa n03a u3pauyHata 1o jeauHuim unarama y mSV/WLM npencrasipa npeacraBiba
DCF.

ITopen onpehuBawa DCF-a, ncnurana je meroBa 3aBUCHOCT Y OJIHOCY Ha MapameTrpe
JakooujeBor mosena (Jacobi, 1972). Vnasuu mapamerpu JakoOujeBor mojena 3a Mporpam
LUNGDOSE cy cuctemMatnuHO MEHaHH je/IaH 10 jeJlaH y oJpeheHoM orcery BpeIHOCTH, ca
oapeheHNM KOpakoMm, IOK Cy OCTaIM JAp)KaHM KOHCTAaHTHUM H jeIHaKMM Haj0oJbe

nponemenuM BpeaHocTuMa. DCF je uzpauynart 3a cBaky kKoMOMHaIM]y apaMeTapa.
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7.2 Pesyimamu oo3a u DCF y ocemwusum cnojesuma

7.2.1 AnucopooBane no3ze u DCF onx Oera 3padema pagoHOBUX U TOPOHOBUX

IIOTOMAKa

Jlo3e y OCeT/bMBUM CJIOj€BMMa JbYACKOT PECHUPATOPHOr TpakTa oja Oera 3pauema
PaZloHOBUX M TOPOHOBUX MOTOMaka cy ojpeheHe Ha HaYuH KOjU je OMHCAH Y MPETXOJHOM

tekcry. Pesynraru cy npeacraBbenn y Tademn 7.1.

Tabena 7.1 Ancopooasne no3e (0.1-MelV/g-no uecmuyu 3pauerba) y 0CeTIbUBUM

ciojesuMa HRT ycnen kpaTkoxxuBehnx pagoOHOBUX U TOPOHOBUX ITOTOMAaKa

Zpp 7HR; 2Zp 217R;
Degsecret  2.03 1.93 1.68 1.87
Deggasat  1.64 1.68 1.18 1.63
Dgs 1.83 1.80 1.43 1.75
Dub 0.161 0.293 0.177 0.304
Dtb 0.664 0.698 0.535 0.683

Cymupajyhu monpuHoOC 0] CBUX MMOTOMakKa 100Hja ce yKymHa arcopboBaHa 103a, Diyp,

Koja je 3ajeqHo ca DCF-om y T-B pernony npeacrasibena y Tabenu 7.2.

Tabena 7.2 Ykynna ancop6osana go3a y (mGy/WLM) u DCF y (mSv/WLM)

*2’Rn progeny  ““Rn progeny
Dip 1.73 0.49
DCF 0.21 0.06

IIpema nobujenum pesynratuma DCF onpehen y ocerseuBum cnojeBuma je 0.21
mSV/WLM 3a pamonoBe u 0.06 mSv/WLM 3a ToponoBe moromke. 3a anda decTHiie
pamoHoBux U TopoHoBuX motomaka DCF je mamehy 13 u 15 mSv/WLM, u 4.5 mSv/WLM
(Nikezic u Stevanovic, 2007b), pecniektuBHo. Kaga ce ynopeau ancopOoBana qo03a anga u

Oera 3paderma pa3liMKe U HUCY TaKo BelWKe. YKyIHa ancopOoBana no3a mo WLM, Dt.g, 3a
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anda 3paueme je 4.12 mGy/WLM 3a pagonoBe u 1.88 mGy/WLM TOpoHOBE MOTOMKE
(Nikezic u mp, 2006). AmncopboBana no3a Oera 3paucitha u3 Tabeme 10.2 je 1.73 u 0.49
mGY/WLM 3a pazioHOBE U TOPOHOBE MMOTOMKE PECIEKTUBHO, To YrHU 0KO 40% anda mose
3a pagioHOBe U OKO 25% no3e 3a TopoHOBe MoToMke. Mehytum, paznuka y eeKTUBHO] 103U
anda m Oera 3pauema je CEBUIACHTHA. YCIeJ Malle pellaTUBHE OuoJiomke epUKaCHOCTH
CIIEKTPOHA, 3a UCTY arcopOoBany 103y aida u Oera 3pauctha epextrHa n03a (1 DCF) je 20

myta Beha 3a anda yecrure.

7.2.2 3asucuoct DCF-a on mapamerapa cpearHe

VY HacraBky je ucnuraHa 3aBucHocT DCF on mapamerapa JakoOujeBor mojena.
Vna3zHu napamerpu JakoOujeBor Monena Cy MEmaHd y oApel)eHOM orcery BpeJHOCTH, ca
onpeheHUM KOpakoMm, JOK Cy OCTald JpKaHH KOHCTAaHTHUM U jeTHAaKUM Haj00Jbe

nporemeHnM BpenHoctuma. 3aBucHoct DCF on jaumne Bentmmanuje, A, , je mpeacTraBbeHa

Ha Cmumm 7.1. Moxe ce yountu na ce DCF monako momehaBa ca mopactom jaunHe
Bentwiaiyje. DCF Bapupa ox 0.2013 no 0.2245 mSv/WLM 3a pamon u ox 0.0546 no 0.0676
mSV/WLM 3a Topon. IloBehamem jaumHe BeHTWnalmje nona3u g0 Beher ykiamama
aKTUBHOCTH U3 atMocdepe. MehyTum Kako ce mpopauyH BpLIM MO jeAMHUYHOM H3Jaramy
Koja moapasymena 3700 BC]/m3H 275 Bq/m3 pazioHa, Tj. TOPOHA y CEKYJIapHO] PaBHOTEXH ca
MOTOMIIMMa, TToBehamke jaunHe BeHTUIaluje he yTuIiaTi Ha OJIHOC KOHIICHTpaIllje TOTOMaKa
y Ba3AyxXy M JenoHoBaHuX y Iuiyhuma. Mako oBe KOHIEHTpauMje omajaajy U OdeKyje ce
onagame DCF-a, PAEC koju je y Kopenanuju ca KOHLIEHTPALjOM Y Ba3ayXy, a OOpHYTO
npornopruroHaian DCF-y Opske omana, mro pe3yiryje y cBeykymHoMm pacty DCF-a.

3aBucHoct DCF pagoHOBHX/TOPOHOBMX MOTOMaKa OJ jaunHe NpuUIlajama, A, , je
u3paXkeHa caMo 3a Majle BPeAHOCTH A,, JOK HE JOCTHUTHE HajOoJbe MPOILECHEHY BPEIHOCT,
mro ce Moxe yountn Ha Criimkama 7.2 u 7.3. Jlasbum nosehamem A,, DCF ce He3HaTHO Mema

¥ KOJI PaJIOHOBHX WM TOPOHOBHX MoToMaka. Makcumanne BpemHoctn DCF-a cy 0.2932 u
0.0719 mSv/WLM 3a pamoHOBE W TOPOHOBE MOTOMKE pecnekThBHO. IloBehaBamem jaumne
IpUIajamka pacTe MpHUIojeHa Gppakiiyja U Mema ce 0JTHOC CI000HE U MpHIojeHe (pakuuje y
KopucT npunojene. Ha Taj HaunH Beha KOHIIEHTpaIija npurojene ¢ppakiuje 10cmneBa 1y0be
y KOMIapTMeHTe IuTyha, rie ce mo3a Mo YecTHIM 3padema cMmamyje, Tabema 2.4. To

pesynryje ykynmHoMm cMamery DCF-a, nako je ouekuBaHo aa oH pacte. OBo je mocieauiia
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yumenuiie 1a DCF 3aBucu on BuIle TPOMEHJBMBUX M Y OBOM CIIy4ajy, HAKO aKTHBHOCHE
KOHIIGHTpaldje Mo AyOWHHM NpoJupama BasllyXa pacTy, J103a Ce CMamyje U pe3yiryjyhu

edekar je TakaB Ja ymameme qo3e npeosnalyje u DCF onana.

0.25

0.20 ° ¢

0.15 +

e 222p,
A 220,

0.10 A

DCF [mSv/WLM]

0.05

O-OO T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0

A, [h7]

Cnuxa 7.1 3asucnocm DCF-a 00 jauune senmunayuje, A, .
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Cuuka 7.2. 3asucnocm “?Rn u ?°Rn DCF-a 00 jauune npunajara, A, .

JaunHa genosunMje ce pasnuKyje 3a MPHUIOjeHy M clI000AHY (pakiujy. 3aBUCHOCT
DCF-a on jaumHe mpumajama cia000JHUX MoToMaka je mpukazaHa Ha Cioumum 7.3. DCF je
TOTOBO HE3aBUCAH OJI JauMHE JICTIO3UIIN]e HEMPUIIOjeHe PpaKIrje, U MEmha Ce Y HHTEPBAY O
0.201 mo 0.223 mSv/WLM. 3a panonose notomke DCF Gnaro omana ca nmoBehameM jaunHe
nenosunuje HempumojeHe ¢paxuuje, 0.0546-0.0676 mSv/WLM. Opo je mocnenuna Beoma
Maie crnobonHe (pakuuje koja je oko 8% 3a pamonore u 10.5% 3a TOpOHOBE MOTOMKE U
MemambeM KOHILIEHTpalyje HenpumnojeHe ¢pakuuje yak u 3a 100% he yrunatu Ha yKynHy

npomeny DCF-a cBera Hekonmko mporeHara.
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Cuxa 7.3. 3asucnocm “°Rn u *’Rn DCF-a 00 jauuHe Oenosuyuje HenpunojeHux

u
nomomaxa, Ay .

3aBucHoct DCF-a oj jaumHe neno3wiyje MPUIIOjEeHUX IMMOTOMaka 3a HYKJICAalHOHY,
aKyMyJIalliOHy W TPpyOy MOy Cy CIMYHE 32 PaJlOHOBE M TOPOHOBE MOTOMKE. YKOJHKO Ce
jaumHa nerosunmje Mema y oncery ox 0.05 10 1.2 h™, DCF 3a pagoHOBe MOTOMKE ce Mekha
usmehy 0.20 u 0.23 mSv/WLM, Cruka 7.4. Moxe ce Bumetu aa ce DCF mema 1o 15%.
Camuno nonamame DCF kpuBux 3a TopoH ce Moke yountu Ha Crumm 7.5. Bpenqnoctu DCF-
a 3a TOPOH Cy Mame HEro 3a paJioH, alld je TmpoMeHa BpeaHocTd oko 50% 3a paznmunte

JjaduMHe JeTo3uIIHje.
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VY Tabemu 7.3 nmat je mpukas pesynrara u Bpegnoctd DCF-a ca Crnuka 7.1-7.5 y ogHOCy Ha
rapameTpe KOoju ce Bapupajy. 3a pagoHoBe nmoTomMke MuHuMainHa Bpeanoct DCF-a je 0.1933
mSV/WLM u mema ce no makcumande penHoctu 0.2932 mSv/WLM. DCF toponoBHX
noromaka Bapupa oz 0.0546 1o 0.0768 mSv/WLM.

Tabena 7.3 [Tapamerpu JakoOujeBor moena u oaroapajyhe speanoctu DCF-a

paloOHOBUX U TOPOHOBUX mmoTomaka (MSV/WLM)

[TapameTtap Ormcer DCF*’Rn  DCF ““Rn
napamerpa

A, 0.2-2h" 0.201-0 .223 (5.46-6.76)-10"

A, 5-500 h* 0.293-0.193 (7.19-5.78)-10°

pe 5110 h* 0.211-0.197 (5.93-5.94)-10°

2 nyxneamiona moga  0.05-1.2h"  0.227-0.208 (7.68-5.93)-10°
J2 axomynamuona moga 0.05-1.2h 0.204-0.231 (5.67-7.29)-107

2 rpy6a Mona 0.05-1.2h"  0.208-0.208 (5.93-5.93).10

JlonpuHoc 6eTa 4ecTHIla paJloHOBUX U TOPOHOBHUX KPAaTKOXKMBENMX MOTOMAaKa YKYITHOM
DCF-y no cana Huje onpehen. Y oBome Jeny aucepTanuje oBaj JONPUHOC je KBAaHTH(PUKOBAH
Y TOKAa3aHo je Ja JOMPUHOC 0eTa 3pauerma, Mako MaJIM y OJHOCY Ha JOMPHUHOC alia yecTua,
He TpeOa 3aHemapuTH. Pesynratu mnpukasaHu y oBome jaeny oMoryhaBajy Ja ce pHU3HK
u3naramy OeTa 3pauyewmy KBaHTU(UKYje U YIOpeOu ca H3jarambuMa JpYyrMM BpcTama
3pauema. JlonpuHoc Oeta 3pauerwa pajloHOBUX noromaka ykynmHom DCF-y je HemrTo mpeko
2% wn u3nocu 0.21 mSv/WLM. Jonpuroc ykynaom DCF-y TopoHoBUX moTomaka je oko 1.5%
u m3Hocu 0.06 mSv/WLM. 3a Benuke jaunHe M3jarama OBE BPEIHOCTH MOTY IMPEICTaB/baTH
3Ha4ajHy pajiijalioHy OIacHOCT.

Bapupamem mapamerapa JakoOujeBor Mmojena ce IOKaszalo Ja 222Rn/*°Rn
KOHIICHTpaIlKja HUje J0BoJbHA 3a mporieHy DCF-a. OBu mapamerpu yruay Ha BpeaHoct DCF-
a 3a oko 30-35% y ucnmranom ormcery. Jpyru napamerpu koju takohe yruay nHa DCF Hucy
ypauyHaTH y oBoMe Jeny paaa. Jla 6u ce mporenno DCF, mopen kKoHIeHTpanuje pagoHa
TOpPOHA HEOIXOJHO j€ MO3HABATH M YCJIOBE Yy HPOCTOPUJU OKapaKTepHCcaHEe NapamMeTpuma
JakobujeBor monena. ompunoc DCF-y on Oera 3pauema je HEKOJIMKO IpolEHAaTa y

nopehemy ca nonmpuHOCOM ajnda decTuIla, ajii ra He Tpeda 3aHeMaprBaTH.
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8 Jlo3e y JbYyACKMM OpraHmMa ycjiea 0era M rama 3padema
PAJIOHOBHUX M TOPOHOBHMX MOTOMAKA HATAJIOKEHUX Y JbYACKUM

miayhuma

PanoHOBHM W TOPOHOITM TIOTOMIIH, 214Pb, 214Bi, 212pp y 22 KOjU Cy JICTIOHOBAaHU Yy
JpynckuM miyhuMa emMutyjy Oera dectuie koje cy npahene rama 3pauemeMm. [lpu nmopehemy
ca anda 3pauemem, 6eTa U rama UHAYKY]y MHOTO Mama omrehewma y TKUBy. Y OBOME A€y
paja uCIHMTaHe Cy BPEJHOCTHU J03a TOPOHOBHX IOTOMaka of aida 3padyema U oapehene cy
7103€ y OpraHrMa JbYICKOT Tela oj 0eTa U rama 3pavera paJloHOBUX M TOPOHOBHUX MTOTOMAaKa
eMUTOBaHMX W3 TuIyha kao m3Bopa. Mcmurana je 3aBucHoct DCF-a anda 3padema of
napamerapa koju ozapelyyjy oBy BpeaHocT. Ynaszuu napamerpu nporpama LUNGDOSE cy
MEHaHH jellaH MO jelaH y OKBHPY oipeheHux rpaHuna ca onxpeheHHMM Kopaluma JOK Cy
ocTalli y3uMaiu cpeamy BpenHocT. Kopumihene cy mpemopyke 6asupane Ha ICRP 66
moneny. JlosHm KoHBep3noHHM (akTopu anda 3pauema Cy H3padyHaTH 3a CBaKy O]
KOMOMHAIMja U pe3yJaTaTH Cy IpUKa3aHU IrpauuKH.

3a oapehuBame cpenme arncopOoBane mo3e (Y MeV-g'1 no wecmuyu 3spaverba) y
IJIaBHUM OpraHMMa W TKHBY ocTaTka Jpynackor opranusma, (ICRP 60, 1991) kopumihen je
MCNP codtsep. [Jo3e u 1o3uu kouBep3nonu ¢axropu (DCF) cy uzpauynaru 3a 6era 1 rama
3paueme PpaJOHOBHX M TOPOHOBUX IIOTOMaka, KOjU Cy pacmopeheHn Ha YHYTpamrmbhM
ciojeuma BB, bb u Al pernona miyha. Jleno3unuja u uninmheme yIaxHYTHX pPaJOHOBHX
notoMaka cy pauyHatu npema (ICRP 66, 1994). Kao 6ananc usmel)y Tanoxema U J1ejCTBa
MeXaHu3ama TpaHcJoKaluje, yuinhema M pacrnajga 1o0Hujajy ce paBHOTE)KHE aKTHMBHOCTU
218pg, 24Ph i 2MBi/**Po 3a pagonose moromke u **°Po, #?Pb u *?Bi 3a TopoHOBE MOTOMKE y
CBMM KoMmapTMeHTHMa Jbyackux iyha, (Nikezic u Yu, 2001b; Nikezic u Stevanovic, 2007).
Tako nobujene BpeaHocTH cy npukaszane y Tabenu 2.4, u xopuiheHe cy 3a padyHame Opoja
pacnannytux jesrapa mo 1 WLM 3a mpetnocTaBbeHe YCIOBE U3arama.

3a npopauyn DCF y opranuma JpyJCKOT Tella ca M3BOPOM Y Iyhuma, MPUMEHCH je
ORNL ¢antom, (Eckerman u ap, 1996). OBaj Momen HemMa HMMIUIEMCHTHpPAHE JETajbe

Jpynckux tuiyha. CTpykTypa rpaHama T-B pervona je y moTmyHOCTH 3aHeMapeHa U 11€0
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pecnupaTOpHU TPAKT je€ MPEICTaBJhEH Ca JBa aCUMETPUYHA EJIUIICOMIAa KOja MPEICTaBIbhajy
JIeBO U AecHO TuryhHo Kpuiio. JIBa pa3nuunta u He3aBucHa mojena, ICRP66 monen sbynckor
pecriuparopuor tpakra — HRTM u ORNL ¢anrtom, cy kopumrhena y 0BOM Jieiry TEOPH]jCKOT
pama. C o63upom na mogen ORNL ¢anToMa He y3uma y o03up GuHy CTpYyKTYpy 1uiyha, Koja
je mara y nyonukarmuju (ICRP 66, 1994), mopa ce mpernocraButd yHH(DOPMHA pacrojea
aKTUBHOCTH y 3anpemMunu 1utyha. [TodeTHe Tauke kpeTama enekTpoHa u potona y myhuma y
okBupy ORNL mozena ce ynudopmuo ciryuajuo renepunry y MCNP.

MCNP cumynanmje cy BpLIEHE OABOJEHO 3a JIEBO M JIECHO IIYNHO KPHJIO KA0 HU3BOP
3pauema, ¢ 003UPOM Jla peTHOH Y KoMe ce Tauke ciydajHo oupajy y MCNP codtepy mopa
Ooutu 3aTBOpeH M orpaHuueH. OBakaB mpuia3 ce Moxke u3behu npeacraBibajyhu peruoH y
KOME C€ TeHEepHINly TOYeTHE Tauke, Tj. Iuiyha, Kao yHHjy perioHa KOju MpeICTaBibajy JeBO U
necHo mryhHO kKpwino. Y ToMm ciaydajy Opoj TeHepucaHux mcrtopuja Ou ce mopao mosehatu
Kako Ou ce o0e30enuia Mama CTaTUCTHYKa rpemika. MehyTUM Ha Jpyroj CTpaHu TO

HCOIIPpaBJaHO yBehaBa BpPCMC IMPpOICCOPCKOr paja.

Cpenma ancopOoBana 103a , D, y Hexom oprany 7, ycimen 3padema R (Gera mim

. 214 204 - .
rama) Koje noruue ox moromka N (“"Pb u “"Bi), je noOujeHa yTexXmaBameM 103a OJ1 JICBOT,

‘DTn R iLeft , 1 1ecHor, \Dr g Right” wiyhHor Kpuia npema mwruxoBuM macama, (ICRP 66, 1994):

Drg = a’Left(DTn,R )Left + a)Right(DTn,R )Right , (8.1)

rae cy @ =046 u gy, =0.54 macenn TexuHCKH (hakTOpH JEBOr M JeCHOr ILryhHOr

KpHJIa, pECTIEKTUBHO.

Crnektpu 6era 3pauema cy npuka3zanu Ha Cinukama 1.2 u 1.3 3a pazioHOBE U TOPOHOBE
MOTOMKE, JTIOK cy mparehe eHepruje rama 3padyema nare y Tabemama 1.1, 1.2, 1.4 u 1.5 3a
214pp, 21Bj, #12Pp i 2'?Bi, pecriektuBHO. [T0UeTHA CHEPrHja YECTHIIE CE Y30PKYje U3 O3HATOT
cniektpa kopuctehu Mmeton ciyuyajHor uzbopa yrpaheHor y MCNP codrsep. 3a morpebe
CHMyJIalije YMTaBOT CIIeKTpa GeTa i rama 3pauerba reseprcano je go 10° ncropuja yectua,
Kako Ou ce obe3bemmia 3amoBOJbaBajyha cTaTUCTHYKA Tpernika cumynanuje. Kao pesynrar
cuMyJianmje 1o0uja ce cpema arncopOoBaHa J103a 1Mo YECTHIIN 3padea (0eTa uim rama) o
neBor M jaecHor ruiyhHor kpuia xao u3Bopa, 32 ORNL danTome onmpacior mymikapria u
xeHe. Cpenma ancopOoBaHa /1032 MO0 YECTHIM 3payerma of Ienux myha kao u3Bopa je

n3padyHaTa kopunihemeM jennadnae 8.1.
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3a npoueny DCF y mSV/WLM, Df. mo dectuuu 3padema ce TpaHchopmuimie Ha

214 24pn: 212 2120 ;
cienaehu HauMH. YKyIHA akTHBHOCT, A, Hykiauaa N (“"Pb , “"Bi, ““Pb umu ““Bi), ce Moxe

u3pazutu kao cyma, (Nikezic u Yu, 2001b)

A1 = ASB,MyKyc + AQB,L{MJD/(] + A:b,,wykyc + A\Tb,lmwa + ARI : (82)

3a #Pb ykynHa axrusHOCT y cBuM pernonuma (BB, bb u Al) je 406.8 Bg/WLM, 3a *“Bi

578.4 Bg/WLM, 3a **Ph 95.67 Bq/WLM u 3a **’Bi 129.62 Bg/WLM. Dy, xoje ce mobuja

CHMYJIAIIHjOM j€ JIaTO MO KBAHTY WJIM YECTHUIIH 3pavyeHha, IOK CYy aKTHBHOCTH IO PACIIaIHYTOM
jesrpy. 3a onpehuBame arncopOOBaHE J03€ MOpa ce 3HAaTh JONPUHOC ojpeleHe BpcCTe
3padema. 3a 0eTa 3paueme JonpuHoC je 1, ¢ 003upoM J1a ce y CBaKOM aKTy pacraja eMHTYje
jelmaH eJeKTPOH. 3a ramMa 3paucke CUTyallrja je pa3lInduTa, jep ce IpH pachaay je3rpa HeKor
eJIEMEHTa MOXK€ €MHUTOBATH pPa3IMuUUT OpOj KBaHATa 3pauema. HHjEJaH, jeJAaH WIM BUIIES
BUX; AeQUHHILIE ce MPUHOC rama 3payema, YIELD, xao BepoBatHoha emucuje rpymne rama
KkBaHata onpeljene enepruje. [IpuHoc rama 3padema 3a ~-'Pb je 0.98, 3a 2“Bi je 1.37, 3a **?Pb

je 0.5 u 3a ??Bi je 0.2 (Table of Radioactive Isotopes, 2014).

8.1 DCF angpa uecmuua y nnyhuma xao ¢pynkyuja ynaznux napamemapa

DCF 3a miryha TopoHOBHX TIOTOMaka Tpe CBera 3aBUCH 0J1 Op3uHe TpaHcdepa Yy KpB.
Oga 3aBucHoOcT je mpukazana Ha Cowmmum 8.1. Kao mro je m ouexmBano, DCF pacre ca
noxyBpeMeHoM TpaHcdepa y kpB oa 1 1o oko 6 mSv/WLM. Cnopuja Op3uHa TpaHcmopTa y
KpB 3Hauu JAyXe 3a7pxkaBame y Iulyhuma mto gonpuHocu Behoj no3u. Bpemnoct oBor
napamerpa Moxke Jocta yrurara Ha BpexHoct DCF-a, 300r dera je ox moceOHE BaXHOCTH
Ta4YHO MMO3HABAE OBE BEJIMUMHE.
Bennuuna aepocona Henpunojene gpakuuje, u3paxena npexko AMTD je Bapupana of
0 mo 3.5 um. Kao mro je mpukazanao Ha Cmuru 8.2. DCF ce momako mosehaBa on 5.3
mSV/WLM o 5. 9 mSv/WLM. Cnuvnu npopadyHu ¢y oapal)eHn BapupameM BeTNYMHA:
e mHykieanuone moxae (og 20 nm go 100 nm), Ciouka 8.3, rne ce DCF mema y
UHTEepBaIy 011 0ko 4.5 10 9.5 mSv/WLM;
e akymynanuone moje (o1 100 nm go 400 nm), Cruka 8.4; Bpeanoctu DCF ce memajy

y uHTepBany oa 5 go 10 mSv/WLM u
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e r1pyo6e moae (ox 1000 nm mo 4000 nm), Cnuka 8.5, rne ce DCF mema y HTepBalty
BpeaHOCTH 07 5.42 10 5.52 mSv/WLM.

Ca Cnuka 8.2 no 8.5 ce MoXxe BUIIETH Ja BEIMYMHA aepoCoia Y HEMPHUIIOjeHO] hpaKIuju U

rpy00j MOIM HE3HATHO yTydy Ha mpomeny BpenHoctu DCF-a, nok BenmumHa aepocona y

HYKJICAIIMOHO] U Tpy00j Moau Moxke yTunaru Ha npomeny DCF-a u 1o nBa myTa.

6
®
..
..
5 ..
o
[ J
..
S 47 °
—
; ®
3 3 .'
= °
L
O ]
0O 2 -
[ ]
14 ]
0 T T T T T
0 200 400 600 800 1000

ITony-Bpeme TpaHcBepa y KpB (/)

Cnuka 8.1 3asucnocm DCF 00 nonyspemena mpancghepa y Kpe

104



Jonpuroc eheKTHBHO] 034 01 O€Ta U rama 3payckha PaJOHOBUX M TOPOHOBHX IMIOTOMAKA -

DCF (mSv/WLM)
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JIOKTOPCKA JINCEPTAL]a
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3aBucHoct DCF on ¢akropa obnuka aepocoina - shape factor je takolhe ncnurana u
npukazana Ha Cimnum 8.6, rae ce moxe Buaet ga DCF je He3aBucan oj ¢akropa o0IMKa

HyKJICallHOHEe W HENPHUIIOjeHe MoJie, JOK I'OTOBO HE3HATHO OIaja ca MpoMeHoM (akropa
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obOnuka rpy0e u akymyJanuoHe Mojie. Moxe ce KOHCTATOBaTH Jla MpoMeHa ¢akTopa 00JrKa
Yy HCITUTAHOM OIICETY MPAaKTUYHO He yThue Ha BpenHoct DCF-a.

3aBucHoct DCF-a ox (hakTopa XurpockonHor pacra je npukazana Ha Ciuim 8.7. DCF
ce Mema ca NPOMEHOM (PaKTopa XWUIPOCKOITHOI pacTa ajlid je MpPOMEHa pa3iuyuTa 32
paznuuuTe MoJie. 3aBUCHOCT j€ Haju3pakeHHuja y HykjaeanmoHoj moau rae DCF pacre ox 5.4
mSV/WLM o 5.8 mSv/WLM. Ta mpomeHa je He3HaTHa y omHocy Ha 3aBucHocT DCF-a on
Apyrux mapamerapa kKoju y Behoj Mepu yruuy Ha npomeny DCF-a. [Ipomena XxurpockomnHor
¢akTopa pacra y HEnpuIojeHoj hpaxkuuju u rpy0oj MOIM MPAKTHYHO HE YTHYE HA MPOMEHY
DCF-a, nox 3a akymynanuony mony DCF mma TeHmeHumjy omagama 10 MHHUMyMa 3a
BPEIHOCT XUTPOCKOMHOT (hakTopa pacra 1.5, rae ce gajbuM moBehaBameM OBE BPEIHOCTH
DCF mema mosehaBajyhu cBojy Bpennoct. OBe mpomene cy y omcery BpenHoctu DCF-a
u3mely 5.45 u 5.6 mSv/WLM.

Ha xpajy Cnuka 8.8 npukasyje 3aBucHoct DCF-a on Henpumnojene ¢paxiuje.
JluneapHa 3aBUCHOCT je jacHO yowbHBa. Ha ciuiu je Takolhe mpukazaHa v KpuBa (pUTOBamba
3ajemHO ca jemHaunmHOM KpuBe. Tabema 8.1 cymmpa BpemHOCTH HAjO0JBE TPOICHCHHX
BPEIHOCTH TapaMerapa, bUXoBe orncere kao u Bpeanoctu DCF-a y muryhuma npu Bapupamy
JaTuX mapamepapa.

VYkonuko 6M CBM mapamMeTpH y3eiau Hajoosbe mpouewmeHe BpenHoctu DCF 6u umao

BpeIHOCT 071 0Ko 4.5 mSv/WLM.
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Tabena 8.1 Yna3znu nmapameTpu 3a MOJIEI JbYACKOT PECITUPATOPHOT TPaKTa, (bUXOBE HAjOOJbE

npoiiemene Bpeanoctu U uatepsanu (Marsh u Birchall, 2000) u DCF-a (mGy/WLM)

Haj6ospe Omncer DCF-a
[Tapamerap IpoLembeHa Omncer npamerpa

BPEIHOCT y nryhiva
Benuunna aepocona HenpuIiojeHe 0.9nm 0.5-3.5nm 5.26-5.91
dpakuuje (AMTD)
Benuunna aepocona Hykiearmone mojge 50 nm 10— 100 nm 9.32-4.72
(AMAD)
Benuuunna aepocona akymyaluoHe 250 nm 100 — 400 nm 8.55-4.74
mozae (AMAD)
Benuuuna aepocona rpyde moze 1.5 um 1.0-4.0 um 5.42-5.51
(AMAD)
Tpancoep y kpB 600 min 100 - 1000 min 1.17-5.56
dakrop obnmka HenpunojeHe ppakmuje 1 1-1.9 5.46 - 5.46
daxTop 001MKa HyKJI€allHOHE MOJIe 11 1-1.9 5.46 - 5.46
dakTop 00K aKyMYyJIallMOHE MOJIE 1.1 1-19 5.46 - 5.43
®daxkTop obnuka rpyode Mmoje 1.1 1-1.9 5.46 -5.43
XurpockonHu (axkTop pacta 1 1-2 5.46 - 5.43
HerpunojeHe ¢pakiuje
XUrpockomnHu (pakTop pacta 1.5 1-3 5.58 -5.77
HYKJI€AIIHOHE MOJIe
XUrpockomnHu (akTop pacra 1.1 1-1.9 5.56 - 5.51
aKyMyJIalliOHE MOJIe
XurpockonHu (paxrtop pacta rpyoe mozae 1.5 1-4 541-544
Bp3uHa BenTHIANH]E A, 0.55 h* 0.2-2h* 4.17-5.10
bp3una npunajama aepocorny A, 50 h* 5-500 h* 5.99-4.28
Bp3uHa JeMO3MIM]e HEIPUIIOjeHe 20 h't 5-110 h* 4.47 - 4.47
dpaxmmje A
Bbp3una nenosuiyje npumnojeHe 0.2ht 0.05-1.1 h™ 447 - 4.47
dpaxmuje A
Henpunojena ¢paknuja 0.02 0.0019- 0.1565 4.28 - 6.00
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8.2 /Jo3e y opzanuma ycneo d6ema u zama 3payera padoHo8UX NOMOMAKA Y

nayhuma

Kopucrehu Bpeanoctn 3a aktusnoctn, npusoc ( YIELDg ) m Dip , nobujena je

ancop6oBana mo3a DI . mo WLM ox paznmmuutux Buaa 3padema R (rama wiam Oerta) u
T,R

pPa3IMYUTUX HYKIIA]IA (214Pb WIn 214Bi) y ICRP opranuma u octagom TkuBy 7 :

D!, =D, -A, -YIELD] (8.3)

Pesynraru cy npukazanu y TaGenama 8.2 u 8.3 3a 6era u rama 4eCTHIIE PECIIEKTUBHO.

Tabena 8.2 AnicopboBana 03a y opranuma (pantoma oApacior MyIIKapiia u )KeHe 0J1

214 2145
cTpane OeTa 3padema paJloHOBHX MMOTOMaka, ~ Pb u “~"Bi, pacniopehenux y muyhuma y

(uGyIWLM)

uGy/WLM Mpp,p MPb, g BLpP MBi, B
oI Mymkun ~ XKencku Mymku — XKencku
uryha 16.9 26 64.2 95.9

KOXKa 2.64:10° 2.96:10° 3.56:10" 4.08:10™
jerpa 1.58:10% 223-10* 8.44-10° 1.72:10%
CTOMaK 8.78:10° 1.43-10* 3.40-10° 2.3510°
emmKa 1.74-10° 720107 7.01-10°  2.54-10°

ronaze/oBapujym 5.65:10° 3.93-10* 9.80-10° 2.31-10*
TIbyBauHE XKIIE3/Ie 2.41-10° 3.63:10* 3.69-10* 4.16:10°
116610 1PeBo 426:10° 1.01:10° 9.49-10° 1.79-10™
IITHTACTA KITEK /A 1.13:10°  4.82:10° 2.35-10%  3.7510™
nospmmHa koctijy  1.14-10%  1.73-10*  2.24-10°  1.77-107

KOIITAHA CPXK 1.99:10*  2.53-10* 4.20-10°  2.64-107
MO3aK 2.49-10% 3.29:10° 5.06:10° 555107
0CTAJIO TKHBO 3.49-10° 4.53-10° 2.14-10° 2.74-10°
rpym - 2.38:107 - 2.39:10°
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TabGena 8.3 AnicopboBana /1032 y T7ITaBHUM OpTraHuMa aHTOMa OJIpacyior MyIiKapia u

214 214p;
’KEHE OJ1 CTpaHe rama 3paycka paJloHOBHX MOTOMaKa, = Pb u “"Bi, pacnopehenux y

wiyhuma y (uGy/WLM)
uGy/WLM 2pb,y  MPb,y  MBi,y  “MBiy

Mymiku Kenckn  Mymkn  JKeHcku
wryha 1.04 1.39 6.91 5.06
KOXKa 2.0810% 245102 1.76:100  1.33-10"
jerpa 8.34-10% 1.12:10" 6.06-10" 8.29-10*
CTOMAaK 6.10-10%  9.31-10° 4.58:10" 2.40-10™
Gemmka 1.58-10°  2.64-10° 2.44:10% 227102
roHaze/oBapujym 5.09-10*  5.51-10° 9.35:10°  4.42:107
IJbyBavHe XKIIe3]1e 1.50-10  2.00-10* 1.06 8.74-10"
1e6er1o LpeBo 6.98-10° 1.13-10% 7.05-10% 7.03-10%

ITHTACTA HKJIEHKIA 1.52-102  3.28-102% 1.32:10% 1.7810%
noBpuMHa KocTHjy  3.53-102  5.16:10%  2.13-10%  2.12-10™

KOLLTAHA CPX 5.85-10%  7.35-10% 3.45-10% 29810
MO3aK 4.02:10°  4.8310° 4.86:10° 3.46:10°
0CTaJIO TKHBO 6.1510%  7.06:10% 4.55-100 2.97-10"
rpyau - 1.21-10™ - 6.33-10™

ExBuBanentHa no3a, Hy , y oprany T ce mo6uja xao, (ICRP 66, 1994):

H. :Z ZWR DTn,R ' (8.4)

n R=gy
rae je Wy paaMjallMoOHU TEXKUMHCKM (PaKTOp uYMja je BpPEAHOCT 3a OeTa U rama 3paycme

jenunuita. Cymanuja mo N ce BpIIM Kako OM Ce ypaduyHao JOMPUHOC 07 00a HyKJIHa (214Pb
AN 214Bi). ExBuBaneHTHa 103a y rJ1aBHUM OpTaHMMa M y TKUBY OCTaTka je jnata y Tabenu

8.4 mo 1 WLM.
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Tabena 8.4 YkynHa eKBUBaJ€HTHA [103a ramMa 1 0eTta 3padera o] 2L4pp 1 2¥Bi no

WLM 3a paznuuure oprane ORNL ¢anroma oxpacior myikapia u xene (uGy/WLM)

uGy/WLM Mymku  JKeHcku
myha 89.1 128.0
KOXKa 1.97-10"  1.5810"
jerpa 6.98:10"  9.59-10"
CTOMAK 522:10% 33610
Germnka 2.61-10%  2.54-10%
roHasie/oBapujym 1.00-10%  5.03-10%
IIJbyBauHe JKJIe3/1e 1.21 1.08
1e6eI10 LPEBo 7.76:10%  8.19-102
IITUTACTA JKJIEXKIa 1.47-10%  2.12-10%

noBpiuHa koctujy  2.50- 100 2.66-10*

KOITAaHa CPXK 4.08:10%  3.75-10"
MO3aK 527107  3.95107
0CTajI0 TKUBO 5.42:10%  4.00-10*
rpyau - 7.80-10"

[To nobujamy exBuBasieHTHE 03¢ y opranuma ORNL danTomMa oxpacior mymkapia
u keHe, epextuBHa g03a, (ICRP 74, 1996) ce pauyHa kao:

HT,m + HT,f

E= Whreasts H breasts T ZWT # ! (85)
T

rae je Hy , exBuBanentna nosa mymkor, a Hy ; xernckor ganroma. Wy je TKHBHH TEKUHCKH

daxrop mpeyszer u3 (ICRP 103, 2007).

EdextuBHa noza no 1 WLM mnpencraBsba DCF Geta u rama 3pauema pagjoHOBHX
noromaka. tbeHa BpenHoCT je onpelhena y oBom pany je:

DCF=13.3 (uSv/WLM) (8.6)

N3 Tabena 8.2 u 8.3 ce BuaM na je amcopOoBaHa no03a Hajseha y miuyhuma, mro je u
OYEKUBAHO, C 003UPOM Ja ce u3BOp Hanasu y riyhuma. [lonpunoc no3u y miuyhuma norude
yrJIaBHOM O OeTa 3padera, /0K je 3a OCTaje OpraHe ¥ TKHBa JONPHHOC Tama 3pademne Behu.

3a mpoBepy BaJTMIHOCTH pe3yJiTaTa U UCIIPABHOCT METOI0JIOTHje onpel)eHn pe3ynraTu
cy mopehernn ca (ICRP 66, 1994). V ICRP66 amncopboBaHe ¢pakuuje rama 3paderma

CMHUTOBAHC O CTPAHC 214Pb n 214Bi ACIMIOHOBAHUX Y l'IJ'thI/IMa Cy AaTe€ 3a HCKOJIMKO TI'NIaBHUX
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OpraHa W 3a HEKOJIMKO Pa3IMYUTHX IUCKPETHUX BPETHOCTH eHepruje. OBe BPETHOCTH CY

WHTEPIOJNpaHe W KOpHUIINEeHe 3a TMpopadyH Cpelme ancopOoBaHE 03¢ CHMYJIHPAEmEM
. 214 24n; .

CIIeKTpa eHepruje rama 3paycima ~ Pb u “"Bi. Tabena 8.4 mpukasyje U3BECHO Cllarame ajau U

paznuke pesynrara oor pajga u ICRP66 mybnukarnuje.

Ta6emna 8.5 [Topehemwe cpeame ancopboBaHe 103€ U3pauyHATE y OBOM Paay

kopuctehu MCNP u ICRP66 Bpennoct 3a ORNL danTtome ogpacior Mymkapia u xeHe

(MeV/g)
214Pb 244Bi
MeV/g MCNP  ICRP66 MCNP  ICRP66
jerpa 2.15-10°  2.17-10° 7.84-10° 8.43-10°
nospmmHa koctijy ~ 9.10-107  1.31-10°  2.75:10°  3.98-10°
KOXKa 537-107  4.89-107 2.2810° 2.3410°

mrutacta kaexnaa  3.91-.107  9.79-107  1.71-10°  4.25-10°

3HayajHO je HAOMEHYTH Jla C€ PaJOHOBM IOTOMIIM, JI€JIOM IPEHOCE y KpPB, OJaKIe ce
pacriopel)yjy y cBUM OpraHuma 4oBeuujer Tena. JeaaH ieo ce usiaydyje u3 Tena. 3a norpeode
MIPOLIEHE J103€ O] MOTOMAaKa MPEHETHX Y KPB, MOTPEOHO j€ pasyMeTH BUXOBY OMOKMHETHUKY,
MOJl YMME C€ IOJpa3yMeBa ITO3HABamkE€ FHUXOBOT IMOHANIAka y TETy, Tj., pacmojene I
OpraHuMa M BpeMeHa 3aJp)kaBama M u3idyuuBama. Ilopex Tora morpeOHO je M3padyHaTH
aricopboBane (pakiyje 3a pazHe KOMOHMHAIMje OopraHa M3BOpa M MeTa, IITO MpeBa3uiIa3zu

0o0UM OBOT paja.

8.3 /Mo3e y opcanuma ycneo bema u cama 3paversa mopoHosux NOMoOMaKa y

nayhuma

Jloze y CBMM TJaBHHM OpraHMMa M TKHBY OCTaTka o OeTa W TaMa 3paderma
TOPOHOBHX IMOTOMAaKa Cy ojpelheHe Ha HaA4MH KOjU j€ ONMHMCAH PaHHje€ W TMPEJCTABIHEHE CYy Y
TaGenu 8.6 U3 oBe Tabene ce Moxke BUAETH J1a je ancopOoBaHa no3a Hajseha y mimyhuma,

mTo je 1 OYCKHMBAHO, 063HpOM Ja €€ U3BOP HAJIA3U Yy HJthI/IMa.
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TabGena 8.6 YkyrnHa ekBUBaJICHTHA /1032 O€Ta ¥ raMa 3pavueha 01 212pp 11 22 o WLM 3a

paznuuute oprane , DCF.

DCF MYLIKH KEHCKH
nSv/WLM oI o1
wiyha 1.68-10° 1.65-10°
KOXa 5.1 4.0
jerpa 33 50
CTOMaK 1.7 2.3
Oemnka 0.03 0.05

tecrucu/jajuumn - 0.011 0.1
jenmaK 2.7 34

J1e0eIIo IPeBo 0.3 0.36

THpOHIA 0.2 0.52
MOBpIIKHA KOCTH]Y 8.4 6.1
KOIIITaHa CPK 15 8.8
MO3aK 0.38 0.48
rpyau 5.1

TKUBO OCTAaTKa 3.90-10° 3.97-10°

VHTepecaHTHO je HallOMEHYTH J1a je /1032 y TKUBY ocTaTka Beha Hero no3e y riaBHUM
opranuma. [Ipema ICRP 103 ny6mukanuju (ICRP 103, 2007) TKUBHH TEeXHUHCKU (GakTop 3a
TkUBO ocTatka (0.12) ce mpuMeHJbyje Ha apUTMETHUKH yCpemheHy 103y 13 opraHa u TKuBa
Koa 00a mosa. OBM opraHu Cy: ajapeHainHe skie3zne, BaH rpyaau (ET) perwon, mokpahna
Oemmka, cpie, 0yopesu, TMM(pHU YBOPOBH, MUIIMNHO TKUBO, OpajHE CIy3HHUIE, TaHKpeac,
npocrara (Koa 0coda MYIIKOT I10J1a), TaHKO IPEBO, ClIe3WHa, TUMYC U MaTepHa (Koa ocoda
eHckor mona). [lo merasbHO] aHAMM3M 1032 Y OBUM OpraHMMa YCTaHOBJBEHO j€ Ja HajBehu
JOTIPUHOC 703U TKHMBAa OCTaTKa MOTWYE O] MUIMIMhHOT TKHMBa. AricopOoBaHa j03a onx Oeta
yectuila y mumuhaom TkuBy u3Hocu 3.49, 4.01, 31.58, u 35.69 (uGy/WLM) 3a 212py, KOJI

212 212

- 2120
ocobe MyIkor nojia, ““Pb xox ocobe >xeHckor nona, ““Bi kox ocobe mymikor nona u < “Bi

KOJ 0co0e ’KEHCKOT ToJia pecreKTUBHO. MumhHo TKMBO (haHTOMa MpeCcTaB/ba MEKO TKHBO
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JbYJICKOT OpraHu3Ma He paudyHajyhu CKeJIeTHW CHCTeM W OpraHe KOju Cy HJICHTU(PHKOBaHU
kox ¢antroma. Benwka j103a y OBOME TKHBY C€ MOXE 00jaCHHTH YHEHEHHUIIOM J]a MHIIUhHO
TKHUBO OKPY)KYje Iiiyha u IUPEeKTHO je U3JI0KEHO 3padyey YhjH je U3BOp y caMHM IuTyhuMa.
EdexruBna no3a, nzpadynara kopumhemem Jennaunne 8.5 uznocu 20.45 uSv/WLM.
Oga BpeaHocTt je Beha y nopehemy ca epeKTUBHOM J1030M OeTa U raMa 3padermha pajoOHOBHUX
noromaka “*Pb u ?“Bi koja usnocu 13.4 £Sv/IWLM (Markovic u ap, 2009). Ha npsu morex
OBO MOXE€ M3MJIEJATH YyIHO, C O03UPOM Jia Cy aKTHBHOCTH PaJlOHOBUX IMOTOMAaKa 3HATHO
Behe 0J1 aKTUBHOCTH TOPOHOBHX MOTOMAaKa. 3a 212py, yy 212B; VKYITHAa aKTUBHOCT y Tutyhuma je
958.2 Bg/WL, 1ok 3a 2**Pb u #“Bi je 16.41 Bg/WL. OBo ce objaurmapa qHmeHAIIOM 12 ~-2Pb
u 2?Bj eMuTyjy Oeta u rama yectuile Behux eHepruja oj paJOHOBUX MOTOMaka IITO Kao
pesynrat Aaje Behy no3y, Koja KaJa ce IpepauyHa IO jeIMHULM eKclo3uldje naje Behu

DCF.
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9 Jlo3e pajioHOBHUX MOTOMAKAa Ka0 M3BOpa cHo/balimber 0era u

ramMa 3pavcma

Y OBOM Jiey je mporemeH yruiaj “’Rn motoMaka Ha JbYJACKH OPTaHH3aM YCies
croJpallmker o3paunBama. Jlo3e u 103Hu kKoHBep3nonu daktopu - DCF cy oapehenu 3a Geta
¥ raMa 3paderse y TIABHHM OPraHMMa M TKHBY OCTAaTKa, y3uMajyhu y 063up 2Rn motomke
2Y%ph u #“Bi pacnopeljene y armochepn mpocropuja Ha ORNL (anToMe y ueHTpY
cTaHnapaHe code auMmensuja 4x5x2.8m.

Ocwuwm 3a mnyha, Ipyru oOJMIIM TMOTEHIUjATHOT PU3UKA 0 Jpyra TKUBAa U OpraHe Cy
takohe mo3Hatu. I[IpopauyHaBame n03a TOKa3yje Aa KOH3YMHpameM BOJE KOja CaipiKu
MOBHUIIIEHE KOHIIEHTpAIlMje pajJioHa MOXE JOBECTH J0 BeoMma rnoehaHOr pu3nKa HAacTaHKa
cromaunor kaniepa (NRC, 1999). Takohe mocroje MHAMKAIM]je aa ICHO3MIN]ja PAJOHOBHX
MOTOMaKa MOXE TOJI M3BECHHM OKOJIHOCTUMA JOBECTH A0 MoBehaHe 103€ y OCeTJbHMBHM
Cll0jeBUMa KOX€ W 10jaBy KaHiepa kao kpajibu ucxon (NRPB, 1997). Ilporene pusuka
PaJIOHOBHX MMOTOMaka Ha TKHMBa M oprane pasnuuute o miyha cu mare y (NRPB 2000;
UNSCEAR 2006).

Nznarame 3pauewmy paauoHyKIUIa TUCTUOYUPAHUX Y aTMOC(EpH TPOCTOpHja Takohe
JOTIPUHOCH YKYIHO] 03u. OBaj MOMPUHOC MOXe OWTH 3HavajaH ¢ oo3upom na je PAEC y
Ba3JyXy je Jocta Behu Hero mero,sa JenoHoBaHa ¢pakuuja y miayhuma. 3a nmpopauyH go3a
cnospamimer o3paunBatba ORNL marematnuku (aHTOM je CMEWTeH Yy CpeauHH cobe
numensrja 4x5x2.8m, (Koblinger, 1978 u 1984; Markkanen, 1995). MCNP codtsep je
kopuiheH 3a cumMysalujy TpaHcnopTa 0era u rama 3payemha paJoHOBUX noTomaka. [TouetHe
TayKe W TpaBall KpeTama YECTHIa 3paderha jeé HAaCYMHUYHO OWpaH YHyTap 3amnpeMHHE
npocTtopuje, ¢ 003UpoM Ja je AucTpuOyluja pajoHa W HErOBUX IOTOMaka y cobu
yaudopmHa, (Urosevic u np, 2008).

Kao pesynrar cumynanumje, cpeama arcopOoBaHa 103a y TKUBY 1, 07 3paderma Tuna R
(6era nim rama), DJ o, e je atmocdepa npocTopHje n3Bop 3padersa, je oapelena 3a ciydaj

ORNL danToma oxpacnor mymkapua. Jla 6u ce npouerano DCF y mSv/WLM, notpedHo je

TpaHc(hOpPMHCATH pe3yaTar y 03y M0 pacnaiy, 3alliTa Cy HEOIX0AHE aKTUBHOCTH PaJIOHOBUX
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MoTOMaKa y Ba3ayxy. Ibuxose Bpennoctu cy nare y Tabemu 2.3. [IpuHoc f 3pavema U3HOCH

1, nok je mpusoc 3a ***Pb y crexrap 0.98, a 3a 2Bi je 1.37, (Table of Radioactive Isotopes,
2014). Ancop6opana no3a, Dy z, mo WLM 3a pasmuumte THmose 3pauema R (8 wmm y) u

MOTOMaK N (214Pb WU 214Bi) y oprany T, JbyJCKOT OpraHu3Ma c€ MOXeE JJOOUTH peJaliijoM
(8.3). ExBaBunentHa no3a, H; y oprany T, ce pauyna Beh momenyrom penanujom (8.4). ITo
onpehuBamy €KBUBaJIEHTHE /03¢, eeKTHBHA /1032 je nara penanujom (8.5), rae ce moduja

eeKTHBHA 71032 0 JeAMHUIM eKcrio3ulmje u npeacrasba DCF.

9.1 Pesyamamu 0o3a 00 cnobauirvez 03pavusarna

AncopOoBaHe /103¢ y CBUM TJIaBHUM OpraHMMa M TKHBY OCTaTkKa (aHToMa ojpaciie ocode
MYIIKOT M JXEHCKOT T0Jia, OJ] ramMa W OeTa 3paycrma YCIIell CIOJhAIhE CKCIO3UIHje CY
u3padyHaTte u npejacraBibene y Tabenu 9.1 u 9.2.

Jloze rama 3padema Cy NPWIMYHO XOMOI€HO pacropeheHe y opraHuma (aHToMa
ofpacie oco0e MYyIIKOT M JKEHCKOI Ioja. BHcoka IpOMOPHOCT OBE BPCTE 3padema
omoryhasa nia 3pademe mpole Kpo3 YMTaB OpraHu3aM U JICTIOHYje CHEPrHjy YHyTap YHUTaBe
3arpeMuHe (antoma. Ha npyroj ctpanu Oera yectuile MHAYKY]Y HajBehy 103y Yy KOXH.
TkuBO ocTaTka, rpyiu ocode >KEHCKOT MoJia, TMOBPIINHA KOCTH]Y M KOIITaHa CPXK MPUMajy
HajBehy 103y y mopehewy ca ocramum opranuma. Y mnopehemy ca rama 3pademeM Oera
3padyemhe HMHTEH3UBHHUjE T'yOM €HEeprujy INpu HHTEPaKIMju ca TKUBOM IITO oOjalimaBa
pacniozeny no3e y Tabenu 9.1. MakcumanHa eHepruja 6era yectuia 2l4py je 1024 keV. OBa
BpPEIHOCT 3a 2Y%Bi wsmocn 3272 keV. Tama 3payeme 1B uma Behy eHeprujy ca rama
nunrjama 1o 3.3 MeV. AncopboBana mo3a mpuMibeHa O CTpaHE 214B; je mHoro Beha u y

HEKUM CJIy4ajeBUMa 3a pell BeIMYMHE.
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Tab6ena 9.1 AncopboBane 103€ y JbyICKUM opraHuMa (haHToMa oJipaciie ocooe

MYIIIKOT Y EHCKOT T0J1a 011 B~ 3pauema 214pp y 21B;, pacniopeheHuX y mpocTopuju

y (uGy/WLM)

uGy/WLM “ppe-  “Mppe-  “MBle- ““Bije-

MyHiKa JKCHCKa MYyHIKa JKECHCKa

ocoba ocoba ocoba ocoba
wiyha 3.6:10° 2.010° 2510% 1.6107
KO’Ka 84.4 715 370.8 312.1
jerpa 6.5-10° 3.810° 4.010% 3.6107
CTOMAK 1510° 1510% 4.010° 9.2.10°
Gemmka 5710% 84.10° 1.310° 4310°
Tectucn/jajHALI 1.0.10* 1.0.10° 3.4.10% 1.0.10*
jemmak 3.0-10* 2010* 1.010° 5.0-10*
ne0eIIo 1pPeBo 2.0-10° 1.7-10°  6.810° 1.4.10°
THpOHUIA 2.0-10" 1.1-10*  7.9.10° 8.2:10°
nospmmHa KoctHjy  1.8:10%  1.4-102  0.80 1.00
KOIIITaHa CPK 1.1-10%  9.4.10°  0.63 0.80
MO3aK 4.010° 5510° 45102 38107
Tpy/IH - 8.810° - 2.7
TKHUBO OCTaTKa 1.6 1.2 24.2 18.3
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Tab6ena 9.2 AnicopboBane 103€ y JbyICKUM opraHuMa (haHToMa oJipaciie 0cooe

MYIIIKOT U KEHCKOT T10J1a OJ1 Y 3payuciha 214pp y 21B;, pacniopeheHux y mpocTopuju

y (uGyIWLM)

uGy/WLM 1pp ) 214Bj 214Bj

MYyHIKa JKECHCKa MYIIKa JKECHCKa

ocoba ocoba ocoba ocoba
wiyha 6.1-10° 6.1-.10° 2.4.10° 23107
KOXKa 3.810% 4.7.10° 1.310%  1.6-107
jerpa 2.810° 29.10° 11102  1.1.10°
cTOMaK 3.110% 3.7.10° 1.310%  1.4.107?
fernka 2.710° 28107 1.010%  1.1.107
TecTHCH/jajHULIN 3.010° 27107 1.1.10% 1.0-10%
jenmax 2.4-10°  2.7-10° 1.0.10%  1.1.102
ne0eIIo 1peBo 2.5.10° 25.10° 1.0-10 1.0-10
THpOU A 1.4-10° 2.7.10° 5.2.10°  1.0-10%
noBprunHa KocTHjy  3.8:10°  4.0.10° 11102 1.2:10°
KOLITaHa CPXK 3.810° 4.210° 11102 1.2:10°
MO3aK 3.310% 3.4.10° 1.310%  1.3-107?
rpynu 3.6-10° 1.3-10%
TKHUBO OCTaTKa 2.6:10° 27103 1.0-102 1.1:102

ExBuBaneHTHa /1032 O] CHOJBAIIET M3BOPA Y HEKOM OpraHy ce A00uja MHOXEHEM
aricopboBaHe J03€ ca paJujallMOHUM TEXHHCKUM (¢akropuMa. PanujaliuoHd TEXUHCKU
¢dakTop rama u Oera 3pauema je 1, Tako Ja je eKBUBAIECHTHA J03a je/HaKa arcopOoBaHO]
no3u. 36or moryhHoctu kommapanuje y TaGenn 9.3 cy npukazaHe eKBMBaJEHTHE J103€ IO

JEIVHHUIT EKCIIO3UITHje 01 yIaXHYTHX pajoHoBuX motomaka (Markovic u ap. 2009).
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JIOKTOPCKA JIMCEpPTAII]a

Tab6ena 9.3 YkymnHa 6eTa U raMa eKBUBAJICHTHA 71032 O]1 2l4ph 11 2YBi mo WLM y

rJIaBHUM opranuma u TkuBy octatka ORNL ¢danToma oapacie ocode MyIIKOT U KEHCKOT

noJja ycnes cnossanmber (Markovic u ap, 2012) u ynyrpammer usnaramwa (Markovic u ap

2009) (uSv/WLM).

Crospanime [Tnyha xao uzBop

03paunBambe (Markovic u ap

(Markovic u ap, 2012) 2009)
uSv/WLM MYIIKa KEHCKa MYyIIKa JKEHCKa

oco0a oco0a oco0a oco0a
mryha 5.810% 4.7-10% 89.1 128.0
KOXa 455.2 383.6 0.20 0.16
jerpa 6.0-10°  5.4-107 0.70 0.96
cTOMaK 2.110% 27107 052 0.34
Gemmmka 15107 18107  2.61:10% 254107
TecTucH/jajHUIN 48102  1.3-107 1.00-102  5.03-107
jenmax 14102  1.410° 1.21 1.08
ne6ero LpeBo 2.110%  2810% 776107 8.19-10
THpOU A 8.5.10%  9.5.107 0.15 0.21
nospunHa koctijy  0.83 1.00 0.25 0.27
KOUITaHa CPK 0.66 0.83 0.41 0.38
Mo3aK 6510° 6.010°  291-10% 2.27-107
rpyau 2.76 0.78
TKHMBO OCTaTKa 25.85 19.59 0.48 0.36

Hajsehy o3y ox paloHOBUX MMOTOMaka yHyTap MpOCTOpHje MpHUMa KOXKa U TpyIu

ocoOe skeHckor mosa. OBaj pe3ynTar je CacBUM OYEKHBAH Kaja ce y o03up y3Mme HaduH

o3pauMBama. Y CiIydajy J03€ KOjy MpHMH Koka, mopeheme ca mo3ama anda emutepa

JACIIOHOBAHUX Ha CaMOj KOKH MOXKEC OaTU KOPUCHEC I/IH(I)OpMaLII/Ije O JOIIPUHOCY OecTa U rama

3paucma y'I(yrIHO_] 1034 Ha KOXKH. MHore CTyI[I/IjC C€ OAHOCE Ha J03€ He3amTuheHnx AC€JI0Ba

KoXxe (KOka JIMla U Bpara) Tl Cy J03€ pauyyHaTe 3a aKIHOHY aKTUBHOCHY KOHIIEHTpAIHjy Yy

Bazayxy ox 200 Bg/m®. BpeaHocTH rommimme eKBaBWIeHTHE xo3e je ox 17 mo 170

uSvleoouwrse (Eatough u Henshaw, 1992) ca uentpansom Bpeanomhy of 25 uSvl/eoouwre
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(Kendall u Smith, 2002; Tempfer u mp, 2010). OBe BpeaHOCTH OATOBapajy H3JIaramy KOKE
nuna ¥ Bpara a03u o1 125 uGy/eoouwrse (BEIR VI, 1999). 3a k0Ky CBUX APYrHX peruoHa
eKBUBAJICHTHA J103a je oko 7.5 uGy/eoouwrse wim 1.5 uSvlicoouwmwe (BEIR VI, 1999). V
OBOME pajJly M3Jarame KOXK€ CIIOJballllheM M3BOpPY OJroBapa O3paurBamy anda decTumamMa
pEeruoHa KOoJXKe JIMIla M BpaTa. YKyITHA €KBHBAJCHTHA J103a Y OBOME pajay C€ MOXKE OAPEIAUTH
M3 CKBUBAJICHTHE J03€ MO jJCIMHHUIM H3jarama gare y Tabemu 9.3 y3umajyhu y o03up
AKIMOHN HUBO aKTHBHOCHE KoHUeHTpammje o 200 Bg/m®. Exuanentna n03a ox Gera u
raMa 3padyema y OBOME [y paja yclel crojbalimer o3padnBama je 1.27 u 1.07
uSVleoouwrme 3a 0coby MyIlIKora M KEHCKOr Mojia pecrekTuBHO. OBa BpEIHOCT je
NPUOJIMKHO HMCTa BPEIHOCTU ajida J03e Of JCTIOHOBAaHUX IOTOMAaka Ha JIEJIOBUMA KOXKE
MTOKPUBEHUX 0JichoM.

WHTEepecanTHO je HAaOMEHYTH Ja TKMBO OCTAaTKa MpUMa J03y APYTY IO BEIHYUHH
nocie Koxe. JleraJbHHjOM aHAJM30M Ce TOoKa3yje Ja MUIIMhHO TKHBO OCTAaTKa MPUMH
HajBehy no3y: 232.57 u 195.74 uSv/WLM 3a dantoma ojapacie MyLIKE U JKEHCKE 0cobe
pecriekTuBHO. MummuhHO TKHBO HCHyHa MPOCTOP HCHOJ KOXE Tako Ja Oera dYecTHie
JICTIOHYjy BEJIMKH JIe0 CHEepruje yHyTap MUIIHhHOT TKHBa. AHAIN30M nozaraka y Tabenn 9.3
Cce MOXE BHUJCTH Jla Cy JI03€ OJI PAJMOHYKHJA Yy MPOCTOPHUjU Mamke O 1033 YAaXHYTHX
panuonyknuga. Camo Mana ¢pakuuja 0era yecTHlla M rama 3padyema Koja ce eMUTyje y
MPOCTOPHUjU y cTBapu U moroau (anroma. Hajsehu neo 3pauema ce ancopOyje y Ba3ayxy u
Ha 3UI0BUMa MTPOCTOPHUje M HE CTUTHE 110 (haHTOMa Kao MeTe.

EdextuBHa n03a o O6era M raMa 3pauema paJOHOBHX MOTOMaka pacrnopeheHux

XOMOTE€HO Y IPOCTOpHjHU u3pauyHara nomohy penanuje 9.3 usnocu 7.37 uSv/WLM.

9.2 Jluckycuja epeonocmu 003a paooHo8uUx NOMOMAKA PACHOOC/HbEHUX Y

npocmopuju

Jloze paJoHOBUX TIOTOMaka paclofe/beHUX Y MPOCTOPHjH Cy NpPEICTaBIbEHE Y
Ta6enama 9.1 u 9.2. Koxxa n MummhHO TKHBO opraHa ocTaTtka cy Hajuiie n3nokeHun. DCF
uznocu 7.37 uSv/WLM. DCF on nmoromaka koju cy pacnopehenn y miayhuma usHocu 13.3
uSV/WLM. Y3umajyhu y 0063up o06a HauMHa U3/1arama yKymnHa eeKkTHBHa 103a MO jeJUHULIN
U3jarama pajoHoBUX moromaka ~*Pb u “*Bi msmocu 20.67 uSvw/WLM. Tabena 9.3 maje

YKYIIHY €KBUBAJIEHTHY J]03y Y CBUM I'JIJABHUM OPraHWMa M TKMBY OCTaTKa yCIJIE€]l CIOJbAIIEET
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Y YHYTpAIIlker u3jarama. MUnmhHO TKUBO j€ T0AaTO Ha JIUCTY TJIABHUX OpraHa ¢ 003upoMm
na mpuma HajBehy n03y. Mosak Takohe mpuma BeluKky a03y y mnopehemy ca ocranum

OpraHuMa.

TaGena 9.4 YKynHe ekBUBaTIeHTHE 103¢ 01 -~ Pb u 2*Bi (uSv/WLM)

uSV/WLM MyIIKa KEHCKa
ocoba ocoba
myha 89.16 128.37
KOXa 146.29 383.80
jerpa 0.76 1.01
CTOMaK 0.54 0.36
Oemuka 0.04 0.04
TECTHUCH/jajHULIH 0.06 0.06
jenmaK 1.23 1.09
ne6ero mpeBro 0.10 0.11
THpOHIA 0.23 0.31
noBpiuuHa koctujy  1.08 1.27
KOIIITaHA CPK 1.06 1.20
MO3aK 0.10 0.08
rpyau 3.54
TKUBO OCTaTKa 26.34 19.95
MUTITHHHO TKHUBO 232.84 196.05

Kako 6u ce ynoTmyHmiIa civka 0 03paduBamy JbYACKHX OpraHa HEOMXO/IHO je J1a ce y
0031p ypauyHajy U ApYyrd OOJUIM 03pauuBamba. OpraHu JbyJICKOT OpraHu3Ma Cy U3JI0KEHH U
anda yecTuIlamMa paJOHOBHX IOTOMaka KOjH Cy JIOKQJM30BaHU y caMuM opranuma. Ilo
MHXaJalliju, U3BECHA KOHIIEHTpallFja MOTOMaKa Ce TPAHCIOpPTYyje Y CBE OpraHe JbYACKOT
opranusma. [IpopauyH oBUX /1032 3a 0Baj HAUMH U3JIaramba yKIbydyje OMOKMHETHYKE MOJIETe
TpaHCIOPTa PaJIOHOBUX MMOTOMAaKa Kpo3 JbyACKU opranusam. Y paay Al-Jundi u ap, (2011) je
koputtheH OHOKMHETHMYKM M JO3MMETPUJCKM MOJET IMpopayyHa MHXAIAHOHE J103€
pagoHoBHX moTtomaka. Kao pesynrar xoHBep3nonu keoduumjentu y Sv/Bq cy oapehenn 3a
n3narame anda 3padermy paJOHOBUX NOTOMAaKa JACTIOHOBAaHUX y opraHuMa. Heku pesynraru

cy nyonmkoBanu ox ctpane Kendall u Smith (2002) panuje. Kako 6u ce mopeauie go3e anda
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3pauemsa y pagosuma (Al-Jundi u ap, 2011; Kendall u Smith, 2002) ca 6era u rama go3ama y
OBOME pajy IOJaTHU HpopadyHH cy morpeonu. Heomxomwo je mo3y y Sv/IBQ maty y oBum
pajioBMMa KOHBEPTOBATH Y J103Y IO jeAWHUIM u3jarama y Sv/J. OBako m3padyHare J103¢ Cy
3atuM yrexmene (ppakiujama PAEC-a u cymupane. (Al-Jundi u ap, 2011; Kendall u Smith,
2002). Pe3ymaatu cy npeacraBibenu y Tabenu 9.4 3ajeHo ca ycpeameHUM J03ama (paHnToMa

oJipaciie MyIIKe U )eHcke ocobe n3 Tabene 9.3.

TaGena 9.5. Ilopeheme Geta u rama eKBUBaJICHTHE J103€ YCIEA YHYTPAIIbEr
(Markovic u ap, 2012) u cnosparumer (Markovic u ap, 2009) uznarama ca eKBUBaJIE€HTHUM
no3ama ajda yecTIa o1 IoToMaka pacropeleHuM y opranumMa Jbyackor opranusma (Al-

Jundi, 2011; Kendall u Smith, 2002)

uSV/WLM Oeta u rama o3¢ anda gose (Al- anga nosze (Kendall
(y oBome pany) Jundi, 2011) u Smith, 2002)

ryha 108.77 124.03-10° 147.29-10°
KOXa 265.05 11.03 -
jerpa 0.89 63.24 42.97
CTOMaK 0.45 114.55 78.79
oemmka 0.04 67.41 20.45
TECTUCHU 0.06 6.17 -
jajHUALIA 0.06 10.93 -
Jenmak 1.16 - -
neberno 1mpeBo 0.11 - 21.86
THpOUJa 0.27 11.19 -
MOBPIIMHA KOCTH]Y 1.18 210.05 176.59
KOLITAaHA CPK 1.13 188.18 29.59
MO3aK 0.09 11.03 14.15
rpyau 1.77 12.03 15.20
TKHBO OCTaTKa 23.15 24.90-10° -
MUIIMNHO TKUBO 214.44 - 15.01

VYuopehyjyhu DCF anda 3pauewa xoju je oko 15 mSv/WLM (Al-Jundi u np, 2011) ose

BPCAHOCTHU CYy MAJIC. I'maBHM HayMH H3j1arama an(l)a 3paucChy palOHOBUX ITOTOMAKa je yciaen
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WHXaJlaluje rie je J03a orpaHudeHa yriaBHOM Ha ruryha. M3y3erak je mo3a mpuMJbeHa O
CTpaHe KoXke. YKOJIMKO Ou ce j03a y miuyhuma HeOu ypauyHaBaia y epexrtuay no3y DCF 6u
usnocuo ceera oko 0.8 mSv/WLM (Al-Jundi u mp, 2011). Cana pasnuka y n03u anda u 6era
3padema HUje ToauKo Benmuka. Dakrop je oko 40. [Ipu mopehemy ancopOoBaHUX 1032 YMECTO
€KBUBAJICHTHE TJIe OM Ce M30CTaBUO PaaAMjallMOHM TSKHHCKU (akTop koju je 20 3a anda
YECTHUIIC MEXKE Ce BUICTH Ja je Pa3jiKa y aricopOOBaHKMM J103aMa CBera JiBa myra. ¥ CKOpHjoj
MPONUIOCTH OWIIO je mpeasiora na ce GakTop KBaiauTera anda 3payerma, a Moclie U Tora, u
panujarronu (akrop anda 3pauetma cmame ca 20 Ha 10 (Brenner u ap, 1995).

Ynopehyjyhu ca nmo3ama anda 3pauema, no3e Oeta W rama 3padyema y HEKUM
opraHuma Mory Outu 3aHeMapeHe. Ha apyroj crpanu no3e y MHIIMHHOM TKHBY MOTHYY
yIJIaBHOM OJ1 OeTa M rama 3paudema. J{o3e Koje mpuMHu Koxka cy BehHHOM 01 Tama 3pauemba U
OBE JI03€ Cy MOpearBe ca Jo3aMa ainda 3padera o] JeMOHOBaHWX moToMaka Ha koxu. DCF

0eTa u TaMa 3padera paJloHOBUX MOTOMakKa je mporemer Ha 20.67 uSv/WLM.
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10 3akspyuak

VY 0BOj TOKTOPCKO] nucepTaiuju oapehene cy mose kpaTkoxuBehux moromaka pajgoHa u
TOpPOHA y TKMBHMA U OpPraHUMa JbYJICKOT OpraHn3Ma. AKIIEHAT je TIOCTaBJ/beH Ha OeTa U rama
eMHUTEpEe KOjU CBOJUM TYTOJJOMETHHM 3payeheM MMajy yTUIlaja Ha YATAB OpraHu3am. Y clen
IYrOJAOMETHOCTH O€Ta M TIOrOTOBO r'aMa 3pavyeka MOTyhul Cy pa3jMuuTH BHIOBH U3Jarama —
MHTEPHO U EKCTEPHO, KOjH Cy UCITUTAHU NIOHA0CO0 y OBOM pany. IHTepHO u3jarame y OBOME
pany moTuye oJf paJOHOBHX M TOPOHOBHX IOTOMAaKa JIOCIEIHNX y OpraHW3aM HWHXAaJaIHjoM.
AKTUBHOCT JIeNIOHOBaHAa y IuiyhrMa JONPUHOCH JI03U Y BbUMa, alld 300T AYroJ0OMETHOCTH
Oera M rama 3paucma, 03¢ HUCY OrpaHMYeHe caMo Ha Iuiyha, Beh ¥ Ha 4WTaB OpraHu3am.
JIpyru BUJ M3Jlarama je eKCTEPHO U3JIarame O]l PaJOHOBHX M TOPOHOBHX MOTOMAakKa KOjU ce
pacmnanajy y atMochepu Koja HeImoCpeIHO OKPYXKYje YOBEKa.

[Ipe ompehuBama camux 103a pa3BHjeH je Mojaen bpayHOBOT KpeTama pajOHOBUX W
TOPOHOBHX IMOTOMaKa y atMoc(epH 3aTBOPEHUX MPOCTOpHja Koju ce Oa3upa Ha JakoOujeBoM
moneny. [lokazaHo je na ce monasehm o OCHOBHHMX (HM3WMYKHX 3aKOHa MOKe Johu 10
napamerapa JakoOujeBor Mojena. Pesynaratu oBor ngena amcepraije Cy IMoOKaszaid H00py
KOpeJanujy ca BpeIHOCTMMAa JaTUX OJf CTpaHe Jpyrux ayropa OasWpaHux Ha
eKCIIepUMEHTATHUM Mepewuma. OBaj Jeo aucepranyje NpeicTaB/ba MUOHUPCKH IpHIIA3
onpehuBamy napamerpa JakoOujeBor mozena y teopuju. Ilopen noOpux oBaj nmpuiiasz uma u
CBOj€ HEJO0CTaTKe, KOje ce He Orjieia]y y OrpaHHuYehUMa HAMETHYTUM O] CTpaHe (QU3HUYIKUX
mpoueca u MoryhHoctuma camor mozena. Hemocrarak oBor mojena je IITO jeé BeoMa
3axTeBaH y MOIJIENy pealM3aluje caMmor Ipeleca cuMylaluje Koja ce Oa3upa Ha OBOM
Mojienry. 300r KOMIIJIEKCHOCTH MOjesla M1 OTpOMHOI Opoja Kopaka Koju Tpeba HCIpaTUTH y
caMoj CUMYyJIallfju, MpeBa3miIa3e ce XapABEPCKU PEeCcypcH KOju cy Ha pacrnonaramy. OBoO je
JIEMMMUYHO TIpeBazuleHO yBOhEeHmEeM KOHJICH30BAaHUX HMCTOpH]ja YECTHIIA, IITO j€ Ha JIPYyroj
CTpaHM MMaJo Kao MOCIequIly I'yOJbere n3BecHe KonnunHae nHpopmanuja. [Iporecu koju cy
pa3marpaH cy Gopmalija IoToMakKa, luxoBa Audy3uja y atMocdepu nIpocTopuja y Kojoj je
3aHEMapeHO JIAMHHApPHO KpeTame Ba3AyXa, 3aTUM TpUIajarbe aepocoiia IMOTOMIMMA W
JIENO3UIIMja HEMPUIIOJeHUX W TPHUIIOJeHWX TOTOMaka Ha 3uaoBe mpoctopuje. CBU OBHU
MPOLIECH 3aBHCE OJ MHOTHX (haKTopa, Kao IITO Cy IMMEH3Hja MPOCTOpHje, TUCTPUOYIIHje
aepocojia IO BEJIMYMHH, KpeTame Be3lyXa Yy MpOCTOpHjaMa, BIAXHOCT Ba3dyXxa u

KOHIIGHTpallija MOJIEKyJa BoJieHe mape W np. KomiuietaH ommc yTHIlaja CBHX OBHUX
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napamMeTapa Ha TOHAIllake MOTOMaKa je BeOMa TEeXaK 3ajarak, 300T yera ce yBOJE M3BECHA
yrpourhaBama ¥ MPETIIOCTaBKE KOje YNHE CUMYJIAIN]jy U3BOJBMBOM. YIpomrhaBama yBeleHa
y OBOME JIelly pajia yTudy Ha pe3yirare Mojena Aajyhu HemTo Mame BPEIHOCTH Op3uHE
JIeTIO3UIIHje, MITO C€ MOXE KOPUTOBaTH yBOlemeM KOpak MO KOpak CHUMYJaldje KpeTamba,
IITO Ha JIPyroj CTpaHW HeBepoBaTHO moehaBa moTpedy pauyHapCcKHX pecypca JI0 TPaHHIIe
M3BOUBMBOCTH cuMyianyje. [Ipu Mmupemy norpeda u MoryhHOCTH 1071234 ce /10 3aKJbydKa Jia
MOJIeTT TIPE3EHTOBAH y OKBUPY OBE AWCEPTpalljUe /aje CaCBUM 3aJI0BoJbaBajyhe BpeaHOCTH
napamerapa JakoOujeBor Mozena, npeacraBbene y Tademu 5.1.

Ha ocHoBy mapamerapa JakoOujeBor Monena ojapeheHe cy aKTUBHOCTH pPajOHOBHX U
TOPOHOBUX TIOTOMaka y Ba3ayXy, Ka0 M JIeO aKTHUBHOCTU KOjU ce Tayoxku y miyhuma. Ha
OCHOBY OBHX BPEIHOCTH U yHOTPeOOM JO3UMETPH)CKUX Mojena U codhTBepa 3a CUMYJIAIH]jy
TpaHCHOPTa 3padema Kpo3 MaTepHjy, MPBEHCTBEHO Cy M3padyHare arncopOoBaHe (pakxiiuje
CIIEKTPOHA Yy OCETJbUBUM CllojeBMMa IUTyha, mTO je Tema MiiaBe miecT. AmncopOoBaHe
dbpakuuje cy oapeheHe 3a MOHOeHepreTcke eIeKTpoHe U 0eTa 4ecTUIe o 214Pb, 212Pb, 2148y
212Bj, Pesynrarn cy npukasann Ha Cimkama 6.1 10 6.6 u y Tabemn 6.1. V 3aBHCHOCTH 011
KOMOMHAIIH]e U3BOpa U METE JICO CHEPTHje KOjU C€ JCTOHYj€ Y OCETJEMBUM CJIOjeBHMA, T3B.,
aricopboBana (pakuuja, nznocu uzmehy 1% u 18% on cpeame eHepruje Oeta decTtuia u3
criekTpa. 300T Tora ce yHyTpallikhe 03paunBamke HE OrpaHHYaBa camo Ha miyha Kao opraH y
KOME ce JIeNIOHYyje aKTUBHOCTH M3 Ba3lyxa, Beh Cy MeTa W MPBEHCTBEHO CYCETHH OpTaHU
JbYJICKOT OpTaHU3Ma.

AGcopboBane ¢pakmuje cy Aabe omoryhaBane onapehuBame 1032 y OCET/BUBUM
cliojeBUMa 0a3aJlHUX M CEKpeTOpHMX henuja yHypaT OpOHXMjaqHOI M OpOHXHMOJIAPHOT
peruona. [TokazaHo je 1a BpeJHOCTH J103a OeTa 3pauea uMajy Majie BpeIHOCTH Y OJTHOCY Ha
no3e anda 3padema, Tadbema 7.2. DCF pagonoBux moromaka m3nocu 0.21 mSv/WLM , mTo
je oko 2% ox BpenHocTH anda 3padema. DCF TopoHoBux moromaka je 0.06 mSv/WLM ,
mto u3Hocu oko 1.5% DCF-a anda 3pauema. Bapujanmja ynazHux mapaMerapa mapamerapa
JakoOujeBor mMojena je mokazana kako DCF 3aBucH oJ1 OBHX Mapamerapa H yCTaHOBJBEHO je
na ce Bpennoct DCF-a moxe mpomenutu 1o 35%, Tabena 7.3.

Ha ocHoBy BpenHoCTH arcopOoBaHuX ()pakiiHja MOXe Ce BHJCTH Jla C€ CaMO MaJH IO
eHepruje Oera 3pauema PaJOHOBHUX M TOPOHOBHX IIOTOMakKa JEMOHOBAaHUX Yy Iuryhnma
aricopOyje y camuM 1uryhuma. 360r tora je cienehu mpupoaaH Kopak KBaHTU(UKAIHMja 1032
y OKOJHUM OpraHMMa INTO je ympaBo ypaheHo y oBoj mucepranuju. Jlo3e cy u3padyHare
MOoCeOHO 3a PaJIOHOBE M TOPOHOBE MOTOMKE Y CBHM OpPraHMMa M TKUBY OCTaTKa JbYICKOT

opranusma. BpeHoCcTH eKBUBaJIEHTHUX /1032 O€Ta M rama 3paderma PaJlOHOBUX IMMOTOMAaKa Cy
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npukazane y Tabenu 8.4. ExBuBajgeHTHE 03¢ TOPOHOBHUX MOTOMaka cy gare y Tabemu 8.6.

Vxynan DCF wusnocu 13.3 u 20.45 £4Sv/WLM 3a pagoH U TOPOH pecHEeKTHBHO. ButHO je

HAalOMEHYTH Jla MUIIMNHO TKWUBO, KOj€ Crajia y TKUBO OcTaTKka mocie miyha npuma Hajpehy
103y, koja uznocu 3.49, 4.01, 31.58, u 35.69 (uGy/WLM) 3a 212pp kon ocobe MYIIIKOT T0JIa,
212py, KoJ 0co0e >KEHCKOT I10JIa, 2l2g; KOJI 0cO0€ MYIIKOT IoJja 1 2l2g; KOJI 0c00€ JKEHCKOT
0J1a PECIIEKTUBHO.

Ha kpajy je oapenehen ykyman AONPUHOC JTO3U ycliel CIOJbAIELET M3jarama. J{o3e u
no3Hu kouBep3uonu ¢akropu - DCF cy oapehenu 3a OGera u rama 3pademe y TIaBHUM
opraHuMa M TKHBY OCTaTKa, y3umajyhu y o03up 222Rn moromke 2*Pb u *Bi pacrniopehene y
atMocthepu npoctopuja Ha ORNL ¢danrome y ueHtpy crangapaHe cobe AMMEH3Hja
4x5x2.8m. YkyOmHe Oera M rama EKBUBAJEHTHE J03€ Cy npukazane y Tabemu 9.4. ¥V
3aBHCHOCTH O] OpraHa, jJio3e Oera W rama y OJHOCY Ha Jo3e anda 3pauewma Bapupajy. Y
ClIy4ajy Koke W MUIMhHOr TKMBa 03¢ OeTa W rama 3padcma cy mipasuruje, Tabema 9.5.

DCF uznocu 7.37 £SV/WLM 3a criosbaniibe u3narame paJjoHOBHM IIOTOMITHMA.

Pesynraruma mpukazanuMm y TeopujckoM Jiely OBE JUCEpTaldje KOjH IPEICTaBIbajy
OpPTrMHAJHU HAy4YHU JIONPHUHOC ayTopa 3a0KpyXKyje ce CTyIHja Be3aHa 3a TJIaBHE BHJOBE
u3Jarama paJioHOBHM U TOPOHOBHM ITOTOMIIMMA KOjH €MHTYjy OeTa u rama 3paueme. Jloze
rama 3padema MOoKazy]y YHU(DOPMHHU]Y pacrojely Mo opranuma 0e3 o03upa Ha HA4YMH
u3narama. 1o je rmocieanna AYroJOMETHOCTH OBE BpCTe 3padema. Jloze Oera 3pavema
Bapupajy y 3aBUCHOCTHU OJ1 HAaUWHA M3JIarama M pe CBera KOHIEHTPAIMje paIuOHyKIIHIA O]
KOjUX 3paueme norude. [IpopauyHuma y oBOj AucepTauuju oipeheH je yKymaH AOINPUHOC

anda 3paverny y uryhuma u ozipeheHe cy 103€ y CBUM OpraHuMa JbYICKOT OpraHu3Ma.
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Abstract The absorbed fractions (AF) of electrons in
sensitive layers of human respiratory tract were calculated
in this paper. For that purpose the source code for simu-
lation package PENELOPE, based on Monte Carlo method,
was developed. The human respiratory tract was modeled
according to ICRP66 publication, where AF of electrons
was calculated using EGS4 simulation software. Some
approximations used in ICRP66 were corrected in this
work, and new values of AF for radon progeny are given.
Minimal energy (EABS) that electron can have during
transport through material is 1 keV in ICRP66, while it is
set as low as 100 eV in the presented work. Lowering value
of EABS gives more accurate results for AF when initial
energy of electrons is below 50 keV. To represent tissue,
water is used in ICRP66, while in this work epithelia tissue
is used.

Introduction

The radon and its progeny are studying subject of many
authors, because they cause large percent of total humans
exposure (over 50%) [1]. Due to its relatively long half-life,
radon gas, which comes from soil through floor and walls,
distributes in rooms and closed spaces. In their Brownian
motion, radon progeny can meet particles of aerosols, pre-
sented in the air, and attach to them. Free or attached radon
progeny can be inhaled by humans. Inhaled radionuclides
deposit in various regions of human respiratory tract

V. Markovic - N. Stevanovic - D. Nikezic (<)

Faculty of Science, Department of Physics, University of
Kragujevac, R. Domanovic 12, 34000 Kragujevac, Serbia
e-mail: nikezic@kg.ac.yu

(HRT), where they decay, and irradiating surrounding tis-
sue. For this reason, it is necessary to model respiratory tract
and investigate the affect of radiation produced in decaying
processes.

The human respiratory tract model (HRTM) is described
in ICRP66 publication [2]. More recently the guidance for
application of HRTM was given by ICRP Annals in vol. 32
[3]. According to these publications there are six tissues in
HRT that are potentially at risk from inhaled radioactive
materials. Those target tissues are:

(1) the keratinized epithelium of the skin in the anterior
part of the nose,

(2) the stratified squamous epithelium of the main
extrathoracic airways,

(3) the ciliated epithelium of the bronchi,

(4) the ciliated epithelium of the bronchioles,

(5) the alveolar—interstitium and,

(6) the thoracic and extratoracic lymph nodes.

For this paper the bronchial region (denoted by BB) and the
bronchiolar region (bb) are of interest. Those regions are
deposition sites of inhaled radionuclides, and in their
structure ciliated epithelium is included, which is sensitive
tissue.

Bronchial region is part of the air conducting system
within the thorax [2]. The purpose of this part is to conduct
air, adjust the humidity and temperature of inspired air, and
it is the site of deposition of inhaled particles by impaction,
sedimentation, and/or diffusion. The bronchi branches
dichotomously in the human lung for 9 generations.
Dimensions and geometry of the airway branches gradually
change as they penetrate deeper into the lung. The sim-
plified model of a section through the wall of a typical
bronchus can be found in ICRP66 publication (see Fig. 5,
p. 15 of [2]). Average inner diameter is 5 X 10° um. The
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nuclei of both, columnar secretory and short basal cells are
considered to be sensitive targets.

The bronchiolar region is second part or the air con-
ducting system. It consists of the bronchioles comprising
generations 9 to 15. These airways conduct the air into and
out of the respiratory region. Inhaled particles are deposited
mainly by sedimentation or diffusion, depending on their
size. The simplified model of a section through the wall of
a typical bronchiole is shown in Fig. 6 at page 17 in
ICRP66 publication [2]. Average inner diameter is 10* pm.
Sensitive target in this region consists of secretory cells.

Inner layers of airway in BB and bb regions present the
site for the deposition of inhaled particles, including radon
and its progeny. Those layers are mucus (gel) and cilia
layer (Figs. 5 and 6 in ICRP66 [2]). At these places radon
and its progeny decay emitting alpha and beta particles, as
well as gamma radiation, so these two layers are consid-
ered to be sources of radiation. Emitted particles can hit
sensitive layers and deposit part of its energy within it. On
this way sensitive layers are being damaged and are
becoming potential places for developing cancer cells. This
is a reason why is of interest to calculate absorbed fractions
(AFs) of emitted particles in sensitive layers. AF is defined
as ratio of absorbed energy of the particle in a given region
to its emitted energy.

The main contribution to the dose comes from emitted
alpha particles. However, other types of radiation, beta and
gamma, are also present and contribute to total dose, not only
to lung. AF of monoenergetic electrons beams and fi~ par-
ticles from progeny decays are given in ICRP66 publication
evaluated for all combination of sources and targets.

To evaluate AFs, Monte Carlo “Electron Gamma
Shower” transport code EGS4 [4] was used in ICRP66
publication. The code models the production of both
knock-on electrons and bremsstrahlung above a certain
energy threshold (taken to be 1 keV). In those calculations,
a practical upper limit for energy loss in each scattering
event was set at 6% of the current electron energy. This
value is consistent with the small linear dimensions of
tissue targets in which electron energy loss is to be fol-
lowed. Electrons and photons were transported until their
energy dropped to 1 keV, which was assumed to be
deposited locally. The history of all secondary electrons
and photons was followed completely. The material used in
code were air, and water to simulate tissue.

For high-energy electrons and positrons, EGS4 have
recourse to multiple scattering theories which allow the
simulation of the global effect of a large number of events
in a track segment of a given length (step). These simu-
lation procedures will be referred to as “condensed” Monte
Carlo methods. The multiple scattering theories imple-
mented in condensed simulation algorithms are only
approximate and may lead to systematic errors, which can
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be made evident by the dependence of the simulation
results on the adopted step length [5]. It is also worth
noting that, owing to the nature of certain multiple scat-
tering theories and/or to the particular way they are
implemented in the simulation code, the use of very short
step lengths may introduce spurious effects in the simula-
tion results. For instance, the multiple elastic scattering
theory of Moliere [6], which is the model used in EGS4-
based codes, is not applicable to step lengths shorter than a
few times the elastic mean free path [7], and multiple
elastic scattering has to be switched off when the step
length becomes smaller than this value. As a consequence,
stabilization for short step lengths does not necessarily
imply that simulation results are correct. Consequently, the
errors during simulation will be larger, particularly if thin
layers are used like sensitively layers in BB, and especially
bb regions. Condensed schemes also have difficulties in
generating particle tracks in the vicinity of an interface, i.e.
a surface separating two media of different compositions.
When the particle moves near an interface, the step length
must be kept smaller than the minimum distance to the
interface so as to make sure that the step is completely
contained in the initial medium, [5]. This may complicate
the code considerably, even for relatively simple
geometries.

The FORTRAN 77 subroutine package PENELOPE
which performs Monte Carlo simulation of electron—pho-
ton showers in arbitrary materials is used in this work to
evaluate AF from monoenergetic electrons and beta emis-
sion in sensitive region of ciliated epithelium in BB and bb.
There are few reasons for calculation AFs in BB and bb
regions using PENELOPE code. In ICRP66 publication
tissue is represented with water instead using more ade-
quate media. Lower limit of electron energy, under which
is assumed that particle is locally deposited, was 1 keV.
This energy does not affect on simulation results for high
energies, but if electron starts with energy of 50 keV or
below, errors in results can be large. In addition, it is not
possible to perform simulation of particles with low initial
energy (AF = 0 in ICRP66 for energies below 40 keV).
These drawbacks are overcome in this paper by setting
lower limit of electron energy on 100 eV, which reduce
error for low energies. Also, adequate material is used to
represent tissue. The most important reason for recalcu-
lating AF is in accuracy of simulation packages. EGS4
used in ICRP66 publication cannot accurately calculate AF
in tin layers, like in BB and bb regions, for electron
energies under 100 keV. On the other hand, PENELOPE
can calculate AF of electrons for all energies used in
ICRP66. This is of interest when AF from beta spectrum is
being calculated for some radionuclides, like 212pp, or 214pPh
which contains 48.75 and 22.92% particles with energies
below 80 keV, respectively.
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Methodology

The adopted scattering model in PENELOPE gives a reli-
able description of radiation transport in the energy range
from about 1 keV (100 eV for electrons and positrons) to
several hundred million electron volts. PENELOPE gen-
erates random electron—photon showers in complex
material structures consisting of any number of distinct
homogeneous regions (bodies) with different compositions.
PENELOPE incorporates a scattering model that combines
numerical total cross sections (or stopping cross sections)
with simple analytical differential cross sections for the
different interaction mechanisms.

The simulation of electron and positron tracks is per-
formed by means of a mixed (class II) algorithm. Individual
hard elastic collisions, hard inelastic interactions and hard
bremsstrahlung emission are simulated in a detailed way, i.e.
by random sampling from the corresponding restricted dif-
ferential cross sections. The track of a particle between
successive hard interactions or between a hard interaction
and the crossing of an interface (i.e. a surface that separates
two media with different compositions) is generated as a
series of steps of limited length. The combined effect of all
(usually many) soft interactions that occur along a step is
simulated as a single ‘artificial’ soft event (a random hinge)
where the particle loses energy and changes its direction of
motion. Secondary particles emitted with initial energy lar-
ger than the absorption energy are stored, and simulated after
completion of each primary track.

PENELOPE has been structured in such a way that a
particle track is generated as a sequence of track segments
(free flights or ‘jumps’); at the end of each segment the
particle suffers an interaction event (a ‘knock’) where it
loses energy, changes its direction of movement and, in
certain cases, produces secondary particles.

Since PENELOPE is subroutine package [8], it must be
complemented with a steering MAIN program, which con-
trols the geometry and the evolution of tracks, keeps score of
the relevant quantities and performs the required averages at
the end of the simulation. In this paper MAIN source pro-
gram for PENELOPE is developed to simulate electron
transport through tissue and air within airway tubes. Two sets
of input parameters were considered as follows:

Case I. the same parameters are used as in ICRP
publication for EGS4 (electrons and photons are trans-
ported to energy of 1 keV and water with density of
p = 1.0 g/cm’ is used to represent tissue).

Case II: lower limit for electrons and photons deposition
is set to EABS = 100 eV, and epithelium tissue is used
(p = 1.054 g/em?) [9].

Introduced parameters used in Case II should affect on
simulation results for low electron energies.

In Fig. 1 a flow diagram of the MAIN program is
shown. The simulation package is initialized from the
MAIN program by calling subroutine PEINIT which reads
the data files of the different materials, evaluates relevant
scattering properties, prepares look-up tables of energy-
dependent quantities that are used during the simulation,
and reads input geometry file. Geometry file is written
according to model of BB and bb regions described in
ICRP66 publication [2]. PENELOPE’s geometry is based
on quadric surfaces. Closed space limited with surfaces is
called body. Every body consists of assigned material
created using code placed in material file which comes with
PENELOPE package. During simulation particle is moving
inside a body and deposits certain amount of its energy.
Deposited energy is scoring within each body separately.
Number of total sampled histories (NTOT) is set on 105,
where calculation error is smaller than 1%.

CALL PEINIT ()
N=0

Initialize PENELOPE

Start a new shower

KPAR, E, r=(X,Y,Z), d=(U,V.W)
WGHT, IBODY, MAT, ILB

CALL CLEANS

CALL START |«

Initial state

CALL JUMP =

/es ——
)l_< Does the track cross an mtcrlacef>

Modify DS to end the step
at the first interface

rer+DSd

CALL KNOCK

<-| Change to new body|

‘ CALL SECPAR(LEFT) |

Y -
< LEFT>0? > -

Y
» YE NeNTOT? >

Fig. 1 Flow diagram of the MAIN program for simulating electron
showers with PENELOPE
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The simulation of electrons in airway by PENELOPE
code can be described in several steps.

e Starting points of movement r(x,y,z) of particles are
randomly taken in deposition sites of radon and its
progeny. These sites are mucus (gel) and cilia layer, and
are taken to be sources of beta particles. Simulations
were performed for each source-target combination
separately.

e In radiation transport, the direction of motion of a
particle is described by a unit vector d. Given a certain
frame of reference, the direction d can be specified by
giving either its direction cosines (u,v,w) (i.e. the
projections of d on the directions of the coordinate
axes) or the polar angle 0 and the azimuthally angle ¢:
d = (u,v,w) = (sinf-cos@, sinf-sing, cose). Parameters
of unit vector d are randomly sampled.

e When initial state of particle is set subroutines CLEAN
and START need to be called to perform operations
necessary for simulation (setting all local variables to
null, reading tables with cross sections, evaluating
analytical cross sections, etc.).

e C(Calling subroutine JUMP step length is generated, and
particle is moved in direction d.

e If particle crosses any of the limiting surfaces further
movement with parameters of new body is considered.
In opposite, subroutine KNOCK is called to simulate an
interaction event, compute new energy and direction of
movement, and stores the initial states of the generated
secondary particles, if any. Deposited energy (DE) in
interaction event is also scored and these values are
used for calculating AF.

e If particle, after interaction, has energy larger than
value EABS this method is repeated until energy of
particle goes below EABS, or particle leaves system.

Due to the interactions secondary particles are created
which are stored and simulated after completing simulation
of primary one. Subroutine LEFT is checking how many
secondary particles are stored. After completing NTOT
numbers of primary particles simulation is completed, and
relevant values are calculated and printed. Simulation
parameters in this paper were set for detailed simulation
with high accuracy.

Results

The simulations were performed by PENELOPE code for
different sets of input parameters (Cases I and II), for
sources placed in various parts of BB and bb region. Cal-
culated AF for monoenergetic electrons is shown in
Figs. 2, 3, 4, 5, 6, 7, and these data are compared with
ICRP66 publication. AFs in BB region, where source is in
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fast clearance mucus layer and targets are secretory, and
basal cells are presented in Figs. 2 and 3. AFs shown in
Figs. 4 and 5 concern sources in slow clearing source for
BB region. In addition, AFs in bb region, where source is in
fast and slow region, are presented in Figs. 6 and 7.

It can be seen as a very good agreement for all data if
emitted energy of electron is above 80 keV. In bb region
slight disagreement is displayed for energies above 3 MeV.
Simulation with EGS4 code is not suitable with thin layers
like those in bb region. For high energies multiple elastic
scattering has to be switched off when track length exceeds
distance to nearest surface [7]. Because of this, stabiliza-
tion for short step lengths does not necessarily imply that
simulation results are correct. Consequently, the errors
during simulation will be larger.

For energies below 80 keV there are significant dis-
crepancies between AF calculated with EGS4 and
PENELOPE. EGS4 values for AF rapidly decreases and
goes to null at about 40 keV, depending on position of
source, and target. These values are much smaller than
PENELOPE’s, which gives no null values for AF down to
energy of 10 keV. The difference in results for low ener-
gies is consequence of working methods built in EGS4 and
PENELOPE. Multiple scattering theories used in EGS4
gives good results for higher energies (about 100 keV and
above), while this method is not accurate for low energies.
On the other hand, PENELOPE is using detailed algorithm
which performs particle by particle simulation, and can
accurately simulate electrons scattering for energies down
to 100 eV.

The difference between simulations sets I and II per-
formed by PENELOPE can be clearly seen on Figs. 2, 3
and 5. Distortions of graph in Case I for energies up to
30 keV are consequence of upper limit for energy loss
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Fig. 2 AF in BB region where source is in mucus layer and targets
are secretory cells
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Fig. 7 AF in bb region where source is in cilia layer and targets are
basal cells

(EABS) in each scattering event, which is 1 keV. This limit
presents significant percent comparing with energy of low
energy electrons and affect on accuracy of results. In Case
II EABS is ten times smaller (100 eV), so this value cannot
affect on results and can produce errors.

Differences in results for small energies are of great
importance when calculating AF for beta spectrum of ra-
dionuclides. Beta spectrum from radon progeny are shown
in Fig. 8 where it can be seen that for 212Pb, 48.75%
emitted beta particles have energies below 80 keV. For
214Pb, 212Bi, 214B§ fraction percent of particles with ener-
gies below 80 keV are, respectively, 22.92, 5.18 and
7.41%. Due to the large fraction of beta particles with small
energies, difference in values for AF from betas is evident.

Abosrbed fractions from monoenergetic electrons are
used in ICRP for evaluating AF from beta particles of
different sources. For calculating AF from beta emission in
this paper 10° particles are sampled with energies
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Table 1 AF calculated from beta sources for **’Rn and **°Rn progeny

Region

BB bb

Mucus Cilia Secret

Secret Basal Secret Basal Mucus Cilia
AF (*"*Pb) 0.09499 0.03423 0. 09676 0.03460 0.05689 0.05942
AF (*'’Pb) 0.18020 0.05727 0.18540 0.05802 0.13870 0. 14720
AF (214Bi) 0.02956 0.01167 0.03003 0.01178 0.01504 0.01570
AF (212Bi) 0.02362 0.009524 0.02404 0.009605 0.01163 0.01211

. : AF — Eabs

generated from spectrums presented in Fig. 8. Set of T Eu
parameters were used like in Case II, to ensure accuracy of ) ) . ' .
results. Table 1 shows AFs from betas, calculated with During simulation of betas, deposited energies from
PENELOPE. electrons with initial energies below 80 keV, ES0keY are

Conclusion

Transport and interaction of beta radiation with medium of
HRTM were simulated, and AFs for monoenergetic elec-
trons were calculated using a more accurate method.
Results showed the differences in range of electron ener-
gies to up 80 keV, which led to conclusion that because of
large fraction of beta particles with low energies, AFs from
betas given in ICRP66 [2] should be corrected. The ques-
tion is how much is significant difference in results for low
energies of electrons, and which contribution have beta
particles with low initial energies to AF from whole
spectrum. As mentioned before AF presents ratio of
absorbed energy, E,,s of the particle in a given region to its
emitted energy, E:

Intensity
(betas per 10° decays per keV)

80 keV

10°
Energy E(keV)

Fig. 8 Beta spectrums of “*’Rn and **°Rn progeny
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scored separately. These values were used to estimate the
contribution of beta particles with energies below 80 keV
to AF from whole spectrum: E:ffkev/Eabs. Calculations
showed that this contribution is very significant and goes
up to 20% for source, 2'?Pb, placed in mucus layer, where
target are secretory cells. Lowest value is 3%, for source,
212Bi, placed in cilia layer, where target are basal cells
(**°Rn-thoron progeny) because its spectrum contains
5.18% beta particles with energies below 80 keV. For all
progeny contributions are in range from 3 to 20%,
depending of source—target combinations.

This large contribution of low energetic electrons and
differences in results for monoenergetic electrons in range
of low energies imply that values of AFs calculated by
PENELOPE are more accurate and should be used instead
of those given in ICRP66 [2].
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DETERMINATION OF PARAMETERS OF THE JACOBI ROOM
MODEL USING THE BROWNIAN MOTION MODEL

N. Stevanovic,* V. Markovic,* V. Urosevic,” and D. Nikezic*

Abstract—Parameters of the Jacobi room model were esti-
mated with simulation of Brownian motion. Deposition on
internal room surfaces and attachment of progeny atoms to
three modally distributed aerosols were taken into account.
The values of parameters were presented as functions of
aerosol concentrations. The deposition rate of an unattached
progeny was estimated in the range 30-47 h™'; the deposition
rate of an attached progeny was very small and its range is
0.0007-0.004 h™"'; the attachment rate of a progeny is in range
40-170 h™'. The statistical uncertainty was lower than 1%.
The ranges of parameters were similar to those reported in
literature.

Health Phys. 96(1):48-54; 2009

Key words: radon; radon progeny; *’Rn, indoor; **Rn

INTRODUCTION

RADON PENETRATES into dwellings from the underground
soil, building materials, tap water, or home gas lines. It
can be removed by ventilation or decay to its first
progeny, *'*Po atoms. Freshly formed >'*Po atoms are
usually positively charged and during their motion they
form clusters with several molecules of water vapor.
They are known as unattached progeny. The clusters can
be deposited as unattached or attached to aerosol parti-
cles forming an attached fraction (Nikolopoulos and
Vogiannis 2007).

Due to a relatively long half life (3.825 d), radon is
uniformly distributed in closed spaces. Uniform distribu-
tion of its short living progeny was assumed in the well
known parametric Jacobi model (Jacobi 1972). This
model presents a set of balance equations for the number
of radon and progeny atoms in a room. Processes that
affect radon progeny concentrations are removal by
decay, ventilation and deposition as well as attachment to
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indoor aerosols. Parameters which describe these pro-
cesses are decay constants A;, ventilation rates A, attach-
ment rates A,, and deposition rates of the unattached and
attached progeny A ", A", respectively.

It was shown that size distributions of an aerosol
with an attached progeny can be presented with three
modes, described with log-normal functions with corre-
sponding medians and geometrical standard deviations
(Porstendorfer 2001; Marsh and Birchall 2000). Accord-
ingly, the original Jacobi model was extended to include
a three modal character of attached aerosol distributions
(Nikezic and Stevanovic 2004) and smaller fractions of
unattached radon progeny were obtained.

Distributions of radon and thoron in a room were
considered using a computational fluid dynamic (CFD)
model, based on the finite element method (Zhuo et al.
2001). As expected, it was obtained that radon is uni-
formly distributed in the room.

In the presented paper the behavior of a radon
progeny was considered by simulation of Brownian
motion of the radon progeny in a room. A similar model
was used previously, to determine the air/wall fraction of
radon and thoron progeny in a cylindrical diffusion
chamber (Nikezic and Stevanovic 2005, 2007). In this
paper the model developed in Nikezic and Stevanovic
(2005, 2007) was modified to take into account progeny
attachment to aerosols in the room.

Simulation of radon progeny behavior in a room is
more complicated, not only because of the progeny
attachment to aerosols in air. In addition, internal sur-
faces are much more complicated than in a cylindrical
diffusion chamber.

In this paper the model of a closed room was used in
the simulation. Two simplifying assumptions were
adopted: (a) there is no temperature gradient in the room,
i.e., the temperature field is uniform; (b) there is no
large air movement in the room, so the indoor airflow
was not taken into account and the ventilation rate is
equal to A, = 0. These conditions correspond to the
steady state, which may be applied to a well closed
room.
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METHODOLOGY

Particles in a gas medium have stochastic motion.
Many collisions of particles with other particles and air
molecules present cause changes of the particle direction
and velocity. Such random motion is known as “Brown-
ian motion.” Due to the stochastic nature of particle
motion, the probability that a particle after time, ¢, travels
from point (x, Vo, Z,) to point (x, y, z) in a given gas
medium could be defined as (Landau and Lifshic 1965;
Reist 1993):

1 (x—x)2+(y—y)2+(2—2)?

= We* aDr s ()

f(x,y,z,t)

where D is the diffusion coefficient of a particle. This
distribution function was used to simulate progeny atom
motion in a room.

The progeny atom is formed as single (positively
charged bare atom) by decay of its predecessor. New
formed progeny attracts several vapor molecules and
forms the cluster. The cluster grows due to accumulating
of vapor molecules and its diffusion coefficient gradually
decreases from 50 cm’ s™' [according to Zhuo et al.
(2001) for bare atom] to D = 0.054 cm” s~', when about
200 vapor molecules are clustered (Nazaroff and Nero
1988). The speed of clustering depends on many factors
such as humidity, airflows, temperature, aerosol concen-
tration, surface-to-volume (S/V) ratio, etc. Simulation of
cluster behavior with variable (growing) size and de-
creasing diffusion coefficient is a difficult task. Simpli-
fication has to be made in order to make simulation
feasible. It has been assumed that the diffusion coeffi-
cient of unattached progeny is constant and amounts to
D =50cm’s .

When a progeny is attached to an aerosol its motion
is determined by motion of the aerosol. The diffusion
coefficient of the aerosol, carrying the attached progeny,
depends on its size and shape.

Simulation of progeny attachment to
ambient aerosols

During random motion, a particle can meet an
aerosol that is present in air and attach to it. The “meeting
probability” depends on the aerosol concentration and its
size distribution. A three modal aerosol size distribution
was given as (Hinds 1998; Marsh and Birchall 2000):

5 (Indy—In AMTD;)?
2 Inoy

=g @
i=1

In o-gi
where, i = nucl, acc, co, for the nucleation, accumula-
tion and coarse mode, respectively. AMTD, ., = 0.05,
o, = 2.0, f,.q = 0.28, AMTD, . = 0.25, 0,,. = 2.0,

g.nucl g.ace

f.. = 0.70, AMTD,, = 1.50, o,., = 1.5, and f,, = 0.02.

g.co

The diameter of an aerosol, d,, is sampled with
numerical integration of eqn (2):

dy
J f(x)dx =y,
(

)

where <y is a standard random number. All symbols
denoted with <y in the text below have the same
meaning of “standard random number.” They are
independent and uniformly distributed between 0 and
1. Fortran 90 (Chapman 2003) enables generation of these
numbers using an intrinsic function called RANDOM _
NUMBER(gama) where the optional name “GAMA” is
defined by the user.

In order to simulate the behavior of radon and its
progeny in a room in the way described in the following
text, the Fortran 90 code was developed.

The mean free path of a progeny atom, A, until
collision with an aerosol, was given by Hinds (1998) as:

1
A=—Fr (3)

\E‘n'nd.f’
where n is the concentration of aerosols in a room.
The random path length of ***Po from its formation
until collision with an aerosol and attachment is deter-
mined in the following way. The probability that the
*"®Po atom travels the distance, /, is given as:

If probability, w, is taken randomly as w = v, the
following expression can be obtained for the random
path length:

= —A X Iny. (4)

On the other hand, the mean free path of a progeny
atom between two respective collisions with air mole-
cules is A, = 6.6 X 10~* m and the number of collisions
per second is about n, = 7 X 10”s~' (Hinds 1998). It means
that the real total path that a progeny atom passes is:

L = Apee X 0. X t, (5)

where 7 is the time of progeny motion.

Since attachment was always assumed when a prog-
eny atom met an aerosol, the attaching condition is that
the sampled path length, /, until collision with an aerosol
is smaller than its total path, i.e., / = L. If this condition
is satisfied, the progeny atom is attached and further
issues would be related to motion of the aerosol with an
attached progeny atom.
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The diffusion coefficient of an aerosol, carrying a
progeny atom, is calculated as (Hinds 1998):

kT C,

= 3mnd, ©)
where k is Boltzman’s constant, and 7 is the room
temperature. The coefficient C_ is the Cunningham
correction factor, which depends on the aerosol diameter,
C.=1+ (P Xd)X (156 + Te *94). p is the air
pressure in the room; and 7 is the air viscosity, and for
standard conditions (normal atmospheric pressure and
room temperature 7 = 293 K) has a value of =
1.81 X 107 m*s™".

Simulation of radon progeny behavior in a room
Simulation of radon progeny behavior in a room,

taking into account decay, deposition and attachment to
aerosols, with very low ventilation that can be neglected
(hermetically closed room), was performed in the follow-
ing steps.

Step 1. Since the half life of radon (**Rn) is
relatively long, its uniform distribution in the room was
assumed. Then the points where ***Po atoms are formed
after *’Rn decay are homogenously distributed within
the room. The starting points of *'*Po are sampled as:

Xaigpe = A Xy
Yaspe = B Xy, (7)
Zugpe = CXy

where A, B, C are the room dimensions.

Step 2. After the starting point of >'*Po was deter-
mined, the life time of the *"*Po atom was sampled by ¢t =
—71In (vy,), where 7 is the mean life time.

Step 3. Using eqn (1) the ending point (x, y, z) of the
*"Po atom was sampled (see Appendix A). If that point
was within the room it was assumed that >'*Po decayed as
unattached and the point of decay was signed as (x,, y,,
z,). If the sampled point was out of the room, deposition
of the *'*Po atom was assumed and the deposition point
(g Ya» 2q) Was determined as an intersection between the
wall and the line that connects points (Xs;spo, Y215p00 Z215p0)
and (x, y, z). The time until the occurrence of the first
event of a *'"*Po atom, 1, can be calculated as (Nikezic
and Stevanovic 2007):

1 (xa5 = X218p0 g
= ﬁ(q ' L

where x’ is the parameter generated by the Gauss
function (see Appendix B). Now, it is necessary to
examine whether the condition / = L was fulfilled. If
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attachment did not occur, the progeny history terminated,
scoring the event of deposition (or decay). The next
progeny was created and simulated in a similar way.

Progeny reflection from the wall was neglected
assuming that the progeny settled onto the surface each
time it touched it.

Step 4. If a progeny is attached to an aerosol, it is
necessary to determine the point of attachment and final
point of the carrying aerosol. Firstly, the distance from
the initial to the final point of the progeny sampled in
Step 3 should be calculated as:

R = \C‘(lexpo = %) + Q2igro — Y + @aigpo — 7

where i = d (for deposition) or i = s (for decay). Since
the attaching point is somewhere between the starting
and final point of the free atom (Step 3), it could be
uniformly sampled. Hence, the distance from the starting
to the attaching point of the progeny atom, d., was
sampled as:

Coordinates of the attaching point are:

Xe = X218p0 + dc X Px

Ye = Yagpo + d. X p, (10)
Ze = 2218P0 ¥ dc X P:

where p,, p,, and p, are components of the unit vector of
the direction of progeny motion. This point is taken as
the starting point of aerosol motion with an attached
progeny atom. Its final point is determined by eqn (1),
where the remaining lifetime of the attached atom is
taken into account and the corresponding diffusion coef-
ficient of the sampled aerosol, calculated by eqn (6), is
used.

Step 5. If the final point of the aerosol was sampled
“out of the room,” the aerosol was deposited on the room
wall (deposition of an attached fraction). In the opposite
case, the attached progeny decayed within the room: the
newly formed progeny remained attached, except *'*Pb
which could be detached with some probability.

The detachment probability (recoil factor) was esti-
mated by Mercer (1976) as 0.8, and this value is
commonly used. Recently, Stevanovic et al. (2004)
showed that the recoil factor depends on the aerosol
diameter, shape, and chemical structure. In addition, a
radon progeny can be attached to the aerosol surface, but
due to coagulation of aerosols, it could be found within
the aerosol volume. The recoil factor is different in these
two types of contamination. In this paper the following
was assumed: (a) surface attachment of a progeny atom
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to a spherical aerosol, and (b) the aerosol was built from
quartz (SiO,). With these assumptions the recoil factor
was distributed in the range between 0.5 and 1. The
distribution of the recoil factor as a function of the
aerosol diameter was created and used in the calculations
presented here.

Stevanovic et al. (2004) showed that the detach-
ment probability of *'*Pb was equal to 1, if the
diameter of the aerosol (built from SiO,) was smaller
than 0.047 wm. The detachment probability from
larger aerosols, as a function of the aerosol diameter,
d,, can be presented as Pyd) = 044 + 0.07¢ ""d, +
0.54¢ '°2d, + 0.06e '*’d,. In simulations detachment
“occurs” if the standard random number v satisfies the
condition y = Py (d,). Radon progeny are usually at-
tached on the aerosol surface. In most cases (>50%)
newly formed *'*Pb atoms will be detached from the
aerosol surface and detachment can be treated simulta-
neously with alpha decay of *'*Po.

After alpha decay of a deposited *'"*Po atom, the next
progeny, >"*Pb, was considered as deposited also. Due to
the very short recoil range of a progeny atom after alpha
decay (about 80 wm in air) it stays near to the wall. Being
positively charged, a newly created atom will induce
negative charge in the wall and will be attracted back to
the wall. Some recoil atoms might be implanted into the
surface when the direction of the recoil is toward to the
wall. These facts justify the neglecting of detachment
from the surfaces after alpha decay.

Since the steady state was assumed, the number of
28po atoms, N, created per one hour is constant. All
events that occurred after the creation of one *'*Po atom
were “followed” in the simulation, during 7, = Shin a
room. The creation time of unattached *'*Po was uni-
formly sampled during 7, as Tn = T, X y. By simulat-
ing the motion of a created particle the time of the
ultimate event of the particle, 7d, can be determined. In
this way the number of decays (Ng.,), depositions
(Ngepo)» and attachments (Ny,.,) are scored.

The number of created progeny atoms per one hour
is equal to the sum of decayed, deposited, and attached
atoms:

AioiNioy = AN+ Ag N + A N} (11)
In the notation introduced above, it could be written:

Nc = Nud + Nud + N:nach' (12)

ecay epo

For a given number of created particles, N, = A, N|_,.
The number of decayed particles per one hour, Ny, is
determined in the simulation described above. It means
that the number of atoms existing in the room is equal to

N = Njew/A. From the number of deposited and
attached (Nygpr Nywacn) Progeny atoms determined in the
simulation and using eqns (11) and (12), the deposition
and attachment rates were determined as:

Nuc 0 Nud ac
)\di = LNUIP_ and Aai = 13:1 h.
Analogously, the deposition rate of an attached prog-
eny is:

(13)

a M‘lcpn
di — N’

(14)

where N = Nijeeay /A; and Ny, is the number of decays per
one hour of attached progeny, and i = ***Po, *'*Pb, *"*Bi.

To simulate the behavior of a radon progeny accord-
ing to the model described above, code was developed
and written in Fortran 90. This code enables scoring of
the number of progeny atoms decayed, deposited and
attached during one hour and calculation of parameters
of the Jacobi room model.

RESULTS

A room with common dimensions of 4 X 3 X 2.5 m’
was considered. Deposition rates and attachment rates as
a function of aerosol concentrations are presented in
Figs. 1-3. The aerosol concentration was varied in the
range (1-10)>%10° cm . The number of simulated prog-
eny atoms is predetermined to be 10°, so that each event
“occurs” a large number of times. In this way, the
statistical error is very small and in all cases it is well
below 1%.

The deposition rate of an unattached progeny is
presented in Fig. 1. For varied values of aerosol concen-
tration, the deposition rate of *'*Po atoms is in the range
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Fig. 1. Deposition rate of an unattached progeny.
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Fig. 2. Deposition rate of an attached progeny.

from 39-47 h™'. For *"*Pb and *"*Bi atoms, deposition
rates are close to each other, due to similar mean life
times, and vary from 30-36 h™' and 31-37 h™' for *"*Pb
and *"Bi, respectively. These values are in the range
given in Amgarou et al. (2003). The deposition rate is an
increasing function of the aerosol concentration. It is
interesting to note that deposition of *'*Po is about 25%
larger than the value determined for the other two
progenies.

The deposition rate of an attached progeny is pre-
sented in Fig. 2. These values are three to four orders of
magnitude smaller than the ones obtained for the unat-
tached progeny. It is because the aerosol diffusion is
much smaller than that of an unattached progeny in the
form of clusters. For *"*Po atoms the deposition rate of
the attached progeny is between 0.002—-0.004 h™', while
for *“Pb and *“Bi atoms, the deposition rates are
between 0.0007-0.0015 h™' and 0.0009-0.0015 h™',
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Fig. 3. Attachment rate of a progeny.
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respectively. These values are smaller than the ones
estimated in Amgarou et al. (2003) and Nikolopoulos and
Vogiannis (2007).

The attachment rate of a progeny is presented in Fig.
3. It could be seen that the attachment rate strongly
increases with aerosol concentration. The attachment rate
for *'*Po atoms is from 60—170 h™'. For *"*Pb and *"*Bi
atoms the attachment rate is about 30% smaller and their
ranges are 41-120 h™" and 43-122 h ™', respectively.

Fig. 4 represents fractions of *"*Po atom concen-
trations as a function of the aerosol concentration.
These fractions were calculated according to the Ja-
cobi room model, using the values of parameters
presented in Figs. 1-3. It is clear that the concentration
of the attached progeny increases with aerosol concen-
tration, while the concentration of decayed and depos-
ited particles decreases.

DISCUSSION AND CONCLUSION

In this paper the behavior of radon and its progeny
in a room was modeled by Brownian motion. It was
assumed that the newly formed progeny could be de-
cayed, attached to the aerosol, or deposited on surfaces as
free or attached. If a predecessor of the formed progeny
was attached, the recoil factor was determined in the way
described in Stevanovic et al. (2004).

The values of Jacobi model parameters obtained in
this work are shown in Table 1 and compared with the
values given in Amgarou et al. (2003) and Nikolopoulos
and Vogiannis (2007). In the paper by Nikolopoulos and
Vogiannis (2007) the parameters were determined from
the activity concentration of a radon progeny measured
in thermal spas Eftalou and Thermi.

The parameters taken from Amgarou et al. (2003)
are the same for all radon progenies, while in the paper
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Fig. 4. Fractions of *'®Po atom concentrations.
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Table 1. Ranges of Jacobi model parameters.

Nikolopoulos and Vogiannis

(2007)
Amgarou et al.
Parameters of Jacobi model (2003) Eftalou spa Thermi spa This work

Attachment rate

28pg 50-52 200-203 60-170

2l4pp 5-500 105-112 90-96 41-120

24Bj 0.5-0.8 0.8-0.9 43-122
Deposition rate of unattached progeny

218pg 102-103 169-171 39-47

214pp 5-110 112-120 98-105 30-36

HBi 0.6-0.7 0.5-0.6 31-37
Deposition rate of attached progeny

1%pg 0.05-1.1 4.9-5.0 0.9-1.1 0.002-0.004

24pp 0.05-1.1 0.9-1.0 0.25-0.26 0.0007-0.0015

214Bj 3.7-4.0 1.8-2.1 0.0009-0.0015

Nikolopoulos and Vogiannis (2007) and this work sepa-
rate values were estimated for each of the three radon
progenies, *'*Po, *"*Pb and *"“Bi. It could be seen that
ranges of the corresponding parameters values are of the
same order, but different. The values of deposition rates
of unattached and attached progenies given in Nikolo-
poulos and Vogiannis (2007) are overestimated in re-
spect to the values given in Amgarou et al. (2003) and in
this work. Enhanced progeny deposition is due to higher
humidity in the examined thermal spas. Deposition rates of
an attached progeny, estimated in this work, are lower. This
is due to two reasons: first, aerosols diffuse more slowly
through a room than free progeny clusters; second, the
airflow into the room, which enhances deposition on the
surface, was not taken into account in this paper.

There are many conditions in a room that influ-
ence radon progeny behavior, such as humidity, aero-
sol concentration, aerosol size distribution, geometry
and dimensions of the room, furniture in the room,
airflow conditions, etc. In this model a closed and
empty room without airflow was analyzed. In addition,
the standard aerosol size distribution was taken from
Marsh and Birchall (2000). The influence of the
airflow on values of Jacobi parameters will be the
subject of further research.

Simulation of two simultaneous processes, Brown-
ian diffusion and airflow, which is a realistic situation in
rooms, is difficult and time consuming. In closed rooms,
airflow is very weak, and in this work simplification was
made neglecting airflow. Such simplification caused
somewhat smaller values for deposition rates.

Larger humidity means more H,O molecules in indoor
air and the probability for cluster formation is larger which
will decrease the number of free atoms in air. Increasing
humidity will cause decreasing diffusion of the progeny
atoms, smaller deposition, and a larger attachment rate.

This work represents the first modeling of a com-
plex behavior of radon progeny in indoor air. Here, we

considered the following processes: formation of prog-
eny atoms; their diffusion with constant diffusion coef-
ficient through the indoor air without airflow; progeny
attachment to aerosols described with three modal size
distributions; and deposition of unattached and attached
progeny on the room surfaces.

All these processes depend on many factors: room
dimensions, distribution of aerosol size, airflow, furniture,
humidity and concentration of vapor molecules, tempera-
ture distribution in room, etc. The description of their
influence on progeny behavior is a difficult task, and we
accepted some simplifying assumptions to make the simu-
lation feasible. Simplifications done in this work influences
the results of this modeling, giving smaller values for
deposition rates. For more precise results all processes must
be taken into account, which will be done in the future.
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APPENDIX A

The probability that a particle created at the point (x;,
Yo» Z0)» arrives between points (x, y, z) and (x + dx, y + dy,
z + dz) after time, ¢, is given as:

| (x=x)2+(y—yd)?+(2~2)?

W e 4Dt

P{xy,z,0) = dxdyds

(A1)

The normalization condition is:

fjfp(x,y,z,t)dxdydz

% | (x—x,)? e 1 (y—=y,)?
= f (417T)”2_e —dej We‘ aD1

® 1 (z—2z)?
% dyf We i dz=1. (A2)
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These three integrals in eqn (A2) are independent from
each other, and every one of them is equal to 1. This
describes the fact that particles must be somewhere in the
space. If values of upper integral limits are final, values
of the integrals were smaller than 1. Hence,

X l _(,t_"-“):
@S " A=
Y 1 4(_‘.,).“)2
@GnpnEe P dy = v, (A3)

A 1 _l:*z;,)I
@mDp ¢ T R=

The standard random number, vy, (appearing in the first
integral), represents the probability that a particle travels
from point x,, to point X, during time ¢. The analogous
explanation is valid for another two integrals.

Each of the three integrals, in eqn (A3), can be
written in the form:

X=X'o+3=X 2Dt + x, (A4)

where parameter X’ was calculated from integral:

X 1 x2
—e 2 dx="yj.
V2T B

APPENDIX B

The final point, X, of the particle was sampled by
eqn (A4):

X=X D1+ x (B1)

where x; is the coordinate of the starting point and ¢ is the
time of motion. Other symbols are described in Appendix
A. If the final point of the particle, Xy, is given, then the
time, 7,,, needed for that particle to travel from point x, to
point X can be calculated as:

l XF == X{) 2
= — 2
tm 2D( .x_l ) b (B-)
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A great deal of work has been devoted to determine the effect of tissue damage produced by alpha particles emitted from
radon and its progeny. 2'*Pb and >'*Bi deposited in the human lungs emit beta particles followed by the gamma quanta,
which cause smaller damage of tissue in comparison with alpha particles. Because of that, this type of irradiation has not
been studied in detail. In this paper, doses from beta and gamma rays emitted by radon progeny *'*Pb and 2'“Bi in the lungs
have been calculated in all main organs and the remainder tissues of the human body. Human Oak Ridge National
Laboratory phantom of adult male and female was used, where simulation was performed using MCNP-4B simulation code.
The sources of beta and gamma radiations, namely, the radon progeny were located in lungs. Furthermore, dose conversion

coefficients have been calculated.

INTRODUCTION

After the inhalation, radon progeny deposit on the
inner layers of bronchi (BB) and bronchioles (bb)
and in the alveolar interstitial region (AD).
Deposited progeny are transferred to blood or to
gastrointestinal tract via clearance mechanisms or
simply decay in the lung. Particles (alpha, beta and
gamma) emitted in radioactive decay damage sur-
rounding tissue, which can lead to development of
lung cancers. The organ that receives the highest
dose from the inhaled radon progeny is the lungs®.
218pg and 2!*Po decay by emission of alpha particle,
which damage the surrounding tissues, and are
responsible for relatively high dose in the lungs.
214pPb and 2'*Bi decay through B~ emission followed
by gamma radiation.

A lot of work has been done to determine the
doses in the human lungs due to short-lived radon
progeny. Many papers deal with determination of
dose delivered by alpha particles in the lungs,*®
because of their low range and relatively high and
discrete energy (6 MeV for >'®Po and 7.69 MeV for
214po). On the other side P~ particles emitted by
radon progeny have continuous spectra with electron
energies up to 3 MeV. Gamma radiation has discrete
energy spectrum but there are many lines with
maximal energy of 3 MeV. B~ and -y are much more
penetrating than alpha particles and their mean free
paths in tissue are from few millimetres for low-
energy electrons to a few tens of centimetres for
high-energy photons. High-penetrating photons can
travel through whole human body without being
absorbed.

*Corresponding author: nikezic@kg.ac.yu

The quantity ‘dose conversion coefficient’ (DCC)
was introduced to relate the effective dose and
exposure to radon progeny. It is usually given in
units (mSv WLM™!), and is defined as the ratio
between the effective dose and the exposure to radon
progeny. As mentioned above, many papers were
devoted to calculation of DCC from alpha radiation
of radon and its progeny in the human lungs. B~
and gamma radiations were neglected because of
their low contribution to the total dose. This was
justified for calculating the dose in the lungs;
however, because of their high-penetrating abilities
other organs in the human body are also exposed.

In this work, doses from gamma and beta radi-
ations emitted by radon progeny 2'*Pb, and 2'*Bi
located in the lung were calculated for human Oak
Ridge National Laboratory (ORNL) phantom®.
Doses were recalculated per unit exposure, in order to
compare the contribution to DCC from alpha on one
side and from beta and gamma radiations on the
other side. For this purpose, MCNP 4B software,
which performs simulation of neutron, photon and
electron propagation through arbitrary material and
geometry, was used®. For photons, the code accounts
for incoherent and coherent scattering, the possibility
of fluorescent emission after photoelectric absorption
and absorption in electron positron pair production.
Electron/positron transport processes account for
angular deflection through multiple Coulomb scatter-
ing, collision energy loss with optional straggling and
the production of secondary particles including K
X-rays, knock-on and Auger electrons, bremstrahlung,
and annihilation gamma rays from positron annihil-
ation at rest. In this paper, simulation of transport of
electrons and photons is performed in the adult male
and female ORNL phantoms.

© The Author 2009. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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METHODOLOGY

MCNP simulation software was used to calculate
the mean absorbed dose (in MeV g~ ! per one par-
ticle of radiation) in the ‘main’ organs and the
‘remainder’ tissue of the human body(”. Analytical
models of the human body were described in ORNL
publications®. All organs of the human body were
represented with analytical equations of various
three-dimensional geometrical bodies.

According to ORNL, human phantom consists of
three types of tissues, skeletal, lung and soft, with
different densities and elemental compositions. All
equations for organs of all phantoms, with other rel-
evant information (elemental compositions, volumes,
masses, etc.), were programmed in input files for
MCNP-4B code®. By combining surfaces through
Bull algebra, MCNP-4B forms cells representing
various organs. Two different input files were created:
adult male and adult female®”. An example of longi-
tude crosses of the ORNL phantom, obtained with
the input MCNP file used in this work that was pre-
viously created in‘ is shown in Figure 1.

DCCs were calculated from B~ and gamma radi-
ations emitted by 214ph and 2'“Bi, which are distrib-
uted on inner layers of BB and bb of human
respiratory tract and in AI region'”. BB represent
first 8 generations of air tubes, bb are from 9th to
15th generations, while Al region is represented of
air tubes generations approximately 16-26. Air
tubes are mostly dichotomically branching in
smaller and smaller tubes as penetrating deeper into
the lung. So, the tubes are presented in whole
volume of the lung.

Deposition and clearance of inhaled radon
progeny were calculated as recommended in ICRP
E)ublication 66V, Equilibrium activities of 218pg,

“Pb and 2'Bi/*'*Po in all compartments of the
human lungs were obtained as balance between
deposition and all clearance mechanisms. They were
further used to calculate number of disintegrations
per 1 WLM for assumed exposure conditions.

To calculate doses in other organs when the
source is in the lungs, ORNL phantom of the
human body was applied. This model does not give
almost any detail of human lungs. Tree structure of
T-B was completely neglected and whole respiratory
tract is given with two asymmetrical ellipsoids repre-
senting two (left and right) lungs. Two different and
independent models, ICRP 66 model of the Human
Respiratory Tract Model (HRTM) and ORNL
phantom, were used in this work. One has to assume
uniform distribution of activity in ORNL phantom,
because this model does not take into account the fine
structure of the human lungs, which is given in ICRP
66. Uniform distribution means uniform random
sampling of initial photons and electrons points in
objects, which represent lung in ORNL model.

Figure 1. Longitude crosses of the ORNL phantom.

Different organs are seen here, but only lungs are denoted

as a source of radiation. All other organs, including the
lung itself are the target.

The intention was to calculate the mean absorbed
dose in all organs of the human body from the
radioactivity located in the lung region of ORNL
phantom using MCNP. The results are given in
MeV.g~! per one emitted particle (electron or
photon).

MCNP calculations were performed for left and
right lung separately, for each of them as a source of
beta and gamma radiations, since the region for
sampling points in MCNP must be closed. This
could be overcome in MCNP by presenting the
source as the union of regions, which represent left
and right lung, but the number of histories must be
increased to ensure low statistical error. This is very
expensive on account of computing time and
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calculations were done separately. The mean
absorbed dose, D’} , in some organ T, from radlatron
R (B or v) and nuclide n (2"“Pb or 2'*Bi), was
obtained as weighting of doses from the left
(D7 R)1e and the right (D7 g)gien lungs according
to their masses:

D= (D) one(Pra) s
T.R = OLeft\ D7 1 Leﬁ"‘leght T.R ) gight (1)

where wier = 0.46 and wrigne = 0.54 are the mass
weighting factors of the left and right lungs,
respectively.

Spectrums of B~ radiation from *'*Pb and 2!'*Bi
were taken from ref. (10), rearranged in ref. (11) and
presented in Figure 2. Lines of gamma radiation
taken from ref. (10) are also presented in Figure 2.
Particle energy was sampled according to yields
using random method incorporated in MCNP. In
order to simulate emission of whole spectrum of B~
and gamma radiations, a large number of ‘histories’
were created (about 108) to ensure low statistical
error in simulation. As a result of computation,
mean absorbed dose per one particle of radiation
(beta or gamma) from the left and right lungs as a
source was obtained for adult male and female
ORNL phantom. Mean absorbed dose per particle
of radiation from whole lung as a source was calcu-
lated using Eq. (1).

To estimate DCC in mSv WLM ', D% per one
particle of radiation obtained as described above,
should be recalculated in the following way. The
number of disintegrations in different regions of the
human respiratory tract model was given in ref. (3)
in the form of volumetric activity (in disinte-
grations/pm?) of radon progeny per 1 WLM in
different sources. Those values are results from the
program LUNGDOSE.F90®, in which are adopted

Emission probability (%)

10¢ : 10
Energy E (keV)

Figure 2. B~ and gamma rzalgiation spectrums of 2'Pb and
Bi.

concepts introduced in ICRPV, and the program
includes calculation of:

e deposition of monodispersed aerosols in different
deposition regions of the HRTM according to the
algebraic model of ICRP Publication 66";

o total deposition of polydispersed aerosols for given
exposure conditions, where summations were
carried out using log-normal distributions of aero-
sols (see below for parameters of distribution) and

e cquilibrium activities of radon progeny in differ-
ent clearance regions of the HRTM, and the
total number of emitted particles for given
exposure conditions and exposure time (here a
set of differential equations describing different
relevant processes in each clearance compart-
ment has been developed).

The input parameters for the program
LUNGDOSE.F90 are: breathing rate = 0.78 m> h~
tidal volume = 0.866 1/breath; functional residual
capacity = 3300 ml; equilibrium factor F= 0.395;
unattached fraction of Potential Alpha Energy
Concentration (PAEC) f'= 8%; density of unattached
particles = 1 gcm ~; density of attached particles =
1.1 gem™3; shape factors equal to 1 and 1.1 for unat-
tached and attached particles, respectively; median
diameters (with geometrical standard deviations
given in brackets) are 0.9 (1.3) nm, 50 (2) nm, 250 (2)
nm and 1500 (1.5) nm for unattached, nucleatlon
accumulation and coarse modes, respectively™.
Fractions of the PAEC attributed to these modes are
0.0655, 0.262, 0.654 and 0.018.

Half-life for the transfer to blood was taken as
10 h, as it was proposed in ref. (12).

Volumetric activities 4y were transformed in equi-
librium activities, 4 in lung, per 1 WLM:

A;=AD v, 2

i = BB, bb and j = mucus, cilia,

where the Vj; is the volume in which a source is located
with given actrvrty Ay 9 Volumes of partlcular source
were calculated using pdrameters given in ref. (1):

Vij = P; - dj i = BB, bb and j = mucus, cilia,
3)

where P; is surface of all BB or bb, and dj is the
thickness of the mucus and cilia layer for BB and bb
regions separdtely Equlllbrlum activities of '“Pb
and *'*Bi in BB and bb regions in slow and fast
clearance mucus were calculated using Eqs (2) and
(3). For AI region, activities are obtained by
summing and multiplying with corresponding sur-
faces for Al;, Al, and Al; regions. Table 1 shows
activities per 1 WL in different regions. Total
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activity, 4, of nuclide, n (*'*Pb or 2'*Bi), can be
expressed as:

_oan n n n n
Ap = App mucus T ABB cilia T Abbmucus T Abb.citia T AAT-

)

For 2'Pb total activity in all regions (BB, bb and
Al) is 406.8 Bq per 1 WL and for 2*Bi is 578.4 Bq
per 1 WL. It is interesting to note that activity of

“Bi is larger than that of >"Pb. There is accumu-
lation of 2'*Bi in AI region. Total 2'*Bi in AI region
is sum of two components. One component is
formed after deca}l of 2'*Pb (which should have the
same activity as '*Pb) and second one from fresh
deposition from inhaled air. Because of this the
activity of >'*Bi is larger than that of >'“Pb.

Since D7 . obtained in simulation is given per
quantum or per particle of radiation, and activities
per disintegration, to derive absorbed dose per 1
WLM one need to know the yield of certain type of
radiation. Yield of B~ radiation is 1, since each
process of disintegration is followed with emission of
one electron, while yield for y quanta differ because

Table 1. Activities in lung regions in Bq BB, bb and Al in

Bq per WL.
214py, 214p;
Al 297.38 429.73
Fast Slow Fast Slow
BB 11.14 11.85 13.77 14.82
bb 42.31 44.45 58.31 62.52

none, one or more gamma particles can be emitted

iy . . 214 :
per one disintegration. Yield of = "Pb vy spectrum is
0.98, whereas that for >**Bi is 1.371%.

RESULTS

Using data for activities and yields and DZ .
obtained from simulation, absorbed doses, D7, pér
WLM for different t;/pes of radiation R ( or ) and
nuclide n "Pb or *'*Bi) in the main organs of the
human body and remainder tissue 7'were obtained:

Dy g =D p- A, - YIELD}. (5)

Results are presented in Tables 2 and 3 for B~ and
gamma particles, respectively. Equivalent dose, H
in some organ 7, was obtained as:

Hr=3_ > weDig, (6)

n R=By

where wg is the radiation weighting factor whose
values for B~ and gamma radiations are equal to
1. Summation per n was done to include contri-
bution from both >'*Pb and 2'*Bi. Equivalent dose
in main organs and remainder per | WLM are given
in Table 4.

After obtaining the equivalent dose for the organs
and remainder of male and female ORNL phantom,
the effective dose''® was calculated as:

Hrw + Hrg
E = Woreasts Hbreasts + Z WT#v (7)
T

with Hr,, as equivalent dose for male and Hyy for
female phantom. wy are tissue weighting factors
taken from ref. (14).

Table 2. Absorbed doses in human organs of adult male and female phantom from ™ radiation of radon progeny nuclides,
214ph and 2'*Bi, distributed in the human lungs in (uGy WLM ™).

214Pb, B~ 214Pb, B~ 214Bi, B~ 214Bi, B~
Male Female Male Female

Lung 16.9 26 64.2 95.9

Skin 264 x107° 296 x 107> 3.56 x 1074 4.08 x 107*
Liver 1.58 x 107* 223 x 1074 8.44 x 1073 1.72 x 1072
Stomach 8.78 x 107° 143 x 107* 3.40 x 1073 235% 1073
Bladder 1.74 x 10~° 720 x 1077 7.01 x 1073 2.54%10°°
Testes/ovaries 5.65x107° 393 x 1074 9.80 x 1072 231 x107*
Oesophagus 241 x107° 3.63 x 1074 3.69 x 1074 416 x 1073
Colon 426 x 10°° 1.01 x 107° 9.49 x 107° 1.79 x 107*
Thyroid 1.13 x 107° 482 %1073 235% 10°* 375 x 1074
Bone surface 1.14 x 10°* 1.73 x 107% 224 x 1073 1.77 x 1073
Bone marrow 1.99 x 10~* 253 %1074 420 x 1073 2,64 x 1073
Remainder 3.06 x 1073 4.03x 1073 1.87 x 1072 244 x 1072
Breasts — 238 x 1072 — 239% 1073
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Table 3. Absorbed doses in human organs of adult male and female phantom from gamma radiation from radon progeny
nuclides, >'*Pb and 2'“Bi, distributed in the human lungs in (nWGy WLM ™).

2]4Pb, v 214Pb, v 2]4Bi, v 2]4Bi, v
Male Female Male Female

Lung 1.04 1.39 6.91 5.06

Skin 2.08 x 102 245% 1072 1.76 x 107! 133 x 107!
Liver 834 x 1072 1.12 x 107! 6.06 x 107! 829 x 107!
Stomach 6.10 x 1072 931 x 1072 458 x 107! 240 x 107!
Bladder 1.58 x 1073 2.64 x 1073 244 x 1072 227 x 1072
Testes/ovaries 500 x 1074 551 %1073 9.35x107° 442 %1072
Oesophagus 1.50 x 107! 2.00x 107! 1.06 8.74 x 107!
Colon 6.98 x 103 1.13 x 1072 7.05 x 1072 7.03 x 1072
Thyroid 1.52 x 1072 328 x 1072 1.32x 107! 1.78 x 107!
Bone surface 3.53x 1072 5.16 x 1072 213 x 107! 212 x 107!
Bone marrow 585 %1072 7.35%x 1072 3.45%x 107! 298 x 107!
Remainder 543 x 1072 6.33 x 1072 4.04 x 107! 2.68 x 107!
Breasts — 121 x 107! — 6.33 x 107!

Table 4. The total gamma + beta equivalent dose from
214py, 4 2198 per WLM for different organs of the adult
male and female ORNL phantoms (in .Gy WLM ™).

Male Female

Lung 89.1 128.0

Skin 1.97 x 107! 1.58 x 107!
Liver 6.98 x 107! 9.59 x 107!
Stomach 522%x 107! 336 x 107!
Bladder 2.61 x 1072 2.54 x 1072
Testes/ovaries 1.00 x 1072 503 x 1072
Oesophagus 1.21 1.08

Colon 7.76 x 1072 8.19 x 1072
Thyroid 1.47 x 107! 212 x 107!
Bone surface 250 x 107! 2.66x 107!
Bone marrow 4.08 x 107" 3.75 x 107!
Remainder 481 x 107! 3.60 x 107!
Breasts — 7.80 x 107!

From the above calculations, the effective dose per
1 WLM, from beta and gamma radiations of radon
progeny was determined. Its value is:

DCC = 13.3(uSv WLM ) (8)

CONCLUSION AND DISCUSSION

It can be seen from Tables 2 and 3 that absorbed
dose is the largest in the lung, which is expected,
since source is located in the lungs itself.
Contribution to lung dose is mainly from B~ par-
ticles, while for the remaining of the main organs
and the remainder tissue gamma radiation contrib-
ute mostly. B~ particles are also penetrating and
they deposit their energy in the lung and in the
surrounding organs. On the other hand gamma
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particles reach to all organs of the human body.
Doses in the remainder and main organs out of the
lung are mostly from gamma radiation.

The effective dose from beta and gamma radi-
ations from radon progeny deposited in the human
lungs was calculated. It has been found that this
dose is about 13.3 uSv WLM ~'. Furthermore, this
work gives values for the absorbed doses in the main
organs and the remainder of the human body for
beta and gamma radiations due to radon progeny
located in the lungs. These data cannot be found in
any literature, since no papers were devoted to this
problem. Further investigations should lead to esti-
mating risk for developing lung cancer due to
exposure to radiation from radon progeny.

Doses in lung from beta and gamma radiations
are relatively small in comparing with doses from
alpha particles and there is very smaller health risk
from exposure to this kind of radiation than from
alpha particles. Results in this paper show that doses
in organs are small but should not be neglected, par-
ticularly in cases of long-term exposure in dwellings
with higher concentration of radon gas.

In order to validate the results of this work, com-
parison has been done with ICRP 66 publication. In
ICRP 66, absorbed fractions of gamma radiation
emitted from 2'Pb and 2'*Bi located in lungs as a
source for several main organs of the human body
were given. Absorbed fractions were given for mono-
energetic quanta with several different starting ener-
gies. These values are interpolated and used to
recalculate mean absorbed dose by simulating
energy gamma spectrum of 2'*Pb and *'*Bi. Table 5
shows that there is very good agreement in results of
this work and ICRP 66 publication. This agreement
is confirmation of validity of our approach.

It is worth noting that radon solubility throughout
the body contributes to the beta and gamma ray
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Table 5. Comparison of mean absorbed doses calculated in this work using MCNP and ones obtained from ICRP 66
publication for adult male phantom (in MeV g~ ').

214Pb 244Bi
MCNP ICRP 66 MCNP ICRP 66
Liver 2.15%x10°°¢ 217 x 10°¢ 7.84 x 10°° 8.43 x 10°°
Bone surface 9.10 x 1077 131 x 107° 275 x 107¢ 3.98 x 10°¢
Skin 537 %1077 4.89 x 107 228 x10°°¢ 234%x10°°¢
Thyroid 391 x 1077 9.79 x 1077 1.71 x 107° 425%x10°°

doses as well as from decay products in the lungs.
Also, contribution from exposure to radon progeny
present in the room and closed space can contribute
to total dose, which will be the subject of further
investigation.
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This work consists of two parts. In the first part, the doses in the human lung per unit exposure to thoron progeny, the dose con-
version factor (DCF), was calculated. Dependence of the DCF on various environmental and subject-related parameters was
investigated. The model used in these calculations was based on ICRP 66 recommendations. In the second part, the human
lungs were considered as the source of beta and gamma radiation which target the other organs of the human body. The DCF to
other organs was obtained as 20 pSv WLM ™, which is larger than the DCF for radon progeny, which was 13 pSy WLM ',
This is a consequence of the longer half-life of the relevant thoron progeny than that of the radon progeny. It is interesting to
note that after the lungs, where the radiation source is actually located, muscle tissue receives the largest dose.

INTRODUCTION

Thoron, **°Rn, is a radon isotope which decays by
emission of an alpha particle with energy of 6.29
MeV, with a half-life of 55 s. Like radon, thoron due
to its chemical inertness can migrate from soil into
the atmosphere. In dwellings and closed spaces with
poor ventilation accumulation of thoron and its
progenél is possible, depending on the strength of the
source". The decay products consist of a variety of
nuclides and each of them may be attached to aero-
sols of varying sizes. The unattached fraction typi-
cally comprises only around 2 % of the total activity.

Many dosimetric studies were carried out in order
to determine the level of human exposure from
inhaled radon, thoron and their progenies. These
studies considered doses from short-lived progeny
which emit alpha particles. However, other types of
radiation, beta and gamma, are also present and
contribute to the total dose, not only to the lung.
22pb and *"Bi are short-lived thoron progeny,
which decay by emitting beta particles accompanied
by gamma radiation. The contribution of beta and
gamma radiation from nuclides deposited in the
lungs is not only to the lungs but to all other organs
of the human body.

METHODOLOGY

In order to determine the dose per unit exposure,
which is usually called the dose conversion factor
(DCF), it is necessary to transform the dose per par-
ticle of radiation into the dose per unit exposure. To
do that, the equilibrium activities of nuclides in the
lungs per unit exposure are required. These data were
obtained using the program LUNGDOSE, which was

developed earlier for >*?Rn and described in a previous
publication®, and hence that a detailed description
will not be given here. In this program, the concepts
introduced in ICRP 66 publication® were adopted.
Since the decay schemes and alpha energies are differ-
ent in the >*Rn and >*°Rn series, the program
LUNGDOSE was modified to take into account these
differences. Modifications in the LUNGDOSE
program performed in order to calculate the DCF for
thoron progeny have already been described®.

The input parameters for the program
LUNGDOSE have been changed within reasonable
ranges with different steps in different cases, whereas
the other parameters have been kept at their best
estimates, as is shown in Table 1(a). DCFs were cal-
culated for each of these sampled combinations and
results are presented below.

In the second part of the work, all parameters
were taken on their best estimates, which correspond
to the adult Caucasian male, as given in Table 1(a).
On the basis of these parameters, equilibrium activi-
ties of thoron progeny were calculated in regions of
the respiratory tract and are presented in Table 2.
Activities are calculated per unit exposure (WL),
which corresponds to 275 Bq m > for thoron in a
secular equilibrium with progenies.

For 2!2Pb, the total activity in all regions (BB, bb
and AI) is 7.05 Bq WL ! and for 2'’Bi is 9.36 Bq
WL !, These activities are qzuite small in compari-
son with the radon progeny *'*Pb and 2'“Bi, which
are 406.8 and 578.4 Bq WL™', respectively (also
obtained with the LUNGDOSE program®).

Using data for activities, 4,, yields, Y}, of radi-
ation and the mean absorbed dose per particle of
radiation, D’ ., obtained from simulation, absorbed
doses, ”T_R; per WLM for different types of
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DOSES IN HUMAN ORGANS DUE TO ALPHA, BETA AND GAMMA
Table 1. (a) Input parameters for the model of human reszll)iratory tract, their best estimates and ranges® and DCF-L. (b) The total

gamma and beta equivalent dose from

2Pb and *'?Bi per WLM for different organs, DCF-O.

Parameter Best Parameter DCF-L DCF-O nSv Male Female
estimate  value range range WLM !

() (b)
Unattached aerosol size (AMTD) 0.9 nm 0.5-3.5nm  526-591  Lung 1.68x10°  1.65x10°
Nucleation aerosol size (AMAD) 50 nm 10-100 nm 9.32-4.72 Skin 5.1 4.0
Accumulation aerosol size (AMAD) 250 nm 100-400 8.55-4.74 Liver 33 50

nm
Coarse aerosol size (AMAD) 1.5 pm 1.0-4.0 pm 5.42-5.51 Stomach 1.7 2.3
Transfer to blood 600 min 100-1000 1.17-5.56 Bladder 0.03 0.05

min
Unattached shape factor 1 1-1.9 5.46-5.46 Testes/ovaries 0.011 0.1
Nucleation shape factor 1.1 1-1.9 5.46-5.46 Oesophagus 2.7 34
Accumulation shape factor 1.1 1-1.9 5.46-5.43 Colon 0.3 0.36
Coarse shape factor 1.1 1-1.9 5.46-5.43 Thyroid 0.2 0.52
Unattached hygroscopic growth factor 1 1-2 5.46-5.43 Bone surface 8.4 6.1
Nucleation hygroscopic growth factor 1.5 1-3 5.58-5.77 Bone marrow 15 8.8
Accumulation hygroscopic growth factor 1.1 1-1.9 5.56-5.51 Brain 0.38 0.48
Coarse hygroscopic growth factor 1.5 1-4 5.41-5.44 Breasts 5.1
Ventilation A, 055h'  02-2h"! 4.17-5.10  Remainder 3.90x10°  3.97x10°
Aerosol attachment A, S50h7! 5-500 ™! 5.99-4.28
Unattached plateout A% 20h~! 5-110h~" 4.47-4.47
Attached plateout A 02h7" 0‘015—1.1 4.47-4.47

h-
Unattached fraction 0.02 0.0019— 4.28-6.00

0.1565

Table 2. Equilibrium activities of thoron progeny in (Bq
WL") in various regions of HRT.

212py, 2125
BB 3.15 4.36
Bb 2.61 3.47
Al 1.29 1.53

radiation R (B or y) and nuclide n (*'*Pb or ?'?Bi) in
the main organs of the human body and the remain-
der tissue 7 were obtained:

Drr=Drg An Yp- (1)

Further, the equivalent dose H7 in some organ T
was obtained as

HT = Z Z WRD’;"J@ (2)

n R=Byy

where wpg is the radiation weighting factor whose
values for B~ and <y radiation are equal to
1. Summation per nuclide » was done to include
contributions from both 2!2Pb and >!%Bi.

After obtaining the equivalent dose for the organs
and remainder tissue for both males and females,
the effective dose was calculated as

Hrm+ Hrg
E = Woreasts Horeasts + Z wr mf» (3)
T

with Hry, as the equivalent dose for the male and
Hryy for the female phantom; wr are tissue weight-
ing factors taken from the new ICRP 103
recommendations®.

In order to determine doses in organs of the human
body due to sources of radiation placed in the lungs, a
mathematical model of the human body known as the
Oak Ridge National Laboratory (ORNL) phantom®
was used together with Monte Carlo Neutron Particle
(MCNP transport) software'”, which enables simu-
lation of radiation transport and interaction with
matter in arbitrary geometries.

RESULTS AND DISCUSSION
DCEF as a function of input parameters

The DCF-L (L is for lung) for thoron progeny
depends on the blood transfer rate. This dependence
is shown in Figure 1. As expected, the DCF
increases with the half-life of transfer to blood from
1 to about 6 mSv WLM !, Slower transport from
lung to blood means a longer retention time in the
lungs, which causes a larger lung dose.

The unattached aerosol size, expressed as AMTD,
was varied from 0 to 3.5 nm. As shown in Figure 2,
the DCF increases slightly from 5.3 up to 5.9 mSv
WLM .

Similar calculations were performed by varying
the size of nucleation mode (from 20 to 100 nm)
Figure 3, accumulation mode (from 100 up to 400

429

$TOZ ‘v Afenige- Uo 21n0xe N 1ezoRAs ARidl AsleAlun e /61o0'seuinolpiosxo pdly/:dny woy papeoumoq


http://rpd.oxfordjournals.org/
http://rpd.oxfordjournals.org/

D. NIKEZIC ET AL.

DCF (mSv WLM™)
(]
-

0 200 400 600 800 1000
Half-life for the transport to blood (min)

Figure 1. Dependence of DCF-L half-life of on transfer to
blood.
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Figure 2. Dependence of DCF-L on unattached aerosol size.

nm) Figure 4 and coarse mode (from 1000 nm up to
4000 nm), Figure 5.

Dependence of DCF to the shape factor was also
calculated and presented in Figure 6, where can be
seen that DCF is almost independent on the shape
factor of nucleation and unattached modes, while it
slowly decreases with the shape factor of coarse and
accumulation modes.

Dependence of the DCF on the hygroscopic
growth factor is shown in Figure 7. The DCF varys
with the hygroscopic factor, but the dependence is
different for various modes. Dependence is most
pronounced for the nucleation mode, where it
increases from 5.4 up to almost 5.8 mSv WLM ™.

Finally in Figure 8 dependence of the DCF on the
unattached fraction is presented. Linear dependence
is found, and the equation of fit line is presented in
the legend of the figure.

If all parameters were kept at their best estimates,
a DCF of ~4.5 mSv WLM ! would be obtained.

Doses in other organs due to the beta and gamma
radiation emitted by thoron progeny in the lung

Doses in all the main organs and remainder tissue
of the human body from beta and gamma progeny
are calculated as described above and shown in
Table 1(b). It can be seen from Table 1(b) that the
absorbed dose is the largest in the lung, which is

DCF (mSv WLM™)

0 20 40 &0 80 100 120
Nucleation mode size AMAD (nm)

Figure 3. Dependence of DCF-L on nucleation mode size.
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Figure 4. Dependence of DCF-L on accumulation mode size.
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Figure 5. Dependence of DCF-L on coarse mode size.

expected, since the source is in the lung itself. It is
interesting to note that the dose in the remainder
tissue is larger than doses in all main organs.
According to ICRP 103 Publication®, the tissue
weighting factor for the remainder tissues (0.12)
applies to the arithmetic mean dose of the 13
organs and tissues for each sex. These organs are:
adrenals, extra thoracic region, gall bladder, heart,
kidneys, lymphatic nodes, muscle, oral mucosa,
pancreas, prostate (for male), small intestine,
spleen, thymus and uterus/cervix (for female).
After detailed investigation of doses in these
organs, it is concluded that the largest contribution
to dose the in the remainder tissue is to muscle.
The absorbed dose from beta particles in muscle is
3.49, 401, 31.58 and 35.69 (WGy WLM™) for
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212pp, male, 212ph female, 2'’Bi male and 2'’Bi
female, respectively. Muscles were regarded as the
soft tissue of the body minus the skeletal system
and all the organs identified in the phantom. The
large dose in this tissue can be explained by the
fact that muscle tissue surrounds lungs and is
directly exposed to radiation.

The effective dose, calculated using Equation (3),
is 20.45 wSv WLM .

CONCLUSION

The DCF value for best estimates agrees with the
results from the literature. Parameter variation in
this work induces DCF variation from 1 to 6 mSv
WLM ™!, Table 1(a).
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Table 1(b) summarises doses in all main organs
and the remainder of tissue due to the radiation
source being located in the lungs DCF-O (O is for
organs). The effective dose was found to be 20.45
wSv WLM ™', This value is quite large when com-
pared with the effective dose from beta and gamma
emitting radon progeny 2'“Pb and 2'“Bi which is
13.4 pSv WLM '®_ At a first glance this could
look strange, since activities of radon progenies are
quite larger than those from thoron. For beta-emit-
ting radon progeny, the total activity in the lung is
958.2 Bq WL !, whereas for thoron it is 16.41 Bq
WL~!. This discrepancy can be overcome when
regarding spectrums of radon and thoron progeny®.
The thoron progenies 2'?Pb and 2'?Bi emit beta and
gamma particles with higher energy than radon
progeny and deliver higher doses, which when calcu-
lated per unit exposure result in a greater DCE
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Abstract Great deal of work has been devoted to deter-
mine doses from alpha particles emitted by **Rn and
220Rn progeny. In contrast, contribution of beta particles to
total dose has been neglected by most of the authors. The
present work describes a study of the detriment of **’Rn
and **°Rn progeny to the human lung due to beta particles.
The dose conversion factor (DCF) was introduced to relate
effective dose and exposure to radon progenys; it is defined
as effective dose per unit exposure to inhaled radon or
thoron progeny. Doses and DCFs were determined for beta
radiation in sensitive layers of bronchi (BB) and bronchi-
oles (bb), taking into account inhaled 22Rn and *Rn
progeny deposited in mucus and cilia layer. The nuclei
columnar secretory and short basal cells were considered to
be sensitive target layers. For dose calculation, electron-
absorbed fractions (AFs) in the sensitive layers of the BB
and bb regions were used. Activities in the fast and slow
mucus of the BB and bb regions were obtained using the
LUNGDOSE software developed earlier. Calculated DCFs
due to beta radiation were 0.21 mSv/WLM for **’Rn and
0.06 mSv/WLM for *?°Rn progeny. In addition, the influ-
ence of Jacobi room parameters on DCFs was investigated,
and it was shown that DCFs vary with these parameters by
up to 50%.

Introduction

The most significant contribution to natural radiation
exposure of the human population (over 50%) comes from

V. M. Markovic - N. Stevanovic - D. Nikezic ()
Department of Physics, Faculty of Science, University of
Kragujevac, R. Domanovic 12, 34000 Kragujevac, Serbia
e-mail: nikezic@kg.ac.rs

radon (**’Rn) and its short-lived progeny (NCRP Report 93
1987; ICRP32 1981; Darby et al. 1998). Outdoor activity
concentration of radon usually does not exceed 10 Bg/m?,
(UNSCEAR 2006; Yu et al. 2006). In dwellings and closed
spaces with poor ventilation, however, radon is accumu-
lated (Zhuo et al. 2001), and if there is a major source of
radon, indoor radon concentration could reach high levels.
It is noted that concentrations of few hundreds of Bq/m’
and more represent a significant radiation hazard (Hendry
et al. 2009).

Radon concentration in dwellings depends mostly on the
radon sources present, which may be a layer of soil beneath
the building or the materials used in constructing the
building. One of the ways by which radon enters a building
is through water and gas used in the household. In general,
soil is the largest source of radon (Eisenbud and Gesell
1997), from which radon enters—through any cracks in the
construction material—the building by diffusion and con-
vection (Fleischer 1997). Another factor that influences
radon concentration is the intensity of ventilation in
dwellings which governs the air exchange per unit of time
in a room. When radon enters a dwelling, it is usually
uniformly distributed in the air (Urosevic et al. 2008).
Behavior of radon and its progeny in dwellings is described
by parametric differential equations (Jacobi 1972). The
model takes into account radioactive decay, removal by
ventilation, attachment, detachment by recoil, and deposi-
tion. Parameters that describe these processes are decay
constants /;, ventilation rate /,, attachment rate A, and
deposition rates of unattached and attached progeny A; and
4, respectively (all given in s~ or h™1).

Besides radon, thoron (220Rn) is present in the environ-
ment. Thoron is a radon isotope, which is member of the
thorium (***Th) radioactive decay series. It decays by the
emission of an alpha particle with energy of 6.29 MeV, with
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a half-life of 55 s. Average concentration of ***Th in soil is
estimated to be about 25 Bq/kg (UNSCEAR Report 2000).
Mediate progeny of ***Th is radium (***Ra). After decay of
224Ra, #*°Rn is formed. A typical value for the **°Rn con-
centration in pore air of deep soil is about 20 k Bq/m* (for a
soil with 25 Bg/kg ***Th, a porosity of 50%, a density of
1.5 g/cm3 , and an emanation coefficient of 0.3; Ramachan-
dran and Sahoo 2009). Like radon, thoron migrates—
because it is chemically inert—from soil into the atmo-
sphere. In dwellings and closed spaces with poor ventilation,
accumulation of thoron and its progeny is possible,
depending on the activity of the source (Steinhausler 1996).
Thoron progeny concentration in dwellings depends on
various factors. Most significant are the activity of the thoron
source, the emanation rate of thoron from soil and building
materials that contain 232Th, and ambient atmospheric
characteristics. Due to the relatively short half-life of 55 s,
thoron is not uniformly distributed in the room (Urosevic
etal. 2008; Yamasaki et al. 1995). Its concentration is highest
in the vicinity of the source (floor, walls, or other sources)
and decreases rapidly with increasing distance. Existence of
this concentration gradient makes thoron measurements
difficult (Porstendorfer 1991).

Unlike radon and thoron, which are noble gases and
chemically inactive, their progeny are usually positively
charged after their formation, and they are highly reactive
with other molecules. This enables them to attach to air-
borne aerosols and wall surfaces. The decay products of
radon and thoron consist of a variety of nuclides, each of
those may be attached to aerosols of varying sizes. Thus,
the airborne activity can be taken to consist of a very small
“unattached” fraction and a larger “attached” fraction.
Hazards from radon, thoron, and their progeny can be due
to both external and internal sources. External sources
include radon and thoron progeny distributed in air and
surrounding building material that decay through beta
decay. High energy allows the beta particles and sub-
sequent gamma radiation to travel large distances from the
walls through the room atmosphere and in that way con-
tributes to total exposure to humans. In contrast, the short
range of the alpha particles produced during radon and
thoron decay results in very low external hazards from this
type of radiation. The main way of exposure to alpha
radiation is from internal sources. Nuclides can be incor-
porated by humans through inhalation and ingestion. Alpha
particles from nuclides deposited in the human body irra-
diate surrounding tissue. They lose their energy locally in a
small volume around the particle track. Internal exposure is
also possible from beta-emitting nuclides. Beta and gamma
radiation from short-lived radon and thoron progeny can
pass the human body and contribute to the exposure of all
organs of the human body (Markovic et al. 2009; Nikezic
et al. 2010).

@ Springer

Main contribution to total dose is from alpha particles
emitted by short-lived radon (218P0 and 214Po) and thoron
(*'°Po and 2'*Po) progeny. After inhalation, the short-lived
progeny may be deposited on inner layers of the airways of
the human respiratory tract (HRT) (ICRP66 1994). The
human respiratory tract model (HRTM) described in ICRP
(1994) is a simplified model of the human lungs to allow
for dosimetric calculations. According to ICRP (1994),
there are six HRT tissues that are potentially at risk from
inhaled radioactive materials. Among them are the ciliated
epithelium of the bronchi and the bronchioles.

The bronchial region (BB) is part of the air-conducting
system within the thorax (ICRP 1994). The purpose of this
part is to conduct air and adjust the humidity and temper-
ature of inhaled air, and it is the site of deposition of
inhaled particles by impaction, sedimentation, and/or dif-
fusion. The bronchi branch dichotomously in the human
lung for nine generations. Dimensions and geometry of the
airway branches gradually change with depth in the lung. A
simplified model of a section through the wall of a typical
bronchus is shown in Fig. 1. A detailed description can be
found in ICRP (1994). Its average inner diameter is
5 x 10° um. The nuclei of both columnar secretory and
short basal cells are considered to be sensitive targets.

The bronchiolar region (bb) is the second part of the air-
conducting system (ICRP 1994). It consists of the bron-
chioles comprising generations 9-15. These airways
conduct air into and out of the respiratory region. Inhaled
particles are deposited mainly by sedimentation or diffu-
sion, depending on their size. A simplified model of a
section through the wall of a typical bronchiole is shown in
Fig. 2 (ICRP 1994). Its average inner diameter is 10° pm.
The sensitive target in this region consists of nuclei of
secretory cells.

The inner layers of the airway in the BB and bb regions
represent the site for the deposition of inhaled particles,
including radon, thoron, and their progeny. Those layers
are the mucus (gel) and cilia layer (Figs. 1, 2). At these
places, radon and thoron progeny decay, emitting alpha and
beta particles, as well as gamma radiation, so these two
layers are considered to be sources of radiation. Emitted
particles can hit sensitive layers and deposit part of their
energy there. In this way, sensitive layers are being dam-
aged and are becoming potential places for developing
cancer cells. Due to the short range of alpha particles, most
of their energy is deposited in the vicinity of the source
layers. A great deal of papers was devoted to the problem
of dose calculation in sensitive targets of the BB and bb
regions.

Besides alpha radiation, beta and following gamma
radiations are produced during the decay of radon and
thoron progeny. 2"*Pb/*'*Bi and *'?Pb/*'’Bi are radon/
thoron short-lived progeny, which decay with the
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subsequent emission of beta particles followed by intensive
gamma radiation. The beta particles produced show con-
tinuous energy spectra with energies up to about 3.3 MeV

Alveolar Interstitium

A,

7

and are much more penetrating than alpha particles. Due to
the long range of beta particles and subsequent gamma

radiation, not only the sensitive target layers

of HRT but
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also the whole lungs and all other organs of the human
body are exposed. Gamma and beta doses to all organs
including both lungs due to radon and thoron progeny were
calculated recently (Markovic et al. 2009; Nikezic et al.
2010). The objective of the present paper was to calculate
doses to the sensitive targets of the bronchial and bron-
chiolar regions, in order to determine the dose contribution
of beta particles. These targets are layers that contain
nuclei of secretory and basal cells (see Figs. 1, 2) that are
assumed to be radiosensitive and potential places for can-
cer development. Due to the much smaller relative bio-
logical effectiveness of beta particles compared with alpha
particles, contribution of beta particles to total lung dose
has been neglected. To the best of our knowledge, there are
no papers devoted to this problem. Absorbed fractions of
electrons in sensitive layers were calculated by Markovic
and coworkers (2008), and these data will be used in the
present work to determine doses and dose conversion
factors (DCFs) for beta emitters in sensitive layers of HRT.
The absorbed fraction (AF) represents the ratio of the
energy absorbed in a volume of interest and the initial
energy of a beta particle, AF = E,./E;, where E,, is the
absorbed energy in a medium of interest and E; is the initial
energy of the beta particle. Furthermore, dependence of the
DCF on environmental parameters described by Jacobi
(1972) will be investigated. The DCF quantity was intro-
duced to relate effective dose and exposure to radon
progeny. It is usually given in traditional units (mSv/
WLM) and is defined as effective dose per unit exposure to
inhaled radon or thoron progeny.

Materials and methods

After inhalation of radon and thoron progeny, a certain
fraction of the inhaled activity is deposited on the inner
layers of bronchi and bronchioles, where it decays or can
be removed by means of some clearing processes (ICRP
1994). In order to determine effective dose in sensitive
target layers (Figs. 1, 2), the energy absorbed per target
mass (the so-called absorbed dose) must be evaluated and
multiplied with any radiation- and tissue-weighting factors.

The absorbed energy, E,, per emitted particle of
radiation is related to AF as follows:

1 N
Eps = — E; - AF(E;). 1
= Y E AR(E) 0

where E; is the initial energy of the ith beta particle and
N is the total number of beta particles.

AF(E;) is the absorbed fraction, which, in this case,
represents the ratio of the energy absorbed in a sensitive
target and the initial energy of beta particle. E,,s values
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were calculated using (1) for four source—target combina-
tions for 214Pb, 214Bi, 212Pb, and 212Bi, where the sources
were located in the fast and slow mucus and targets were
layers that contain nuclei of secretory and basal cells.
Initial energies of beta particles E; were randomly sampled
according to beta spectra of 214Pb, 214Bi, 212Pb, and 2'"’Bi
presented in the study of Markovic et al. (2008). To ensure
the statistical uncertainty in the simulations to be below
1%, N = 10° beta particles were sampled.

Absorbed fractions, AF(E;), were calculated earlier by
Markovic and coworkers. Details of this calculation are
given in Markovic et al. (2008), and here, only a short
description of the method will be given. Bronchi and
bronchioles were modeled according to ICRP66 (1994) as
presented in Figs. 1 and 2. Starting points of electrons were
randomly generated in the source layers (i.e., fast and slow
mucus) in separate simulations, with initial energy E;.
Simulations were performed for initial energies from
10 keV to 10 MeV, with energy steps of 10 keV below
100 keV, 100 keV in the range of 100 keV-1 MeV, and
1 meV in the range of 1-10 MeV. Evolution of particle
tracks was followed with the Monte Carlo particle transport
software PENELOPE (Salvat et al. 2006), from the starting
point all the way until the particles lost all of their energy.
Total energy absorbed by the target was scored. For each
starting energy, 10° histories were tracked for the calcu-
lation of AF, in order to reduce relative error below 1%
(Markovic et al. 2008).

AFs(E;) were obtained by the interpolation of AFs for
particular source—target combinations in the energy range
from 10 keV up to 10 MeV (Markovic et al. 2008). For the
BB region that contains nuclei of both secretory and basal
cells, AFs(E;) were calculated for the following source—
target combinations: (a) source: fast mucus layer, target:
the layer that contains nuclei of secretory cells; (b) source:
slow mucus layer, target: layer that contains nuclei of
secretory cells; (c) source: fast mucus layer, target: layer
that contains nuclei of basal cells; and (d) source: slow
mucus layer, target: layer that contains nuclei of basal
cells.

Because the bronchiolar region does not contain any
nuclei of basal cells, AFs were calculated for cases where
the source is in the fast and slow mucus and the target is the
layer that contains nuclei of secretory cells.

Mean absorbed doses in target layers (layers that contain
nuclei of secretory and basal cells in the BB region and the
layer that contains nuclei of secretory cells in the bb
region) were calculated by summing the absorbed energies
in these layers and dividing the sum by the mass of the
target layer (in MeV/g per particle of radiation).

Doses in target layers of the BB region are the
following:
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where mﬁB is the mass of the jth sensitive target region
(basal or secretory layer) and i denotes the source (fast or
slow mucus).

In contrast, the bb region does not contain any basal
cells and consequently, the mean dose in (MeV/g per
particle of radiation) is as follows:

Zi E(liep

Dyp = ——,

i = fast and slow mucus, (3)
My

where my,, is the mass of the secretory layer.

Total absorbed dose in the BB region from radionuclide
n (n= 214Pb, 214Bi, 212Pb, or 212Bi) was obtained by
adding the weighted doses obtained for the basal and
secretory layers. The corresponding weighting factors were
taken to be 0.5 (ICRP66 1994), and the total dose from
nuclide n in the BB region is given by (4).

Dl = 0.5 DEsan 4 0.5 piesreonn (4)

Furthermore, the bronchial, bronchiolar, and alveolar—
intestinal regions were each assigned a weighting factor
0.333 (ICRP66 1994). Therefore, total absorbed dose in the
tracheobronchial (T-B) region, from nuclide n, is given by
3.

Dn

T—B, per radiation particle

—0.333- D}y +0.333- D}, (5)

To determine DCF, absorbed dose must be
recalculated per unit exposure (mGy/WLM) and not per
particle of radiation. Unit exposure given in working
level month (WLM) corresponds to an exposure time of
170 h in an atmosphere in which radon is present at a
concentration of 3,700 Bg/m® in equilibrium with its
progeny. For thoron, the corresponding concentration in
the atmosphere is 275 Bq/m®. In order to transform dose
per particle to dose per one disintegration, the absorbed
dose from (5) is multiplied with the activity
concentration, A, deposited in the human lungs and
determined for unit exposure conditions (which means
per one WLM) and yield

Dr%fB = A;'l Y- D;l"fB,per radiation particle (6)
where Y is the yield of beta radiation, which refers to the
fraction of emitted electrons per beta decay. For beta
decay, the yield is always equal to unity. A is the activity in
the ith region (BB or bb) of nth radionuclide (*'*Pb, 2'Bi,
22py or 212Bj).

The absorbed dose is then multiplied by a radiation-
weighting factor (w,) of beta particles, which is equal to
one, and summed for all nuclides n to give equivalent dose
(ICRP103 2007) (in the unit of mSv/WLM).

n=""*Pb, " Bi,*"* Pb and *"*Bi

(7)

The effective dose is further obtained by multiplying the
equivalent dose with the appropriate tissue-weighting
factor, which is 0.12 for lung (ICRP103 2007).

E=012-H (8)

H=> wg-Dj g,

Effective dose calculated per unit exposure (in mSv/
WLM) represents the DCF.

The activities of radionuclides deposited in various
regions of the HRT (used in 6) were obtained using the
LUNGDOSE software developed by Nikezic and Yu
(2001). This software is based on the HRT model intro-
duced in ICRP66 (1994) and includes calculation of the
following:

e deposition of monodisperse aerosols in different depo-
sition regions of the HRTM according to the algebraic
model of ICRP Publication 66 (ICRP 1994);

e total deposition of polydisperse aerosols for given
exposure conditions, where summations were carried
out using log-normal distributions of aerosols (see
below for parameters of these distributions); and

e equilibrium activities of radon progeny in different
clearance regions of the HRT and the total number of
emitted particles for given exposure conditions and
exposure time. (Here, a set of differential equations
describing different relevant processes in each clear-
ance compartment has been developed.)

The input parameters for the program LUNGDOSE.F90
are as follows: breathing rate = 0.78 m’/h; tidal vol-
ume = (0.866 1/breath; functional residual capac-
ity = 3,300 ml; equilibrium factor F = 0.366 for radon
and F = 0.050 for thoron; unattached fraction of PAEC
f = 6.2% for radon and f = 10.12% for thoron; density of
unattached particles = 1 g/cm?; density of attached parti-
cles = 1.4 g/cm?; shape factors equal 1 and 1.1 for unat-
tached and attached particles, respectively; median
diameters (with geometrical standard deviations given in
brackets) are 0.9 (1.3) nm, 50 (2) nm, 250 (2) nm, and
1,500 (1.5) nm for unattached, nucleation, accumulation,
and coarse modes, respectively. Fractions for attached
modes are 0.28, 0.7, and 0.02, for nucleation, accumula-
tion, and coarse modes, respectively. For the best estimated
values of Jacobi model parameters, the ratios of radon and
thoron progeny are as follows:

e unattached fraction: Fyigp, = 0.16, Fri4pp, = 0.01,
Foupi = 0.3 x 1072, Faiepo = 0.98, Fapopp = 0.91 x
1073, Foopi = 0.88 x 107>, Faogr = 0.75 x 1073,
and F»opo = 0.58 x 107>;

@ Springer



436

Radiat Environ Biophys (2011) 50:431-440

e nucleation mode: Foigp, = 0.15, Fsi4pp, = 0.050,
F214Bi - 003, F216P0 - 087 X 1073, F212Pb - 070
x 1072, Fa1om; = 0.20 x 1072, Faosm = 0.76 x 1073,
and Fs1opo = 0.13 x 1072

e accumulation mode: F,gp, = 0.39, Fo4p, = 0.30,
Foiupi = 022, Friepo = 0.22 x 1072, Foyopp = 0.39
x 1071, Faopi = 0.19 x 107!, Faogm = 0.42 x 1072,
and Fajopo = 0.13 x 1071,

e coarse mode: Fyi3p, = 0.01, Foiupp = 0.01, Foup; =
0.008, Faiepo = 0.62 x 107%, Fapopp = 0.15 x 1072,
Foiopi = 0.83 x 107>, Faoery = 0.18 x 107 and
Faiopo = 0.55 x 1073,

PAEC is the acronym of potential alpha energy con-
centration. It represents the sum of all potential energies of
all atoms per m> of any combination of radon or thoron
progeny. For radon, PAEC can be expressed as follows:

PAEC = E|Caisp, + E»Coapp + E3Cousp;, (9)

where C; are concentrations of the corresponding radon
progeny and E; are corresponding energies of the emitted
alpha particles.

The SI unit for PAEC is J/m°>. Often, the traditional unit
of working level (WL) is in use: 1 WL = 21 pJ/m>.
Alternatively, 1 WL is the energy of alpha particles of
short-lived radon progeny, which are in secular equilibrium
with 3,700 Bg/m® (100 pCi/l) of radon.

For thoron progeny, PAEC is calculated in a similar
way:

PAEC = E;Coip, + E3Cong;, (10)

where concentrations of 2'°Po and *'?Po are not taken into
account, due to their large decay constant.

In case of thoron progeny, 1 WL is the alpha particles’
energy of progeny which are in secular equilibrium with
275 Bg/m> of thoron.

Initially, LUNGDOSE was designed for radon progeny
calculations (Nikezic and Yu 2001). Since the decay
schemes and alpha energies are different for **’Rn and
229Rn and their progeny, LUNGDOSE was modified to
take into account these differences. The modifications in
LUNGDOSE that were performed to calculate equilibrium
activities for thoron progeny have already been described
in Nikezic and Stevanovic (2007).

Deposition and clearance of inhaled radon and thoron
progeny were calculated as recommended in ICRP (1994).
Equilibrium activities of radon and thoron progeny in all
compartments of the human lungs were obtained as balance
between deposition and all clearance mechanisms. They
were further used to calculate the number of disintegrations
per 1 WL for assumed exposure conditions (for details, see
Nikezic and Yu 2001; Nikezic and Stevanovic 2007). In
Table 1, radon and thoron progeny equilibrium activities
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Table 1 Radon and thoron progeny activities in (Bq/WL) in various
regions of HRT

Radon Thoron

214py 214p; 212py, 2124
BBy 11.85 14.15 3.18 2.95
BBgjow 12.74 15.51 4.50 4.36
BB 24.59 29.66 7.68 7.31
bbpas 42.67 56.35 13.39 12.38
bbgiow 44.84 60.51 21.16 20.71
bb 87.51 116.85 34.55 33.09

are presented for various regions of human respiratory
tract.

In addition, the DCF dependence on environmental
parameters described by Jacobi (1972) was investigated.
The original Jacobi model is based on a one-modal distri-
bution of attached progeny. However, some experimental
data suggest aerosols’ size distribution to be three-modal
(Porstendorfer and Reineking 2000), where the nucleation,
accumulation, and coarse modes were recognized. Depo-
sition rate of attached progeny is varied for each mode,
where ranges of parameter values and best estimate were
taken from the study of Nikezic and Stevanovic (2007) and
are presented in Table 2.

The input parameters required for the Jacobi model (4,,
Aa g, and A7) and used by LUNGDOSE have been
changed one per one in ranges given in Table 2, with dif-
ferent steps in different cases. If one parameter value was
changed, the other three parameters have been kept at their
best estimates, which are given in Table 2. Ventilation rate,
Ay, was changed with a step of 0.2 h~!; attachment rate, Aas
was changed with a step of 20 h™'; deposition rate of
unattached, 1, was changed with a step of 10 h™!; and
deposition rate of attached, A, was changed with a step of
0.05 h™' for all three modes. DCFs were calculated for
each of these sampled combinations, and the resulting
possible DCF ranges for various values of the Jacobi model
parameters are presented below.

Results and discussion

Absorbed dose and DCF from beta emitters in radon
and thoron chains

Doses in sensitive HRT layers due to beta particles from
radon and thoron progeny were calculated as described
above, and the results are given in Table 3.

Summing up the contribution of all radionuclides to total
absorbed dose D,_,, the effective dose per unit exposure
(DCF) in the T-B region was obtained (Table 4).
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Table 2 Jacobi room model parameter ranges and best estimates
(Nikezic and Stevanovic 2007)

Parameter Best estimate (h™') Parameter range )
Ay 0.55 0.2-2

Aa 50 5-500

2 20 5-110

24 nucleation mode 1.2 0.05-1.2

24 accumulation mode 0.2 0.05-1.2

A4 coarse mode 0.2 0.05-1.2

Table 3 Absorbed doses from beta particles (0.1 MeV/g per particle
of radiation) in sensitive HRT regions due to short-lived radon and
thoron progeny

2I4Pb 2]4Bi 212Pb 2]2Bi
DB Seoret 2.03 1.93 1.68 1.87
DiB Basal 1.64 1.68 1.18 1.63
Deg 1.83 1.80 1.43 1.75
Duy 0.161 0.293 0.177 0.304
Dy 0.664 0.698 0.535 0.683

Table 4 Total absorbed dose from beta particles (mGy/WLM) and
DCF (mSv/WLM)

222Rn progeny 220Rn progeny

Dy 1.73 0.49
DCF 0.21 0.06

According to these results, the DCFs calculated in sen-
sitive layers are 0.21 mSv/WLM for radon and 0.06 mSv/
WLM for thoron beta-active progeny, with relative
uncertainty below 1%. In contrast, for alpha particles from
radon/thoron progeny, the DCF is between 13 and 15 mSv/
WLM, and 4.5 mSv/WLM (Nikezic and Stevanovic 2007),
respectively. When comparing absorbed doses for alpha
and beta radiation, the difference in the values is not so
large. While the total absorbed dose per WLM (D7._p) for
alpha particles is 4.12/1.88 mGy/WLM (Nikezic et al.
2006) for radon/thoron progeny, those for beta particles are
1.73 and 0.49 mGy/WLM for radon and thoron progeny
(Table 4), respectively, which corresponds to about 40% of
alpha dose for radon and about 25% for thoron. This is due
to the small relative biological effectiveness of electrons,
which is 20 times smaller than that of alpha particles.

Dependence of DCF on some environmental
parameters

In addition, the DCF dependence on environmental
parameters was also investigated for both radon and thoron
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Fig. 3 Dependence of *?Rn and **°Rn DCFs from beta particles on
ventilation rate A,

progeny. For example, variation of DCF as a function of
ventilation rate 4, is presented in Fig. 3. One can see that
DCEF slightly increases with ventilation rate. With increas-
ing 4,, radon and thoron progeny concentrations decrease.
Hence, effective dose and PAEC are decreasing with
increasing A,. Computations show that the decrease in
PAEC is greater than the decrease in effective dose, so DCF
increases with A,. DCF values vary between 0.2013 and
0.2245 mSv/WLM for radon progeny and between 0.0546
and 0.0676 mSv/WLM for thoron progeny.

The DCF dependence for radon/thoron progeny on the
attachment rate 4, is pronounced only for small values of
/g until it reaches the best estimated value (Fig. 4). The
maximum DCF values are 0.2932 and 0.0719 mSv/WLM
for radon and thoron progeny, respectively.

Deposition rate is different for the attached and unat-
tached mode. The DCF dependence on deposition rate
(unattached mode) is shown in Fig. 5: The DCF is almost
independent on deposition rate of the unattached mode and
varies only between 0.201 and 0.223 mSv/WLM for radon
progeny. For thoron progeny, DCFs slightly decrease with
increasing deposition rate of the unattached mode, from
0.0546 to 0.0676 mSv/WLM.

The DCF dependences on deposition rate of attached
progeny for the nucleation, accumulation, and coarse
modes are similar for radon and thoron progeny. If depo-
sition rate is varied from 0.05 up to 1.2 h~!, the DCF for
radon progeny shows a range of 0.20-0.23 mSv/WLM
(Fig. 6), i.e., it changes by up to 15%. A similar behavior
of the DCF curves was found for thoron (Fig. 7). The
values of the DCF for thoron are smaller than for radon,
and their variation is almost 50% for the examined depo-
sition rates.

The influence of the environmentally related parameters
described by Jacobi and presented in Figs. 3, 4, 5, 6, and 7
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rate of attached progeny Ay

is quite significant and can result in variation of DCF
values of up to 50%. DCF dependence on the Jacobi
parameters cannot be directly shown. DCF was defined as
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Fig. 7 Dependence of *>°Rn DCF from beta particles on deposition
rate of attached progeny 4§

the effective dose per unit exposure. Exposure is related to
PAEC and time spent in an environment with a given
PAEC. To understand how the Jacobi parameters affect
DCEF, it is crucial to understand its influence on effective
dose and PAEC. The relation between these two quantities
defines the behavior of DCF.

With an increase in these parameters, PAEC from radon
and thoron progeny decreases, except for the attachment
rate. When ventilation rate increases, indoor airflow is
stronger and progeny remove faster from the room, which
reduces their room concentrations. When deposition rates
increase, unattached and attached progeny deposit faster on
the room wall and their air concentrations are reduced. The
deposition rate of the attached fraction is smaller than that of
the unattached fraction, and their progeny stay in the room
for a longer time and have a better contribution to the PAEC.
An increase in the attachment rate increases the PAEC of
radon and thoron progeny. This effect is very pronounced
for lower attachment rates where DCF suddenly decreases
(Fig. 4).

For the nucleation mode, variation of the deposition rate
is affecting the effective dose by decreasing it. Changing
the rate of effective dose is more pronounced than for
PAEC which causes decreases in DCF (Figs. 6, 7). For the
accumulation mode, PAEC decreases more rapidly, which
results in an increase in DCF for radon and thoron progeny
(Figs. 6, 7). Varying the deposition rate of attached prog-
eny for the coarse mode has little effect on DCF because
the coarse mode comprises only two percent of all attached
modes.

For best estimates of the parameters of the Jacobi model
(Table 2), the unattached fraction has a small contribution
to DCF and variation of the deposition rate of this fraction
has a small influence on the DCF value. For radon progeny
with an increase in deposition rate, PAEC decreases more
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Table 5 Jacobi room model

parameter range and Parameter Parametﬁir1 DCF #?Rn DCF #*Rn (10_2)
corresponding DCF range for range (h )
radon and thoron progeny (mSv/ A 0.2-2 0.201-0.223 (5.46-6.76)
WLM) A 5-500 0.293-0.193 (7.19-5.78)

A 5-110 0.211-0.197 (5.93-5.94)

/g nucleation mode 0.05-1.2 0.227-0.208 (7.68-5.93)

/4 accumulation mode 0.05-1.2 0.204-0.231 (5.67-7.29)

24 coarse mode 0.05-1.2 0.208-0.208 (5.93-5.93)
slowly than effective dose and DCF slowly decreases  References

(Fig. 5). For thoron progeny, this ratio is almost constant.

Table 5 summarizes the values and ranges from Figs. 3,
4,5, 6, and 7 and gives parameter range values. For radon
progeny, the DCF minimal value is 0.1933 mSv/WLM and
the DCF reaches a maximum at 0.2932 mSv/WLM, while
the corresponding range for thoron progeny is from 0.0546
to 0.0768 mSv/WLM.

Conclusion

Contribution of beta particles from short-lived radon and
thoron progeny to DCF has not been determined so far, and
it has been intuitively neglected. Here, doses in sensitive
layers of the human lungs were calculated and, though
smaller in comparison with the corresponding doses due to
alpha radiation, doses from beta radiation should not be
neglected. The results presented here allow risks of expo-
sure to be quantified and compared. The DCF value for
beta-active radon progeny is 0.21 mSv/WLM; thus, it is
about 2% of that for alpha-active progeny. For thoron, DCF
from beta-active progeny (0.06 mSv/WLM) is about 1.5%
of that for alpha-active progeny (4.5 mSv/WLM). For high
exposure rates, this value can present a significant radiation
hazard.

Variation of Jacobi room parameters showed that
knowledge of **’Rn/**’Rn concentration is not enough to
estimate DCF. The Jacobi parameters affect the DCF value
by about 30-35%, for examined parameter ranges. Other
parameters that may also influence the DCF were not
considered in the present work. In other words, to estimate
DCEF values, besides radon/thoron concentrations, it is also
necessary to know room conditions characterized by Jacobi
parameters. The DCFs from beta emitters are few percents
when compared with those of alpha emitters, but it might
not be neglected and further investigation is needed into
influence of beta particles on sensitive layers in human
lung.
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Abstract Great deal of work has been devoted to deter-
mine doses from alpha particles emitted by **’Rn and its
progeny. In contrast, contribution of beta particles and
following gamma radiation to total dose has mostly been
neglected so far. The present work describes a study of the
detriment of **’Rn progeny for humans due to external
exposure. Doses and dose conversion factors (DCFs) were
determined for beta and gamma radiation in main organs
and remainder tissue of the Oak Ridge National Laboratory
phantom, taking into account **’Rn progeny >'“Pb and
21%Bj distributed in the middle of a standard or typical
room with dimensions 4 m x 5 m x 2.8 m. The DCF was
found to be 7.37 pSv/WLM. Skin and muscle tissue from
remainder tissue receives largest dose. Beta and gamma
radiation doses from external exposure were compared
with alpha, beta, and gamma doses from internal exposure
where the source of radioactivity was the lungs. Total doses
received in all main organs and remainder tissues were
obtained by summing up the doses from external and
internal exposure and the corresponding DCF was found to
be 20.67 pSv/WLM.
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Introduction

Inhalation of the short-lived radon decay products (*'*Po,
214Pb, 214Bi/214P0) in homes, in the outdoor atmosphere, and
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at work places contribute the largest fraction to the natural
radiation exposure of man (NCRP 1987; ICRP 1981).
Radon or rather its decay products are known to repre-
sent a risk of lung cancer when inhaled. Additional
potential hazards to tissues other than lungs are also rec-
ognized. Dose calculations suggest that the ingestion of
water that contains high levels of radon can lead to a sig-
nificant risk of stomach cancer (NRC 1999). There is also
indication that deposition of radon decay products may,
under certain circumstances, lead to significant doses to
sensitive cells in the skin, again with cancer as a possible
consequence (NRPB 1997). A review of risks from radon
and its decay products, albeit with emphasis on the lung,
has been given elsewhere (NRPB 2000; UNSCEAR 2006).
Besides alpha radiation from 213pg and 214Po, beta and
following gamma radiation are produced during the decay
of radon progeny. More specifically, 2"*Pb and 2'Bi are
short-lived radon progeny, which decay with subsequent
emission of beta particles followed by intensive gamma
radiation. The beta particles produced show continuous
energy spectra with energies up to about 3.3 MeV, and they
are much more penetrating than alpha particles. Due to the
long range of beta particles and the subsequent gamma
radiation, not only the sensitive target layers of the human
respiratory tract (HRT) but also the whole lungs and all
other organs of the human body are exposed when radon
was inhaled. Gamma and beta doses to all organs including
lungs due to inhaled radon and thoron progeny were cal-
culated recently (Markovic et al. 2009; Nikezic et al. 2010).
In addition to inhaled radionuclides, those distributed in
indoor atmospheres can also contribute to total dose. This
contribution could be significant since the potential alpha
energy concentration (PAEC) in indoor air is larger than in
the lungs. In other words, a greater number of beta and
gamma particles decay in the air and thus could deliver a
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larger dose to the organs of the human body when com-
pared to the dose delivered from beta and gamma particles
produced in the lungs. For this reason, calculation of doses
and determination of dose conversion factors (DCFs),
which relate dose with exposure, from radon progeny
present in the atmosphere of dwellings was performed in
this paper.

Materials and methods

Behavior of radon and its progeny in dwellings is described
by parametric differential equations (Jacobi 1972). The
room model used takes into account radioactive decay,
removal by ventilation, attachment, and deposition.
Parameters that describe these processes are decay con-
stants /;, ventilation rate A, attachment rate A, and
deposition rates of unattached and attached progenyAay,/;,
respectively, (given in s, or traditionally in h™") (Egs. 1
and 2):

ON'

T NN 4 pici N — (M + A + Ay + MNE (1)
aNla u a a a

61‘ = 7\,aNi =+ (1 _pi—l)kiN,;[ - ()\Il + 7\.‘, + xd)Ni (2)

where the superscripts # and a stand for airborne-unat-
tached and aerosol-attached **’Rn progeny within a refer-
ence room, p; | is the associated recoil factor or the
desorption probability of the i-th daughter due to the decay
of its attached precursor i — 1 (p;,_; = 0.8 in the case of
alpha-emissions and p;, ; = 0 for f-emissions), and N;
describes the progeny concentrations. Note that for the
noble gas 22Rn (i=0), No=N§ and N§ = Ng =0, and
that for each **Rn progeny i, its airborne concentration is
then N; = N 4 N}

To characterize any real situation of indoor air, it must
be taken into account that the rate constants in Egs. 1 and
2—in contrast to the radioactive decay constants which are
physical constants and as such do not depend on circum-
stances—are highly dependent upon enclosure geometry,
aerosol concentration, air movement, ambient conditions as
well as inhabitant activities.

Experimental determination of the Jacobi room param-
eters is very difficult because they depend on time and
many environmental factors. For example, several authors
described techniques for measuring deposition and venti-
lation rate (Mishra et al. 2009; Posner et al. 2003). They
recommend deposition rate in dwellings to be measured for
a period of 90 days. Ventilation rate was only measured in
sub-scaled models of dwellings and had to be extrapolated
to real dwellings. These are just examples that demonstrate
that room parameters are not easy to be determined.

@ Springer

Instead, it is more convenient to use estimated values
which were averaged over a number of measurements
performed in many studies. Table 1 summarizes the typical
range of values of indoor ventilation, aerosol-attachment,
and surface deposition (aerosol-attached and airborne-
unattached) rates (Amagarou et al. 2003).

The steady-state solutions of Eqs. 1 and 2—neglecting
the outdoor airborne-unattached and aerosol-attached con-
centrations since they are much smaller than those
indoors—that describe the partitioning of **’Rn progeny
concentrations within a reference room are given by Egs. 3
and 4:

cr — Ai(Chy + pioiCy)
P kl+}\a+7\f\/+)\«z

o MG+ (1= pio)NiC
G = i+ A+ AG )

(3)

To calculate DCFs from exposure to airborne progeny
atoms, one needs to know absorbed doses in the human
body and activities of the airborne progeny nuclides
present in the room atmosphere. According to the Jacobi
room model, (Jacobi 1972), these activities refer to fraction
of airborne-unattached, Cy, and airborne-attached, ij ,
progeny atoms. This fraction is calculated using the mean
values of the parameters given in Table 1. An indoor radon
concentration 3,700 Bq/m® is considered to correspond to
unit exposure.

Activity concentrations of radon progeny [in Bq/m® per
one working level (WL)] and their fractions of radon
concentrations were presented in Table 2 (the definition of
WL is given below).

For the determination of effective dose (E), a relation-
ship between the radon progeny exposure in working level
months (WLM; see definition below) and effective dose in
mSyv, the so-called DCF, is needed:

Table 1 Parameters of the Jacobi room model (given in h™

Parameter Symbol Range Mean values
Ventilation Ay 0.2-2 0.55
Aerosol attachment Aa 5-500 50
Unattached plate-out Ay 5-110 20

Attached plate-out g 0.05-1.1 0.2

Table 2 Activity concentration of radon progeny [in Bq/m3 per one
working level (WL)] and their fractions

Ca1app Cay4pi ESPI 214
Unattached 50.10 1.46 0.0135 3.93x107*
Attached 1327.17 1004.71 0.359 0.271




Radiat Environ Biophys (2012) 51:391-397

393

E

DCF = 5AEC 1 ()

where ¢ is the time of exposure to radon progeny with a
given PAEC in the atmosphere.

When a DCF is to be calculated by any dose model, the
activity size distribution in terms of the potential alpha
energy concentration (PAEC) is an important input
parameter. PAEC represents the sum of all potential
energies of all atoms per m> of any combination of radon
progeny. It can be expressed as:

PAEC = E|Caisp, + E»Couapp + E3Cousp;, (6)

where C; are the concentrations of the corresponding radon
progeny, and E; are the corresponding energies of the
emitted alpha particles.

The SI unit for PAEC is J/m>. Historically, a frequently
used PAEC unit is the working level (WL): 1 WL =21 pl/
m’. Alternatively, 1 WL is the energy of alpha particles
emitted by short-lived radon progeny which are in secular
equilibrium with 3,700 Bg/m® of radon.

If PAEC is multiplied with the time spent in an atmo-
sphere with the given PAEC, then the exposure to radon
progeny is calculated. The SI unit for exposure is Js/m>.
Note that traditionally the unit WLM (working level
month) is used, which is equal to an exposure for 173 h in
an atmosphere in which the radon concentration of
3,700 Bg/m® is in equilibrium with its short-lived progeny.
1 WLM = 12.69 J - s/m”.

To calculate absorbed dose (in MeV/g per one particle
of radiation) in all main organs and the remainder tissue of
the human body, (ICRP 103 2007), the MCNP Monte Carlo
code was used. The human body was described using the
ORNL (Oak ridge National Laboratory) analytical model
of the human body (Eckerman et al. 1996). In this model,
all organs of the human body are represented by analytical
equations of various three-dimensional geometrical bodies.
The MCNP-5 (A General Monte Carlo N-Particle Trans-
port Code) software allowed transport of neutron, photon,
and electron particles through arbitrary material and
geometry (Monte Carlo Team 2003).

According to (Eckerman et al. 1996), the ORNL human
phantom consists of three types of tissues, i.e., skeletal,
lung, and soft tissue, with different densities and elemental
compositions. All equations for organs of a male and
female phantom, with additional relevant information
(elemental composition, volume, mass, etc.), were pro-
grammed in input files for the MCNP code (Krstic and
Nikezic 2007). By combining surfaces, MCNP forms cells
representing various organs. Two different input files
were created (Krstic 2011): adult male and adult female
available for download on the following webpage
(http://www.pmf .kg.ac.rs/radijacionafizika/InputFiles.html)

(Goorley 2011). In (Krstic and Nikezic 2007), the corre-
sponding longitudinal and transversal cross-sections of the
adult male and female phantoms are shown (Figs. 1 and 2 of
the quoted reference).

These phantoms were placed in the middle of a standard
or typical room with dimensions 4 m x 5 m x 2.8 m,
(Koblinger 1978, 1984; Markkanen 1995). Using the
MCNP, software simulations were performed for beta
particles and gamma radiation from *'*Pb and *'*Bi, with
starting positions randomly generated in the volume of the
room, since distribution of radon and its progeny in the
room was taken to be uniform (Urosevic et al. 2008).

The spectra of the ™ particles and gamma radiation from
21%pp and 2'*Bi used in the present work have been already
published in (Markovic et al. 2009). Particle energy was
sampled using random methods incorporated in MCNP. In
order to simulate emission of a whole spectrum of ™ particles
and gamma radiation, 10® “histories” were created. This
number was large enough to ensure that the relative (statis-
tical) uncertainty did not exceed a few percents, in the sim-
ulations. As a result of the computations, mean absorbed
doses per one particle in tissue 7 were obtained (Wﬂ), for
radiation type R (beta, gamma) for the room atmosphere as a
source, and for the adult male and female ORNL phantoms.

To estimate a DCF in mSv/WLM, the following recal-
culation had to be done: The indoor activities A,, of radon
progeny calculated from the Jacobi model that are required
for this recalculation are given in Table 1. Since DTM
obtained in the simulations is normalized to one particle of
radiation, to derive absorbed dose per one WLM one needs
to know the yield Yzof each type of radiation. While the
yield of ™ radiation is 1, the yield of photons from *'*Pb
decay is 0.98, and that from 2l4g4 decay is 1.37 (Table of
radioactive isotopes 2011). Using the data for activity,

yield, and D’},R, the absorbed dose D’}"R per WLM for

different types of radiation R ( or ) and nuclide n (*'*Pb
or 2'*Bi) in organ T of the human body were obtained as:

D,;,R = D’%,R Ay - YZ (7)
Equivalent dose Hy in organ 7 was obtained as:

Hr = Z Z WrD7 g (8)

n R=Py

where wg is radiation weighting factor whose values for f~
and 7y radiation are equal to 1. Summation over n was done
to include contribution from 2'*Pb and *'*Bi.

After obtaining the equivalent dose for the main organs
and remainder tissue of the male and female ORNL phan-
toms, effective dose (ICRP 103 2007) was calculated as:

Hr,, + Hr
E = WpreastsHpreasts + Z wr m#fa (9)
T
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where Hr, and Hry represent equivalent doses for the
male and female phantoms, respectively, and wrare tissue
weighting factors taken from (ICRP 103, ICRP 2007).
Equations 8 and 9 provide equivalent and effective doses;
if calculated per unit exposure, they represent DCFs.

From the above calculations, effective dose per one
WLM from beta and gamma radiation of radon progeny
was determined.

Results

Absorbed doses in all main organs and remainder tissue of
the adult male and female ORNL phantoms from beta and
gamma radiation due to radon progeny distributed in the
atmosphere of the room are calculated as described above
from Eq. 7. Absorbed doses are presented for beta particles
in Table 3 and for gamma radiation in Table 4.

Doses from gamma radiation are mostly homogeneously
distributed in the organs of the male and female phantoms.
Due to its high penetrating abilities, gamma radiation is
able to pass through the whole human body and deposit
energy within the whole volume of the phantoms. In con-
trast, beta particles induce the largest dose in the skin.
Remainder tissue, female breasts, bone surface, and bone
marrow receive a large dose in comparison with other
organs. Beta particles lose their energy within the human
tissue more rapidly than gamma radiation, which explains
the dose distribution shown in Table 3. Note that the
maximum energy of beta particles from 2'*Pb decay is
1,024 keV, while that from 2'*Bi decay is 3,272 keV. In
addition, gamma radiation from '"“Bi decay shows a
greater energy with gamma lines up to 3.3 MeV than that
from 2'“Pb decay. Therefore, the absorbed dose received

from radiation emitted by *'*Bi is much greater, and in
some cases even by one order of magnitude.

The equivalent dose from external sources for some
organs was obtained by use of Eq. 8; they are presented in
Table 5. Note that the radiation weighting factors for
gamma and beta radiation are 1. For this reason, values for
the equivalent dose equal those for the absorbed dose. For
comparison, Table 5 also shows beta and gamma equiva-
lent doses per unit exposure from inhaled radon progeny
(Markovic et al. 2009).

The highest equivalent doses from indoor radon progeny
are calculated for skin and female breasts. This result is
expected when considering the conditions of irradiation.
For the skin, comparison with equivalent doses from alpha
emitters deposited in the skin can provide some useful
information about the contribution of beta and gamma
radiation to total skin dose. Many studies already investi-
gated the doses of non-protected parts of the skin (skin of
face and neck) where the doses were calculated usually
based on the action level activity concentration in air of
200 Bg/m°. In this case, the range of the annual equivalent
dose to the skin is from 17 to 170 mSv/year (Eatough and
Henshaw 1992) with a mean value of 25 mSv/year (Ken-
dall and Smith 2002; Tempfer et al. 2010). This corre-
sponds to 125 uGy/year of exposed skin of the face and
neck, for an activity concentration in air of 20 Bq/m’
(BEIR VI 1999). For skin of all other regions, the annual
equivalent dose was estimated to be about 7.5 uGyl/year,
which corresponds to an annual effective dose of 1.5 mSv/
year (BEIR VI 1999). In the present work, the whole region
of skin was assumed to be equally exposed to external
radiation. This corresponds to skin irradiation conditions of
the face and neck. The annual equivalent dose from the
present work can be determined from the equivalent dose

Table 3 Absorbed doses in

214 — 214 — 214ny: p— 214y p—

human organs of the adult male HGy/WLM Mal;: b Fei&f Ma]lgel B Fer]?l;lg

and female ORNL phantoms

— P 214
from f~ radiation of “"Pband 36 x 1073 2.0 x 1073 25 x 1072 1.6 x 1072
Bi distributed in standard .

room (given in uGy/WLM) Skin 84.4 71.5 370.8 312.1
Liver 6.5 x 1073 3.8 x 1073 40 x 1072 3.6 x 1072
Stomach 1.5 x 1073 1.5 x 107 40 x 1073 92 x 1073
Bladder 57 x 1074 8.4 x 1073 13 x 1073 43 x 1073
Testes/ovaries 1.0 x 107 1.0 x 107° 3.4 x 1072 1.0 x 107
Esophagus 3.0 x 1074 2.0 x 107 1.0 x 1073 50 x 1074
Colon 20 x 1073 1.7 x 1073 6.8 x 1073 14 x 1072
Thyroid 2.0 x 107* 1.1 x 107 7.9 x 1072 82 x 1072
Bone surface 1.8 x 1072 14 x 1072 0.80 1.00
Bone marrow 1.1 x 1072 9.4 x 1073 0.63 0.80
Brain 40 x 1073 55 % 1073 45 x 1072 3.8 x 1072
Breasts 8.8 x 1073 27
Remainder 1.6 1.2 24.2 18.3
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Table 4 Absorbed doses in

214 ; . 214 . . 214p: 214 . ;
human organs of the adult male HGY/WLM Mal:l’: gamma Fe;zlgdmmd Mj; gamma Fer]i;]idmmd
and female ORNL phantoms

R P 214
from  radiation of “"Pb and Lung 6.1 x 1073 6.1 x 1073 24 x 1072 23 x 1072
Bi distributed in standard . 5 3 _2 5

room (given in £Gv/WLM) Skin 3.8 x 10 47 x 10 1.3 x 10 1.6 x 10
Liver 28 x 1073 29 x 1073 1.1 x 1072 1.1 x 1072
Stomach 3.1 x 1073 3.7 x 1073 13 x 1072 14 x 1072
Bladder 27 x 1073 2.8 x 1073 1.0 x 1072 1.1 x 1072
Testes/ovaries 3.0 x 1073 27 x 1073 1.1 x 1072 1.0 x 1072
Esophagus 24 x 1072 27 x 1072 1.0 x 1072 1.1 x 1072
Colon 25 %1073 25 %1073 1.0 x 1072 1.0 x 1072
Thyroid 14 x 1072 27 x 1073 52 x 1072 1.0 x 1072
Bone surface 3.8 x 1073 40 x 1073 1.1 x 1072 12 x 1072
Bone marrow 3.8 x 1073 42 x 1073 1.1 x 1072 12 x 1072
Brain 33 x 1073 3.4 x 1073 13 x 1072 1.3 x 1072
Breasts 3.6 x 1073 1.3 x 1072
Remainder 26 x 1073 27 x 1073 1.0 x 1072 1.1 x 1072

eT;ELealse ntTfosleg; I:::%li;i t;it; uSv/iWLM External source (this work) Lung as a source (Markovic et al. 2009)

*1Bi per WLM in main organs Male Female Male Female

and remainder tissue of the

ORNL adult male and female Lung 5.8 x 1072 47 x 1072 89.1 128.0

phantoms, due to external (this Skin 4552 383.6 0.20 0.16

work) and internal exposure . s s

(Markovic et al. 2009) Liver 6.0x10 54 x 10 0.70 0.96

(in pSV/WLM) Stomach 2.1 x 1072 2.7 x 1072 0.52 0.34
Bladder 15 x 1072 1.8 x 1072 2.61 x 1072 2.54 x 1072
Testes/ovaries 48 x 1072 1.3 x 1072 1.00 x 1072 5.03 x 1072
Esophagus 1.4 x 1072 14 x 1072 1.21 1.08
Colon 2.1 x 1072 2.8 x 1072 7.76 x 1072 8.19 x 1072
Thyroid 8.5 x 1072 9.5 x 1072 0.15 0.21
Bone surface 0.83 1.00 0.25 0.27
Bone marrow 0.66 0.83 0.41 0.38
Brain 6.5 x 1072 6.0 x 1072 291 x 1072 227 x 1072
Breasts 2.76 0.78
Remainder 25.85 19.59 0.48 0.36

per unit exposure given in Table 5, taking into account an
action level concentration of 200 Bg/m>. With this con-
centration, the annual equivalent dose from external
exposure to beta and gamma particles as calculated in the
present work is 1.27 and 1.07 mSv/year for male and
female, respectively. This value is about the same as the
alpha particles equivalent dose from deposited radon
progeny on covered parts of the skin.

It is interesting to note that the remainder tissue receives
the second largest dose after the skin. A detailed analysis
showed that muscle tissue which is part of the remainder
tissue receives most of the equivalent dose, i.e., 232.57 and
195.74 pSv/WLM for male and female phantoms, respec-
tively, for the investigated conditions of irradiation. In the

ORNL phantoms, muscle tissue fulfills the space below the
skin, so that beta particles deposit their energy mostly
there. By inspection of the data in Table 5, it can be seen
that equivalent doses from indoor radon progeny are
smaller than those from inhaled radon progeny when the
transport of radon progenies within the human body is
neglected. Only a small fraction of beta particles and
gamma radiation that are emitted within a room actually
hits the human body. Most of radiation is absorbed in the
air and the walls of the room and, thus, simply skip the
body as a target.

Effective dose from beta and gamma radiation from
radon progeny distributed homogeneously in the room
calculated from Eq. 9 is 7.37 uSv/WLM.
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Conclusion

Equivalent doses from radon progeny distributed in the
atmosphere of a room are presented in Tables 3 and 4. Skin
and muscle tissue from remainder are most exposed. The
DCF is calculated to be 7.37 uSv/WLM. For comparison,
the DCF from radon progeny distributed in the lung is
13.3 uSv/WLM. Considering both external and internal
ways of exposure, total effective dose from beta decay of
radon progeny *'*Pb and *'*Bi is 20.67 pSv/WLM. Table 6
gives total equivalent doses in all main organs and
remainder tissue from both external and internal exposure.
Muscle tissue is added to the list of organs since it receives
largest equivalent dose, although it is actually part of the
remainder tissue. The brain also receives a large beta and
gamma radiation dose in comparison with other organs and
tissues, which receive far less beta and gamma radiation
dose.

In order to get a full picture of human organs exposure,
it is necessary to take into account all possible ways of
exposure. The organs of the human body can be exposed to
alpha particles from decay of radon progeny, which are
localized within those organs. After inhalation, a certain
number of progeny atoms are subsequently transported to
all organs of the human body. Calculation of absorbed
doses for this type of exposure involves biokinetic mod-
eling of radon progeny transport through the human body.
Al-Jundi and coworkers used biokinetic and dosimetric
models for calculation of the inhalation doses from radon
progeny (Al-Jundi et al. 2011). As a result, they provided
inhalation dose coefficients in Sv/Bq determined for

Table 6 Total equivalent doses from decay of *'*Pb and ?'"*Bi (in
nSv/WLM); note: muscle tissue is part of the remainder tissue but is
shown here also separately

nSv/WLM Male Female
Lung 89.16 128.37
Skin 146.29 383.80
Liver 0.76 1.01
Stomach 0.54 0.36
Bladder 0.04 0.04
Testes/ovaries 0.06 0.06
Esophagus 1.23 1.09
Colon 0.10 0.11
Thyroid 0.23 0.31
Bone surface 1.08 1.27
Bone marrow 1.06 1.20
Brain 0.10 0.08
Breasts 3.54
Remainder 26.34 19.95
Muscle tissue 232.84 196.05
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Table 7 Comparison of beta and gamma equivalent doses for inter-
nal and external sources of radiation (this work) with alpha particles
equivalent doses from progeny distributed in various organs (Al-Jundi
et al. 2011; Kendall and Smith 2002)

uSv/WLM Beta and Alpha doses Alpha doses
gamma doses (Al-Jundi (Kendall and
(this work) et al. 2011) Smith 2002)

Lung 108.77 124.03x10° 147.29%10°

Skin 265.05 11.03 -

Liver 0.89 63.24 42.97

Stomach 0.45 114.55 78.79

Bladder 0.04 67.41 20.45

Testes 0.06 6.17 -

Ovaries 0.06 10.93 -

Esophagus 1.16 - -

Colon 0.11 - 21.86

Thyroid 0.27 11.19 -

Bone surface 1.18 210.05 176.59

Bone marrow 1.13 188.18 29.59

Brain 0.09 11.03 14.15

Breasts 1.77 12.03 15.20

Remainder 23.15 24.90x10°

Muscle tissue 214.44 - 15.01

exposure to alpha particles from radon progeny deposited
in various organs. Similar results were published by Ken-
dall and Smith earlier (Kendall and Smith 2002). In order
to compare the alpha particles equivalent doses from (Al-
Jundi et al. 2011) and (Kendall and Smith 2002) with the
beta and gamma radiation equivalent doses obtained in the
present work, additional calculations were needed. Firstly,
the equivalent dose per activity in Sv/Bq has to be con-
verted to equivalent dose per potential alpha energy in Sv/
J. These converted doses of each progeny must then be
weighted by the fractions of potential alpha energy and
then summed up (Al-Jundi et al. 2011, Kendall and Smith
2002). The resulting values are presented in Table 7 taking
the male and female averaged equivalent doses from
Table 6 into account.

Compared to the DCF of alpha particles that is about
15 mSv/WLM (Al-Jundi et al. 2011), the value of
7.37 uSv/WLM obtained in the present work is small. The
main way of exposure to alpha particles is by inhalation
where the dose is limited mostly to the lungs, with depo-
sition on the skin being an exception. If the dose to the
lungs is excluded, the effective dose per unit exposure
would be only about 0.8 mSv/WLM (Al-Jundi et al. 2011).
In this case, the difference between the alpha and beta-
gamma effective doses considering both external and
internal exposure, which is 20.67 uSv/WLM, is not so
tremendous, i.e., just a factor of about forty. If one com-
pares absorbed doses instead of equivalent doses and leaves
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out the radiation weighting factor of 20 for alpha particles,
it can be seen that the difference is about a factor of 2.
Note, however, that alpha equivalent doses to organs other
than skin and muscle tissue are larger those from beta and
gamma radiation emitted by radon progeny. Exception is
the skin where beta and gamma equivalent doses are forty
times higher, and muscle tissue where they are more than
ten times higher. On the other hand, the skin can also be
exposed to deposited alpha emitters where beta and gamma
equivalent dose is about the same as the alpha equivalent
dose for covered parts of the skin. It is noted that there is a
minor disagreement between alpha particle equivalent
doses to red bone marrow as provided in (Al-Jundi et al.
2011) and (Kendall and Smith 2002).

In the present work, doses from beta and gamma radi-
ation from radon progeny distributed in the atmosphere of
dwellings were quantified and presented. Compared to
alpha doses from inhaled radon progeny, beta and gamma
radiation doses from inhaled progeny and progeny dis-
tributed in the air for most of the organs can be neglected.
However, doses in muscle tissue are mostly from external
gamma and beta radiation. Skin dose from beta and gamma
radiation is much greater than that from alpha particles
from inhaled progeny. Progeny atoms deposited directly on
the skin contribute mostly to skin doses. Alpha equivalent
doses from deposited progeny are about ten times greater
than beta and gamma equivalent doses from airborne
progeny. For a complete comparison, beta and gamma
equivalent doses from progeny deposited on the skin are
also necessary. This calculation will be the aim of further
investigation. Total exposure from internal and external
sources was determined, equivalent doses were presented,
and the DCF was estimated to be 20.67 pSv/WLM.
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Radon, ***Rn, is radioactive noble gas which decays by alpha emission with half-life of
3.825 d. Its short-lived progeny, *'®Po, 2'*Pb and *'*Bi (*'*Po), are alpha and beta
radioactive and they emit gamma radiation as well. Radon progeny can be inhaled by
humans where they deposit on the inner layers of bronchi, and bronchioles. Particles
(alpha, beta and gamma) emitted in radioactive decay damage surrounding tissue which
can lead to development of lung cancer. The Absorbed Fractions (AF) of electrons and
beta particles in sensitive layers of human respiratory tract were calculated in this
paper. For that purpose the MCNP5/X simulation software [1], based on Monte Carlo
method, was used. The human respiratory tract was modeled according to ICRP66
publication [2].

Key words: radon progeny, electrons absorbed fractions.

INTRODUCTION

Inhalation of the short-lived radon decay products (*'*Po, *'*Pb, '*Bi/*"*Po) in
homes, in the outdoor atmosphere and at work places contributes the largest
fraction to the natural radiation exposure of population [3, 4]. Radon or rather its
decay products, are known to represent a risk of lung cancer when inhaled. Besides
alpha radiation from *'®Po and *'*Po, beta and following gamma radiation are
produced during the decay of radon progeny. More specifically, *'*Pb and *'*Bi are
short-lived radon progeny, which decay with subsequent emission of beta particles

’ Paper presented at the First East European Radon Symposium — FERAS 2012, September 25,
2012, Cluj-Napoca, Romania.

Rom. Journ. Phys., Vol. 58, Supplement, P. S164-S171, Bucharest, 2013



2 Absorbed fractions in sensitive regions of human respiratory tract S165

followed by intensive gamma radiation. Inhaled radionuclides deposit in various
regions of Human Respiratory Tract (HRT), where are decaying, and irradiating
surrounding tissue. For this reason, it is necessary to model respiratory tract and
investigate the effect of radiation produced in decaying processes.

The Human Respiratory Tract Model (HRTM) was described in ICRP66
publication [2]. More recently the guidance for application of HRTM was given by
ICRP Annals in Vol. 32 [5]. According to these publications there are six tissues in
HRT that are potentially at risk from inhaled radioactive materials. Bronchial
region (denoted by BB) and the bronchiolar region (bb) of the HRTM are
deposition sites of inhaled radionuclides, and in their structure ciliated epithelium
is included, which is sensitive tissue.

To evaluate AF’s, Monte Carlo “Electron Gamma Shower” transport code
EGS4 [6] was used in ICRP66 publication. The code models the production of both
knock-on electrons and bremsstrahlung above a certain energy threshold (taken to
be 1 keV). In those calculations, a practical upper limit for energy loss in each
scattering event was set at 6% of the current electron energy.

In this paper MCNP5/X software was used to calculate absorbed fractions of
electrons in sensitive tissues. The code treats an arbitrary three-dimensional
configuration of materials in geometric cells bounded by first- and second-degree
surfaces and fourth-degree elliptical tori. Point wise cross-section data were used.
For photons, the code accounts for incoherent and coherent scattering, the
possibility of fluorescent emission after photoelectric absorption, absorption in pair
production with local emission of annihilation radiation, and bremsstrahlung. A
continuous-slowing-down approximation was used for electron transport that
includes positrons, K, x-rays, and bremsstrahlung, but does not include external or
self-induced fields.

The user creates an input file that is subsequently read by MCNP. This file
contains information about the problem such as: the geometry specification, the
description of materials and the location and characteristics of the source, selection
of cross-section evaluations, the type of answers or tallies desired, and any variance
reduction techniques used to improve efficiency. Input file also contains information
about type of radiation emitted by the source, which could be neutrons, photons,
electrons. Newer version as MCNPX includes heavy charged particles as well.

The main advantage of MCNP over EGS4 is probably its advanced geometry
coding tools. One drawback of MCNP in comparison to EGS4 is that the latter
often runs a similar problem faster. The main differences between the two codes
are different cross sections and electron transport algorithms used. For MCNP the
electron approximations are valid for an arbitrary angle while the algorithms used
in EGS4 assumes the scattered angle to be small. This is the reason why AF of
electrons in sensitive layers was recalculated in this work using MCNP.
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METHODOLOGY

To calculate absorbed fractions in sensitive layers of HRT regions, bronchies
and bronchioles were modeled as proposed in ICRP66 [2]. Simplified geometrical
model of cross section is presented on Fig. 1. Dimensions are given in ICRP66 [2]
but not includes in Fig 1. Sources of electrons are mucus and cilia layers where
deposition of radionuclides occurs. In principle mucus and cilia layers present
sources of beta particles since these regions are deposition sites of radon progeny.
Emission energy of beta particle is according to beta spectra of corresponding
radionuclide. In order to determine energy absorbed in target layers it is necessary
to know absorbed fraction for initial energy of beta particle. In this way absorbed
fraction is function of initial beta particle energy. To determine function AF(E)
simulation was performed for large number of monoenergetic electrons. This
simulation was performed for different initial electrons energy in range from
10 keV to 10 MeV. Starting points of electrons were randomly chosen within
source layers, as well as direction of electron movement. Transport of electrons
through tissue was completely followed including secondary particles that were
created along the path. Energy deposited in sensitive layers from primary electrons
and secondary particles were scored.

Epithelium
Target cells

Secretory and Basal
Basement
membrane

Subepithelail ] Lamina Propria
layer Macrophages

Fig. 1 — Simplified geometrical model of various sources and targets involved in dosimetry
of bronchial and bronchiolar regions, [5], (bb doesn’t contain Basal cells).

The desired information from a Monte Carlo simulation was obtained by a
tally, i.e. predefined algorithms that score the contribution for each particle. MCNP
tallies were normalized to be per starting particle and are printed in the output. The
pulse height tally F8 with asterisk (*F8 tally), was used to provide the energy
deposition in a cell.
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Summing up deposited energy from N simulated electrons, total absorbed
energy was obtained. For initial energy, E, of electron the absorbed fraction, AF, is
given as to:

E *
AF =t _ L8 ()
N-E E
RESULTS AND DISCUSSION

The simulations were performed by MCNP code, for sources placed in
various parts of BB and bb region. Calculated AF for monoenergetic electrons are
shown in Figs. 2 to 7 as an open circle. Obtained data are compared with ICRP66
publication (full circles). AF’s in BB region, where source is in fast clearance
mucus and targets are secretory and basal cells are presented in Figs. 2 and 3. AF’s
shown in Figs. 4 and 5 are given for sources in slow clearing mucus for BB region.
In addition, AF’s in bb region, where source is in fast and slow clearance mucus,
are presented in Figs. 6 and 7.
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Fig. 2 — Absorbed fractions in function of initial electron energy for source in mucus layer where
target is secretory cells of bronchial - BB region.
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Fig. 3 — Absorbed fractions in function of initial electron energy for source in mucus layer
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Fig. 7 — Absorbed fractions in function of initial electron energy for source in cilia layer
where target is secretory cells of bronchiolar — bb region.

One can see very good agreement for all data for larger electron energies.
There are discrepancies in results for electron energies below 100 keV between AF
calculated with EGS4 and MCNP. EGS4 values for AF rapidly decreases and goes
to null at about 40 keV, depending of position of source, and target. These values
are much smaller than MCNP’s. The difference in results for low energies is
consequence of working methods build in EGS4 and MCNP. Multiple scattering
theories used in EGS4 gives good results for higher energies (about 100 keV and
above), while this method is not accurate for low energies. On the other hand,
MCNP can accurately simulate electrons scattering for energies down several keVs.

In bb region disagreement is found in across investigate energy range.
Simulation with EGS4 code is not suitable for thin layers like those in bb region.
For larger electron energies multiple elastic scattering has to be switched off when
track length excides distance to nearest surface [7]. Because of this, stabilization
for short step lengths does not necessarily imply that simulation results are correct.
Consequently, the errors during simulation will be larger.

Differences in results for low energies could be of great importance when
calculate AF for beta spectrum of various radionuclides, due to the large fraction of
beta particles with small energy. Application of AF for monoenergetic electrons
obtained in this work for calculation of AF for spectrum might produce very
different results when it is done with AF recommended by ICRP66.
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CONCLUSION

Interaction of beta radiation with tissue of HRT were simulated in this work.
AFs for monoenergetic electrons in sensitive layer of HRT were calculated using
MCNP5/X code. Results showed the differences in range of electron energies to up
100 keV in BB region. However, in bb region, discrepancy was found in all
investigated range of energy. Results led to conclusion that AFs from betas given
in ICRP66 should be corrected for several percents. Absorbed fractions in sensitive
layers were calculated previously in reference [8], using PENELOPE software [9]
for simulation of radiation transport. Results presented here are in very good
agreement with [8], and discrepancies in comparison with ICRP66 for bb region
are also evident. Because of small thickness of layers it is necessary to perform
detail simulations in order to avoid large errors. According to [10] DCF from beta
particles of radon progeny calculated with results from [8] is 0.21 mSv/WLM.
When compared to DCF from alpha particles this value comprise of about 2% of
alpha dose.
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Chapter 3

BETA AND GAMMA DOSE ASSESSMENT DUE
TO RADON SHORT LIVED PROGENY

V. M. Markovic, N. Stevanovic, D. Krstic and D. Nikezic

University of Kragujevac, Faculty of Science, R. Domanovic 12, Kragujevac,
Serbia, Russia

1. INTRODUCTION

Inhalation of the short-lived radon decay products (***Po, **“Pb, *'*Bi/*'*Po) in homes, in
the outdoor atmosphere and at work places yield the greatest amount of the natural radiation
exposure of man, Figure 1, (NCRP 1987; ICRP 1981). Outdoor activity concentration of
radon usually does not exceed 10 Bg/m’, (UNSCEAR 2006; Yu et al. 2006). In dwellings and
closed spaces with poor ventilation, however, radon is accumulated (Zhuo et al. 2001), and if
there is a major source of radon, indoor radon concentration could reach high levels. It is
noted that concentrations of few hundreds of Bq/m3 and more represent a significant radiation
hazard (Hendry et al. 2009).

Radon concentration in dwellings depends mostly on the radon sources present, which
may be a layer of soil beneath the building or the materials used in constructing the building,
Figure 2. One of the ways by which radon enters a building is through water and gas used in
the household. In general, soil is the largest source of radon (Eisenbud and Gesell 1997), from
which radon enters—through any cracks in the construction material—the building by
diffusion and convection (Fleischer 1997). Another factor that influences radon concentration
is the intensity of ventilation in dwellings which governs the air exchange per unit of time in a
room. When radon enters a dwelling, it is usually uniformly distributed in the air (Urosevic et
al. 2008).

Unlike radon, which is noble gas and chemically inactive, its progeny are usually
positively charged after their formation, and they are highly reactive with other molecules.
This enables them to attach to airborne aerosols and wall surfaces. The decay products of
radon and thoron consist of a variety of nuclides, each of those may be attached to aerosols of
varying sizes. Thus, the airborne activity can be taken to consist of a very small
‘‘unattached’’ fraction and a larger ‘‘attached’’ fraction.
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Hazards from radon, thoron, and their progeny can be due to both external and internal
sources. External sources include radon and thoron progeny distributed in air and surrounding
building material that decay through beta decay. High energy allows the beta particles and
subsequent gamma radiation to travel large distances from the walls through the room
atmosphere and in that way contributes to total exposure to humans. In contrast, the short
range of the alpha particles produced during radon decay results in very low external hazards
from this type of radiation. The main way of exposure to alpha radiation is from internal
sources. Nuclides can be incorporated in humans through inhalation and ingestion. Alpha
particles from nuclides deposited in the human body irradiate surrounding tissue. They lose
their energy locally in a small volume around the particle track. Internal exposure is also
possible from beta-emitting nuclides. Beta and gamma radiation from short-lived radon and
thoron progeny can pass the human body and contribute to the exposure of all organs of the
human body (Markovic et al. 2009).

Radon is known to present a risk of lung cancer when it, or rather its decay products, are
inhaled. More other potential hazards are also recognized. Calculations suggest that the
ingestion of water which contains particularly high levels of radon can lead to a significant
risk of stomach cancer (NRC, 1999). There is also indication that deposition of radon decay
products may, under some circumstances, lead to significant doses to sensitive cells in the
skin, again with cancer as a possible consequence (NRPB 1997). A brief summary of risks
from radon and its decay products, albeit with emphasis on the lung, has been given
elsewhere (NRPB 2000).
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Figure 1. Relative contribution of ***Rn sources in dwellings.
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Figure 2. Relative contribution of radiation sources to human dose (NCRP 1987).
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Main contribution to total dose is from alpha particles emitted by short-lived radon (*'*Po
and *'*Po) progeny. After inhalation, the short-lived progeny may be deposited on inner
layers of the airways of the human respiratory tract (HRT) (ICRP66 1994). The human
respiratory tract model (HRTM) described in ICRP (1994) is a simplified model of the human
lungs to allow for dosimetric calculations. More recently the guidance for application of
HRTM was given by ICRP Annals in vol. 32 (2002). According to ICRP (1994), there are six
HRT tissues that are potentially at risk from inhaled radioactive materials, among them are
the ciliated epithelium of the bronchi and the bronchioles:

1) the keratinized epithelium of the skin in the anterior part of the nose,
2) the stratified squamous epithelium of the main extrathoracic airways,
3) the ciliated epithelium of the bronchi,

4) the ciliated epithelium of the bronchioles,

5) the alveolar—interstitium and,

6) the thoracic and extratoracic lymph nodes.

The bronchial region (BB) is part of the air-conducting system within the thorax (ICRP
1994). The purpose of this part is to conduct air and adjust the humidity and temperature of
inhaled air, and it is the site of deposition of inhaled particles by impaction, sedimentation,
and/or diffusion. The bronchi branch dichotomously in the human lung for nine generations.
Dimensions and geometry of the airway branches gradually change with depth in the lung. A
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simplified model of a section through the wall of a typical bronchus is shown in Figure 3. A
detailed description can be found in ICRP (1994). Its average inner diameter is 5-10° um. The
nuclei of both columnar secretory and short basal cells are considered to be sensitive targets.

The bronchiolar region (bb) is the second part of the airconducting system (ICRP 1994).
It consists of the bronchioles comprising generations 9—15. These airways conduct air into
and out of the respiratory region. Inhaled particles are deposited mainly by sedimentation or
diffusion, depending on their size. A simplified model of a section through the wall of a
typical bronchiole is shown in Figure 4 (ICRP 1994). Its average inner diameter is 10° um.
The sensitive target in this region consists of nuclei of secretory cells.

Al region is represented of air tubes generations approximately 16 to 26, which are the
respiratory bronchioles and the alveolar ducts. It also includes the interstitial lymphatic
tissues and lymph vessels, as well as bronchial lymph nodes, (ICRP 1994). The main function
of this region is to exchange gases, although other roles are also important, for example
endocrine and defence functions. Inhaled particles reaching this region are deposited by
sedimentation and/or diffusion.

The inner layers of the airway in the BB and bb regions represent the site for the
deposition of inhaled particles, including radon, thoron, and their progeny. Those layers are
the mucus (gel) and cilia layer (Figures 3, 4). At these places, radon and thoron progeny
decay, emitting alpha and beta particles, as well as gamma radiation, so these two layers are
considered to be sources of radiation. Emitted particles can hit sensitive layers and deposit
part of their energy there. In this way, sensitive layers are being damaged and are becoming
potential places for developing cancer cells. Due to the short range of alpha particles, most of
their energy is deposited in the vicinity of the source layers.
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Figure 3. Model of target cell nuclei (secretory and basal cells) of the BB region and associated sources
of radioactive transformations (ICRP 1994).
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Figure 4. Model of target cell nuclei (secretory cells) of the bb region and associated sources of
radioactive transformations (ICRP 1994).

Almost all of the radon and its progeny hazards refer to exposure to alpha particles.
Besides alpha, beta particles and following gamma radiation is present in decaying process of
radon progeny. ?"“Pp and *'*Bi are radon short lived progeny which are decaying emitting beta
particles following by the intensive gamma radiation. Beta particles have continuous spectra
with energies up to about 3.3 Mel and are much more penetrating than alpha particles. Due to
long range of beta particles and gamma radiation humans can bee exposed in various
manners. Inhaled progeny deposited in the lung contribute to dose in all organs and remainder
tissue of human organism. Makovic and coworkers (2009) calculated doses in all main organs
and remainder of human body from beta and gamma radioactive radon progeny, *1*pb and
“Bi, deposited in human lungs. In addition exposure to radionuclides distributed in
atmosphere of rooms and closed spaces can contribute to total dose. This contribution can be
significant since Potential Alpha Energy Cancentration - PAEC in the air is larger than its
fraction which is deposited in the lungs. Calculation of doses and determination of DCF from
radon progeny present in the atmosphere was performed in (Markovic et al, 2011a). The
objective of the (Markovic et al 2011b) was to calculate doses to the sensitive targets of the
bronchial and bronchiolar regions, in order to determine the dose contribution of beta
particles. These targets are layers that contain nuclei of secretory and basal cells (see Figures
3,4) that are assumed to be radiosensitive and potential places for cancer development.
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2. JACOBI MODEL OF RADON AND ITS PROGENY
BEHAVIOR IN DWELLINGS

Behavior of radon and its progeny in dwellings is described by the parametric differential
equations, primary given by the Jacobi, (1972). Room model takes into account radioactive
decay, removal by ventilation, attachment and deposition. Parameters which describe these
processes are decay constants A;, ventilation rate A,, attachment rate A,, and deposition rates of

unattached and attached progeny A% , 1% , respectively, all in s (or traditionally in h™):

aal;:AlN/Iil +p1—lllN1u—l _(/1: +2’u +/1v+iill)N/u (1)
% = A’::Ntu +(1_p1—l )j’lNra—l _(j’r +/1v + Z )Nfu (2)

Superscripts u and @ stand for airborne-unattached and aerosol-attached ***Rn progeny within

a reference room. p,_, is the associated recoil factor or the desorption probability of the i-th
daughter due to the decay of its attached precursor i—/ ( p,_,= 0.8 in the case of a-emissions
and p _,= 0 for B-emissions). N; is number progeny concentrations. Note that for the noble
gase ““Rn (i = 0), we have N, =N{ and N = Né’ =0, and that for each ***Rn progeny

i, its airborne concentration is then N, = N/ + N,

To well characterize any real situation of indoor air, it must be taken into account that the
rate constants of Equations (1,2) — excluding the radioactive decay constants, which are true
physical constants whose values do not change with circumstances — are highly dependent
upon the enclosure geometry, the aerosol concentration, the air movement, the ambient
conditions as well as the inhabitant activities. All these effects are time-dependent and vary
from one environment to another.

For practical reasons, it is not possible to determine experimentally their values from
direct measurements in private homes and workplaces. Table 1 summarizes the typical range
of variation and the baseline values of indoor ventilation, aerosol-attachment and surface
deposition (aerosol-attached and airborne-unattached) rates (Amgarou et al, 2003).

Table 1. Parameters of Jacobi room model

Parameter Symbol Range of parameters Baseline
Ventilation oy 02-2 0.55
Aerosol attachment ha 5-500 50
Unattached plate-out FK 5-110 20

d
Attached plate-out e 0.05-1.1 0.2

d




Beta and Gamma Dose Assessment due to Radon Short Lived Progeny 69

The steady-state solutions of Equations (1,2) - neglecting the outdoor airborne-unattached
and aerosol-attached concentrations since they are much less than those indoors — that
describe the partitioning of % progeny concentrations within a reference room are given

by:

W _ A (C,’u—1 + p1—1C10—1)
LA A A A

)

Ca o &a Ciu L (1 - pi—l )/’i’tcla—l
L A HA A

4)

To calculate DCF from exposure to airborne progeny atoms, it is necessary to know absorbed
doses in human body and activities of airborne progeny atoms present in the room
atmosphere. According to Jacobi room model, (Jacobi, 1972), this activities reefer to fraction

YU

of airborne unattached, C'" , and attached, C l.d, progeny atoms. This fraction is calculated

g
using best estimated values of parameters from Table 1. Concentration of radon in the room is
3700 Bg/m’ which correspondent to unit exposure.

Airborne activity concentrations of radon progeny (in Bq/m3 per one WL) and their

fractions of radon concentrations were presented in Table 2.

Table 2. Airborne activity concentration of radon/thoron progeny
(in Bq/m3 per one WL) and their fractions

CZHPb C2 14Bi fl 14Pb f2148|
unattached 50.10 1.46 0.0135 3.93-10™
attached 1327.17 1004.71 0.359 0.271

The activities of radionuclides deposited in various regions of the HRT were obtained
using the LUNGDOSE software developed by Nikezic and Yu (2001). This software is based
on the HRT model introduced in ICRP66 (1994) and includes calculation of the following:

* deposition of monodisperse aerosols in different deposition regions of the HRTM
according to the algebraic model of ICRP Publication 66 (ICRP, 1994);

» total deposition of polydisperse aerosols for given exposure conditions, where
summations were carried out using log-normal distributions of aerosols (see below
for parameters of these distributions) and

* equilibrium activities of radon progeny in different clearance regions of the HRT,
and the total number of emitted particles for given exposure conditions and a
exposure time (here a set of differential equations describing different relevant
processes in each clearance compartment has been developed).
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The input parameters for the program LUNGDOSE.F90 are: breathing rate=0.78 m’/h:
tidal volume=0.866 [/breath; functional residual capacity=3300 m/; equilibrium factor
F=0.366; unattached fraction of PAEC f=6.2%; density of unattached particles=1 g/cm’;
density of attached particles=1.4 g/cm’; shape factors equal 1 and 1.1 for unattached and
attached particles, respectively; median diameters (with geometrical standard deviations given
in brackets) are 0.9 (1.3) nm, 50 (2) nm, 250 (2) nm and 1500 (1.5) nm for unattached,
nucleation, accumulation and coarse modes, respectively. Fractions for attached modes are
0.0655, 0.28, 0.7 and 0.02 for unattached fraction, nucleation, accumulation and coarse
modes, respectively. Half life for the transfer to blood was taken as 10 /4, as it was proposed
in (Marsh and Birchall 2000). For the best estimated values of Jacobi model parameters the
ratios of radon progeny are:

* unattached fraction: F,;3p,=0.16, F;14p,=0.01, F> 4gi214p,=0.3"1 0‘3;
* nucleation mode: F3p,=0.15, F514p;=0.050, F545i14p=0.03;

¢ accumulation mode: F218p,=0.39, F214p1=0.30, F214pi214po=0.22:

* coarse mode: F3p,=0.01, F5,4p,=0.01, F 45i214p,=0.008.

PAEC is the acronym of potential alpha energy concentration. It represents the sum of all
potential energies of all atoms per m’ of any combination of radon or thoron progeny. For
radon, PAEC can be expressed as follows:

PAEC = E]CMP0 + Ezcmpb - E3C2.4BI, . (5)

where C; are concentrations of the corresponding radon progeny and E, are corresponding
energies of the emitted alpha particles. The SI unit for PAEC is J/m’. Often, the traditional
unit of working level (WL) is in use: 1 WL = 21 ,uJ/mj. Alternatively, 1 WL is the energy of
alpha particles of short-lived radon progeny, which are in secular equilibrium with 3700
Bg/m’ (100 pCi/l) of radon.

For the determination of dose — D, a relation between the potential alpha energy
concentration of the radon progeny exposure and dose, the so-called dose conversion factor -
DCF is needed:

D

F=—, (6)
PAEC -t

where 7 is the time of exposure to radon with given PAEC in the atmosphere. In the
estimation of the DCF by dose model calculations the activity size distribution in terms of
potential alpha energy concentration is an important input parameter.

Deposition and clearance of inhaled radon and thoron progeny were calculated as
recommended in ICRP (1994). Equilibrium activities of radon and thoron progeny in all
compartments of the human lungs were obtained as balance between deposition and all
clearance mechanisms. They were further used to calculate the number of disintegrations per
I WL for assumed exposure conditions (for details, see Nikezic and Yu 2001; Nikezic and
Stevanovic 2007). In Table 3, radon and thoron progeny equilibrium activities are presented
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for various regions of human respiratory tract. For Al region activities are obtained by
summing for Al;, Al, and Al; regions, (ICRP 1994).

Table 3. Radon progeny activities in [Bg/WL] in various regions of HRT

2!4Pb 214Bi
BB 11.85 14.15
BBgiow 12.74 15.51
BB 24.59 29.66
bbgg 42.67 56.35
bbyiow 44 .84 60.51
bb 87.51 116.85
Al 297.38 429.73

3. ELECTRON ABSORBED FRACTIONS - AF IN SENSITIVE LAYERS
OF BB AND BB REGION

Inner layers of airway in BB and bb regions present the site for the deposition of inhaled
particles, including radon and its progeny. Emitted particles can hit sensitive layers and
deposit part of its energy within it. On this way sensitive layers are being damaged and are
becoming potential places for developing cancer cells. This is a reason why is of interest to
calculate absorbed fractions (AFs) of emitted particles in sensitive layers. AF is defined as
ratio of absorbed energy of the particle in a given region to its emitted energy.

3.1. ““Electron Gamma Shower’’ Transport Code EGS4

AF of monoenergetic electrons beams and b~ particles from progeny decays are given in
ICRP66 publication evaluated for all combination of sources and targets. To evaluate AFs,
Monte Carlo **Electron Gamma Shower’’ transport code EGS4 (Nelson et al, 1985) was used
in ICRP66 publication. The code models the production of both knock-on electrons and
bremsstrahlung above a certain energy threshold (taken to be 1 keV). In those calculations, a
practical upper limit for energy loss in each scattering event was set at 6% of the current
electron energy. This value is consistent with the small linear dimensions of tissue targets in
which electron energy loss is to be followed. Electrons and photons were transported until
their energy dropped to 1 keV, which was assumed to be deposited locally. The history of all
secondary electrons and photons was followed completely. The material used in code were
air, and water to simulate tissue.

For high-energy electrons and positrons, EGS4 have recourse to multiple scattering
theories which allow the simulation of the global effect of a large number of events in a track
segment of a given length (step). These simulation procedures will be referred to as
“‘condensed’” Monte Carlo methods. The multiple scattering theories implemented in
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condensed simulation algorithms are only approximate and may lead to systematic errors,
which can be made evident by the dependence of the simulation results on the adopted step
length (Bielajew and Rogers 1987). It is also worth noting that, owing to the nature of certain
multiple scattering theories and/or to the particular way they are implemented in the
simulation code, the use of very short step lengths may introduce spurious effects in the
simulation results. For instance, the multiple elastic scattering theory of Moliére (Moliére
1948), which is the model used in EGS4- based codes, is not applicable to step lengths shorter
than a few times the elastic mean free path (Fernandez et al 1993), and multiple elastic
scattering has to be switched off when the step length becomes smaller than this value. As a
consequence, stabilization for short step lengths does not necessarily imply that simulation
results are correct. Consequently, the errors during simulation will be larger, particularly if
thin layers are used like sensitively layers in BB, and especially bb regions. Condensed
schemes also have difficulties in generating particle tracks in the vicinity of an interface, i.e. a
surface separating two media of different compositions.

When the particle moves near an interface, the step length must be kept smaller than the
minimum distance to the interface so as to make sure that the step is completely contained in
the initial medium, (Bielajew and Rogers 1987). This may complicate the code considerably,
even for relatively simple geometries.

3.2. PENELOPE Software and Simulation

The FORTRAN 77 subroutine package PENELOPE which performs Monte Carlo
simulation of electron—photon showers in arbitrary materials is used in this work to evaluate
AF from monoenergetic electrons and beta emission in sensitive region of ciliated epithelium
in BB and bb. There are few reasons for calculation AFs in BB and bb regions using
PENELOPE code. In ICRP66 publication tissue is represented with water instead using more
adequate media. Lower limit of electron energy, under which is assumed that particle is
locally deposited, was 1 keV. This energy does not affect on simulation results for high
energies, but if electron starts with energy of 50 keV or below, errors in results can be large.
In addition, it is not possible to perform simulation of particles with low initial energy (AF =
0 in ICRP66 for energies below 40 keV).

These drawbacks were overcome by setting lower limit of electron energy on 100 eV,
which reduce error for low energies. Also, adequate material is used to represent tissue. The
most important reason for recalculating AF is in accuracy of simulation packages. EGS4 used
in ICRP66 publication cannot accurately calculate AF in tin layers, like in BB and bb regions,
for electron energies under 100 keV. On the other hand, PENELOPE can calculate AF of
electrons for all energies used in ICRP66. This is of interest when AF from beta spectrum is
being calculated for some radionuclides, like *'*Pb which contains 22.92% particles with
energies below 80 keV.

The adopted scattering model in PENELOPE gives a reliable description of radiation
transport in the energy range from about 1 keV (100 eV for electrons and positrons) to several
hundred MeV. PENELOPE generates random electron-photon showers in complex material
structures consisting of any number of distinct homogeneous regions (bodies) with different
compositions. PENELOPE incorporates a scattering model that combines numerical total
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cross sections (or stopping cross sections) with simple analytical differential cross sections for
the different interaction mechanisms.

The simulation of electron and positron tracks is performed by means of a mixed (class
II) algorithm. Individual hard elastic collisions, hard inelastic interactions and hard
bremsstrahlung emission are simulated in a detailed way, i.e. by random sampling from the
corresponding restricted differential cross sections. The track of a particle between successive
hard interactions or between a hard interaction and the crossing of an interface (i.e. a surface
that separates two media with different compositions) is generated as a series of steps of
limited length. The combined effect of all (usually many) soft interactions that occur along a
step is simulated as a single 'artificial' soft event (a random hinge) where the particle losses
energy and changes its direction of motion. Secondary particles emitted with initial energy
larger than the absorption energy are stored, and simulated after completion of each primary
track.

PENELOPE has been structured in such a way that a particle track i1s generated as a
sequence of track segments (free flights or 'jumps'); at the end of each segment the particle
suffers an interaction event (a 'knock') where it loses energy, changes its direction of
movement and, in certain cases, produces secondary particles.

Since PENELOPE is subroutine package (Salvat et al 2003), it must be complemented
with a steering MAIN program, which controls the geometry and the evolution of tracks,
keeps score of the relevant quantities and performs the required averages at the end of the
simulation. In this paper MAIN source program for PENELOPE is developed to simulate
electron transport through tissue and air within airway tubes. Two sets of input parameters
were considered as follows:

Case I: the same parameters are used as in ICRP publication for EGS4 (electrons and
photons are transported to energy of 1 keV and water with density of p = 1.0 g,/cm3 1s
used to represent tissue).

Case II: lower limit for electrons and photons deposition is set to EABS=100 eV, and
epithelium tissue is used (p = 1.054 g/em’) (Ziegler et al 1985).

Introduced parameters used in Case II should affect on simulation results for low electron
energies.

In Figure 5. is shown flow diagram of the MAIN program. The simulation package is
initialized from the MAIN program by calling subroutine PEINIT which reads the data files
of the different materials, evaluates relevant scattering properties, prepares look-up tables of
energy dependent quantities that are used during the simulation, and read input geometry file.
Geometry file is written according to model of BB and bb regions described in ICRP66
publication (ICRP 1994). PENELOPE’s geometry is based on quadric surfaces. Closed space
limited with surfaces is called body. Every body is consisted of assigned material created
using code placed in Material file which comes with PENELOPE package. During simulation
particle is moving inside a body and deposit certain amount of its energy. Deposited energy is
scoring within each body separately. Number of total sampled histories (NTOT) is set on 10°,
where calculation error is smaller than 1%.



74 V. M. Markovic, N. Stevanovic, D. Krstic et al.

CALLBENITE 1 Initialize PENELOPL

i » N=N+1 Start a new shower

KPAR, E, r=(X.Y,Z), d=(U.V,W)
WGHT, IBODY, MAT, ILB

Y

| CALL CLEANS |

l<
> CALL START |< \

CALL JUMP = y

yes : o=y
'r< Does the track cross an 1mcrlacc>

Modify DS to end the step
at the first interface

Initial state

[
re«riDS(/i

| CALL KNOCK |

: yes
4{ Change to new body | <——2< E<EABS?
\
CALL SECPAR(LEFT)

/—L‘—\ VeSS

LEFT>07? >

VS

< s N<NTOT?>

END

Figure 5. Flow diagram of the MAIN program for simulating electron showers with PENELOPE.

The simulation of electrons in airway by PENELOPE code can be described in several
steps.

+  Starting points of movement r(x,y,z) of particles are randomly taken in deposition
sites of radon and its progeny. These sites are mucus (gel) and cilia layer, and are
taken to be sources of beta particles. Simulations were performed for each source-
target combination separately.

* In radiation transport, the direction of motion of a particle is described by a unit
vector d. Given a certain frame of reference, the direction d can be specified by
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giving either its direction cosines (u,v,w) (i.e. the projections of d on the directions of
the coordinate axes) or the polar angle 6 and the azimuthally angle o:
d=(u,v,w)=(sinf-cos@, sinb-sing, cose). Parameters of unit vector d, are randomly
sampled.

¢ When initial state of particle is set subroutines CLEAN and START need to be called
to perform operations necessary for simulation (setting all local variables to null,
reading tables with cross sections, evaluating analytical cross sections, ...).

« Calling subroutine JUMP step length 1s generated and particle is moved in direction
d.

* If particle cross any of limiting surfaces further movement with parameters of new
body is considered. In opposite, subroutine KNOCK 1is called to simulate an
interaction event, compute new energy and direction of movement, and stores the
initial states of the generated secondary particles, if any. Deposited energy DE in
interaction event is also scored and these values are used for calculating AF.

» If particle, after interaction, has energy larger than value EABS this method is
repeating until energy of particle goes below EABS, or particle leaves system.

Due to the interactions secondary particles are created which are stored and simulated
after completing simulation of primary one. Subroutine LEFT is checking how many
secondary particles are stored. After completing NTOT numbers of primary particles
simulation is completed and relevant values are calculated and printed. Simulation parameters
in this paper were set for detailed simulation with high accuracy.

3.3. Absorbed Fractions of Electrons

The simulations were performed by PENELOPE code for different sets of input
parameters (cases I and II), for sources placed in various parts of BB and bb region.
Calculated AF for monoenergetic electrons are shown in Figures 6 to 11 and these data are
compared with [CRP66 publication. AF’s in BB region, where source is in fast clearance
mucus layer and targets are secretory and basal cells are presented in Figures 6 and 7. AF’s
shown in Figures 8 and 9 are concerning for sources in slow clearing source for BB region. In
addition, AF’s in bb region, where source is in fast and slow region, are presented in Figures
10 and 11.

It can be seen very good agreement for all data if emitted energy of electron is above 80
keV. In bb region slight disagreement is displayed for energies above 3 MeV'.

Simulation with EGS4 code is not suitable with thin layers like those in bb region. For
high energies multiple elastic scattering has to be switched off when track length excides
distance to nearest surface (Fernandez et al 1993). Because of this, stabilization for short step
lengths does not necessarily imply that simulation results are correct. Consequently, the errors
during simulation will be larger.

For energies below 80 kel there are significant discrepancies between AF calculated with
EGS4 and PENELOPE. EGS4 values for AF rapidly decreases and goes to null at about 40
keV, depending of position of source, and target. These values are much smaller than
PENELOPE’s, which gives not null values for AF down to energy of 10 keV. The difference
in results for low energies is consequence of working methods build in EGS4 and
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PENELOPE. Multiple scattering theories used in EGS4 gives good results for higher energies
(about 100 ke}” and above), while this method is not accurate for low energies. On the other
hand, PENELOPE is using detailed algorithm which performs particle by particle simulation,
and can accurately simulate electrons scattering for energies down to 100 eV,
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Figure 6. AF in BB region where source is in mucus layer and targets are secretory cells.
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Figure 7. AF in BB region where source is in mucus layer and targets are basal cells.
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Figure 8. AF in BB region where source is in cilia layer and targets are secretory cells.
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Figure 9. AF in BB region where source is in cilia layer and targets are basal cells.
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Figure 10. AF in bb region where source is in mucus layer and targets are secretory cells.
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Figure 11. AF in bb region where source is in cilia layer and targets are basal cells.
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The difference between simulations Sets [ and II performed by PENELOPE can be
clearly seen on Figures 6, 7 and 9. Distortions of graph in Case I for energies up to 30 kel are
consequence of upper limit for energy loss (EABS) in each scattering event, which is 1 keV.
This limit presents significant percent comparing with energy of low energy electrons and
affect on accuracy of results. In Case Il EABS is ten times smaller (100 eV), so this value
can’t affect on results and can produce errors.

Differences in results for small energies are from great importance when calculating AF
for beta spectrum of radionuclides. Beta spectrum from radon progeny are shown in Figure
12. where can be seen that for >'*Pb, 48.75% emitted beta particles have energies below 80
keV. For *'*Pb and *'*Bi fraction percent of particles with energies below 80 kel are
respectively 22.92%, 7.41%. Due to the large fraction of beta particles with small energies,
difference in values for AF from betas is evident.

AF’s from monoenergetic electrons are used in ICRP for evaluating AF from beta
particles of different sources. For calculating AF from beta emission in this paper 10°
particles are sampled with energies generated from spectrums presented in Figure 12. Set of
parameters were used like in Case 11, to ensure accuracy of results. Table 4. shows AF’s from
betas, calculated with PENELOPE.

222

Table 4. AF calculated from beta sources for “""Rn
region BB bb
source mucus cilia mucus cilia
target secret basal secret basal secret
AF(*""Pb) 0.09499 0.03423 0. 09676 0.03460 0.05689 0.05942
AF(""Bi) 0.02956 0.01167 0.03003 0.01178 0.01504 0.01570
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Figure 12. Beta spectrums of ***Rn progeny with following gamma lines.
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Transport and interaction of beta radiation with medium of HRTM were simulated, and
AF’s for monoenergetic electrons were calculated using more accurate method. Results
showed the differences in range of electron energies to up 80 keV. The question is how much
is significant difference in results for low energies of electrons, and which contribution have
beta particles with low initial energies to AF from whole spectrum. As mentioned before AF
presents ratio of absorbed energy, £, of the particle in a given region to its emitted energy,
Eur

AF = Eans )

During simulation of betas, deposited energies from electrons with initial energies below 80

keV, E;f‘?k"r , are scored separately. These values were used to estimate the contribution beta

particles with energies below 80 kel to AF from whole spectrum: E::\O/‘VL'V /Eqps. Calculations

showed that this contribution is very significant and goes up to 20 %. For all progeny
contributions are in range from 3% to 20%, depending of source-target combinations.

4. DOSES FROM BETA RADIATION IN SENSITIVE LAYERS OF HUMAN
LUNG AND DOSE CONVERSION FACTORS DUE TO ***RN PROGENY

Here objective is to calculate doses to the sensitive targets of the bronchial and
bronchiolar regions, in order to determine the dose contribution of beta particles. These
targets are layers that contain nuclei of secretory and basal cells (Figures 1, 2). To determine
dose and dose conversion factor — DCF absorbed fractions of electrons in sensitive layers will
be used. The absorbed fraction (AF) represents the ratio of the energy absorbed in a volume
of interest and the initial energy of a beta particle, AF'=E;,/E;, where E,; 1s the absorbed
energy in a medium of interest and E; is the initial energy of the beta particle. Furthermore,
dependence of the DCF on environmental parameters described by Jacobi (1972) will be
investigated.

After inhalation of radon progeny, a certain fraction of the inhaled activity is deposited
on the inner layers of bronchi and bronchioles, where it decays or can be removed by means
of some clearing processes (ICRP 1994). In order to determine effective dose in sensitive
target layers (Figures 1, 2), the energy absorbed per target mass (the so-called absorbed dose)
must be evaluated and multiplied with any radiation- and tissue-weighting factors. The
absorbed energy, £, per emitted particle of radiation is related to AF as follows:

N
E[,,,S:%ZE,. -AF(E) . (8)

i=1

where E; is the initial energy of the i-th beta particle and N is the total number of beta
particles.
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AF(E1) is the absorbed fraction, which, in this case, represents the ratio of the energy
absorbed in a sensitive target and the initial energy of beta particle. E,,, values were
calculated using (8) for four source—target combinations for *'*Pb, 2'“Bi, where the sources
were located in the fast and slow mucus and targets were layers that contain nuclei of
secretory and basal cells. Initial energies of beta particles E; were randomly sampled
according to beta spectra of *'*Pb, *'*Bi, presented in the study of Markovic et al. (2008),
Figure 12. To ensure the statistical uncertainty in the simulations to be below 1%, N = 10°
beta particles were sampled.

Mean absorbed doses in target layers (layers that contain nuclei of secretory and basal
cells in the BB region and the layer that contains nuclei of secretory cells in the bb region)
were calculated by summing the absorbed energies in these layers and dividing the sum by
the mass of the target layer (in MeV/g per particle of radiation).

Doses in target layers of the BB region are the following:

D E
Dgp = J (9)
Mg

where m; BB is the mass of the j-th sensitive target region (basal or secretory layer) and i
denotes the source (fast or slow mucus). In contrast, the bb region does not contain any basal
cells and consequently, the mean dose in (MeV/g per particle of radiation) is as follows:

2 E,
D,=—"1——

My,

, 1 = fast and slow mucus, (10)

where m,, 1s the mass of the secretory layer.

Total absorbed dose in the BB region from radionuclide n (n = *"*Pb and Bi) was
obtained by adding the weighted doses obtained for the basal and secretory layers. The
corresponding weighting factors were taken to be 0.5 (ICRP 1994), and the total dose from
nuclide n in the BB region is given by (11).

D‘gB = 05 . Dgg.\ul,n + 05 . D[.:[c;cretm};n (1 1)

Furthermore, the bronchial, bronchiolar, and alveolar— intestinal regions were each assigned a
weighting factor 0.333 (ICRP 1994). Therefore, total absorbed dose in the tracheobronchial
(T-B) region, from nuclide n, is given by (12).

D’;l—B.pcrrudlanuryvarllulu - 0333 : DIZH +0.333- D;J]b (12)
To determine DCF, absorbed dose must be recalculated per unit exposure (mGy/WLM) and
not per particle of radiation. Unit exposure given in working level month (WLM) corresponds

to an exposure time of 170 h in an atmosphere in which radon is present at a concentration of
3700 Bg/m’ in equilibrium with its progeny. In order to transform dose per particle to dose
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per one disintegration, the absorbed dose from (12) is multiplied with the activity
concentration, A, deposited in the human lungs and determined for unit exposure conditions
(which means per one WLM) and yield:

Dﬁ . An . Y . DH‘

r-B — ‘4 T=B, perradiationparticle ( 1 3)

where Y is the yield of beta radiation, which refers to the fraction of emitted electrons per beta
decay. For beta decay, the yield is always equal to unity. A is the activity in the i-th region
(BB or bb) of nth radionuclide (***Pb or 214Bi).

The absorbed dose is then multiplied by a radiation weighting factor (w,) of beta
particles, which is equal to one, and summed for all nuclides » to give equivalent dose (ICRP
2007) (in the unit of mSv/WILM).

H =Y w,Dj_, n=""Pb,"*Bi (14)

The effective dose is further obtained by multiplying the equivalent dose with the appropriate
tissue-weighting factor, which is 0.12 for lung (ICRP 2007).

E=012H (15)

Effective dose calculated per unit exposure (in mSv/WLM) represents the DCF.

In addition, the DCF dependence on environmental parameters described by Jacobi
(1972) was investigated. The original Jacobi model is based on a one-modal distribution of
attached progeny. However, some experimental data suggest aerosols’ size distribution to be
three-modal (Porstendorfer and Reineking 2000), where the nucleation, accumulation, and
coarse modes were recognized. Deposition rate of attached progeny is varied for each mode,
where ranges of parameter values and best estimate were taken from the study of Nikezic and
Stevanovic (2007) and are presented in Table 5.

Table 5. Jacobi room model parameters range and best estimate
(Nikezic and Stevanovic, 2007)

Parameter Best estimate Parameter range
A 0.55h 02-2h"
.
50hT 5-500 h'
iﬂ
‘ 20h" 5-110h"
Ad
T -
/1; nucleation mode 1.2h 0.05-1.2h
= | 1
ﬁz accumulation mode 0.2h 0.05-1.2h
0.2h7 0.05-1.2hT

AH
4 coarse mode
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The input parameters required for the Jacobi model (A, A,, A}, and A} ) and used by

LUNGDOSE have been changed one per one in ranges given in Table 5, with different steps
in different cases. If one parameter value was changed, the other three parameters have been
kept at their best estimates, which are given in Table 5. Ventilation rate, A,, was changed with
a step of 0.2 h''; attachment rate, A,, was changed with a step of 20 h™', deposition rate of

unattached, A, was changed with a step of 10 h"', and deposition rate of attached, A%, was

changed with a step of 0.05 h™! for all three modes. DCFs were calculated for each of these
sampled combinations, and the resulting possible DCFs ranges for various values of the
Jacobi model parameters are presented below.

4.1. Doses in Sensitive Layers and DCF

Absorbed dose and DCF from beta emitters in radon and thoron chains Doses in sensitive
HRT layers due to beta particles from radon and thoron progeny were calculated as described
above, and the results are given in Table 6.

Summing up the contribution of all radionuclides to total absorbed dose Dt-b, the
effective dose per unit exposure (DCF) in the T-B region was obtained (Table 7).

Table 6. Absorbed doses from beta-particles in [0.1-MeV/(g-per particle of radiation)]
in sensitive HRT regions due to short-lived radon progeny

BERTS TR
Dgp secret 2.03 1.93
Dgg Basal 1.64 1.68
Dgg 1.83 1.80
Dyy 0.161 0293
Dy 0.664 0.6.98

Table 7. Total absorbed dose from beta-particles in [mGy/WLM],
and DCF in [mSv/WLM]|

R progeny
Dy 1.73
DCF 0.21

According to these results, the DCFs calculated in sensitive layers are 0.21 mSv/WLM
for radon beta-active progeny, with relative uncertainty below 1%. In contrast, for alpha
particles from radon progeny, the DCF is between 13 and 15 mSv/ WLM, (Nikezic and
Stevanovic 2007). When comparing absorbed doses for alpha and beta radiation, the
difference in the values is not so large. While the total absorbed dose per WLM (DT-B) for
alpha particles is 4.12 mGy/WLM (Nikezic et al. 2006) for radon progeny, these for beta
particles is 1.73 mGy/WLM for radon progeny (Table 6), which corresponds to about 40% of
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alpha dose for radon. This is due to the small relative biological effectiveness of electrons,
which is 20 times smaller than that of alpha particles.

4.2. Dependence of DCF on Some Environmental Parameters

In addition, the DCF dependence on environmental parameters was also investigated for
both radon and thoron progeny. For example, variation of DCF as a function of ventilation

rate A is presented in Figure 13. One can see that DCF slightly increases with ventilation
rate. With increasing A, , radon and thoron progeny concentrations decrease. Hence, effective
dose and PAEC are decreasing with increasing A, . Computations show that the decrease of

PAEC is greater than the decrease of effective dose, so DCF increases with 4, . DCF values
vary between 0.2013 and 0.2245 mSv/WLM.

0.25

0.20

0.15 -
e 222,

0.10 A

DCF [mSv/WLM]

0.05 A

0.00 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

A AT

299

Figure 13. Dependence of “"Rn DCFs from beta-particles on ventilation rate ﬂ,‘, .

The DCF dependence for radon progeny on the attachment rate A, is pronounced only for
small values of A,, until it reaches the best estimated value (Figure 14). The maximum DCF
value is 0.2932 mSv/WLM. Deposition rate is different for the attached and unattached mode.
The DCF dependence on deposition rate (unattached mode) is shown in Figure 15: The DCF
is almost independent on deposition rate of the unattached mode and varies only between
0.201 and 0.223 mSv/WLM.
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If deposition rate is varied from 0.05 up to 1.2 h™", the DCF for radon progeny shows a

range of 0.20-0.23 mSv/WLM (Figure 16), i.e., it changes by up to 15%.

222Rn DCF [mSv/WLM]

0.30
o

0.28 4
0.26
0241 ¢
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Figure 14. Dependence of **Rn DCFs from beta-particles on attachment rate ia .
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Figure 15. Dependence of *'Rn DCF from beta-particles on deposition rate of unattached progeny, A,
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Figure 16. Dependence of ~“Rn DCF from beta-particles on deposition rate of attached progeny, iff .

The influence of the environmentally related parameters described by Jacobi and
presented in Figures 13, 14, 15, and 16 is quite significant and can result in variation of DCF
values of up to 50%. DCF dependence on the Jacobi parameters cannot be directly shown,
DCF was defined as the effective dose per unit exposure. Exposure is related to PAEC and
time spent in an environment with a given PAEC. To understand how the Jacobi parameters
affect DCF, it is crucial to understand its influence on effective dose and PAEC. The relation
between these two quantities defines the behavior of DCF. With an increase in these
parameters, PAEC from radon progeny decreases, except for the attachment rate. When
ventilation rate increases, indoor airflow is stronger and progeny remove faster from the
room, which reduces their room concentrations. When deposition rates increase, unattached
and attached progeny deposit faster on the room wall and their air concentrations are reduced.
The deposition rate of the attached fraction is smaller than that of the unattached fraction, and
their progeny stay in the room for a longer time and have a better contribution to the PAEC.
An increase in the attachment rate increases the PAEC of radon progeny. This effect is very
pronounced for lower attachment rates where DCF suddenly decreases (Figure 14). For the
nucleation mode, variation of the deposition rate is affecting the effective dose by decreasing
it. Changing the rate of effective dose is more pronounced than for PAEC which causes
decreases in DCF (Figure 16). For the accumulation mode, PAEC decreases more rapidly,
which results in an increase in DCF for radon progeny (Figure 16). Varying the deposition
rate of attached progeny for the coarse mode has little effect on DCF because the coarse mode
comprises only two percent of all attached modes.

For best estimates of the parameters of the Jacobi model (Table 1), the unattached
fraction has a small contribution to DCF and variation of the deposition rate of this fraction
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has a small influence on the DCF value. For radon progeny with an increase in deposition
rate, PAEC decreases more slowly than effective dose and DCF slowly decreases (Figure 15).
Table 8 summarizes the values and ranges from Figures 13, 14, 15, and 16 and gives
parameter range values. The DCF minimal value is 0.1933 mSv/WLM and the DCF reaches a
maximum at 0.2932 mSv/WLM.

Table 8. Jacobi room model parameter range and corresponding
DCFs range for radon progeny [mSv/WLM]

Parameter Parameter range DCF ““Rn

A, 0.2-2h" 0.201-0 .223
A, 5-500 b 0.293-0.193
A 5-110 b 0.211-0.197
A nucleation mode 0.05-1.2h" 0.227-0.208
A%, accumulation mode 0.05-1.2h" 0.204-0.231
A%, coarse mode 0.05-1.2 h" 0.208-0.208

Contribution of beta particles from short-lived radon progeny to DCF has been
determined and doses in sensitive layers of the human lungs were calculated. The results
presented here allow risks of exposure to be quantified and compared. The DCF value for
beta-active radon progeny is 0.21 mSv/WLM; thus, it is about 2% of that for alpha-active
progeny. For high exposure rates, this value can present a significant radiation hazard.

Variation of Jacobi room parameters showed that knowledge of *’Rn concentration is not
enough to estimate DCF. The Jacobi parameters affect the DCF value by about 30-35%, for
examined parameter ranges. Other parameters that may also influence the DCF were not
considered in the present work. In other words, to estimate DCF values, besides radon
concentrations, it is also necessary to know room conditions characterized by Jacobi
parameters. The DCFs from beta emitters are few percents when compared with those of
alpha emitters, but it might not be neglected and further investigation is needed into influence
of beta particles on sensitive layers in human lung.

5. GAMMA AND BETA DOSES IN HUMAN ORGANS
DUE TO RADON PROGENY IN HUMAN LUNG

After the inhalation, radon progeny deposit on the inner layers of bronchi (BB) and
bronchioles (bb), and in the alveolar interstitial region (AI) (ICRP 1994). Deposited progeny
are transferred to blood or to gastrointestinal (GI) tract via clearance mechanisms or simply
decay in the lung. A lot of work has been done to determine doses in human lung due to short
lived radon progeny. Many papers deal with determination of dose delivered by o particles in
the lung, (Nikezic and Yu 2001; Nikezic et al 2006) because of their low range and relatively
high and discrete energy (6 MeV for 218pg and 7.69 MeV for *'*Po). On the other ” and y are
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much more penetrating than o particles and their mean free paths in tissue are from few
millimeters for low energy electrons to a few tens of centimeters for high energy photons.

Here doses from gamma and beta radiation emitted by radon progeny *'*Pb, and *"*Bi
located in the lung were calculated for human ORNL phantom (Krstic and Nikezic 2007).
Doses were recalculated per unit exposure, in order to compare contribution to DCC from
alpha on one side and from beta and gamma radiation to other side. For this purpose MCNP
4B software, which performs simulation of neutron, photon and electron propagation through
arbitrary material and geometry, was used (Briesmeister 2007). For photons, the code
accounts for incoherent and coherent scattering, the possibility of fluorescent emission after
photoelectric  absorption, and absorption in electron positron pair production.
Electron/positron transport processes account for angular deflection through multiple
Coulomb scattering, collision energy loss with optional straggling, and the production of
secondary particles including K x-rays, knock-on and Auger electrons, bremstrahlung, and
annihilation gamma rays from positron annihilation at rest. In this paper simulation of
transport of electrons and photons is performed in the adult male and female ORNL
phantoms.

MCNP simulation software was used to calculate mean absorbed dose (in MeV/g per one
particle of radiation) in *main” organs and the “remainder” tissue of the human body (ICRP
1991). Analytical models of the human body were described in Oak Ridge National
Laboratory (ORNL) publications (Eckerman et al 2008). All organs of the human body were
represented with analytical equations of various three dimensional geometrical bodies.

According to ORNL, human phantom consists of three types of tissues, skeletal, lung and
soft, with different densities and elemental compositions. All equations for organs of all
phantoms, with other relevant information (elemental compositions, volumes, masses etc),
were programmed in input files for MCNP-4B code (Krstic and Nikezic, 2007). By
combining surfaces through Bull algebra, MCNP-4B forms cells representing various organs.
Two different input files were created: adult male and adult female (Table of Radioactive
Isotopes, http://ie.lbl.gov/education/isotopes.htm). An example of longitude crosses of the
ORNL phantom, obtained with the input MCNP file used in this work that was previously
created in (Krstic and Nikezic, 2007) is shown in Figure 17.

DCCs were calculated from B~ and y radiation emitted by *'*Pb and *'*Bi, which are
distributed on inner layers of bronchi and bronchioles of human respiratory tract and in Al
region (ICRP 1994). Deposition and clearance of inhaled radon progeny were calculated as
recommended in ICRP publication 66 (1994). Equilibrium activities of >'*Po, *"*Pb and
*“Bi/*"*Po in all compartments of human lung were obtained as balance between deposition
and all clearance mechanisms. They were further used to calculate number of disintegrations
per | WLM for assumed exposure conditions.

To calculate doses in other organs when the source is in the lungs, ORNL phantom of
human body was applied. This model does not give almost any detail of human lung. Tree
structure of T-B was completely neglected and whole respiratory tract is given with two
asymmetrical ellipsoids representing two (left and right) lungs. Two different and
independent models, ICRP66 model of HRTM and ORNL phantom, were used. One has to
assume uniform distribution of activity in ORNL phantom, because this model does not take
into account fine structure of human lung which is given in ICRP66. Uniform distribution
means uniform random sampling of initial photons and electrons points in objects which
represent lung in ORNL model.



Beta and Gamma Dose Assessment due to Radon Short Lived Progeny 89

Figure 17. Longitude crosses of the ORNL phantom. Different organs are seen here, but only lungs are
denoted as a source of radiation. All other organs, including lung itself are target.

The intention was to calculate the mean absorbed dose in all organs of human body from
the radioactivity located in the lung region of ORNL phantom using MCNP. The results are
given in MeV~ g per one emitted particle (electron or photon).

MCNP calculations were performed for left and right lung separately, for each of them as
a source of beta and gamma radiation, since the region for sampling points in MCNP must be
closed. This could be overcome in MCNP by presenting the source as the union of regions
which represent left and right lung, but the number oh histories must be increased to ensure
low statistical error. This is very expensive on account of computing time and calculations

were done separately. The mean absorbed dose, Dy , in some organ T, from radiation R (

or v) and nuclide n (*"*Pb or *'*Bi), was obtained as weighting of doses from left iD}' )

R Left
and the right iD}'_R ingh, lung according to their masses:
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n n n
Dy, =0, (DT,R )Lef, o leght(DT,R )R,gh, ) (15)

where @, =0.46 and @p,, =0.54 are mass weighting factors of left and right lungs

respectively.

Spectrums of B radiation are presented in Figure 12. Particle energy was sampled
according to yields using random method incorporated in MCNP. In order to simulate
emission of whole spectrum of B and y radiations, large number of “histories” was created
(about 10%) to ensure low statistical error in simulation. As a result of computation, mean
absorbed dose per one particle of radiation (p or y) from Left and Right lung as a source was
obtained for adult male and female ORNL phantom. Mean absorbed dose per particle of
radiation from whole lung as source was calculated using Eq. (15).

To estimate DCC in mSv/WLM, Dy , per one particle of radiation obtained as described

above, should be recalculated in the following way. Total activity, 4, of nuclide, »n (*"*Pb or
21Bj), can be expressed as:

A = Ay

n BB ,mucus

n n
+ ABB,cilia = A

'bb,mucus + A[‘:b,ceha + AZI " (16)

For 2"*Pb total activity in all regions (BB, bb and Al) is 406.8 Bq per one WL and for 21%Bi is
578.4 Bq per one WL. It is interesting to note that activity of *“Bi is larger than that for *'*Pb.
There is accumulation of 2'*Bi in Al region. Total *'*Bi in Al region is sum of two
components. One component is formed after decay of 21%pb (which should have the same
activity as 21%pp) and second one from fresh deposition from inhaled air. This is explanation

why is activity of >'*Bi larger than that of *'*Pb.

Since D;, r obtained in simulation is given per quantum or per particle of radiation, and

activities per disintegration, to derive absorbed dose per one WLM one need to know the
yield of certain type of radiation. Yield of B~ radiation is 1, since each process of
disintegration is followed with emission of one electron, while yield for y quanta differ
because none, one or more y particles can be emitted per one disintegration. Yield of 24py, v
spectrum is 0.98, while that for ***Bi is 1.37.

5.1. Doses in Organs

Using data for activities and yields and D] , obtained from simulation, absorbed doses,
D}’, > per WLM for different types of radiation R (B or y) and nuclide n (214Pb or 214Bi) in the

main organs of the human body and remainder tissue T were obtained as:

D;,=D;p- A, - YIELD, (17)

Results were presented in Tables 9 and 10, for f and vy particles respective.
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Table 9. Absorbed doses in human organs of adult male and female phantom from

radiation of radon progeny nuclides, 2ph and *"*Bi, distributed in human lungs
in (nGy/WLM)

uGy/WLM Tipp, p Tpp, p UBIL B B, B
male female male female

lung 16.9 26 64.2 95.9

skin 2.64:107 2.96:10° 3.56:10™ 4.0810™
liver 1.58-10" 22310 8.44-10° 1.72-10°
stomach 8.78:107 1.43-10™ 3.40:10° 235107
bladder 1.74-10° 7.20-107 7.01-107 2.54-10°
testes/ovaries 5.65:107 3.93-10" 9.80-107 2.31-10"
esophagus 2.41-10° 3.63-10* 3.69-10™ 4.16:10"
colon 42610 1.01:107 9.49-10° 1.79-10°
thyroid 1.13-10° 4.82:10° 2.35-10" 3.75:10"
bone surface 1.14-10" 1.73-10" 2.24-107 1.77-10°
bone marrow 1.99-10* 2.53-10™ 420107 2.64:10°
remainder 3.06:107 4.03-10° 1.87-107 2.44-107
breasts - 2.38:107 - 239107

Table 10. Absorbed doses in human organs of adult male and female phantom from y

radiation from radon progeny nuclides, 214ph and *"*Bi, distributed in human lungs
in (nGy/WLM)

nGy/WLM “1%pb, y “1%Pb, y ‘9B, y ‘B, v
male female male female

lung 1.04 1.39 6.91 5.06

skin 2.08:107 245107 1.76:10" 1.33-10"
liver 8.34-107 1.12-10" 6.06:10"" 8.29-10"
stomach 6.10:107 9.31:107 4.58:10" 24010
bladder 1.5810° 2.64:10° 2.44-107 227107
testes/ovaries 5.09:10" 5.51-107 9.35-10° 442107
esophagus 1.50-107" 2.00-10" 1.06 8.74:10™"
colon 6.98-10° 1.13-107 7.05-107 7.03:10°
thyroid 1.52:10 3.28:107 1.32:10" 1.78:10"
bone surface 3.53-107 5.16:10° 2.13-10" 2.12-10"
bone marrow 5.85-107 7.35:107 3.45:10™ 2.98:10"
remainder 5.43-107 6.33-107 4.04-10" 2.68:10"
breasts . 1.21-10" . 6.33-10"




92 V. M. Markovic, N. Stevanovic, D. Krstic et al.

Equivalent dose, F{; in some organ T, was obtained as:

Hy =" > w,Dj (18)

n R=py

where W, is radiation weighting factor whose values for B and y radiation are equal to 1.

Summation per n was done to include contribution from *'*Pb and *'*Bi both. Equivalent dose
in main organs and remainder per one WLM are given in Table 11.

Table 11. The total gamma + beta equivalent dose from *'*Pb + *'*Bi per WLM for
different organs of the adult male and female ORNL phantoms (in pGy/WLM)

nGy/WLM male female
lung 89.1 128.0
skin 1.97-10"! 1.58:10""
liver 6.98:10"" 9.59:10"
stomach 5.22-10" 3.36:10"
bladder 2.61:107 2.54:10°
testes/ovaries 1.00-107? 5.03-1072
esophagus 1.21 1.08
colon 7.76:107 8.19-107
thyroid 1.47-10™" 2.12:10"
bone surface 2.50-10" 2.66:10"
bone marrow 4.08-107! 3.75:10"
remainder 4.81-10" 3.60-10™
breasts - 7.80-10""

After obtaining the equivalent dose for the organs and remainder of male and female
ORNL phantom, effective dose (ICRP 1996) was calculated as:

HT,m + HT A

E = WbreastsHbreasts + Z WT f H (19)
74

with F/, =~ as equivalent dose for male, and H 7., for female phantom.w, are tissue

weighting factors taken from (ICRP 2007).
From the above calculations effective dose per one WLM, from beta and gamma
radiation of radon progeny was determined. Its value is:

DCC= 13.3 [uSV/WLM] (20)
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5.2. Conclusion

It can be seen from the Tables 9 and 10 that absorbed dose is the largest in the lung,
which is expected, since source is placed in the lungs itself. Contribution to lung dose is
mainly from [ particles, while for the rest of the main organs and the remainder tissue y
radiation contribute mostly. B~ particles are also penetrating and they deposit their energy in
the lung and in the surrounding organs. On the other hand y particles reach to all organs of the
human body. Doses in the remainder and main organs out of the lung are mostly from gamma
radiation.

Effective dose from beta and gamma radiation from radon progeny deposited in human
lung was calculated. It has been found that this dose is about 13.4 xSv/WLM. Furthermore this
work gives values for absorbed doses in main organs and remainder of human body for beta
and gamma radiation due to radon progeny placed in lungs. Further investigations should lead
to estimating risk for developing lung cancer due to exposure to radiation from radon
progeny.

Doses in lung from beta and gamma radiation are relatively small in comparing to doses
from alpha particles and there is very smaller health risk from exposure to this kind of
radiation than from alpha particles. Results show that doses in organs are small but shouldn’t
be neglected, particularly in cases of long term exposure in dwellings with higher
concentration of radon gas.

In order to validate results of this work comparison has been done with ICRP66
publication. In ICRP66 absorbed fractions of gamma radiation emitted from *'*pb and *"*Bi
places in lungs as a source for several main organs of human body were given. Absorbed
fractions were given for monoenergetic quanta with several different starting energies. These
values are interpolated and used to recalculate mean absorbed dose by simulating energy
gamma spectrum of *'*Pb and *'*Bi. Table 12 shows that there is very good agreement in
results of this work and ICRP66 publication. This agreement is confirmation of validity of our
approach.

Table 12. Comparison of mean absorbed doses calculated in this work using MCNP
and ones obtained from ICRP66 publication for adult male phantom (in MeV/g)

2I4Pb 244B1-
MeV/g MCNP ICRP66 MCNP ICRP66
liver 2.15:10° 2.17:10° 7.84:10°° 8.43:10°
bone surface 9.10-10” 1.31-10° 2.75:10° 3.98-10°
skin 5.37-107 4.89-107 2.28:10° 2.34:10°
thyroid 3.91-107 9.79-107 1.71-10° 4.25-10°

It is worth noting that radon solubility throughout the body contributes to the beta and
gamma ray dose as well as from decay products in the lung. Also, contribution from exposure
to radon progeny present in the room and closed space can contribute to total dose, which will
be the subject of further investigation.



04 V. M. Markovic, N. Stevanovic, D. Krstic et al.

6. DOSES FROM RADON PROGENY AS A SOURCE
OF EXTERNAL BETA AND GAMMA RADIATION

Almost all of the radon and its progeny hazards refer to exposure to alpha particles.
Besides alpha, beta particles and following gamma radiation is present in decaying process of
radon progeny. Due to long range of beta particles and gamma radiation humans can bee
exposed in various manners. Inhaled progeny deposited in the lung contribute to dose in all
organs and remainder tissue of human organism. In Makovic et al, 2009 were calculated
doses in all main organs and remainder of human body from beta and gamma radioactive
radon progeny, *'‘Pb and 21Bi, deposited in human lungs. In addition exposure to
radionuclides distributed in atmosphere of rooms and closed spaces can contribute to total
dose. This contribution can be significant since Potential Alpha Energy Concentration -
PAEC in the air is larger than its fraction which is deposited in the lungs.

To calculate absorbed dose (in MeV/g per one particle of radiation) in all main organs
and the remainder tissue of the human body, (ICRP 60, 1991), MCNP software was used. All
equations for organs of all phantoms were programmed in input files for MCNP-4B code by
Krstic and Nikezic, (2007). Two different input files were created: adult male and adult
female (Krstic, http://www.pmf.kg.ac.rs/radijacionafizika/InputFiles.html).

ORNL mathematical phantom was placed in the middle of the standard room with
dimensions 4x5x2.8m. Using MCNP software simulations were performed for beta particles
and gamma radiation from 214py and 2"Bi with starting positions randomly generated in the
volume of the room, since distribution of radon and its progeny in the room was taken to be
uniformly, (Urosevic et al, 2008).

Spectrums of B~ and y radiation from ?1“py and *'*Bi are presented in Fig 12. As a result

of computation, mean absorbed dose per one particle, D;.R , of radiation (B or y) from the

room atmosphere as a source was obtained for adult male and female ORNL phantom. To
estimate DCC in mSv/WLM equations 17. 18 and 19 were used. Activities of radon progeny
in room were given in Table 1. In Table 17 absorbed doses are presented for beta particles
and in Table 18 for gamma radiation.

Doses from gamma radiation are mostly homogeneously distributed in the organs of the
male and female phantom. High penetrating abilities enable gamma radiation to pass through
whole body and deposit energy within whole volume of the phantoms. In contrast beta
particles induces largest dose in the skin. Large dose in comparing with other organs receive
remainder tissue, female breasts, bone surface and bone marrow. Beta particles lose their
energy within the human tissue more rapidly than gamma radiation which explains dose
distribution in Table 16. Figure 12 shows beta spectrum and gamma lines of *'*Pb and *"*Bi.
Maximum energy of beta particles for 21%pp is 1024 keV. This value for *'*Bi is 3272 keV.
Gamma radiation from >'*Bi has greater energy with gamma lines up to 3.3 MeV. Absorbed
dose received from radiation emitted by *'*Bi are much greater and in some cases difference
is order of magnitude.

Equivalent dose from external source in some organ is presented in Table 19. mln
addition Table 19 shows beta and gamma equivalent doses per unit exposure from inhaled
radon progeny taken from Markovic et al (2009).
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Table 17. Absorbed doses in human organs of adult male and female phantom from

radiation of *"*Pb and *"*Bi, distributed in the room, in (nGy/WLM)

Gy/WLM Tpp e- pp e- “BI e- 1Bj e-
male female male female
lung 3.6:107 2.0-107 2.5-107 1.6:10°
skin 84.4 71.5 61.7 312.1
liver 6.5-107 3.8:10° 4.0-107 3.6-107
stomach 1.5-10° 1.5-10° 4.0-10° 9.2:107
bladder 57 10" 8.4-10° 1.3-10° 43107
testes/ovaries 1.0-10* 10107 3.4-107 1.0-10°*
esophagus 3.0-10* 2.0-10* 1.0-10° 5.0-10*
colon 2.0-10° 1.7-10° 6.8-10° 1.4-107
thyroid 2.0-10* 1.1-10* 7.9-10° 8.2-10°
bone surface 1.8-107 14107 0.80 1.00
bone marrow 1.1.10° 94107 0.63 0.80
brain 4.0-10° 5.5-10° 4.5.107 3.8:107
breasts 881073 2.7
remainder 1.6 1.2 24.2 18.3

Table 18. Absorbed doses in human organs of adult male and female phantom from 7y

radiation of *"*Pb and 214Bi, distributed in the room, in (uSv/WLM)

uGy/WLM ““Pb ““Pb “Bi ‘B
gamma gamma gamma gamma
male female male female

lung 6.1-10° 6.1-107 2.4-107 2.3-107

skin 3.8-10° 4.7-107 1.3-107 1.6-10°

liver 2.8-10° 2.9-10° k110 1.1:107

stomach 3.1-10° 3.7-107 1.3:10° 1.4-10

bladder 2.7-107 2.8-107 1.0-10° 1.1:107

testes/ovaries 3.0-10° 2.7-107 1.1.10° 1.0-10°

esophagus 2.4-10° 2.7-10° 1.0-107 1.1.10°

colon 2.5.10° 2.5-107 1.0-10° 1.0-107

thyroid 1.4-10° 2.7-107 52107 1.0-107

bone surface 3.8-10° 4.0-10° 1.1.10° 1.2:107

bone marrow 3.8-10° 4.2:10° 1.1-107 1.2:107

brain 3.3.107 3.4.107 1.3-10° 1.3-107

breasts 3.6:10° 1.3-107

remainder 2.6:107 2.7-107 1.0-107 1.1-10
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Table 19. The total gamma and beta equivalent dose from *'*Pb and *"*Bi per WLM in
main organs and remainder tissue of ORNL phantoms of the adult male and female due
to external (this work) and internal exposure (Markovic et al 2009) (in uSv/WLM)

External source Lung as a source

male female male female
lung 5.8:107 4.7-107 89.1 128.0
skin 146.0 383.6 0.20 0.16
liver 6.0-107 5.4-107 0.70 0.96
stomach 2.1-107 2.7-107 0.52 0.34
bladder 1.5-10° 1.8:10° 2.61:107 2.54:107
testes/ovaries 4.8-10° 1.3-10° 1.00-107 5.03-107
esophagus 1.4-107 1.4.10° 1.21 1.08
colon 2.1:107 2.8.10° 7.76:10 8.19-10
thyroid 8.5-107 9.5-107 0.15 0.21
bone surface 0.83 1.00 0.25 0.27
bone marrow 0.66 0.83 0.41 0.38
brain 6.5-107 6.0-107 2.91-10? 227107
breasts - 2.76 - 0.78
remainder 25.85 19.59 0.48 0.36

Organs that receive the highest dose from radon progeny inside room is skin and female
breasts. This result is quite expected when considering conditions of irradiation. It is
interesting to note that remainder tissue receive after skin largest dose. Detail analysis showed
that muscle tissue from remainder receives most of the dose: 232.57 and 195.74 uSv/WLM for
male and female phantom. Muscle tissue receives largest dose for given conditions of
irradiation.

Comparing doses from external and internal exposure from Table 19 it can be seen that
doses from indoor radon progeny are smaller than doses from progeny that are inhaled. Only
fraction of radionuclides present in the air is deposited in human lungs. Because of this
activity concentration in lung is much smaller then one in the air and it is expected that doses
from nuclides in the lung will be smaller. This is not the case because absorbed fractions from
radon progeny in the room are very small. Only small fraction of beta particles and gamma
radiation which are simulated actually hit human body. Most of radiation is absorbed in the
air and walls of room.

Effective dose from beta and gamma radiation from radon progeny distributed in the
room is 5.83 uSv/WILM.

Skin and muscle tissue from remainder are most exposed. DCF is calculated to be 5.83
uSv/WLM. DCF from progeny distributed in the lung is 13.3 pSv/WLM. Considering both
external and internal ways of exposure total effective dose from beta decay radon progeny
*“Pb and *"*Bi is 19.13 uSv/WLM. Table 20. gives total equivalent doses in all main organs
and remainder tissue from both external and internal exposure. Muscle tissue is added to the
list of organs since it receives high dose.
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Table 20. Total doses from ***Pb and *"*Bi (in pSv/WLM)

male female
lung 89.16 128.37
skin 146.29 383.80
liver 0.76 1.01
stomach 0.54 0.36
bladder 0.04 0.04
testes/ovaries 0.06 0.06
esophagus 1.23 1.09
colon 0.10 0.11
thyroid 0.23 0.31
bone surface 1.08 1.27
bone marrow 1.06 1.20
brain 26.34 19.95
breasts 0.10 0.08
remainder 0 3.54
muscle tissue 232.84 196.05

Most exposed are muscle tissue skin and the lung. Brain also receive large dose when
compared to other organs and tissues. Other organs and tissues receive far less dose.

DCF from beta and gamma radiation is small when comparing to the DCF of alpha
particles. Exposure to alpha particles is limited to internal exposure with exception of
deposition on skin. Main way of exposure to alpha particles is by inhalation where dose is
limited to lungs mostly. Relative biological effectiveness of alpha particles is twenty times
larger than electrons and gamma radiation. On the other hand whole human body is exposed
to beta and gamma radiation and it is interesting that one of remainder tissue receives the
largest dose.

Total exposure from internal and external sources was determined and DCF were
estimated to be 19.13 pnSv/WLM.
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1. INTRODUCTION

Radon (**Rn) is naturally occurring radioactive element, which is member of the ***U
radioactive decay series. “’Rn is the most significant radioisotope because it has been
estimated that more than half of the annual effective dose received by human from all sources
of ionizing radiation is attributed to **’Rn and its short-lived progeny (NCRP Report 93 1987;
ICRP32 1981). It has the half life of 3.825 days and decays emitting alpha particle with
energy of 5.49 MeV. In recent decades, there has been a worldwide concern about the health
risks from exposure to **’Rn and its progenies. Hazards from radon can be from both external
and internal sources. Inhalation of indoor air is responsible for more than 80% of human
exposure to “*’Rn as well as to their progeny. Therefore, it is important to study the indoor
behavior of “**Rn and its progeny from the viewpoint of dose assessment.

The main source of radon is surrounding ground (Eisenbud and Gasell, 1997) from which
radon by diffusion and convection reaches surface and enter the atmosphere (Fleischer, 1997).
Building materials, which contain higher concentration of radium (**Ra), can be intensive
sources of radon.

When radium decays, the resulting atoms of radon gas escape from grains of the building
material to air-filed pores and finally reach the room air by crossing the building material-air
interface. The importance of studies of radon emanation from building materials is given by
the fact that this source is more readily controllable than the other radon sources. Radon
generated at the level of material grain by alpha decay of radium may enter into the pore pace
(by recoil or diffusion in the solid phase) and then migrate through these pores to the
surrounding air. The dominant radon transport mechanism in building materials is diffusion
driven by concentration gradients (Stranden, 1988). Physical parameters used for a
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quantitative description of radon exhaled from building materials through a diffusion model
are radium content, emanation fraction, diffusion coefficient or diffusion length and porosity
(Cosma et al., 2001).

After radon decays in a room, the newly-formed decay product clusters are positively
charged (Porstendorfer and Mercer, 1979) and have a high mobility. The most important
parameter for characterization of indoor radon progeny behavior is their diffusivity. The
diffusion of radon progeny influences on the formation of the radioactive aerosol by
attachment and the deposition on surfaces and in the human lung.

In the paper (Urosevic et al., 2008) authors simulated radon and its progeny behavior in a
room and calculated their spatial distribution using the Finite Element Method. This model
simulates all relevant processes like diffusion, different kinds of ventilation, convective air
flow, radioactive decay, etc. It has been found that the radon concentration is not fully
homogeneous inside the room. It depends from radon progeny diffusion, airflow distribution
and room ventilation.

Behavior of radon and its progeny in a room by modeling their motion with Brownian
diffusion was described in (Stevanovic et al., 2009). In that paper the Jacobi room parameters
(Jacobi, 1972) were determined with assumption that there is not airflow in the room and
ventilation is equal or close to zero. It was shown that radon progeny diffusion influences on
their behavior in the room.

Radon measurements are usually performed with nuclear track detectors enclosed in a
cup covered with a filter paper or some another permeable materials. Such a device is called a
diffusion chamber because the radon gas diffuses through the filter into the cup. Different
designs of diffusion chambers were described in literature; some of the new developments are
summarized in (Nikezic and Yu, 2004). For that purpose air/deposited fractions and the
distributions of deposited progeny on the chamber walls must be determined.

The behavior of short-lived radon progeny in a diffusion chamber was modeled based on
the random Brownian motion and diffusion in (Nikezic and Stevanovic, 2005). The modeling
enables calculations of the fraction of radon progeny that decays in air, as well as, the
distribution of the atoms deposited onto the inner walls of the diffusion chamber. It was found
that *'*Po is decayed in air up to 23%, while *'*Pb and *'*Bi are almost fully deposited before
decaying. The distribution of deposited progeny was found to be non-uniform.

Measurement of radon by activated charcoal is a passive integration technique which was
described by many authors (Cohen and Cohen, 1983; George, 1984; Prichard and Marien,
1985). Radon diffuses into the charcoal bed, and is adsorbed on the activated particles. The
exposure can last from a few hours to several days. At the end of the exposure the canister is
closed and sealed again. More than three hours are needed for the establishment of an
equilibrium between radon and its short-lived progeny. Radon progenies emit v rays measured
by scintillating or semiconducting detectors. Thus, the total activity of radon (in Bq) in
activated charcoal is measured. This activity could be correlated with the mean concentration
of radon in the atmosphere where the canister exposure was performed.

Nikezic and Urosevic (1998) considered diffusion of radon into a layer of activated
charcoal. Analytical and numerical solutions were presented. The dependence of sensitivity
on different parameters, such as temperature, thickness of the charcoal was studied.

The investigation of the radon diffusion through the medium is very important for
studying of radon entrance in the room from the soil and building materials; behavior of
radon and its progeny in the room; measurement of radon concentration. In this work detailed
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descriptions of radon diffusion through the medium and developed models will be presented.
The influence of medium parameters on radon diffusion will be investigated and obtained
results will be presented and discussed.

2. RADON DIFFUSION THROUGH CONCRETE

Concrete is the basic, complex and heterogeneous material for building construction in
developed countries. Knowledge of diffusion characteristics of concrete enables the
estimation of the contribution of radon diffusion from the soil to the total indoor radon
concentration.

Two main processes govern radon transport through the concrete (Urosevic and Nikezic,
2003):

« diffusion (about 80%), caused by a gradient of concentration because the radon
concentration in soil below a concrete slab is significantly larger than in air above it,
and

+ advection (about 20%), caused by a difference in pressure of a gas below and above a
concrete slab.

Three physical characteristics of concrete influence the radon transport through the
concrete slab:

« porosity, €, is the fraction of the total volume of concrete (as defined by its
boundaries) which is occupied by air;

+  permeability, 1, defined as the ability of concrete to transport a gas, or a measure on
the diffusion rate of gas through concrete;

« diffusion constant, D, of radon in concrete, which defines the ability of radon to
move through the concrete under the gradient of concentration.

A series of experimental studies of radon transport throughout concrete and soil have
been conducted (Rogers and Nielson, 1991; Csige et al, 1995). These studies have shown that
radon transport through the concrete can be described by Fick’s law in one dimension.
Renken and Rosenberg (1995) measured radon transport through different samples of
concrete without cracks. They determined average values of porosity, permeability and
diffusion coefficient for three different types of concrete. These experiments also have shown
that the process of radon diffusion is the main mechanism of transport through the concrete.

2.1. Theoretical Model for Simulation of Radon Diffusion through Concrete

Urosevic and Nikezic (2003) presented mathematical model of radon diffusion and
simulated its transport through different types of concrete. Radon flux density. J, through the
concrete slab in the direction, X, is determined by Fick’s law of diffusion
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J=-D— (1)

where D is the diffusion coefficient (in m’s™), 6C/ox is the gradient of concentration, C, in
(Bq m™). Radon flux density is radon activity transported throughout unit surface in unit time
(in Bq m™s™"). The diffusion coefficient is characteristic of a medium for radon transport, and
determines a space—time distribution of radon inside the sample.

b
x=L
concrete
slab
x=()
Radon

Figure 1. Geometry of radon diffusion through concrete.

The geometry of radon diffusion through concrete was given in Figure 1. A cylindrical
concrete sample is isolated on the lateral side, so that there is no lateral radon leakage. One
basis is exposed to the radon concentration Cy, while the other is not exposed. In such an
arrangement, diffusion is dominant along the x-axis (see Figure 1) and the differential
equation, which describes the radon transport through a concrete sample in one dimension is
(Urosevic and Nikezic, 2003)

o _ 0
ot Ox~

- AC 2)

The first term in equation (-AC) describes radioactive decay of radon. The initial and
boundary conditions were defined as

C=0, t<0and O<x<L
C=C,(r), t>0andx=0 )
L=, t>0and x=L

where L is the thickness of the concrete sample (the height of the cylinder), t =0 is the starting
moment of irradiation to the radon, Cy(t) is radon concentration at one end of the cylinder
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(varying with the time t). The initial condition (for t < 0) means that the sample was radon
free before irradiation.

One side of the cylinder is exposed to radon. It diffuses through the cylinder and radon
appears on another side of the cylinder. The radon flux density increases and after a certain
time becomes constant where steady state is appeared.

The Eq. 2 was solved numerically (Urosevic and Nikezic, 2003) by using Finite Element
Method (MFE). For that purpose software package, called ‘PAK’ (Kojic et al., 1996) with
condition Co = (36.7+ 2.9) - 10’ Bq m". Space and time distributions of the radon
concentration in the concrete sample were obtained by simulation. The value of the diffusion
coefficient for the type of concrete used in this study is 4.3-10° m’s™.

3. RADON DIFFUSION IN A RooMm

3.1. A Theoretical Approach to Indoor Radon Diffusion

Most authors consider radon indoor concentrations uniform inside rooms (Porstendorfer
et al., 1978). Such an assumption is probably well justified and accurate for radon due to its
relatively long half-life (3.825 d). The most important parameter for characterization of
indoor radon progeny behavior is their diffusivity. Ramamurthi and Hopke (1989) showed
that the diffusion coefficient of progeny has values between 0.005 and 0.1 cm’s”. Diffusion
coefficients between 0.068 and 0.085 were measured for neutral radon progeny (Porstendorfer
and Mercer, 1979).

The physical mechanisms involved in indoor radon its progeny distributions are
complicated. Besides the differences in radioactive decay and source distributions, the
distribution depends on the attachment to aerosol particles, recoil processes after an alpha
decay, deposition (plateout) on room surfaces, and other removal mechanisms.

The spatial distribution of radon and progeny within a room is determined by several
parameters and effects such as: different half-life, air flow effect, geometry of the space,
ventilation rate, supply and exhaust diffuser, gas kinematics, and aerosol behavior. Some
authors used the technique of computational fluid dynamics (CFD) to study the
concentrations and distributions of indoor radon and progeny (Kato,1997; Zhuo et al., 2001).

Diffusion of radon and its progeny through the room was simulated in (Urosevic et al.,
2008). The typical model room dimensions 3 x 4 x3 m” were used in simulation. The window
is located in the middle of the lateral wall, while the door is on the right side of the opposite
wall. The indoor air flow can be regarded as a continuous incompressible fluid. It has also
been assumed that there i1s no temperature gradient in the room, i.e. the temperature field is
uniform.

The starting point in model development is themass balance equation for the jth
radionuclide, described by a Eulerian differential equation (Zhuo et al., 2001).

6c, auC,  O°C, E,
- = -
ot ot oxt Ay,

—(/1“+/1].+)Ld)t‘j (4)
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where: C; — the concentration of the jth nuclide (radon or thoron) in qu‘3; D — the diffusion
coefficient in m’s™; u — the air flow velocity in ms’'; Ej — the exhalation rate in qu'zs"; Ai-
the radioactive decay constant in s'l; A, — the ventilation rate in s'; and Aq — the deposition
rate in s .

It has been assumed that the walls are well isolated, i.e. there is no air flow through the
walls. The Neumann boundary condition (flux through the wall = 0)was applied. The main air
flow was taken along the x-axis at the altitude of 1.5 m from the floor. This air stream is due
to leakage through the window. This is modeled by an open inlet/outlet of 20x 20 cm? at the
middle of the window on the left wall of the room.

The mass concentrations at the inlet and outlet are fixed by interpolation of the indoor
and outdoor activities (Zhuo et al., 2001). For a general closed living room, the ventilation
rate, A, is known to be in the range of 0.1-1 h™' and the total area of apertures between the
wall and the window or door is 200-600 cm”. If an inlet area of 20x 20 cm> 1s assumed, the
inflow velocity is estimated in the range of 0.02—0.23 ms™'. Therefore, the indoor air flow may
be regarded as laminar flow. Components of air velocity taken here are uy = 0, u,=0.12 ms"
and uz =0. The amount of air that enters into the room is equal to that which leaves the room,
It was assumed that radon emanates from the wall or floor of the room.

For simulation the following parameters were used (Urosevic et al., 2008): Exhalation
rate 1s E;= 0.01 qu'zs"; ventilation rate A,= 1.39-10™ s': diffusion coefficient is D=5-10"*
m’s”. Urosevic et al. (2008) showed that if there is no airflow in the room, the radon
concentration was about 3% smaller in the center of the room than close to the wall. If some
laminar airflow exists, the concentration in the middle of the room is about 10—11% smaller
than that close to the source located in the wall. The radon concentration was usually assumed
homogeneous inside the room by many authors; however, this calculation shows that such an
assumption is not fulfilled completely.

3.2. Determination of Parameters of the Jacobi Room Model for Radon
Using the Brownian Diffusion Model

The Jacobi room model is a set of parametric differential equations (Jacobi, 1972) which
describes behavior of radon and its progeny in a closed space and a room. Processes that were
taken in account by these equations are removal by decay, ventilation and deposition as well
as attachment to indoor aerosols. Parameters which describe these processes are decay
constants A;, ventilation rates A,, attachment rates X,, and deposition rates of the unattached
and attached progeny 44", 14", respectively.

It was shown that size distributions of an aerosol with an attached progeny can be
presented with three modes, described with log-normal functions with corresponding medians
and geometrical standard deviations (Porstenddrfer, 2001; Marsh and Birchal, 2000).
Accordingly, the original Jacobi model was extended to include a three modal character of
attached aerosol distributions (Nikezic and Stevanovic, 2004) and smaller fractions of
unattached radon progeny were obtained.

The outputs of the model are radon and progeny concentrations in closed space for a
given set of parameters.
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In many calculations, these parameters were treated as independent and their best
estimations were used; even in some works these parameters were chosen uniformly and
randomly in some range given in Table 1 (Amgarou, 2003.).

Table 1. Characteristic values for the parameters usually used in literature

Parameters Best estimation (h’ Range of values (h’
) )

Ay 0.55 0.1-2

Aa 50 10-100

Ad" 20 5-110

Ad 0.2 0.05-1.1

Many factors influence on real values of parameters, such as: room dimensions, S/V
ratio, aerosols concentration and their size distribution, indoor airflow, etc. Concentrations of
radon progeny in different modes (attached or unattached) strongly depend on Jacobi
parameters and their values must be precisely determined.

The behavior of a radon progeny was considered by simulation of Brownian motion of
the radon progeny in a room (Stevanovic et al., 2009). Brownian motion of free progeny was
characterized by free mean path in air. When a progeny is attached to an aerosol its motion is
determined by motion of the aerosol. The diffusion coefficient of the aerosol, carrying the
attached progeny, depends on its size and shape. In this work, the method developed in
(Stevanovic et al., 2009), for determination of Jacobi room parameters, which describe
diffusion of radon progeny in a room will be presented.

In the simulation two assumptions were adopted: (a) there is no temperature gradient in
the room i.e. the temperature field is uniform; (b) there is no large air movement in the room,
so the indoor airflow was not taken into account and the ventilation rate is equal to A.,=0.
These conditions correspond to the steady state, which may be applied to a well closed room.

3.3. Modeling Radon Progeny Diffusion in a Room by Brownian Motion

Particles in a gas medium have stochastic motion. Many collisions of particles with other
particles and air molecules present cause changes of the particle direction and velocity. Such
random motion is known as “*Brownian motion’’. Due to the stochastic nature of particle
motion, the probability that a particle after time t, travels from point (x,yo,Z) to point (X,y,z)
in a given gas medium could be defined as (Landau and Lifshic, 1965; Reist, 1993):

1 _ ("'_-"n )2 +(,\’”.V(J )2 +("_Z'> )2

’ ,Z,f :—'7 4 Dr , (5)
Fguz:t) (47:Dt)3’-e

where D is the diffusion coefficient of a particle which is equal to 50 cm®/s (Zhuo et al., 2001;
Stevanovic et al., 2009). This distribution function was used to simulate progeny atom motion
n a room.



318 D. Nikezic, V. M. Markovic, N. Stevanovic et al.

When a progeny is attached to an aerosol its motion is determined by motion of the
aerosol. The diffusion coefficient of the aerosol, carrying the attached progeny, depends on its
size and shape.

3.3.1. Simulation of Progeny Attachment to Ambient Aerosols

During random motion, a particle can meet an aerosol which is present in air and attach
to it. The “meeting probability™ depends on the aerosol concentration and its size distribution,
A three modal aerosol size distribution was given as (Hinds, 1998; Marsh and Birchal, 2000)

_(ind,~InAMTD, )’

2
3 2In Gy

fla)=3 == ©

where, i =nucl, acc, co, for the nucleation, accumulation and coarse mode, respectively.
AMTD,ye1 = 0.05, 6 pyet = 2.0, fr4e = 0.28; AMTD,. = 0.25 Ggace = 2.0, foec = 0.70; AMTD,,
= 1.50 @00 = 1.5, aid £,,=10,02.

The diameter of an aerosol, d,, is sampled with numerical integration of Eq. (6),
d

I I (x)a'x =y, where y is a standard random number. All symbols denoted with y in the text
0
below have the same meaning of “standard random number”. They are independent and
uniformly distributed between 0 and 1. Fortran90, enables generation of these numbers using
an intrinsic function called RANDOM_NUMBER(gama) where the optional name “GAMA”
is defined by the user.

In order to simulate the behavior of radon and its progeny in a room, in the way described
in the following text, Fortran90 code was developed.

The mean free path of a progeny atom, A, until collision with an aerosol, was given by
(Hinds, 1998) as

/1“‘1— (7)
\/E-ﬂ-l’l-dj’

where, n is the concentration of aerosols in a room.
The random path length of *'*Po from its formation until collision with an aerosol and
attachment is determined in the following way. The probability that the *'*Po atom travels the
) 1 X
distance, /, is given as w= I— e “dx . If probability, w, is taken randomly w=y, the
0 A
following expression can be obtained for the random path length

[==2-Iny. (8)
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On the other hand, the mean free path of a progeny atom between two respective collisions
with air molecules is Agc=6.6-10° m and the number of collisions per second is about n.=
710" s (Hinds, 1998). It means that the real total path that a progeny atom passes is:

L=A_ -n -t, (9)

free C

where t is the time of progeny motion.

Since, attachment was always assumed when a progeny atom met an aerosol, the
attaching condition is that the sampled path length, /, until collision with an aerosol is smaller
than its total path, i.e. / < L. If this condition is satisfied, the progeny atom is attached and
further issues would be related to motion of the aerosol with an attached progeny atom.

The diffusion coefficient of an aerosol, carrying a progeny atom, is calculated as (Hinds,
1998)

_KTC,

D .
3mnd,

(10)

where k is Boltzman’s constant, T is the room temperature. The coefficient C. is the
Cunningham  correction  factor which depends on the aerosol diameter,

(15.6-?—78_0059[)"/“ ), where P is the air pressure in the room; 7 is the air

1
Co=1+
P-d,
viscosity and for standard conditions (normal atmospheric pressure and room temperature
T=293 K) has a value of n=1.81-10"° m%s.

3.3.2. Determination of Jacobi Room Parameters

Simulation of radon progeny behavior in a room, taking into account decay, deposition
and attachment to aerosols, with very low ventilation that can be neglected (hermetically
closed room), was performed in the following steps (Stevanovic et al., 2009):

*  The starting points of *'*Po (first radon progeny) are sampled homogenously as:

xl”Pg = A}/l
Yopy =B 73, ()
ZZIxPO :C']/3

where A, B, C are the room dimensions.

+  After the starting point of >'*Po was determined, the life time of the >'*Po atom was

sampled by t = —7 ln(}/4 ), where 1 is the mean life time.

+  Using Eq.(5) the ending point (x,y,z) of the *'*Po atom was sampled. If that point

was within the room it was assumed that *'*Po decayed as unattached and the point
of decay was signed as (x;,y;,z). If the sampled point was out of the room, deposition
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of the *'*Po atom was assumed and the deposition point (Xq,Yq4,Z4). Determination of
these coordinates was described in (Stevanovic et al., 2009).

+ If condition /<L was fulfilled, attachment did not occur, the progeny history
terminated, scoring the event of deposition (or decay). The next progeny was created
and simulated in a similar way.

If a progeny is attached to an aerosol (/ > L), it is necessary to determine the point of
attachment and final point of the carrying aerosol (Stevanovic et al., 2009). If the final point
of the aerosol was sampled “out of the room™, the aerosol was deposited on the room wall
(deposition of an attached fraction). In the opposite case, the attached progeny decayed within
the room; the newly formed progeny remains attached, except *"“Pb which could be detached
with some probability.

The detachment probability (recoil factor) was estimated by (Mercer, 1976) as 0.8 and
this value is commonly used. Stevanovic et al. (2004) showed that the recoil factor depends
on the aerosol diameter, shape and its chemical structure. In addition, a radon progeny can be
attached to the aerosol surface, but due to coagulation of aerosols, it could be found within the
aerosol volume. The recoil factor is different in these two types of contamination. In this
paper the following was assumed: (a) surface attachment of a progeny atom to a spherical
aerosol, and (b) the aerosol was built from quartz (SiO,). With these assumptions the recoil
factor was distributed in the range between 0.5 and 1. The distribution of the recoil factor as a
function of the aerosol diameter was created and used in the calculations presented here.

Stevanovic et al. (2004) showed that the detachment probability of 21%Pb was equal to 1,
if the diameter of the aerosol (built from SiO,) was smaller than 0.047 pum. The detachment
probability from larger aerosols, as a function of the aerosol diameter, d,, can be presented as

y (du ) =0.44+0.07¢7°°"% 4 0.54¢7'%2% 1+ 0.06e'**% _ In simulations detachment

“occurs™ if the standard random number v, satisfies the condition ySR,(da). Radon

progeny are usually attached on the aerosol surface. In most cases (>50%) newly formed
*Pb atoms will be detached from the aerosol surface and detachment can be treated
simultaneously with alpha decay of *'*Po.

Since the steady state was assumed, the number of >'*Po atoms, N¢, created per one hour
is constant. All events that occurred after the creation of one *'*Po atom were “followed” in
the simulation, during Ty = 5 h in a room. The creation time of unattached >'*Po was
uniformly sampled during T, as Tn=T,*y. By simulating the motion of a created particle the
time of the ultimate event of the particle, Td, can be determined. In this way the number of
decays (Ngccay), depositions (Ngepo) and attachments (N, aen) is scored.

The number of created progeny atoms per one hour is equal to the sum of decayed,
deposited and attached atoms

/—{’I—INI—] :lINI“ +A’111N/” +;{u1N1” (12)
In the notation introduced above, it could be written

+ N

depo

Nc' = N” + N::r/u(-h (1 3)

decay
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u

For a given number of created particles, N_ = A,_, N, the number of decayed particles per

one hour, N 1s determined in the simulation described above. It means that the number

decay

u
decay

of atoms existing in the room is equal to N = . From the number of deposited and
i

attached (Ngepo, Natacn) progeny atoms determined in the simulation, the deposition and

attachment rate were determined as

u u

Nre o N
id,' — lep and /1(“_ _ attach (14)
N-“ Nju

Analogously, the deposition rate of an attached progeny is

a

a Nn'e 0
A= N: (15)

1

a
decay

, and N;’em_ 1s the number of decays per one hour of attached progeny

where N =
i
and i=*"*Po, *'*Pb, *'*Bi.

A room with common dimensions of 4 x 3 x 2.5 m" was considered. Deposition rates and
attachment rates as a function of aerosol concentrations are presented in Figures 2-4. The
aerosol concentration was varied in the range (1-10)-10° cm™. The number of simulated
progeny atoms is predetermined to 10°, so that each event “occurs” a large number of times.

In this way, the statistical error is very small and in all cases it is well below 1 %.
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Figure 2. Deposition rate of unattached progeny.
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Figure 4. Attachment rate of progeny.

The deposition rate of an unattached progeny is presented in Figure 2. For varied values
of aerosol concentration, the deposition rate of *'*Po atoms is in range from 39—47 h™'. For
214 214y - 5 _ 3 .

Pb and " "Bi atoms, deposition rates are close to each other, due to similar mean life times
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and varied from 30-36 h™' and 31-37 h' for *'*Pb and *"*Bi, respectively. These values are in
the range given in (Amgarou, et al. 2003). The deposition rate is an increasing function of the
aerosol concentration. It is interesting to note that deposition of %po is about 25% larger than
the value determined for the other two progenies.

The deposition rate of an attached progeny is presented on Figure 3. These values are for
three to four orders of magnitude smaller than the ones obtained for the unattached progeny.
It is because the aerosol diffusion is much smaller than that of an unattached progeny in the
form of clusters. For *'*Po atoms the deposition rate of the attached progeny is between
0.002-0.004 h", while for >'*Pb and *"*Bi atoms, the deposition rates are between 0.0007-
0.0015 h™" and 0.0009-0.0015 h™, respectively. These values are smaller than the ones
estimated in (Amgarou, et al., 2003; Nikolopoulos and Vogiannis, 2007).

The attachment rate of a progeny is presented on Figure 4. It could be seen that the
attachment rate strongly increases with aerosol concentration. The attachment rate for *'*Po
atoms is from 60-170 h™'. For *'*Pb and *'*Bi atoms the attachment rate is about 30% smaller
and their ranges are 41-120 h™' and 43-122 b, respectively.

4. Diffusion Radon and Its Progeny in a Diffusion Chamber

Radon measurements are usually performed with nuclear track detectors enclosed in a
cup covered with a filter paper or some another permeable materials. Such a device is called a
diffusion chamber because the radon gas diffuses through the filter into the cup. Different
designs of diffusion chambers were described in literature; some of the new developments are
summarized in (Nikezic and Yu, 2004).

Radon decays in the diffusion chamber and new short-lived progeny atoms are formed
inside. Activity equilibrium between radon and its short-lived progeny is established inside
the chamber. However, the radon progeny may deposit onto the inner wall of the chamber.
This process of deposition changes the irradiation geometry and affects the detector
sensitivity. Some progeny atoms decay in air (hereafter referred to as the air fraction) and
others decay after deposition onto the walls (hereafter referred to as the deposited fraction).

Nikezic and Stevanovic (2005) considered diffusion radon and its progeny in the chamber
modeling their movement by Brownian motion. The air and deposited fractions as well as the
distributions of deposited progeny on the chamber walls were determined.

Very small particles in gas or liquid move randomly. Changing of the direction of motion
is caused by collisions with molecules of the air. The random motion of particles is
characterized by the direction and magnitude of velocity as well as the path length between
two subsequent collisions. All these variables are random in nature and the distribution would
remain uniform if the distribution of particles in the volume is uniform. In contrary, when the
distribution of particles in the volume is not uniform, a new uniform distribution will be
established after some relaxation time due to the random Brownian motions of the particles.
The particles will move from a region with larger concentration to a region with lower
concentration; this process is called diffusion. Diffusion of particles is characterized by the
diffusion coefficient D.

The Eq. (2), which describes diffusion of particles, is equivalent to Eq (5) which presents
probability distribution that particle with point (X, yo, Zg) moves to point (X, y, z) during time
t, if diffusion coefficient is equal to D (Nikezic and Stevanovic, 2005)
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The distribution givenThis formula was employed to simulate the diffusion of radon
progeny inside the diffusion chamber. The diffusion coefficient D = 0.054 cm>s™' was used in
the calculations; the same value was also used in (Nazaroff and Nero, 1988).

Details of simulation were described in (Nikezic and Stevanovic, 2005) where developed
simulation enables calculations of the air and deposited fractions of all radon progeny, as well
as the spatial distribution of the deposited progeny. Different “counters™ were set up in the
computer program, one for each kind of events. When some events occurred (decay,
deposition onto the vertical chamber wall or deposition onto one of the horizontal bases of the
chamber), the corresponding counter was increased by 1.

4.1. Air/ Deposited Fractions and Surface Distributions of Progeny
in Chamber

Nikezic and Stevanovic (2005) considered behavior radon progeny *'*Po, >'*Pb and *'*Bi
with different chamber sizes. Air and deposited fractions were calculated and deposition
distributions were determined.

The air fractions of radon progeny as a function of the chamber diameter are given in
Figure 5 for chambers with heights 2, 4 and 8 cm. The air fraction of >'*Po increases with the
chamber diameter and height.

As expected, the air fraction is the smallest in the smallest chamber (r = 1 ¢cm and H=2
cm) and achieves about 23 % in the largest examined chamber. The air fraction of *"*Pb is
about 1 %, and it increases with the chamber dimensions. On the other hand, the air fraction
of *"*Bi is very low, always below 0.1 %, and *'*Bi atoms might be assumed totally deposited.
For the purpose of calculating the detector response, *'*Pb and *'*Bi atoms can be assumed
totally deposited.

The surface distribution of the deposited radon progeny was calculated in the following
way. The height of the chamber was split into 10 horizontal segments, while the circular
bases were split into 10 concentric circular segments. The coordinates of the points where the
progeny atoms settle on the surface were stored in the computer memory. The next step was
to determine the segment in which the progeny was deposited. The counter corresponding to
that segment was increased by 1. The distributions were created by dividing of counter score
in the segments with the total number of deposited particles. The results are given in Figures
6 and 7.

Systematical calculations of the distributions were performed for a variety of chamber
heights and radii. Here, only the most representative data are given because there are no
qualitative differences among them.

Figure 6 presents the distribution of deposited progeny along the vertical wall of the
chamber. There is a maximum deposition around the middle of the wall. The deposited
activity decreases toward the ends (bottom and top) of the vertical wall. There are some small
differences in the deposition pattern between *'*Po, which tends to be more uniformly
deposited, and the other two progeny, *'*Pb and *'*Bi, which tend to deposit more around the
middle of the vertical wall.
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Figure 5. Air fraction ofradon progeny for different chamber heights as a function of the diameters.
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Figure 7 shows the distribution along the radius of the chamber base. All progeny tend to
deposit close to the center of the circular base, and deposition decreases towards the rim of

the base. Again, *'®

Po tends to deposit more uniformly than *'*Pb and *"*Bi.
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Figure 6. Distribution of deposited progeny along vertical wall. Radius is R=4 cm.
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Figure 7. Distribution of deposited progeny on the basis. The chamber height is H=2 cm.

In (Nikezic and Stevanovic, 2005) diffusion of charged radon progeny in chamber was
considered separately. The results were presented in Figures 8, 9 and 10.

The air fractions of charged radon progeny were given in Figure 8. The air fraction of
charged *'*Po is less than 10 % for all examined chambers. By comparison with Figure 5, one
can find that the air fraction is much smaller when the electric charge is taken into account.
The air fraction reduced by a factor of 2 (for the largest chamber) up to 5 (for the smallest
chamber). The air fraction for other progeny is much smaller and they can be taken as fully

deposited.
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In addition to the influence on the air fraction, the electric field also changes the pattern
of deposited progeny on the inner walls of the diffusion chamber. The distribution as a
function of the chamber height is shown in Figure 9. The distribution has been changed in
comparison to Figure 6. The charged progeny **po tends to deposit more in the middle part
of the chamber wall.

The distribution of charged progeny deposited on the chamber base given in Figure 10 is
very similar to the one presented in Figure 7. This distribution is not changed significantly
under the assumption about the charge of the progeny.
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Figure 10. Distribution of deposited charged progeny on the base. The chamber height is H=2 cm.
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4.2. Effects of Non-Uniform Deposition on the Detector Response

In all previous calculations of the sensitivity of the detector in the diffusion chamber
performed by different authors, the deposition of radon progeny was considered uniform.
Here, the calculations were repeated in order to examine the effects of non-uniform
deposition on the determined detector response. In order to assess the effects of the non-
uniform deposition, the calculation of the sensitivity was performed under two cases: (a)
uniform deposition and (b) non-uniform deposition. Calculations were carried out for a
cylindrical chamber with radius r = 3 cm and height H = 4 cm. A circular LR 115 detector
with a radius rg, = 3 cm was placed on the innder bottom of the diffusion chamber. The
removed layer by etching was assumed as 6.54 um (Nikezic and Stevanovic, 2005).

The only difference is that the random points on the chamber wall was sampled from the
distribution presented in Figures 6 and 7. The air fraction of >'*Po from Figure 2 is 6.6 %. The
other 93.4 % of atoms are deposited onto the chamber wall. On the other hand, the deposited
activity of *'*Po is shared between basis and the vertical wall in the ratio 3:7. Table 2
summarizes the calculation results for partial sensitivities. The partial sensitivity of a radon
progeny species is defined as the track density (in m~) per unit exposure (in Bg-m™-s)
assuming that only atoms of this radon progeny species are present in air (or on the wall).

In this way, the unit for partial sensitivity is given in m. The indices (A) in Table 1 refer
to the emission in air (air fraction), and the indices (W) to the emission on the wall. No index
was used for *’Rn since its atoms always decay in air. Table 3 gives the total sensitivity
obtained under different assumptions. The total sensitivity, py is given as a sum

Table 2. Partial sensitivities in m of radon and radon progeny in the chamber with
radius r=3 cm and height H=4 ¢m. Detector LR 115 etched to remove 6.54 Hm

p(**Rn) | p(*"Po p("*Po(A)) | p("*Po(W)) p(*"*Po(W))
(A)) Uniform Non Uniform | Non
uniform uniform
0.217:107 | 0.199-10° | 0.20-107 0.407-10" | 0.766-10° | 0.416:10° | 0.479-10°
3 3

Table 3. Total sensitivity, p,, in m, obtained under different assumptions

Air fraction of radon progeny =1. 0.616-107

1.e. there is not any progeny deposition

Air fraction of all radon progeny =0. Uniform Non uniform

1.e. total deposition of all progeny deposition dep.
0.299-107 0.341-107

Air fraction of **Po = 6.6 %, 0.309-107 0.349-10°

Other progeny deposited completely

Air fraction of “"Po=4.5 % under assumption - 0.346-10°?

that progeny atom is charged for whole its

life
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P = P2 RN+ £, (5 Po)o(* Po(4))+ (1= £, (" Po))p(*"* Po(w))+

- M(214p0)p(214P0(A))+(1 _fmr(szO))p(szO(W)) (16)

where f;;; is the air fraction of the corresponding progeny.

Deposition of the progeny substantially diminishes the partial sensitivities in the
examined chamber (for a factor of 4 to 5). The total sensitivity also drops from 0.616-10° m
down to 0.3-107 m.

On the other hand, non-uniformity increases the partial sensitivities. This is more
profound for 218p (almost twice) than for *"*Po (about 15 % increase). The effect is due to
the tendency of deposition towards the middle of the wall and the center of the base.

In Table 3, three groups of results are given. The first row refers to the hypothetical case
of no deposition. The second row presents data for total deposition (uniform and non-
uniform). Non-uniformity increases the calculated response from 0.3-107 to 0.34 -10° m
(about 17 % increase). The third row is obtained under the assumption of an air fraction of 6.6
% for *'*Po. The total sensitivity is slightly higher than that for the case of total deposition.
Here, again, the non-uniformity increases the calculated sensitivity by 17 %.

5. ANALYTICAL SOLUTION OF EQUATION FOR RADON DIFFUSION
THROUGH ACTIVATED CHARCOAL

Measurement of radon by activated charcoal is a passive integration technique (Nikezic
and Urosevic, 1998). It is a relatively inexpensive and simple technique. Another passive
integration method is the track detector technique. These two techniques are complimentary.
The advantage of track detectors is accuracy of results obtained. whereas the advantage of
activated charcoal is simplicity and low cost.

Measuring radon using the activated charcoal technique is described in detail by many
authors (see references in (Nikezic and Urosevic, 1998)). The activated charcoal radon
measurement procedure consists of the following: activated charcoal is heated to 100-1 50 °C
and maintained at such a temperature for several hours. The aim of this procedure is to release
the radon previously adsorbed in activated charcoal. The charcoal is then transferred to a
canister and sealed, so that radon diffusion back into the charcoal is prevented. The canister is
opened just before the radon measurements start. Radon diffuses into the charcoal bed, and is
adsorbed on the activated particles. The exposure can last from a few hours to several days.

At the end of the exposure the canister is closed and sealed again. More than three hours
are needed for the establishment of an equilibrium between radon and its short-lived progeny.
Radon progenies emit y rays measured by scintillating or semiconducting detectors. Thus. the
total activity of radon (in Bq) in activated charcoal is measured. This activity could be
correlated with the mean concentration of radon in the atmosphere where the canister
exposure was performed.

Nikezic and Urosevic (1998) considered diffusion of radon into a layer of activated
charcoal. First, solved an analytical solution of the diffusion equation is given for the case of
constant radon concentration (activity per unit volume. in Bq/m3) in air. Second, a numerical
approach for variable radon concentration was described.
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The diffusion of radon in a layer of activated charcoal with finite thickness was
considered. A geometry of the problem was presented in Figure 1. It is assumed that the
atmospheric concentration of radon C; (in Bg/m3) is constant. If C(x,t) designates the
concentration of radon in charcoal at the depth —x, measured from the boundary charcoal-air
surface, then a diffusion equation describing the variation of radon concentration in charcoal
relative to time and space can be presented by Eq.(2) (Nikezic and Urosevic, 1998)

This is a partial differential equation, of second order with respect to coordinate x and
first order with respect to time t.. When solving partial diffusion equations it is necessary to
define the boundary and initial conditions. In this case the initial and boundary conditions are:

C(x,0)=0,
C(0,1)= kpC,, (17)

(G_C) ~0
ax x=L

The 1nitial condition is meaning that there was no radon in activated charcoal at the moment
the measurement started. The first boundary condition presents constant radon concentration
in air, Cy. The second boundary condition is related to the other end of the canister x = L, and
indicates that the bottom of the canister is isolated, 1.e. radon flux at the bottom of the canister
is equal to zero. The coefficient “k™ is the so-called adsorption coefficient and p the charcoal
density.

The analytical solution of the Eq. (2) for radon diffusion through charcoal, with initial
and boundary conditions in Eq (17) was given as,

cosh \/7([—x) _((2'1+1)Z721D‘/{\’
P D @2n+1)e s ™ - (2n+1)7rx (18)

NE 2. 2 2 Y
cosh \/zl o (Z—HMJrZ
D 4]

The Eq. (18) presents a spatial and temporal distribution of radon concentration in activated
charcoal adsorbed for the exposure time t much longer than 3.825 days, but with one
important limitation concerning the constant radon concentration Co in the atmosphere.

It was a contribution to the better understanding of radon measurements with activated
charcoal. Namely, a theoretical study of radon measurement with active charcoal, an exact
analytical solution of the diffusion equation for simulation of activated charcoal, are given.

The principal advantage of such a formulation is easy and simple receipt of canister
responses for different types of excitations. It provides an appropriate method for testing the
effects of different parameters, for monitoring and predicting responses to different variations
of these parameters.

C(x, t)=kpC,

Good simulation results, given in (Nikezic and Urosevic, 1998), suggest that the model
adequately describes the phenomenon of radon diffusion and adsorption on activated
charcoal, and takes into account the process of radioactive disintegration. This means that this
model can be used as a new approach to the problem of determining radon concentration if
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the total radon activity in the canister is known. It is possible to analyze both the situation
when radon level is constant and the more realistic one when the radon level is variable.

So, using this model it is possible to calculate the level of radon in the environment by
the activated charcoal adsorption for the appropriate measurement conditions. Optimization
could be applied when determining the optimal exposure time, the minimum thickness of the
canister needed for the given exposure period. the number of canisters needed for attaining
the measurement accuracy;, etc.
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CONTRIBUTION TO EFFECTIVE DOSE FROM BETA AND GAMMA RADIATION
OF RADON AND THORON PROGENY

SUMMARY

Short lived radon and thoron progeny are natural occurring radionuclides which are the
most responsible for exposure of people. Main way of irradiating is internal, by inhalation, or
ingestion. After inhalation radon and thoron short lived progeny deposit on the inner layers of
bronchi and bronchioles and damage surrounding tissue. Activity in the lungs contributes to dose
in the lungs, but because of long range of beta gamma and beta radiation, also in the all other
human organs. External exposure is from activity in the air surrounding human body.

In order to determine airborne activity, model of Brownian motion of radon progeny is
developed, using Monte Carlo method. From simulations Jacoby room parameters were
determined, which allow to calculate airborne activity in the room. Using this values, deposited
activity in the lung can be calculated, which was done in this work.

Further absorbed fractions in the sensitive tissue of bronchial and bronchiolar region were
calculated using PENELOPE software. Absorbed fraction in sensitive regions is from few to
18% of mean beta spectrum energy. These calculations enabled dose determination in these
radiosensitive parts of lugs. DCF for radon progeny was calculated to be 0.21 mSv/WLM ,
which comprise about 2% of the DCF due to alpha particles from radon progeny. For thoron
progeny, DCF is 0.06 mSv/WLM , which comprise 1.5% of the alpha lung dose from thoron
progeny. Variation of Jacoby parameters showed that DCF value can be changed in the 35%
interval.

Absorbed fractions with values up to 18% shows that only that amount of beta and
gamma energy is absorbed in the lungs. Because of that it is needed to know doses in all other
organs and tissues. In this work doses in all main organs and remainder tissue were calculated for
radon and thoron progeny. It is shown that DCF for whole organism is 13.3 and 20.45

mSv/WLM for radon and thoron respectively.



At the end contribution from external exposure was determined, for the ORNL phantom
in the middle of the standard room, using MCNP software. Radon and its progeny were taken to
be uniformly distributed in the room. DCF from radon progeny due to external exposure is 7.37
mSv/WLM .

Results in this work presents original scientific contribution of author. The importance of
dose calculation is very important in dosimetry. Knowledge of the dose is the first step in

determining the radiation effect on humans.
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