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CAXETAK

[Ipenmer ucTpakuBama OBe JOKTOPCKE JUCEPTAIHje je MPOYyYaBamke HHTEPAKIINje HEYTPOHA U3
Am-Be uzBopa ca nmerexkropom CR-39, 1j. onpehuBame u mMepeme ehHUKACHOCTH JIETEKTOpa Kao U
HpOpaYyH J103€ Tj. JO3HOT CKBHUBAJICHTA HEYTPOHA.

[{nsbeBu KOjU Cy TOCTaBJLEHU TIPEJT ayTOpa OBE TOKTOPCKE IMCEpTaIlHje cacToje ce y cieaehem:

1. onpehuBame kanmuOpanuoHor KoedumujeHta, K, 3a Mmepeme HeyTpoHckux no3a CR-39

JIETEKTOpOM, Tj. onpehuBame Bese u3Mel)y oAroBopa IEeTeKTopa U3pakeHOT MPEKO T'YCTHHE
TparoBa, Ip, ¥ IO3HOT €KBUBAJIIEHTA HEYTPOHa, H.

2. onpehuBarme KOHBEP3HOHOT KoepuIMjeHTa QIIyeHCa Y IO3HH €KBUBAJIEHT, R, .

Jla Ou ce ocTBapwiu IMJLEBU BpILIEHA je cumyJiaiuja, merogoM Mounrte Kapno, unrepakuuje
HeyTpoHa u3 Am-Be usBopa ca atomuma nerexkropa CR-39u Bu3yenu3aiyje JaTCHTHUX Tparosa. y Ty
CBPXY j€ KOpHITheH OpUTHHAIHO pa3BHjeH Kommjyrepcku nporpam, Neutron_ CR-39.FO9Qjanucan Ha
OCHOBY MO/IeJIa MHTEpAaKIIHje M MOJIeJIa pacTa Tpara.

Mogen uwHTEpakiyje KOju je pas3BHjeH Yy Ty CBpPXY y3uMa y OO3Up EHEpPreTcKH CIeKTap
€MHTOBAaHHX HEYTpOHAa Kao M e(HKacHE MpeceKe eNacCTHYHMX W HeelacTUYHUX mpoueca. [lpu
CJIACTHYHHMM M HECJIACTHYHHM IPOLIECHMA C€ KPEUpajy CeKYHIapHE YECTHUIIC Y Pa3IMIUTUM MpaBIUMA
U BUXOBU JIATEHTHU TPAroBH Cy CIy4ajHO OpjEHTHCAHM y JeTeKTopy. Heku TparoBu ce Harpusajy ox
TayKe IJIe je YeCTUIa HACTalla Y CMEPY HBEHOT KpeTama — OBO Ha3MBaMO JIUPEKTHO HArPU3ame, JIOK Ce
JIpYrd Harpus3ajy ol Tauke y KOjOj C€ YeCTHIla 3ayCTaBWUJa WJIM y KOjO] je HaIyCTHJIa JTETEKTOp Y
CYIIPOTHOM CMEpY O]l CMepa HBEHOT KpeTama — OBO j€ Harpu3ame y CYIPOTHOM cMepy. Monenu pacra
Tpara y JUPEKTHOM M CYIIPOTHOM CMEpY O]l CMepa KpeTama YeCTHUIIE Ce MOCeOHO pa3MaTpajy.

VY umiby mpoBepe pesyiTara cuMylialnuje 00aB/beH je eKCIIEPHUMEHT 03pavyrBamka M HArpPH3amba
JETEKTOpa 3a UCTE YCIOBE KOjH Cy MPETIOCTaB/haHH y CUMYJalijama U JOoOHjeHo je 1o0po ciarame.
Haheno je na ce xanuOpanmonu koeduiujeHT pauyHa kao k = 15 - h, rae je h ckunyr cimoj y pm, a
KOHCTaHTa mponopuuoHanHoctd 15 je y pmt. Kanubpamuonu koedurmjent, K, muHeapHO pacrte ca
BPEMECHOM Harpu3ama Tj. ca CKHHYTHM CJIOjeM JCTeKTOpa y HCIIMTHUBAHOj o0nactu 6 um < h < 24 um.
Jenuuuna 3a kanmu6paumonn koepuuujert je tracks/(cri-mSv).Ilopexn kanmuGpauuoHor KoeduLujeHTa,

K, onpehen je u koHBep3uoHW KoeduiHjeHT (ayeHca y JO3HH SKBHUBAJICHT, h, , 4dja Ce BPEIHOCT

(p L)
h, = 3.7x10™Svlin® cnaxe ca BpenHocTHMA y jauTepaTypu [Burger m Schwaster, 1988; I1SO/DIS

8529, 2000] BpenHocT jaunHe A03HOT €KBHBAJICHTA M3padyyHATa MPEKO KOHBEP3HOHOT KOCQHIIMjeHTA

00po ce ciaxke ca pe3ysiTaTiMa JOOHjEeHUM MEPEHEM HEYTPOHCKUM JIO3UMETPOM.
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YBOJ

OBaj pax mpumaga HEYTPOHCKO] (GU3MIM, KOja je, Kao Je0 HyKJeapHe (Pu3uke, Mo MHOTO
yemy o0erexuia u ONTHO yTHIaIa Ha TOK IMBHJIM3AIM]e Y TponuioM BeKy. HeyTpoHcka dusuka je
jeaHa of LEHTpaJHUX o0jacTh (HU3MKE W pa3jio3n 3a TO Cy, Kako Kopuuiheme HEyTpoHA Y
(byHIaMEHTAIHUM HCTPaKMBAbMMa, TaKO M MHOTOOpOjHE MPUMEHE Yy CHEPreTHIH, HaopyXamy,
MEIUIWHN, HWHAYCTpUju u 1p. Ha mnpumep, QyHmaMeHTaTHa WCTPOKUBAKba HEYTPOHCKHX
HYKJICApHUX peaKija, JoBenacy 10 oTkpuha ducuje, mTo je KacCHHje OTBOPHIIO BUIIIE PA3TIUUUTUX
10Jba UCTPAKUBAHA U IPUMEHA.

I'maBHa Tema oBora paja je Jo3UMeTpUja HeyTpoHa MoMohy Tpar aerekropa. Jlozumerpuja,
Kao o0JiacT nmpuMemeHe gpusnke, ce 6aBu onpehuBameM arcopOoBaHe 103€ joHU3Yjyher 3pauema,
MIPBEHCTBEHO y JbYJICKOM TKHBY, alld M Y pa3HUM JPYTHUM MaTepujannMa. HeyrpoHcka no3umMerpuja
Jj€ O/ BeJIMKE BaXKHOCTH 3a 3alITUTY O] 3pauema y OMU3MHU aKleneparopa YeCcTUlla U HyKJIeapHHX
peakTopa, 3a KBaHTU(UKAIH]y edeKkaTa u3naramba KOCMHUKOM 3payeky, Kao U KOJ Tepanuje Op3um
U criopuM HeyTpoHuMa. [1ocTojao je u mocToju KOHCTAaHTaH HHTEPEC 3a HEYTPOHCKY JO3UMETPH]Y Y
BOJHMM IpHMeHama. Ypehaju 3a Tepanujy KaHIepa HEyTPOHUMA M JOHCKHUM CHOTIOBHMa (XaJpoHCKa
Tepamnuja) ce Op30 pa3BHjajy IIUPOM CBETa W NHUTAKE J03MMETPHje HEYTPOHA IOCTaje BeoMa
3Ha4ajHo. Jlo3a n3a3Bana Heyrporuma y (X,n) u (y,N) peaknujama u JpyruM IpOAyKTHMA PEaKIIHja,
kao mto cy (X,p) u (Y,p), CTBOPEHUM IPH BUCOKOEHEPTETCKOj 3payHOj TEPAIHjH je 10 caxa oua y
MOTIYHOCTH MOTIEHCHA U I10CTaj€ HHTEPECAaHTHA U 3HauajHa 00JacT UCTPaKUBamba.

Hexke sbyncke akTUBHOCTH MoBehaBajy CBEYKYNHO HM3JIarame 3pauciy U T€ aKTMBHOCTH Ce
Ha3uBajy AenaTHocTH. CHCTEM 3allITUTE MPH JIEIaTHOCTUMA je 3aCHOBaH Ha Tpu npuniumna [ICRP
107, 2007]. 1)0mpaBaaHOCT AETaTHOCTH — CBaKa JEIaTHOCT MOpa Jia J1aje MO3UTUBHY HETO KOPHUCT.
2) OnrtuMmuzaigja JeIaTHOCTH — CBE J03€ Tpeba Ip:KaTH OHOJHMKO HHUCKO KOJHUKO j& TO pa3yMHO
moryhe mocrtuhn y3umajyhu y o03up exkoHOMCKe, coujainHe u cBe Apyre ¢akrtope. 3) ['panuie
71032 U pHU3UKa 3a TOjeIMHIIE — MOCTOj€ MPOIHMCAaHE TPaHUIIEe /1032 3a TOjeAMHIIC KOJU paje ca
M3BOpHMA 3padyekha U 32 OCTaJI0 CTAHOBHHIITRBO.

HeyrpoHcko 3paueme Tpumaga Trpylnd WHAMPEKTHO joHM3Yjyhux 3pauema (kao wu
CNIEKTPOMArHeTCKO 3pavee) W 3aTO CE HEYTPOHCKM JIETEKTOpW 0a3upajy Ha JIETCKLIUjU
CeKYHIApHUX HACIIEKTPUCAHMX YECTHIIAa WM rama 3padyerka, NPOM3BEACHUX Y HYKICapHUM
peakmujama kao tmro cy (n,p), (ne), (ny), (n,fission), uau y3makHyTHX je3rapa CTBOPEHHX Y

CIIaCTMYHHUM pacejarbuMa Ha JIakuM Metama, [Krane, 1987].
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JleTeknpja COpPUX W TEPMaTHUX HEYTPOHA CE 3aCHMBA Ha peakidjama tuma (N,p)u (Nw);
KOPHCTE C€ JOHW3ALMOHE KOMOPE U MPONOPLUOHATHN Opojayun mymeHu racom BFs, Hekum 6opoBumM
jenumerem win “He.

3a Mepeme Op3ux HEyTpoHa Hajuemhe ce KOpuUCTe Y3MaKHyTa je3rpa CTBOpEHa Yy
€TaCTHYHHUM pacejamiMa HEeyTpOHA Ha JaKUM MeTama (1H, ’H, °He, “He, ...) Y CHUHTHJIAIHOHUM
nerekTopuMma. MIMIyncu HacTalid YCIOpaBamkbeM Y3MaKHYTHUX IPOTOHA Ce€ OOWYHO TOCMATpPajy
Kopuctehu CHUMHTUIALMOHE MaTepujane OoraTe BOJOHHUKOM, Kao IITO j€ MJIACTUKA MM OpraHCKa
TeYHOCT. Tako, COMHTHIATOP CIYXH W Kao MPOTOHCKAa MeTa 3a HEYTPOHE M Kao JETEKTOp
Y3MaKHYTUX MTPOTOHA.

[Mopen akTMBHMX MeToJa 3a ACTEKIM]y W JO3UMETPHUjy HEeyTpoHa (jOHM3AIMOHE KOMOpE,
NPOIMOPIMOHATHA OpOjaud, CUUHTWIAIIMOHH JICTEKTOPU) KOPHCTE C€ M MacuBHE MeTone (MepHu
ypehaju Koju He 3aXTeBajy AUPEKTHO Hallajame eICKTPUYHOM €HEPrHjOM y TOKY HM3iarama). Mehy
JaHac KOPUITNEHUM MMacCUBHUM JIMYHUM HEYTPOHCKHM JO3MMETpUMA, Tpar ACTEKTOPU CE CMaTpajy
JETHOM O] HajTIEPCIIEKTUBHUjUX TeXHHUKA. [[0ce0HO MECTO y CBETYy Tpar JETEKTOpa 3ay3uma J00po
no3Hatu CR-39 netextop (poly allyl diglycol carbonate — PADCkoju cy otkpunu Cartwrightu
ap. (1979. Ipema Hekum ayropuma [Durhamu ap, 1989; Deevband np, 2011],08aj aerexrop je
TKHBHO CKBHBAJICHTAH, aJli JICTAJbHU]E UCIIUTUBAKHE OBE TBPIEH-E HUje Hal)eHO y INTepaTypH.

TkuBHA ekBUBajJeHIM]a je nedUHHCAHA Ha cleaehw HauMH: MaTepujayl je TKUBHO
CKBUBAJICHTAaH aKO je KOe(UIMjEHT IpelaBama CHEpruje UCTH Kao M 3a TKuBO [lvanov, 1978].
OBakBa ne(uHHUIMja ce Mpe CBera OJAHOCH Ha PEHATEHCKO M rama 3padyeme M HHje HOTIYHO
CUTYPHO Jla aKO j€ HEKM MaTepHjaj] TKHBHO C€KBHBAJICHTAaH 3a Tama Ja he To MCTo OWTH U 3a
HeyTpoHcKko 3padewme. Jletekrop CR-39uma cactaB mar y Tabenu 1, koju jecte ciuyaH cacTaBy

TKHBA, aJld HUje OTHyHO ucTH, [Smilgysu np, 2013].

Taébena 1. Cacmas wyocke kooce u CR-390emexmopa

XeMHjCKH eJIeMeHT Jbyjacka koxa CR-39 nerektop
BOJIOHHK 67.1% 49.7 %
YTJbEHUK 13.0 % 324 %
KHCEOHHK 23.1% 17.9%
a3oT 2.0% 0%
OCTaTaK 0.2% 0%

CR-39je Beoma pacnpocTameH JHYHH T0O3UMETap 3a TepMaiHe u Op3e Heyrpone [Fleischer
u ap, 1975; Cartwrightr ap, 1978; Tommasina ap, 198@; 1980h Tommasinais Harrison, 1985;
Cross, 1986; Matiullala Durani, 1987; Piesch ap, 1989; Matiullaha ap, 1990; Bord ap, 1991;
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Fernandezr ap, 1991; llicu ap, 1995; Jamilt np, 1997; Palfalvin Sajo-Bohus, 1997; Dorschel
ap, 1999a; Hermsdorf np, 1999; Khanu ap, 2001; Tannem ap, 2001; El-Serswi np, 2004,
Garciau ap, 2005; Bedognit ap, 2008; 2009; El-Sersy, 2010; Deevbangdp, 2011; Saint Martin
u gp, 2011; Castillon ap, 2013]. Melyy 6pojuum npearoctima CR-39 neTekTopa y 0JHOCY Ha
Ipyre MEpHE TEXHHUKE Cy BEJIHKAa OCETJHHMBOCT HA MPOTOHE, HUCKOECHEPTETCKU Ipar 3a HEYTpPOHE,
Ka0 ¥ HEOCEeTJbUBOCT Ha rama 3paueme. 30or Tora je CR-39HajnorogHuju KaHauaaT 3a NpuMeHy y
JIMYHO] HEYTPOHCKO] JO3UMETPH]jH.

[Ipu pacejamy Heyrpona Ha arommma CR-39 merextopa (CioHi807) mpoumssome ce
y3makHyTa jesrpa H, C m O, nmok ce y HyKJIeapHMM peaklfjama CTBapajy CEKyHIapHE
HaeJIeKTprcaHe yecTrle (o yecTuiie, MpoOTOHU, ACYyTEPOHH...). CeKyHJapHe HaeJICKTPHCAHE YeCTHIIC
U y3MakHyTa je3rpa ocTaBbajy omTehema Mmpu mposiacky Kpo3 JETEKTOPCKHM Marepujaj, Koja ce
Ha3uBajy “nmaTteHTHU TparoBu . [lonpedyHe nuMeH3Hje TaTeHTHUX Tparosa cy 1o 10 nm, Tako na ce
MOTY BHICTH CaMO TOJ[ €JIeKTPOHCKMM MHKpOCKOmoM. Tpar ce Moke BH3yelU3UpaTH (YIHMHUTH
BU/IJbUBUM) TOJl ONTHYKKM MHKPOCKOIIOM, aKO C€ JIeNyje arpeCMBHUM XEMHUjCKUM areHCOM, Kao
mro je Ha npumep, BoaeHu pactBop NaOHwumu KOH. Ycnen Behe xemujcke akTUBHOCTH, PacTBOP
Harpusa omreheHu 1eo BHIEe Hero HeomTeheHW, Tako Ja ce JATEHTHHW Tpar 3HATHO yBehaBa u
MOJe ce mocMaTpaTi obuyHuM ontrukuM mMukpockornom [Nikezic u Yu, 2004]. ;Tpar edekar” je
orkpuBeH jorr 1958. romuue ox crpane D.A. Young, [Young, 1958]Ilpumepu HarpmwxeHHX

TparoBa cy aatu Ha Cimim 1 a-d.

(@) ‘D o
® O

50 pm

Cnuka 1. @), b)Tpazosu nacmanu ospauusarvem CR-390emexmopa uzsopom 241Am,npu yeeharby
onmuuxoe muxpockona x1000. CR-39e nacpusan 12 hy pacmeopy 6.5 M NaOHuna 62°C.1Iopre
cauke cy Hacmane goxycuparwem Ha nogpuunu CR-390emexmopa, a dowe goxycuparem na
paznuuumum oyounama. C) Tpazosu npu yeeharvy x200. d) Tpocmpyxu mpazosu npu yseharoy
x1000. Ha nesoj cauyu je ¢poxyc na nogpuunu CR-3900k je na oecrnoj poxyc na paznuuumum

oybunama mj. na nospuunu u ony mpaza, [Mosier-Boss op, 2009].
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[Ipu BemukuM rycTHHaMa TparoBa, Moryhe je lUXOBO MpEKIIaname MTO H3a3uBa IPelike y
OuYHTaBamky T'yCTHHE WK ra YnHU Hemoryhum. Kako ce xeMujckuM HarpusameM TparoBu ysehajy
70 BEIMYHMHE OJ1 HEKOJIIMKO MUKPOMETapa jaBJba CE OrPaHUUCHE MEPCHA ONTUYKHM MUKPOCKOIIOM
MpU BETUKUM TycTuHama. [Ipu rycTuHmM TparoBa pena ~10" cm? MpeKJIaname je TOIUKO Ja je
OYHMTaBamke HEMOTYhe U Ta BpeTHOCT ce y3uMa Kao ropma rpanuia. OBa rycTiHa TparoBa oAroBapa
HeyTpoHckoj n03u ~100 mSv{Bordy u np, 1991]. Vcnen oBor orpaHuyerma TEIIKO j¢ TPUMEHUTH
nerektop CR-39 Ha Heke 001acTH Kao IITO je HEYTPOHCKA TEpanuja U MEpPeme HEYyTPOHCKOT
dbyeHca 0Ko akIeneparopa U Hykieapuux peaktopa. [Ipumenom ADM (atomic force microscopy)
Moxe ce mpomuputh obnact npumene CR-39no3umerapa Ha oapehuBame BETUKUX HEYTPOHCKHX
noza. Ca A®M je moryhe meputu rycture tparoBa y CR-39 ~1000myra Behe Hero mTo je TO
Moryhe ontuukuM MuKpockoroMm [Yamamotou ap, 1999; Yasudar np, 2006]. [Tpumepu criuka

noobujernx AD®M mukpockonuma cy nmpukazanu Ha Ciounu 2.

- 5.0pm

Cnuka 2. Tunuuna 3D ADOM cruka nacpuzanux mpazosa anga yvecmuya enepeuje 1.18 MeVsa

paznunuma epemena Haepusara: 1.0, 2.5, 3.5¢ 3.75 h, [Félix-Bautista: op, 2013].

[Ipu xopumhewmy OBOT JeTEKTOpa MOTPEOHO j€ TTO3HABATH Be3y M3Mel)y TYCTHHE TparoBa u
IPUXOBUX KapaKTEpUCTHKA ca jeJHe cTpaHe U (yeHca W arncopOoBaHE 03 HEYTpOHA ca Apyre
cTpane. 'maBHU mpoOiieM y OBOj 00JacTH je BelIMKa 3aBUCHOCT OATOBOpa JETEKTOpa O] €HEprHje
HeyTpoHa. Hacympor TomMe y Tpakcu ce MOTY CpPecTH HEYyTPOHH BeoMa IIMPOKOT EHEPTreTCKOT
cektpa moueB on 0.025eV (repmanu3oBaHH HEYTPOHH Y HYKJICAPHHM PEaKTOpHMMa) Ia CBE JI0
HEKoJIMKO crotuHa MeV (y kocMudkoM 3pauewy). [lopen Tora, eHepreTcku CrekTap HEYTPOHA je
YeCTO HEMO3HAT U TEeXaK 3a Mepeme, a PaJHjallioOHO M0Jbe HEYTPOHA je OOMYHO MEIIAHO ca APYTUM

BpCTaMa 3payema, Kao mMTo ¢y rama, X, GUCUOHU TIPOIYKTH U JIP.



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Y oBOM pany je mpoy4aBaHa HHTEpaKIija HeyTpoHa 3 Am-Be uzBopa ca gerekropom CR-
39. VY uuspy npoBepe pe3yiTara J100HjeHHX CUMYJIallijoM 00aBJbEH je EKCIIEPUMEHT O3padrBamba 1
Harpu3ama JeTeKTOpa 3a UCTE yCIOBE MO/ KojuMa cy 00aBJheHa pauyHama MpH YeMy cy no0ujeHa

no0pa ciarama.

PACIIOPEl MATEPHUJAJIA 110 I''”TABAMA

Pan ce cactoju u3 nBa nena:
A) OIIIITA PASMATPABA u
B) TEOPUJCKO-EKCITEPUMEHTAJIHU JIEO PAJIA

Jleo A je ommTH, 06€3 OPUTMHATHOT HAYYHOT JONPUHOCA ayTOpa, MMa MOHOTrpadCKu
KapakTep W J1aje mperjea cTama y oBoj obnactu. Jleo A ce cacToju W3 TET riaBa, Koje OMUCY]y
IT0jMOBE HEOTIXO/IHE 33 pa3yMEBamkE pajia U METOJI0JIOTH]e.

VY npBOj IMaBM Cy ONHWCAaHW HCTOPHJCKH YBOJA OTKpuha HEyTpoHa, (U3HYKE OCOOWHE,
kinacudukanyja mo eHeprujama, kao 1 Am-Be uzBopu HeyTpona. JlaT je omrc OCHOBHHX IMpolieca
MHTEpakKIije HeyTpoHa ca marepujoM. Takohe cy HaBeneHE NMPUMEHE HEYTpPOHa ca aKIEHTOM Ha
MEAUIMHCKY MIPUMEHY Op3HX U CIIOPUX HEYTPOHA 3a TEpaIn]y KaHIepa.

Y npyroj rinaBu Cy ONMCAaHU OCHOBHU IOJMOBH WM BEJIMYMHE Y PaJAHjalliOHO] (U3HIIM.
JlepuHucane cy NHpPOTEKIMOHE W OINEpalOHE BEJIMYMHA, Ka0 M HUXOBa Be3a ca (DU3MUKUM
BenmmunHaMa npema ICRPu ICRU nyb6nukarujama.

Tpeha rnaBa maje mperyien pamoBa y oOO0JacTH JETEKIMje W JO3UMETPHjE€ HEYTPOHA.
JlebrHKCaHe Cy aKTHBHE M TTaCUBHE METOE JETEKIHM]e U JO3UMETPHje Op3UX U CIIOPUX HEYTPOHA.
OnBojeHo cy pa3marpane anOeno JA03UMETpHja M T03UMETpHja HeyTpoHa Ha 0a3u aerexkropa CR-
39.

UYetBpTa r71aBa gaje onuc Hajuenthe KopuimheHWx HyKJICapHHUX Tpar JETEKTOPa, Tj. HHXOBY
HCTOPH]Y, 3aTUM (PU3NIKO-XEMH]CKE KapaKTEPUCTUKE U JIeTaJbaH OMKUC IeOMETpHje pacTa Tpara. ¥
OKBUPY T'€OMETpHje pacTa Tpara pa3MaTpaHU Cy CIIy4ajeBH yIaja YeCTUIC Y ACTEKTOP MO/l IPaBUM
U KOCHM YTIJIOBHMAa OJ[BOJEHO 32 KOHCTAaHTHY W TPOMEHJbMBY Op3MHY Harpusama IyK Tpara.
[IpencraBibeH je MOET pacTa Tpara KOju ce KaCHHje KOPUCTH Y paay, a Koju cy passuian Nikezicu
Yu (2003%; 2004).

VY meroMm MOIIaBiby Cy ONUCAaHE HYMEpUYKE MeToje KopuinheHe y paly, Kao ILITO Cy
MounTte-Kapno meton, meron KoHauHuX pasinuka u HbytHoB Meron. Harmacak je Ha oHuM
eJIeMEHTHMA OBUX METO/Ia KOjU Cy KacHU]je KOpUITheHH y pay.

Jleo B, 3a pasnuky on nena A, mpencTaBba OpUTHHANIAH HAYYHHU paj ayTopa. Pesynraru cy

NpeJCTaBJbeHU Y OKBHPY 6, 7, 8u 9 rnaBe u 3akibyuka.
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VY 1mecToj raBu je MpENCTaBJbEH je MOJEN MHTEepakiuje HeyTpoHa 3 Am-Be usBopa ca
nerekropoM CR-39kao 1 HauWH Ha KOjU Ce BPIIU 0a0Hp MOYETHE EHEepruje, Mmoyuoxaja u mpasia
HEYTPOHA y M3BOpPY, MECTa MHTEpPaKLMje HEYTPOHA M METE; BPCTE aroMa y JETEKTOpY ca KOJUM
HEYTPOH WHTEparyje Kao W THIl MHTEpaKIHje HEYTPOHA ca JeTeKTopoM. JlaT je omuc padyHama
JIOMETa HacTaJuX CEeKyHJApHUX YEeCTHIa Tj. MpoToHA U aida uvectuna. CekyHIapHe YecTUle ce
Kpeupajy y pa3IM4uTHM MpaBIMa U HUXOBU JIATEHTHU TPAroBU Cy CIy4ajHO OPjEHTHUCAHU Y
nerekropy. Heku TparoBu ce Harpu3ajy oJ] Tauke IJI€ je YeCTHIIa HacTajla y CMEpY HEHOT KpeTama
— OBO HA3WBAMO JUPEKTHO Harpu3ame, JOK Ce APYrd Harpusajy o] Tadyke y KO0joj ce YecTHIla
3ayCTaBWJIa WK y KOjO] j€ HAIMyCTHJIa JETEKTOP Yy CYIPOTHOM CMEPY O] CMepa HEHOT KpeTama —
OBO j€ HarpHu3ame y CyIpoTHOM cMepy. Mojemnu pacTa Tpara y IUpeKTHOM U CYIIPOTHOM CMepy OJ
cMepa KpeTama dYecTulle ce mnoceOHO pa3marpajy. Ha momeHyTuM Mozaenuma je 3acHOBaH
dboprpancku mporpam Neutron_CR-39.F9Gmju je onuc u aujarpaM TOKa MPEJCTAaBIBEH Y OBO]
TJIaBU.

VY ceamoj riaBu je ommMcaH EKCIIEPUMEHT oO3pauuBama JaeTekTopa Am-Be uszBopom y
JlaGopaTtopuju 3a 3aIITUTY OJ 3paderma y MHCTUTYTY 3a HykileapHe Hayke y Bunum, xao u
XEMHU]JCKO TPETHpamhe U OYUTABAIE JETEKTOpa, IpeMa CTaHJapAHUM Ipolenypama, y rnocrojehum
naboparopujama Ha I[IM®-y y KparyjeBmy. Takohe je ommcan HHCTPYMEHT 3a MeEpeHE
HEYTPOHCKHX 1032 Tj. jJAYMHE JIO3HOT CKBHBAJICHTA HEYTPOHA.

OcMa riaBa caipkd pe3ysiTaTe TEOPHjCKO-CUMYJAIMOHOT pajia Kao IITO Cy. MpopadyH
CHEepPreTCKO-yraoHe pacrojeie CTBOPEHHMX NpOoToHa M anda uecTuna, mpopadyH amncopOoBaHe
eHepruje mo jelHOM HEeYTPOHY, NMpopauyH MapaMmerapa TparoBa Harpu3aHUX y CYNMPOTHOM CMeEpY,
MPOpavYyH JIATCHTHE €()UKACHOCTH U €(PUKACHOCTH Harpu3ama, MpopadyyH e(pruKacHOCTH Harpu3ama
TparoBa y JUPEKTHOM U CYIPOTHOM CMepYy.

V neBetoj rnaBu cy nopeheHn pe3ynTaTé npopauyHa u Meperma jadlHe JO3HOT eKBUBAJICHTA
HEyTpOHA Kao U T'yCTHHE Tparopa. M3pauyHara je BpeITHOCT 32 KOHBEP3MOHHU Koe(hUIIHjeHT (uryeHca
y I03HU €KBUBAJICHT KOja ce T0OpO Cliake ca BpeIHOCTUMA JaTuM y uteparypu. Onpehena je Beza
u3Mel)y oroBopa JeTeKTopa U3paKeHOT MPEeKo T'YCTUHE TParoBa U JO3HOT eKBUBAJIEHTA HEYTPOHA,
OJHOCHO (hyeHca. ['ycTuHa TparoBa je JHMHEApHO 3aBHCHA OJI JO3HOI €KBHMBAJCHTA HEYTPOHA 32
pazIuuuTe CKUHYTE CJI0jeBe, unMe je oapeheH kammOpanmoHu KoepuIujeHT mTo je 1 OUo 1UJb OBE
JOKTOpCKe aucepranuje. Tume je morBpheHa npumeHa pasBujeHor nporpama Neutron_CR-39.F9§
HEYTPOHCKO] JO3UMETPUjH.

V 3akJbyuKy je AaT caxkeT mperiies pezynrara u qocturayha paga. JluckyroBanu cy Hahenu

pe3yATaTH y CBETIY MOCTOjehuX eKCIIEpUMEHTATHIX U TEOPH]CKUX T0/1aTaKa.
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A) OIIIITA PABMATPAIBA

1. OIIIITE KAPAKTEPUCTUKE HEYTPOHA

1.1. Hcropuja orkpuha HeyTpoHa

Ernest Rutherforde jom 1920.roaune mpermoctaBuo MOTyhHOCT MOCTOjak¢ HEYTPOHA.
Rutherfordje cmarpao na ce mucmapurer uamely aromckor Opoja aTomMa W HETOBE Mace MOXKe
00jaCHUTH TIOCTOjalbeéM HEYTpaJHE YECTHIIC YHyTap aTOMCKOT je3rpa. Y HCTO BpeMe Kaja je
MPEUIOKUO MME TIPOTOH 3a MO3UTHBHO HACJIEKTPUCAHY YECTHILY Y je3Tpy aToma, MpeIokuo je 1
MME HEYTPOH 3a €BEHTYyallHy HeyTpanHy uectuiry [Rutherford, 1920].

CymnpotHo ommteM MulUbewy koje je Biagano 1930. roaune, Viktor Ambartsumianu
Dmitri lvanenkoy CCCP-y TBpawim cy na ce aroM HE MOXE CacTojaTH caMO OJl MPOTOHA H
enekTpoHa. OHM Cy JTOKa3aiH Ja OCUM TMPOTOHA Yy je3rpy Mopajy OWTH MPUCYTHE W HEyTpajiHe
gyecturie [Ambartsumian lvanenko, 1930].

Y Hemaukoj cy 1931.rogune Walther Bother Herbert Beckeriokaszanu na ako eneprercka
an(ha yecTUIIa EMUTOBaHA U3 MOJIOHH]jyMa Tajia Ha JIaKe eJIeMEeHTe, Kao IITo Cy Oepuinjym, 60p uiu
JUTHjYM, TIPOM3BOIN CE HEOOMYHO MPOIOPHO 3pauckhe, [Beckeru Bothe, 1930; 1932]Tymaueme
EKCIICPUMEHTAJTHUX pe3yJiTata OWJi0 je TEHIKO jep je TO 3payeme OWI0 TMPOJOPHUjE O] CBHX
MO3HATUX rama 3pauckha.

Crenehun Baxkan pompunoc 3abenexer je 1932.roaune y IMapusy ox crpane Iréne Joliot-
Curie u Frédéric JoliotOnu cy mokasanu 1a ako OBO HEIO3HATO 3paucihe Maja Ha mapaduH I
OWJIO KOje JeIMIbEehe KOje caipKu BOJIOHUK, OHO M30allyje mpoToHe BeoMma Benuke eHepruje. Camo
no ceOM TO HHjEe Y CYNPOTHOCTH Ca MPETIOCTaBKOM O IMPHPOIHM Tama 3padera, ali JeTajbHa
KBaHTUTATHBHA aHAJIKM3a [10/IaTaKa ce CBE TEXKE MUPUJIA Ca TAKBOM XUIIOTE30M.

James Chadwick6aBibao je Hu3 ekcriepuMmeHara Ha YHuBep3uteTy y Kemopuny, 1932.
rojiuHe, mokasyjyhu nma je xumore3a rama 3pauema HeonapkuBa. OH je TPEIIoKHO J1a C€ HOBO
3pauemke CacTOjU OFf HEHAEJEeKTPUCAHMX YECTHULA Mace MPHOIMKHE MacH MPOTOHA M HU3BEO je
CepHjy eKCIIeprUMeHaTa KOjH Cy IMOTBPAWIN HEroBy MpeTrnocTaBKy. OBe HEHACIEKTPUCAHE YECTHIIC
Cy Ha3BaHE HEYTPOHH, OUYMIJICTHO M3 JIATHHCKOT KOpEHa PeyM 3a HeyTPalaH M TPUYKOT HACTaBKa —
on (nmutHpajyhu enektpon u nporon) [Chadwick, 1932; 1933].

Hyxneapna ¢ucuja, Ha kojy je "Hammao” IlaBne Casuh, pagehu y maGoparopuju Upene

Kupu y Tlapu3sy, y eKcliepiMeHTy o3padmBarma 2>-U HEyTPOHHMA, W3a3BaHa j¢ 3aXBATOM CIIOPHX
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HeytpoHa. Ha nykieapny ¢ucujy npsu je Haumao Enrico Fermianu uu on kao Hu IlaBne Cauh
HUje pay3Meo mrTa ce y crBapu goraha. Kao pesynrar Tor o3paunBama JOOMjEHU Cy €IEMEHTH U3
cpeaune nepuoaHor cucrema. O0janmemne oBe nojase cy aaaum Hahnu Strassmann 1939oaune,
KojuMa je mpummcano "orkpuhe” (rcHje, o KOjoM ce MoapasyMeBa memame jesrpa U HaKOH
3axBaTa HeyTpoHa. YnmbeHHIa fa ce Ipu (UCHjU eMHUTYje HEKOJIMKO HEYTPOHA Cyrepucaia je 1a je
Moryha camoojpkaBajyha aHuaHa peaknuja. TakBa peakiuja je OCTBapeHa TMOJl PYKOBOJICTBOM
depmuja 2.12.1942kana je npBH HyKJI€ApHU peakTop J0CTUTao Kputuunoct, [Turner, 2007].0x4

TOT TIepHOJIa HEYTPOH 3ay3MMa IIEHTPAJTHO MECTO Yy CBETY MOJIepHE (PU3UKE aTOMa U 3paucka.
1.2. dusuuke 0coOMHE HEYTPOHA

Heytpon je cybaromcka decTHila, Ipumaaa TPymnmu XaJapoHa U oOenekaBa ce cUMOOIIOM N.
HeyTpon je cactaBHM €0 je3rpa CBaKOr aTOMa OCHM HajpaclpoCTpameHHjer W30TOIa BOJIOHHUKA,
qHje ce je3rpo cacToju caMo O] jeIHOT MpOoToHA. [[pOTOHM M HEYTPOHH Cy Y je3rpy aToMma YBPCTO

BE3aHH jaKMM HyKJIeapHUM cuiaMa. HeyTtpoH je Heyrpanna yectuna (Z = 0)ca cniuHoM s, =1/2 u
HETaTHBHUM MarHETHUM MOMEHTOM U, =—194p.

Heytpon je kimacudukoBan kao 0apuoH, T] XaJpoH KOJH C€ CacTOju OJ TPU KBapkKa, JBa

downkBapka ca HaenekTpucameM -1/3 u jeqHor UP KBapka HaenekTpucama +2/3. Kao u nporony,

HEYTPOHU MMajy OapuoHcku Opoj B, =+1, msocmun T =1/2 (ca npojekuujom T, ==1/2) n
MO3UTHBHY YHYTpalllky napHoct P, = +1. Maca Heyrpona je 3a 1.3 MeV/c? (i 2.5 m) Beha ox

Mace NpOTOHA M W3HOCH M, :1.00876ajm:939.6MeV/cz:1838.Gne, [Mukhin, 1987].

AHTHMAaTEpHjCKH €KBUBAJICHT HEYTPOHA j€ aHTHHEYTPOH.
Ban jesrpa HEyTpoHM Cy HeCTaOMJIIHM M HWMajy BpeMme moiypacmana oko 11.5 munyra.

HeytpoHn ce pacmiaga (Oeta pacnagoMm) Ha IPOTOH, EIEKTPOH U aHTHHEYTPUHO:
n- p+e +y, (1.1)

[TomTo ce HEYTPOH cacTOju M3 TPH KBapKa jennuHu Moryhu pacman 6e3 mpomeHe 6apuoHCKOT
Opoja je pacnaz jeqHor dOWNKBapka y JIakik UP KBapK U Moxke ce moctuhu emucujom W 0030Ha,
Crnuxka 3.

Pa3zmenom muoHa y je3rpy HEYTPOH M MPOTOH ce€ TPaHCHOPMHUINY jellaH y NPyru. YHyTap

je3rpa mpoTOHU ce TPAaHC(HOPMHUIIY Y HEYTPOHE HHBEP3HUM O€Ta pacraaoMm:.

p - n+e +v, (1.2)
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udd
n

Cnuxka 3. Feynmanes oujacpam 6ema pacnada HeympoHa y RpOmoH, eNeKmpoH U AHMUHEYMPUHO

enekmponcku npexo mewkoz \W 6030ua.

Tpandopmannrja npoToHa y HEYTPOH Y je3rpy Takole je Moryha e1eKTpOHCKHUM 3aXBaTOM:

p+te - n+v, (1.3)

1.3. Kaacudukauuja HeyTpoHA MO eHeprujama

[Morogno je knacupukKoBaTH HEYTPOHE MpeMa BUXoBoj eHepruju [Turner, 2007; Mukhin,

1987].V Tabenu 2 cy aare Kjilace HEYTpOHa [0 EHEeprujama, pH 4YeMy CBaka Kjaca MMa CBOj Ha3UB.

Taébena 2. Knacugurxayuja neympona no enepeujama

Ha3zue knace HeyTpoHa Enepruja neyrpona, E,
Tepmanuu E,= 0.025eV
Enurepmannu E,>0.2¢V

Kagmujymcku E,<0.4eV
EnukaaMujymcku E,> 0.6eV

Criopu E < 1leV (10 eVun 1 keV)
Pe3onanTHu leV <E,<~10 MeV
Wurepmennjanau ~100eV < E,< 0.5 MeV
Bbp3u E,> 0.5 MeV
PenaruBuctuuku E, > 20 MeV

ducronn 100 keV < E, < 15 MeV
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Ha HuMCKOM nemy eHeprercke ckaje, HEyTPOHH MOTy OWUTH y TEpPMAalIHO] PAaBHOTEXKH ca
OKOJIMHOM IIpU 4YeMy IbUXOBE eHepruje umajy MakcBen-bonumanoBy pacnozgeny. Enepruja
tepMmaniHuxX HeyTpoHa je 0.025eV u 1o je HajBepoBaTHH]a eHepruja Ha coOHOj Temmepatypu (20°C)
1ok je cpenma enepruja 0.038eV. Tepmanau HeyTpoHU n00Ujajy U ry0e Majie U3HOCE SHEepruje
KpO3 enacTuuHe cynape y Marepuju. Onu qudyHayjy cBe 10K He Oyny 3axBaheHHM HEKHUM je3rpoM
u3 marepuje [Turner, 2007].

KanMmujyMcKH HEyTpOHM HOCE OBaj Ha3WB jep HWMajy BEIUKy e(dUKAacHH TIPEceK 3a
aricopO1Hjy Ha kagmujymy. I'panuna ancopniyje Ha kaamujymy je 0.4 eV.Heytponu ca eneprujom
MambOM O]l OBE TpaHMIIE MMajy BEJIHMKY BepoBaTHohy na ce amcopOyjy Ha aromMy KaaMmujyma
(Ha3uBajy ce moaKaIMHjyMCKH). M3 oBOr paszjora KaaMHjyM C€ KOPUCTH y HYKIICAPHUM
peaKkToprMa 3a KOHTPOJTY JJaHYaHEe peaKnuje.

Crnopu HeyTpoHu mMajy Hemto Behy eHeprujy oa tepmannux. M3 Tabene 2 ce Buau na
KOHBEHIIM]ja HHj€ MPeLU3Ha Ka/ia Cy y TUTalky CIOPU HEYTPOHHU.

WNuTepMmeanjaTHu HEYTPOHU UMajy eHeprujy uzMel)y cropux u 6p3ux.

ducuonu HeyTpoHH ce popmupajy TokoM (ucuje, HajeepoBaTHHja eHepruja je 0.8 MeV

JIOK je cpenma enepruja 2 MeV.

1.4. Am-Be usBopu HeyTpoOHa

Heyrponun ce Mory npoHM3BOAMTH Ha BHINE pa3IMYUTUX HAUYMHA! y PEAKTOPHMA,
aKieneparopumMa u 1momMohy moceOHO NpaBJbeHUX M3BOpa HEyTpoHA. CHOMOBH MOHOEHEPTETCKHUX
HEYTpPOHa MOTY ce JOOMTH M3 pPa3NUUMTHX HYyKJIeapHUX peakuuja. Heyrponu noOujeHu u3
HEYTPOHCKHMX M3BOpa WJIM peakTopa HUCY MOHOCHEPTETCKH U MMajy pacrojiely Mo eHepryujama, Tj.,
KapaKTEepUCAHU CYy EHEPTEeTCKUM CIIEKTPOM.

(o,n) peakuuja oAroBopHa 3a OTKpuhe HEYyTpOHa, MOXKe OMTH MCKopHITheHa 3a IPOU3BOIY
HEYTPOHCKUX HM3BOpa MOTOJHMX 3a Kopuinhemwe y iadoparopuju. CtabuiaH u30Ton Oepuivjyma,
Be, uma peraTuBHO €1abo0 Be3aH HeyTpoH (Be3uBHA eHepruja je 1.7 MeV). Ako o decTuiia moroau

je3rpo Be, Moxe ce 0cnoGoauTH HEYTPOH:

*He+°Be-“C+n, Q=55MeV (1.4)

AKo ce momelnajy ayroxusehn anda emuryjyhn Matepujamm, kao mro je “°Ramm “*'Am,

ca mpaxom Be nobuja ce KOHCTaHTHA Op3WHA MPOU3BOIHE HEYTPOHA. 22°Ra ¥ HEroBU MOTOMIH

10
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EMUTY]y 0. YeCTHIIC ca eHepTrujoM o1 0ko 5 MeV mo 63y 9 MeV u Tako ce 100ujajy HEeyTpOHH ca

€HEPreTCKUM CIeKTpoM 10 14 MeV.

36or BHCOKE eMHCHje Tama 3padcma ~-°Ra, Ra-BeHeyTpoHCKH H3BOPH Cy YIITaBHOM

3aMemeHH u3BopuMa > P, Pun ***Am, [Mukhin, 1987].08u u3sopu npoussoze oko (2-3x10°

HEYTPOHA Y CEKYHJIH TI0 3.7%10% Bq anda akruBHocTH. Hekm yoOuvajeru (o,N) U3BOPHU JATH CY Y

Tabenu 3, [Turner, 2007].

Taéena 3. Angha-bepunujymcku uzgopu neympona

H3Bop Cpenma eHepruja Bpeme
HeyTpoHa [MeV] moJiypacnaaa
“Po-Be 4.2 13%ana
#po-B 2.5 1381ana
IAm-Be 43 432onuHe
*Ra-Be 3.9 16020 uHe
2Ra-B 3.0 16020auHe
Zpy-Be 4.5 244000 1uHe

Am-Be u3Bop je HajBuie KopHIIheH U3BOP y JlabopaTtopujama 3a HEYTPOHCKY JO3UMETPHU]yY

3aTo MITO WMa BEJIHMKO BpeMe IMOJIypaciiajga, a leroBa eHepreTcka paco/ieNna MoKprBa eHepreTCKy

00J1aCT MHTEPECAHTHY 32 MHOTE MPUMEHE Y aMOHM]jEHTATHO] W JTUYHO] Jo3uMeTpuju. Am-Be uzsop

MMa CIIeKTap EMUTOBaHUX HeyTpoHa y omcery o 0.2 10 10.8 MeV,Crnuxka 4.

0.04 ,’,,a’f\‘\\:‘

=>
—4

0,03 A

0,02 A

_—— e ——— e ——

BepoeaTtHoha

0,01

Geiger & Van der Zwan
1SO 8529

0,00 T T

En (MeV)

8 10 12

Cnuka 4. Cnexmap neympona uz Am-Beuzsopa
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Cnekrap mnpukazad mnyHoM JuHHjoM Ha Cimumm 4 1go0ujeH je  akieaepaTopcKoM
cumynarjor 2“Am-Be ussopa [Geigern Van der Zwan, 1970} kojoj cmon anda wectuia
erepruje 5.48 MeV, ekBuBaneHTan cpeamoj anda enepruju Am-Be usBopa, ymaga Ha TaHKY
oepunujymcky Mety. Criektap eMUTOBAaHUX HEYTpoHa je pauyHar kopakom 0.2 MeV'y omcery on
0.2 10 10.8 MeV.Cnekrap nma makcumyM Ha 3.5 MeV,a cpenma eHepruja HeyTpoHa je 4.29 MeV.
Ha cnunu je ucnpekugaHoM JIMHUjOM MPHUKa3aH CIEeKTap HalpTaH Ha OCHOBY BPEIHOCTH NaTUX Y
ISO 8529crannapay, [Tabena A.4, ISO/DIS 8529, 2000]. ISO (thaternational @ganization for
Standardization)e cBercka (enepanuja HanumoHATHUX Tena 3a crangapae (ISO member bodies).
ISO/DIS 8529 cranmapn crnenmduimpa pedepeHTHa T0Jba HEYTPOHCKOT 3paverha, y OICeTy
eHepruja on tepmannux a0 20 MeV, 3a kanubpamnujy ypehaja koju mepe 03y, (iaykc u ocrane
BEJIMYMHE MMOBE3aHE Ca HEYTPOHCKHUM 3pauei-eM, a KOjU ce KOPUCTE 3a 3allTUTY Of 3padyema U 3a

onpehuBame BHUXOBOT OrOBOpa Y GYHKIIU]H CHEPrHje HEYTPOHa.

1.5. HHTepaxkumja HeyTPOHA ca MATEPHjOM

WuTepakiyja 3pademha 1 MaTepHje je HajBaKHHUja TeMa y paaujanuoHoj ¢pusuny, jep sehuna
NpUMEHA, CBH EKCIIEPUMEHTH, Ka0 M CBE JIETEKTOPCKE TEXHHUKE C€ 3aCHHBAjy Ha IO3HABamy U
pasyMeBamy OBOT NMHUTama. Ha OBOM MecCTy MOCTOjM jaka Be3a ca (hyHIaMEHTATHOM (PU3HKOM
OCHOBHHX IpoIleca HHTEPAKITH]je eJIEMEHTAPHUX YECTHUIIA Ca aTOMHUMa | je3rpuMa MaTepuje.

3a pa3nuKy O IPOTOHA, HEYTPOHU Cy HEHAEJEKTPUCAHH M HE MHTEparyjy AWPEKTHO ca
enektpoHuma. Otyna je “cBeT HeyTpoHa” BpJIO pa3nuyuT of ‘“‘cBeTa mpotoHa’. IIpoToHu BHIE
MOpE €JIEKTpOHA ca KojuMa Cy CTalHO y uHTepakiuju. C npyre cTpaHe, 3a HEYTpOHE MaTepuja je
mpa3aH IpPOCTOp ca MalliM CKOHIEHTPUCAHUM TIpyJBUIIaMa HyKJeapHe MaTepuje pacrnopehene
OKOJIO.

Canuno (OoTOHMMA, HEYTPOHU CY HEHAGNEKTPUCAHU M MOTY jAa mpel)y 3HaTHO pacTojame y
Marepuju 0e3 mHTepakuuje. MehyTum, mporecu nHTEepakinuje (OTOHA W HEYTpPOHA ca aTOMHMa U
je3rpuMa Cy CacBHM Jpyraduju, IITO MPOWCTHYE W3 HUXOBE paznuuuTe mnpuponae. HeyrpoH koju
IpoJia3u Kpo3 3alpeMuHy Koja Caap)KH BENUWKH Opoj jesrapa MMa camo JBe OMIHje, WiIH Ja
HecMeTaHo mnpohe mim ma wHTeparyje ca jesrpuma, [Turner, 2007].Ilox ycmoBom "mooOpe"
reoMeTpHje y3aH CHOIl MOHOCHEPTETCKIX HEYTpOHa MHTeH3UTeTa |(X) rmocie mpoiacka ayK MyTame

X Takohe eKCIIOHEHITM]aJTHO clIadu y MaTepHuju

1(X) =1, &N, (1.5)

12



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

rae je lp mouernn mHTeH3UTET, N je Opoj jesrapa MeTe MO jeAMHHIIM 3allpEMUHE U G j¢ ePUKACHH
npecek. OBO MOHAaIIame HEYTPOHA je CIMYHO rama 3pademy, U 00e BpCcTe MpHIanajy Tpynu
MHJIUPEKTHO JOHH3YjyhuX 3pauema (Kao IITO je pedeHo Ha MoveTKy). HeyTpoHu, kao MHAMPEKTHO
joHusyjyhe 3paueme, He MOTY IUPEKTHO Ja JOHH3Y]y MaTepHjy, Beh To 4MHE MCKIbYYMBO MPEKO
CEKYHIapHO MPOM3BEACHUX YECTHUIIA.

EnexTpomarnercka MHTEpakKilMja HEYTPOHA ca €JIEKTPOHMMA je 3aHeMapibuBa. [Iponazehu
KpO3 MaTepHjy HEYTPOHH C€ MOTY pacejaTH eJacTMYHO WMJIM HEeeJacTUYHO Ha je3rpuMa Marepuje.
Pacejame je enacTHYHO ako ce YKyITHa KMHETHYKa CHEepruja o4dyBa y cyJapy Tj. Kaja je eHepruja
KOJy HEYTPOH M3ry0Ou jelHaKa KHHETUYKO] CHEPrHju y3Maka je3rpa. Pacejame je HeelmacTuuHo Kaaa
je3rpo amcopOyje M3BECHY CHEeprujy u mnpehe y BHILE €HEpreTCKO CTame. Takohe, HeyTpOH MOkKe
Outu 3axBahieH WM arcopOOBaH OJ CTpaHE je3rpa IITO JOBOJAU JIO peakiuja kao mrto cy (N,p),
(n,2n), (ng) mmm (nyy). OBe peakiyje MEWajy MaceHW W/MIM aTOMCKH Opoj 3axBaheHOr je3rpa
[Turner, 2007].

Cpenmwu cmoboaHu MyT, A, KOjU HEYTpOH mpehe y MaTepHuju Mmpe Hero ITO MHTEeparyje ca

HEKHUM je3rpOM padyHa ce Kao

—— 1 na-u=-Lina-
A=-—in(-u) =~ Zin-u) (1.6)

rae je U cinydajuu Opoj ca yHudopMmHOM pacnogeiom y wuHTepBainy (0,1), o je ykymHH
MHUKPOCKOICKH e(dukacHu mpecek, a N je OpojuaHa TycTuHaA je3rapa y JE€TEeKTOPCKOM MaTepHjaiy.
Lux u Koblinger [Lux u Koblinger, 1991]cy nokaszanu &a je yKyIIHU MaKpOCKOICKH €(pHKAaCHH

mpecek X 1ar Ha ciefehn HauuH

n=3 W, m=4 .
>=pN, DZ;M—JZ;JJ (1.7)

rje je p ryctuHa Matepujana, Na je ABoraapos Opoj, M; je MonapHa maca i-Te KOMIOHEHTe, W, je
MaCeHH YJIE0 I-TOr €NEMEHTA Y JeMIbERY, 8 Ty je MaplujaHi MUKPOCKOIICKH €()MKACHH MPECEK |-

OT THTIA HHTEPAKIIHje Ca i-THM EJIEMEHTOM.

3a Op3e HEYTpPOHE je TUIHMYHO Ja HajBUIIE T'y0e €HEpPrujy y MaTepHju MPEKO eIaCTUYHUX
pacejama. OBaj mporec ce Ha3uBa MoJiepallija HEYTPOHA U jelaH je O] HajBaXHMUJUX Mpoleca y
HyKJIeapHUM peakTopuMma. Kako eHepruja HeyTpoHa oIaja pacejame ce HacTaBJba, alld TeHEPaJHo,
pacte BepoBaTHoha 3axBara Ha je3rpy. Judysumja TepmarHuX HEyTpoHa je Takole y3poKoBaHA
HU30M €JIACTUYHUX pacejama.

EnactnuHO pacejame HEyTpOHa Ce J0CTa KOPHCTU 3a PErucTpoBame Op3uX HEyTpoHa

npoydaBajyhu y3makHyTa je3rpa (yrJiaBHOM y3MakKHYT€ MPOTOHE) Pa3UuUTHM HHCTPYMEHTHMA
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(BunconoBa Marimumvacta KOMOpa, HyKJIeapHa eMyi3Hja, MexypacTa KoMmop, HUTH.). OBaj THM
pacejama ce Takole KOPUCTH 3a PETHCTPOBAKE Y3MAKHYTUX je3rapa momMohy jOHU3alMOHUX METO/1a
(jousaroHe KoMope, Opojaum).

EdukacHu mpeceny 3a mHTEpakidje HEYTPOHA Ca aTOMCKHM JE€3TPOM C€ MEHajy Yy BpJIO
IIUPOKUM TpaHHIlaMa ¥ OOWYHO Cy KOMIUTMKOBaHe (yHKIHje eHepruje HeyTpoHa. Ha Cmumm 5 je
NpUKa3aH yKynaH e(pUKACHH NMPEeceK 3a MHTEPaKIM]y HEYTPOHA ca BOJOHUKOM M YIJbEHUKOM Y
3aBUCHOCTH o] eHepruje. Ilomro je jesrpo BojOHHMKA YCTBapu NPOTOH M HeMa nmoOyheHux crama
Moryhu Cy caMo elacTHYHO pacejare M 3axBaT. YKynaH e(HUKacHU TMpeceK je cyma epUKacHUX
npeceka oBa JiBa mporeca. EdukacHu mpecek 3a 3aXBaT Ha BOJOHHKY j€ MAJIA U JOCTH)KE BPEITHOCT
ceera 0.33x10%* cnf Ha TEpPMaJTHUM €Heprujama rie je u HajBehu. 3axBar TepMaTHHX HEYTPOHA je
BaKaH TPOIEC MHTEPaAKIMje ca MaTepHjaliMa KOoju cajpike BoJoHUK. Hacympor Tome, epukacHu
mpecek 3a yribeHuk y obmactu 1-10 MeV nokasyje u3BecHy CTPYKTYpPY U TO Cy PE30HaHIIE. Je3rpo
yIJb€HUKA WMa JHUCKpeTHa MoOyheHa cTama Tako Ja e(DHUKaCHU TPECeK pacTe Ha TOjeIUHHM

eHepryjama HeyTpOHa, a 3aTUM Omaja.
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Cnuka 5. Yxynnu egpuxachu npecex unmepaxyuje HeympoHa ca 6000HUKOM U Y/beHUKOM Y

yHKyuju enepeuje neympoua
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VY cnydajy e1acTHYHOT pacejama, MaKCHMaJIHa €Hepryja Kojy HEYTPOH Mace M M KHHETUYKE

eHepruje E moxxe a mpeHece Ha je3rpo mace M y jeTHOM 4EOHOM CyAapy je JaTa jeJHaYNHOM:
Qrax = (— E (1.8)

VY3umajyhu ma je m=1, moxxe ce u3padyyHaTH €0 €HEPrHje HEyTPOHAa KOjU OH MOXKE M3TyOUTH Yy

CyJapuMa ca jesrpuma pasInduror MmaceHor 6poja M. Heku pesynraru cy npukasanu y TabGenu 8.

Tabena 8. Maxcumannu 0eo enepeuje Qmal E xojy neympon mooice oa uzeyou y jeonom eracmuunom

cyoapy ca pasiuyumum jesepuma

Jesrpo QmalE
H 1
’H 0.889
“He 0.640
Be 0.360
2c 0.284
o 0.221

*Fe 0.069
Hign 0.033
23y 0.017

[Ipu cynmapy ca BOJOHMKOM HEYTPOH MOXXE J1a U3TYOM CBY CBOjy KHHETHUKY €HEPrUjy y
YeOHOM Cy/Aapy, IMOIITO Cy NPOTOH M HEYTPOH CKopo mcte Mace. Kako pacre maca jesrpa
e(pUKaCHOCT Mojepalje HeyTpoHa IO jeIHoM cyaapy omazaa. Kao mpaBuio, cpeama eHepruja
u3ry0JbeHa y cyaapy je NpuOIMKHO jeTHaKa MOJIOBUHU MakcumanHe. OBO MPaBUIIO j€ TaYyHO Kaja
J€ pacejame U30TPOITHO Y CUCTEMY IIEHTpa Maca je3rpa U HEYyTPOHa, IITO je CIy4yaj ca BOJOHUKOM U
HEYTPOHOM JI0 eHeprHja HeKomKko MeV.

EnactnuHo pacejame HEYTpOHa WIpa BaKHY YJIOTYy IpU Mepemy EHepruje HeyTpOoHa.
Enepruja u yrao y3mMakHyTOT je3rpa cy TUPEKTHO ITOBE3aHH Ca CHEPTHjoM HEYTPOHA.

Ha Cnumu 6 je nmpukaszaHn ciydaj Kaja HEeyTpoH eHepruje Eg nHTeparyje ca mpoToHOM KOju

y3MaKHe ca eHeprujom Ep mox yriaom y y ogHocy Ha MHIUAEHTHU [IpaBal HEYTPOHA.
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Eo ex

Cnuka 6. Pacejarve HeympoHa Ha NpomoHuy.

3aKoHU OJIpXKamka CHEPTHje U UMITYJICA /1a]y:

E,=Eco€y ; E,=Eycos 8 (1.9)

Axo ce Ep n y Mory Meputu nojejMHavHo 3a Behn O0poj MHIUACHTHUX HEYTPOHA, MOXE Ce
NOOUTH WHITMACHTHU HEYTPOHCKU CTEKTap AUPEeKTHO. MHoro demthe, oapehyje ce camo eHepruja
Y3MaKHYTHX je3rpa y racy (3H, *Hewm 'H u *°C u3 CHy) u eHepreTcku CreKTap HEyTpOHA MOXKE
ce JOOMTH U3 CTAaTUCTHYKE Be3€ CIIEKTpa y3MaKHyTe eHepruje.

300r OOMIIHOCTH BOJIOHMKA Y MEKOM TKUBY, N-Ppacejame je 4eCTO JOMUHAHTHH MEXaHNu3aM
npenaje eHepruje Heyrpona y TkuBy. [Ipeko 85 % no3e y tkuBy (rpahenor og H, O, Cu N) moTtuue
011 N-ppacejama 3a HeyTpoHe eHepruje ucrnoa 10 MeV.

Jennaunna (1.9) 3a HEYTPOH-TIPOTOH pacejame MPeACTaB/ba (HEPENATUBUCTUYKH) 3aKOH
oIpXKama KMHETHYKe eHepruje u ummynca. OHa o0e36ehyje nndopmaiujy o BepoBatHohM ga ce
HEYTpPOH paceje y npasily 0. EkcnepumenTanHo, 3a HeyTpoHe eHepruje 1o 10 MeV, onaxeno je na
j€ HeyTpOH-TIPOTOH pacejarme U30TPOITHO Y CUCTeMY IieHTpa Mace. To 3Ha4m ja ce HeyTpoH (Kao u
NPOTOH) pacejaBa ca jeAHAKOM BEpOBaTHONOM y OMJIO KOM IMpaBlly y TPOCTOPY Y OBOM

KOOpAMHATHOM cuctemy [Turner, 2007].
1.6. IIpumeHa HeyTpOHa

HeytpoHnu wrpajy BaxHy YyJIOTy y MHOTHMM HYKJI€apHMM paknujama. Ha mpumep,
HEYTPOHCKH 3aXBaT YECTO PE3YNITYje HEYyTPOHCKOM aKTHBAIIM]OM, y3poKyjyhu [~ paJnoakTHBHOCT.
[To3HaBame HEYTpOHA U HKUXOBOT MOHAIIamka OWIIO je BeOMa BaKHO Y pa3BOjy HEYTPOHCKE (hHU3HUKeE,
KOja je OCHOB pEaKTOpcKe (M3MKEe U HYKJICAPHOT HAaOpyKama, Kao M IMpPHUMEHE HEyTPOHCKE
midpakuuje y (UMM YBpCTOr cTama. HajBakHHje NpUMEHEe HEYTPOHCKUX H3BOpa Cy Y

WHYCTPU]JH, Y HAYIIH U UCTPAKUBAY, KA0 U 'y MEIUIIMHH.
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AKIenepaTopu JIakux joHa 0a3upaHu Ha JEyTepUjyM-ACYTEPHUjYM U JIEYTEPH]yM-TPHUIIHA]YM
peakijaMa reHepuiny HeyTpoHe on 2.5u 14.1MeV, pecniektuBHO. [IpriMeHa 0BUX HEYTPOHCKUX

reHepaTopa y pa3im4utum obnactuma Moxe ce Bunetu y Tadenu 4, [Chichesten np, 2006].

Tabena 4. [Ipumena HeympoHcKux ecenepamopa

Ooaact CrnenuduyHe npumMeHe

I'eoduznuka mepema Marnupame 1 aHaM3a pyiHIKa MHUHEpaa
HadrtHa uctpaxusama
Manupame 1 aHaJIu3a KaMeHoJIoMa
HcrpaxuBame ypaHa
KoHTpona uHIyCcTpHjCKUX Mpoiieca KonTtpona nemenTtHor npoieca
VcnutuBame KBaJIUTETA YIiba
HcnutuBame nedpnHe 3U0a
Menununa Mepeme cacrapa Tena
Tepanuja kanmepa
Cryauje nujere u ucxpaHe
Besbennoct Jerexnuja v uIeHTU(HUKALM]a EKCITIO3UBa
Jerexnuja v uaeHTUHUKALII]a XEMH]CKOT OpYyXja
Jerexnuja ¥ wuaeHTH(UKAIMja CHENUjATHUX HYKJIEapHUX
Mmarepujana
Jlerexnyja Hara3HUX MHHA
Omnuira uCTpaKUBamba Pedepentan u3Bop Op3ux HEyTPOHA 32 HHCTPYMEHTALH]Y
Kanubpaunonu u3BOp 3a MHCTPYMEHTALHWjy 3a IOCMaTpambe
HEyTpuHa
[Ipoy4aBame OCETJFHMBOCTH ENEKTPOHCKHX KOMIIOHCHTH Ha
pazujauujy
VcnutuBame HyKJICapHOT PeaKTopa
Heytponcka paguorpaduja

Ekonoruja HcnutuBame HyKJIeapHOT OTIaja
HcnutuBame oTHaga 3a OdYyBame pecypca U IOCTyHaK
OTopaBKa

KBanTn(ukauyja yrijbeHuKa y 3eMJbHIITY

1.6.1.Heymponcka mepanuja op3um neymponuma — FNT (Fast Neutron Therapy)

Pagunorepanuja KOpuCTH MPOJOPHE CHOMOBE jOHU3Yjyher 3pauera, IPBEHCTBEHO 3a JICUCHE
KaHIlepa W KOHTPOJHUCAKE M YHUINTABAK¢ MAIUTHHX henmuja. 3pademe ce UCIOpydyje y BHIIE
MambHX TPETMaHa, MPOoIleC MO3HAT Kao (PAaKIMOHHUCAE, 1a O HOPMAIHO TKHBO UMAJIO BpEMEHa Jia
ce momnpasu [Hall, 2000]. KonBeHnronansa tepanuja 3paucmheM yKibydyje GoToHcko (rama) u
€JIIEKTPOHCKO 3padeHe, Koje je JOCTYIMHO Ha MHOTHM KIMHUKama U y OonmHuiama. OBU CHOIIOBH CE
11067jajy U3 aKIeTepaTopa eNeKTPOoHa T U3 PAaAHMOAKTHBHIX H3BOPa, kKao mto je *°Co. Xaaponcku
Tepanuvja yKjbydyje HEyTPOHE U MPOTOHE, KOJU CE€ TEeHEPUIy KOPUIThemheM akiieiepaTopa IpoToHa
unu aeyrepona. Paznuuute BpcTe joHM3yjyher 3padema mpousBoje paznuunute edexre Ha hemwmje.
[Topeheme HEyTpOHCKOr ca rama 3payemheM IOKasyje pa3jiMKe Mako Cy 00a HeHaeJIeKTpUCaHa.
Buonomky edexat HEyTpoHa U rama 3pavera 3acHHBA CE MOTIYHO Ha CEKYHJApHUM €JIEKTPOHHUMA

KOj€ OHU TTPOU3BOJIC Y MHTEPAKIIU]HU Ca TKUBOM TaI{]jeHTA.
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HeyrpoHcka tepanuja 6psum veyrponuma FNT (Fast Neutron Therapyg Beoma edukacan
obnuk Tepanuje 3pademeM. FNT KopucTH BUCOKO eHepreTcke HeyTpoHe 0OMYHO eHepruje Behe ox
20 MeV 3a neuyewme kaHuepa. Behuna cnomoBa nHeytpona 3a FNT ce nobuja MHTEpakimujom
BHCOKOCeHepreTckux rmnporoHa (enepruje 50 mo 65 MeV) wnm neyrepoHa noOWjeHUX U3
akuesieparopa, koju morahajy OepwinjymMcky MeTy (HyKJeapHa peakiuyja 9Be(p,nf’B WIH
°Be(p,nfB), [ICRU Report 63, 2000]lyrorouiimse HCKyCTBO Y JIeUetby KaHIepa IOKa3alo je aa
j€ HeKe BPCTe TyMOpa BPJO TEIIKO YHMIUTHTH KOpucTehu KOHBEHIIMOHAIHY TEpanujy 3padcHmeM.
OBu TyMOpH Cy KiIacu(PUKOBaHM Kao "paauoOpe3UCTEHTHU', Tj TYMOPHU OTIIOPHH Ha 3payucHe.
HeyTtpoHcka Tepammja je crenujaqd3oBaHa 3a JICYCHE HEONEPATHBHUX, PaTHOPE3UCTCHTHUX
tymopa, [IAEA, 1997; Lacoste, 2010]llocie MHOro roavHa HCKYCTBa MOXKe ce pehu ma je
HEYTPOHCKa Tepamuja nmocedHo epukacHa y TpeTMaHy KaHIepa MpocTaTe, MIbYBAUHUX KIe3[a U
capkoma [Noelu np, 2003].

OcHoBHHU edekar joHu3yjyher 3pauema je yHUINTaBame criocoObHocTu henmuja na ce merne,
omrehyjyhu muxoB [IHK nananm. ®oTOHCKO M e€NEeKTPOHCKO 3pademe o00aBiba omreheme
MIPBEHCTBEHO MPEKO CIOOO0JAHUX XEMHUJCKUX paJuKaia MPOU3BEIEHUX Y aTOMCKHUM MHTEpaKIfjama.
OBe BpcTe 3padcma MMajy HU3aK JIMHEapHU NpeHoc eHepruje, 1j. nusak JIET (low LET radiation).
Heytponu yrmaBHOM WHTEparyjy W cTBapajy omrehema NPBEHCTBEHO TMPEKO HYKJICApHHUX
uHTepaknuja. Kao mocnenuiia WHTEpakiMja HEYTpOHAa ca jesrpuMa CTBapajy ce€ TeIKe
HaeJIeKTprcaHe yecTuie (MpOToHH, ajda YecTHIle, y3MaKHyTa je3rpa u JIp) Koju uMajy Bucoku JIET
(high LET radiation).

Kama X 3paueme (eneprumje ox 1 g0 25 MeV) uHreparyje ca henmjama JbyACKOT TKHBA,
yrinaBHoM KOMIITOHOBMM HWHTEpakiyjamMa W TMpoIleCMMa MPOW3BOJKE MapoBa W (oroedekTa,
MIPOM3BOJIE CE€ BUCOKO CHEPreTCKH CEKYHIApHHU €JEKTPOHU W aHUXMJIALMOHO rama 3paueme. OBU
BUCOKO CHEPreTCKH CEKYHJIapHHU EJIEKTPOHM JIeroHyjy oko 1 keV/pm,mro je 3HaTHO Mame y
nopehemy ca HaelneKTpUCAHUM YeCTHIIaMa, TPOU3BEICHUM y HEYTPOHCKMM HHTEpaKIlfjama, Koje
nernonyjy 30-80 keV/pum [Johnst Cunningham, 1983]Ilomro enekTpoHH NPOM3BEACHH X
3pauemeM UMajy BenuKy eHeprujy u Huzak JIET, npu untepakumju ca henujama noronuhe ce camo
HEKOJIMKO joHHu3aluja. TakBo 3pademe y3pokyje mpekun camo jeanor nanuna JIHK xenwmkca.
[Toctoju Benuka BepoBatHoha na ce npekua jeanor yanna JJHK mornekya srako momnpasu “repair”
MEXaHHU3MOM Tako Aa edekar 3pauewma Ha Ty henujy HHje cMpToHOCcaH Beh henuja HacTaBiba 1a ce
nenu u pacre. Hacympor tome, Haenektpucane yectuue ca BucokuMm JIET mnpoussenene
HEYTPOHCKHM O03pauyuBambeM Y3pOKYjy MHOI€ jOHM3auMje AOK nposiaze henmjy u moryhu cy
neoctpyku mnpekuan JIHK xemukca. ITompaBka gBoctpykor npekuma JIHK monekyna je MHOTO
Mame BepoBaTHa, a Beha je BepoBaTHoha ma nmoeenme a0 cmptu henuwje. “Repair” MexaHusmu cy

BeoMma edukacuu, [Goodsell, 2005]u ToxoM >xMBOTHOT Beka heimje momnpase ce Xuibaje MpeKkuaa
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jenuor manna JIHK. Mehytum noBospHa m03a joHn3yjyher 3padema nzazuba Tomko JIHK npexuaa
Jla IpeBa3uia3u CIIOCOOHOCT TeJia /1a ce monpasu henuja.

[MpucyctBo kuceonuka y henmju nenyje Kao paanoceHCUTH3ep (ek koju umHH henwmjy
TyMOpa OCCTJBMBHJOM Ha PaauoTepanujy), uuMe cy epeKTH 3paderma INTeTHUjU. henuje Tymopa
00MYHO MMAajJy HIDKH CaJipKaj KMCEOHWKA HErO0 HOPMAJHO TKHBO YMME j€ CMameHa OCETJHUBOCT
TYMOpPCKOT TKMBa Ha X ¥ rama 3paueme [Vaupelu Harrison, 2004].

Yomureno, Op3u HEYTPOHM MOTY Ja KOHTPOJHIIY BEIMKE TyMOpE, jep 3a pasjiuKy O]
3pauewa HuUckor JIET, nmejctBo HeyrpoHa Ha KaHIEpOTeHY henujy He 3aBHUCH OJ IPHCYCTBa
kuceonuka [Wambersien ap, 1994].Tlopen Tora, Ha OHOJIOMIKY e(PUKACHOCT HEYTPOHA HE yTHYE
BpeMe win ¢a3a y )KMBOTHOM LUKIyCy henmmwja Tymopa, Kao ITo je To ciay4aj ca HuckuMm JIET
3pauemuMa.

360r Bucokor JIET-a penaruBHa Guosonika epukacHOCT Op3uX HEYTPOHA j€ YETHUPH IyTa
Beha Hero 3a X 3paueme, [Pignol m ap, 2001]. TlomTo je penaTwBHa OHOJIONIKA €(PHKACHOCT
HeyTpoHa Benuka (Tabena 9), morpebHa f03a na ce youjy henuje paka je oko jeane tpehune mo3e
norpeOHEe 3a o3pauuBambe (OTOHMMA, €JIEKTpOHMMA WM IMpoToHuMa. IlyHa mo3a HeyTpoHCKe
Tepamnuje ce ucnopydyje y camo 10 no 12 ¢ppakuuja, y onnocy Ha 30 1o 40 ¢ppakumja norpeOHUX 3a
3pauema ca Huckum JIET.

[TocToje nBe mpemHOCTH KopuIiThema HEYTPOHCKE Tepanuje yMECTO EJEKTPOHCKE WU
dotoncke. IIpBa je ma HeyTpoHCcku cHomoBu AenoHyje oko 20 no 100 myra Buine eHepruje y
[IUJPHOM TKHBY HETO ILITO pajy peloBHA Tepamnuja 3pademeM. Jlpyra je ga HEyTPOHCKH CHOIOBU
nMajy Behy BepoBatHohy aa omrere oba yanna hemujckor JIHK, 10k KOHBEHIIMOHAHO 3paveHme
OIIITETH CaMO jefaH JiaHai. To oTexaBa henjama aa morpase IITETY 01 HEYTPOHCKUX CHOIIOBA U
THUME TeXe MpexuBe TpeTMaH. [lakie, HEeyTpOHCKa Tepanuja je 1006ap u300p y HEKUM CiIydajeBUMa
KaJia Cy TYMOpPHU OTIIOPHH Ha rama, X WU eJIEKTPOHCKO 3paucHe.

HeytpoHcko 3paueme Moke OMTH TTOTOAHO 3a TpeTMaH cienehux nenoBa Tena 3axBaheHux
KaHIIEPOM Y 3aBHCHOCTH O] BPCTE TyMOpa | of ierose ¢ase, Tadena 5, [IAEA, 1997].VY Tabenu 6
JIaTh Cy LEHTPH Yy Kojuma ce TpeHyTHO crnpoBoau FNT kao m Opoj TpeTupaHux maiyjeHara
3akipydHo ca 2011. roamnom, mnomaum mnpeyzeru ca cajta FRM Il mentpa 3a FNT,

http://www.frm2.tum.de/en.
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Taébena 5. Opeanu xoju ce mpemupajy FNT

Heo Tena Opranu

[IspyBauHe *xJ1e3/1e, je3UK, TPJIO, YCHE IIYIUbHHE, IIyIUBHHA
I'naBa u Bpar

HKAPENO-HOC

T'pyau I'pynna xne3na, miyhna mapamuna, miyha
AOIOMEH U Kapiuia IIpocrara, OyOpe3u, matepuiia
ExctpemuteTn u Tpyn Mexko TKHBO, KOCT, XpCKaBHUIIA
[TanujaTuBHA Hera Benuku Tymopu u Mmetacrase

Koxa Menanom

Taéena 6. Tperymno akmusnu yenmpu 3a FNT, npeu mpemman u 6poj mpemupanux

nayujenama 3axmyuno ca 2011.

Bpoj Tperupanux

IenrTap Jp:xaBa IIpBu TpeTMaH mamujenata
FRM | /FRM I Hemauka 1978/2007 715/80
Snezhinsk Pycuja 1990 990+
Tomsk Pycuja 1984 1500+
iThemba Labs JyxxHoadpruka 1988 2900
Pemy6nuka

Detroit CALL 1990 2140
Fermilab CALL 1976 3300+
Seattle CALL 1984 2900

1.6.2.Heymponcka mepanuja cnopum neymponuma - BNCT (Boron Neutron Capture Therapy)

Y6p30 nakon otkpuha Heytpona [Chadwick, 1932] 1936G:oaune, 6uodusuyap dp Gordon
Locher [Dorn, 1994; Yokoyama np, 2006] pasmaTtpao je moryhe TepameyTcko KOpHIITheme
HeyTpoHa 0a3upaHO Ha BUXOBOM 3axBary Ha 6opy, BNCT (Boron Neutron Capture Therap@gaj
METOJ je jeIHOCTaBaH U J00pO AM3ajHUPAH Y KOHIIETITY, ajlH j€ CJIOXKEH M TeXak 3a u3Bpiiewme. OH
ce Gasupa Ha CIIOCOGHOCTH TEPMATHHX HEYTPOHA [a H3a30BY PEaKiHjy ca °B je3rpiMa YHETHM y
henuje Tymopa Gpopmupajyhu crioxkeHo jesrpo (excuuroBanu “'B) koje ce TpeHyTHO pacriana Ha 'Li

n anda gectuny [Voyantu ap. 2011, Yanch ap. 1999].

B + In > JHe(1.78 MeV) + 5Li(1.01 MeV) (6 %) (1.10)
B + In > JHe(1.47 MeV) + Li(0.84 MeV) + y (0.48MeV) (94 %) (1.11)
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O6a npoxaykra, anda decTura u joH i, Cy GHEpPreTCKe 4YecTHulle, KOje y TKUBY Ipenas3e
npuOmMHKHO 4 1 8 UM, peCcCeKTUBHO, TaKO Jla Ce CBa €HEpruja M3 Peakifje JCTOHYje JIOKATHO Y
mujamerpy hemuje (10 um), [Voyant u np, 2011]. OB mpoayKTH Y3pOKYjy HEMOIpaBJbHBa
omrehewma JIHK manma koja moBome mo cmptu hemuje. OBa TexHHWKA je KOpPHUCHA jep ce
pangujanrona omrehema jaBibajy Ha MajloM pacTojamy OJf MeCTa MHTEpPAaKIHje ca je3arpoM Oopa u
TAaKO 3PABO TKHBO Moxke GutH mormrehero. ITocToje n apyru pasnosu 3a kopumliesmse B, Kao MmTo
je eKCTpeMHO BeJMKa BepoBaTHOhA 3axBaTa HHCKOCHEPIeTCKUX HEyTpoHa (epMKacHM mHpecek je
3837102 cnf) u to mrro *°B Huje TokcuUan.

9B u HECcKOGHEPreTCKM HEyTPOHH HMajy Mali ACCTPYKTHBHH edeKaT Kaga He AeTyjy
3ajeIHO aju HBUXOBa MHTEPAKIMja IPOU3BOAM MHTCH3WBHO JOHU3Yjyhe 3paueme 4yuje je JeIOBame
OTpaHHYEHO Ha jeqHy win cyceane hemuje, [Yanchu ap, 1999].V npuHuny, HEYTPOHCKH 3aXBaT
MOXE Jla y3pOKyje OBOJbHO IuTeTe Aa youje henmje xaHuepa omoryhaBajyhu okoJHOM 371paBoM
TKHBY J1a TIPEKUBHU.

[Ipe Tpetmana BNCT HHje HEONMXOIHO MPEIM3HO 3HATH T/IE JIEKE TPAaHUIIe TYMOpPa YUME CE
npeBa3uiia3e HeIOCTAIM ONEPATHBHOT U KOHBEHIIMOHAIHOT MPHUCTYIA 3paveky. [Toctoju Teopujcka
MPEIHOCT HaJ XEMOTEpaIrjoM IMPHU KO0joj ce OOMMHE 103€ JICKOBa HCIOPYYYjy CHUCTEMATCKH W
MOHEKaJ] Pe3yITyjy pa3apajyhum edexToM Ha 31paBo TKuBO, [Yanchwu ap, 1999].Ca npyre crpane
npu BNCT 6opom o3HaueH JieK je HeaKTHBaH JOK Ce HE aKTUBHUPA HEYTPOHCKUM CHOIIOM.

Jemumema Oopa koja ce xopucre mpu BNCT cy BSH (sodium borocaptateyy BPA
(boronophenylalaninexemujcke popmyie cy NapB1o,H12S 1 CoH1204BN, pecniektuBHO, [VOyantu
ap, 2011]. OBa jenumema ce Ha3UBajy TPAXKHOIM TYMOpA jep OHHM MpPU YHOIICHY Y OpraHu3am
npoJiaze O6apujepe u Be3yjy ce 3a henmje Tymopa. BSH ce KIMHMYKY KOPUCTH 3a JIeUEHE TyMopa
Mo3ra, 10k ce BPA kopucTu 3a nedeme Manuraux henuja.

BNCT ce u3Bonu y Awmepunu, Janmany, Xomanauju, Aprentunu, WUrtanuju, OuHCKO] U
[Benckoj. Y nepuoxny o 200210 2011 BNCTce u3Boamia Ha Jokanujama npukazasum y Tabenu
7, nonmaru npey3etn ca cajta FRM |l mentpa 3a FNT, http://www.frm2.tum.de/en. BNCTe
Hajyemhe KOPHCTH 3a JICYCHE HMHTPAaKpaHWjaTHMX Tymopa (TyMopa Mo3ra) Kao |
eKCTpaKpakpaHHjaTHUX (Tymopa riiaBe u Bpata), [Voyantu mp, 2011].

ArpecuBHE THIT TyMOpa Mo3ra, Glioblastoma multiform (GBM)kon nauujeHta koju ce He
Jiede JOBOJW IO CMPTH CaMo Tap MECEIM HaKOH JMjarHo3e 3a Pa3JIMKy O] MaIfjeHTa ca OCHUTHUM
TyMOpHUMa KOjU MOTY KHBETH JIOCTa Ayro. JaBiba ce peTko, y camo 2-3 ciaydaja Ha 100 O00myam y
EBporin u Ceseproj Amepunu, [Voyant u np, 2011]. Moxe ce TpeTupaTH OICPATUBHO Tj.
XUPYPIIKUM OJICTpambuBambeM IITO Beher nenma TyMmopa, a 3aTHM XEMOTEPAIdjoM, CTaHIApJIHOM
panuoTepanujoM, KopTHKocTepouuma UTa. [pyru tepaneyrcku npuctyn je 6asupan Ha BNCT.

HajBakHMju KIMHWYKM Hampegak TOKOM mocienmux 5 romumua je mpumena BNCT 3a nedeme
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namyjeHaTa ca peKypeHTHHUM TyMOpHMa IJlaBe UM perhoHa BpaTa KOju HHUCY pearoBaju Ha ocTaje

tepanuje [Kato u np, 2009; Kankaanrantaap, 2011].

Taobena 7. Ocnosnu nooayu BNCTyenmapa y nepuooy 2002-2011

IenrTap

Kanauuku craTtyc

AKTHBHH IIepUOJ

Bpoj nmanujenara

Otaniemi/Helsinki, FI
Kumatori/Osaka, JP
Tsukuba/lbaraki, JP
Studsvik, SE

Petten, NL
Tsing-Hua, TW
Bariloche, AR

Rez, CZ

Pavia, IT

AKTHBaH

AKTHBaH

PeaxTop ce oOHaBIbA
3aTBOpEH PEaKToOp
IIpecrao ca pagom
AKTHBaH

Peakrop ce oOHaBIba
IIpecrao ca pagom

IIpecrao ca pagom

1999-

-2006; 2010-
-2011

-2005

1997-2006

2010-

2003-2007; >2012
-2002

2001-2003

>250
>200
>200

30
26
11
7
5

Henaue myOnukanuje [Altieri u np, 2009] onmcyjy moryhy ymorpedy BNCT 3a neueme

APYTrUX YBPCTHUX TyMOpa, YKJbYydyjyhu capkoMe Ha eKCTpEMHTETHMa, MPUMapHU KaHIep Iuryha,

TYMOp KHYME€ U MellaHOMe, aii OyayhHOCT OBUX CTy[Hja JEIOM 3aBUCH OJ JOJATHUX KIMHUYKUX

cTynuja, motBphyjyhu u npommpyjyhu ynorpedy BNCT 3a ieuerme kapiimHOMa TJIaBE M Bpara.

o cana je y ceety Tpetupano oko 30 O0Onarujenara FNT u oko 1 000ca BNCT.

I[Ipu mpumenn BNCT u FNT on Benmmke je BaXXHOCTH MEpEHmE 1032 KOje HEYTPOHU

M3a3MBajy Ha JAPYTUM TKUBHMA TPETUPAHOT MALMjeHTa U y HEIIOCPEIHO] OKOJIMHU. 32 MOHUTOPHHT

CYCEIHHX MPOCTOpH]a MOTOIHO j€ KOpUIINEHhe MaCUBHUX MHTETPAIlMOHUX JETEKTOpa, kakas je CR-

39, unju ce 0AroBOp HAa HEYTPOHCKO 3pavyeHhe yIpaBo MpoyvaBa y OBOM pay.

Henocraniu Metoza TpeTHpama KaHIEpa HEYTPOHCKHM 3payemheM j€  HEOMXOIHOCT

OCTBapvBama BUCOKHMX (UIyKCeBa HEYTPOHA, 3a INTa Cy NOTPEOHH HYKJIEApHH PEaKTOPH, IITO

orpaHn4aBa JOCTYIIHOCT U IMOJHXKE LICHY.

22



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

2. OCHOBHHU ITOJMOBHU U BEJIMYUHE Y PAIMJALITUOHOJ ®U3ULU

ITocroje nBa rnaBHa MehyHapogHa Tena Koja Je(UHHUINY BEIMYUHE U JEAMHULE Y
panujanuonoj ¢pusuny. JenHo on mUx je MelhyHaponHa KoMucHja 3a 3alITUTY oA 3pauewa - ICRP
(International Commission on Radiation Protectioam)apyro je Mehynaponna komwucuja 3a
pammjannone jenuuuie u Mepema - ICRU (International Commission on Radiation Units and
Measurements).V 3zamrutu o 3paucma JAcPUHHCAHE Cy npomekyuone eerudune (Koje je
neunucao ICRP) u onepayuone seruuune (koje je nepunucao ICRU). Obe rpyme BeauuuHa Cy
3acHOBaHE Ha (PU3MYKUM BEJIMYMHAMA, a TO Cy (piryeHc, ancopOoBaHa J03a U KepMa.

CKyll TIpOTEKIIMOHHMX BEJIMYMHA Koje cy mpernopydene y nyonukanuju ICRP 60 (1991)

IpPeACTaBIbajy: cpedra ancopbosana 0o3a 'y oapehenom oprany unu TkuBy 7, D;; exeusanenmna
0oza y onpehenom oprany T, H; u egexmusna doza E. OBe BenmnumHe ce HE MOTy MEPUTH
HETIOCPEIHO, alld CE€ MOTY M3padyyHaTH aKo Cy IO3HAaTH YyCJIOBU o3paunBama. Komwmcuja ICRU
neduHECaNa je CKyI ONepalioOHNX BEIMYMHA 332 MOHUTOPUHT ojpeleHe 00JacTH U 32 MOHUTOPHHT
nojenuHana. Kom monuTopuHTra oOnactu onroBapajyhe BemWYWHE CYy: aMOujeHmaiHu OO03HU
exeusanenm H'(d) u ynpaswenu Odosnu exeéusarenm H'(d, Q). Kox MOHMTOpMHIa mojeauHana
oirosapajyha omepanuoHa BeIM4MHA je auuHu Oo3Hu ekeusanrenm H (d). KombnHoBamem

(UBUYKUX, MPOTEKIIMOHUX M ONEPAIMOHUX BEIIMYMWHA JOOUJEH j€ CHCTEM KOpPETHCAaHUX BEIMYUHA,

npukaszan Ha Cruiu 7, ICRP 60 (1991).

PDusnyke BeJUYHHE
Ipopauyn xopuuthewem Q(L) Ha
e dayenc, @
y30pKy anToma (chepa mimu . Kepwa, K
TU1043) BATHIIAH 32 MEPErba u *  Ancop6osana no3a, D [Ipopauyn kopuimhemem Wg, Wr
adyHarba
paty u aHTponomopdHor panToma
Onepanunone euinHe TpoTeKuOHe BeIMYNHE
AMOHjCHTaIHH JO03HH eKBUBaJICHT, H (d) +  Cpemma ancop6oBaHa 103a y oprany, Dt
Jupekuuonu go3uu pakrop, H (d, Q) nopehema Mepema u IpopadyHa «  ExsuBanentHa 103a oprama, Hy
JIuunu no3uu exBusaneHt, Hp(d) (32 Wg, Wy 1 aHTpoTIOMOpdHE «  Edextnsna 103, E
(banTome)

Besa ca xanubpauujom

U IPOpPauyHOM

MOHI/ITOpI/IHF BCIIMYMHA

1 O/13UB MHCTPYMECHTA

Cnuka 7. Besa usmehy ¢usuukux, npomexyuonux u onepayuonux eenruuuna. Osaj cucmem

senuyuna je oepunucan y ICRU 51 (1993) ICRP 60 (1991 mybauxayujama
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[IpoTeknmoHe U onepaloHe BEIMYHHE MOBE3aHe Cy ca (GU3MYKUM BEIMYMHAMA Kao IITO
cy: gnyenc, kepma y 8azdyxy u ancopbosana oosa [ICRU 51, 1993].Onepanrone u puznuke
BEJIMYMHE YHHE OCHOBHY TPYITy BEIMYMHA MPU MEPEHUMa CIIOJbAITHET 3padeHha.

Hammonanne wu wmehynapomne maGoparopuje 0OaBe ce oOapkaBamkeM CTaHAapiaa H
pedepeHTHUX T0Jba 3pavema Koja Cy crnenuduiupaHa U OnmucaHa MPeKo MOMEHYTUX BEITWYUHA, U

KOPHUCTE ce NP KAINOpaIiju HHCTpyMEHaTa U I03uMeTapa.

2.1. BeauuunHe y 3alITUTH O] 3pavyema

Bennuune u jenuHulle y paaujaroHo] (U3LIH Cy ce Memalle Y TOKY BpeMeHa.

ITocne yBohemwa koHlenTa KpuTHYHHX oprada, 1950.roawHe, mojaBuia ce morpeda 3a
MTOBE3MBABEM aICOPOOBAHE JI03€ Y Pa3HUM OpraHuMa JbYACKOT Tena (M IpyruM BeIMYuHaMma, Koje
Ce OJIHOCE Ha JI03Y) ca MapaMeTaprMa 0Jba 3pauckha U ca  YCIOBHUMA 03paunBamba.

[IpoTeknnoHe BEIUYUHE pa3BUIIE Cy C€ MOYEBIIN Ca KOHIICTITOM JIO3HOT €KBHBAJICHTA, CBE
70 TPEHYTHO MPENOpydYeHOr KoHIenTa epekTuBHE no3e. OrnepalnyoHe BEIMYWHE pa3BHjaHE CY
MOYEBIIN OJ1 KOHIENTa MakcuMyMa Jto3HOor ekBuBajieHTa (MADE), mpeko 103HO €KBHBaJICHTHHX
WHJICKCA, CBE JO TPEHYTHO MPEAJIOKEHUX aMOWjeHTaTHHMX, AUPEKIUOHUX W JUYHHUX JO3HHX
CKBUBaJICHATA.

Cnene nedwHMIMje HEKUX O]l paavjallMOHUX BEJIIMYMHA KOj€ Cy JOBEJNE 10 TPEHYTHO

MPENOpPyYCHHUX.

Penarusna 6uosnomika edukactoct, (Relative Biological Effectiveness — RBHEpencrassba ogHoC
aricopboBaHe J103€ eTaTOHCKOT 3pauerka, Koja n3a3usa oapehenn ouonomku epexar u ancopboBane

7103€ JAaTOT 3paverma Koja n3a3uBa Taj UCTU edeKkar,

n=—, (2.1)

rae jen RBE,u Dou Dy no3e eranonckor u garor 3padema pu KOjIMa ¢ OTaXka HCTH OMOJIONIKH
edexar, [lvanov, 1978].Kao eTalloHCKO 3paducmke y3uMa Ce PEHITCHCKO 3padyermhe C TPaHUIHOM
eneprujom ¢orona jgo 200 keV.3a eramoncko 3paueme 1 = 1. Tpeba HaroMeHyTH J1a ce 3a (OTOHE
CBHUX €Hepruja y3uma jaajen = 1.

Jluneapuu npenoc enepruje (Linear Energy Transfer — LEHaenekrpucaHux yecTulia y MaTepuju

onpehyje ce 0THOCOM:

L =(Ej , 2.2)
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rae je dEcpenmu rydouTak eHepruje, yCloBJbeH TAKBUM HHTepakiijamMa Ha myty dl npu xojuma je
npenara eHepruja Mama o 3aaare Bpeanoctu A, [lvanov, 1978] Exepruja npara, A, xoja ynasu y
dopmyny (2.2) ce nHajuemthe omHocu Ha eHeprujy o (menra) enekrpona. Ilpum mpomacky
HAENIEKTPUCAHUX YEeCTUIA KPO3 MaTepHjy OHE ry0e CBOjy €HEeprujy y akTHUMa eNacTUYHHX U
HEeeJIacCTHYHUX cyAapa. Y TMpolecuMa HHTEpaknuje Moke aohm 10 cTBapama CEeKyHAapHUX,
TaKO3BaHMX O €JIEKTPOHA, KOJH MOCEIy]y JOBOJAHO €HEPrHje 3a Jajby jOHM3allr]y CPEIUHE U HEKH
MOTry 0Opa30BaTH COICTBEHH Tpar. AKO Ce y aKTy HHTEepaklyje HaeJIeKTPUCAHE YeCTHIE MpHU

IPOJacKy Kpo3 MaTepujy CTBOPHU & €NEKTPOH ca eHeprujoM Behom ox A oHIa ce Ta eHepruja He

ykJbydyje y Bpennoct dE. M360p enepruje mpara A 3aBHCH OJ KOHKPETHHX YCJIOBA. YKOJHUKO je
A =0, LET je jennak 3aycraBHOoj mohu, S Koja mpeacTaB/ba YKYIHU T'yOHTaK €HEpPruje YeCTHUIle,
dE, no jemunuim npehenor pacrojama dX, 1j., S=-dE/dx. Pacrojame koje yectuua mpehe mo
3aycTaBJbamba Ha3MBa CE JIOMET.

dakTop KOjUM ce MHOXH arcopOoBaHa J103a Ja Ou ce JoOMIa BeIMIMHA KOja u3pakaBa (Ha
3ajeTHUYKO] CKaJIM CBUX JOHHM3YjyhHX 3padera) OMoJIOmKO omTehemhe H3I0KEHOT TKHBAa Ha3uBa Ce

dakTop kBanutera, Q. OH ce KOOPUCTH jep HEKe BpCTe 3padema, Kao MTo je anda, cy OHOIOIIKI

BHUIIIE IITETHE 3a JbYJICKO TKMBO HETO JAPYyre BPCTE 3paueka MaKko je HBUXOoBa arcopboBaHa J103a
jenHaka.
dakTop KBaJIMTETA je QYHKIIM]a JIMHEAPHOT TIPEHOCca eHepruje, L, HaeneKTpUCcaHuX YecTuIla

y Bomu. Bpennoctu Q(L) kao pynkuuja ox L nate cy y [ICRP 60, 1991} cnenehem o0nuky:

1 L <10keV/ tm
Q(L) ={032L-22 10< L <100keV/ zm, (2.3)
300/+/L L >100keV/m

Kao mTo je Beh peueno amcopOoBaHa 1032 ce MHOXH (aKTOPOM KBajJuTeTa J1a OM ce

nepuHUCa0 J03HU €KBUBAJIEHT. JIO3HM eKBHMBaJeHT, /I, je OCHOBHa BEJIUYMHA Y TPyHHU

ornepaunoHux BennunHa. Crapuja neuHHUIMja OBE BETUYMHE je Ouia

H=QINID (2.4)

rae je Q dakTop KBaguTeTa 3pauelka M CBOJEBPEMEHO j€ YBEIEH Kao 3aMeHa 3a pPeJIaTUBHY
ounomnomky epukacHoct, RBE. Hymepuuku BpegHocTr 3a Q cy UCTE Kao M pajvjalliOH TEKUHCKH
¢axtopu. D je amcopboBana n03a, a N je npousBox ocranux moaudukyjyhux ¢akropa (jemHak je
1, ocuM y ciydajeBUMa BpJIO BHCOKOEHEPIeTCKOI 3pauyeimha M BEJIMKE HEXOMOTE€HOCTH IIpH

YHYTpallIboj KonTamuHanuju). Kacuuje je ¢paktop N wm3ocraBbeH U3 AehUHHIKjE B TPEOCTAO j€

25



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

camo TPOM3BOJI aricopOoBaHe A03¢€ U (DaKTOpa KBATUTETA 3padckha. BenmnunHa J03HN €KBUBAJICHT €

cama neguHHCaHA Kao

H = J.Q(L) dD(L) dL (2.5)

rae je Q(L) dakrop kBamuteTa 3pauerha 3a YSCTHIE Ca JMHEPHO MPEHETOM eHeprujoM L, 1ok je

dD(L)

aricopboBaHa 1103a u3mely nuHeapHo npenerux enepruja L, L+dL. Jenmuuna 3a no3num

exBuBaseHT je Cugepm.
YecTo ce y MpakcH MOXKE CPECTH BEJIMYMHA jayMHA JO03HOI CKBHBAJCHTA Ha KOjy CY

KaIMOpHCaH! TIOjeIMHN HHCTPYMEHTH 32 MEPEHE 1032 3paduckha.

JaunHa no3HOT exBUBaieHTa, H , padyHa ce kao konmuuHuk dH ca dt, rae je dH mpupaiinraj 103H0T

eKBUBaJICHTa y HHTepBaiy Bpemena dt, [ICRU 51, 1993]

p_ an
H=2 (2.6)

Jenununa 3a jaunHy n03HOT ekBUBaNieHTa je Cugsepm y cexynou, SVIs = JIKg-s.

2.2. DuszuYKe BeJUUYNHE

Benuuune ancopbosana 0osza, ¢iyenc n kepma ce Ha3UBajJy Qusuuxum eruyunama. Naxo
Cy WHHUIIMJATHO YBEJeHE 300T Omuca O3padeHOCTH JhbYJCKOT Telld, OHE BaXKe U Y CBUM JIPYTUM
obyacTuMa TJIe J10J1a3u 10 O3pavyrBamka OMIIO KaKBOT MaTepujaa.
dnyenc, P, yecTulia y HEK0j Ta4Kd IMPOCTOpa MPeJICTaBIhba KOJIMYHUK Opoja decThIla Koje maaajy Ha

Maiy chepy OKO IIOMEHYTE TauKe U MOBPIIMHE MOMPEYHOT Ipeceka chepe

dN
®=— 2.7
ds (2.7)

KEPMA, K., (akporum enrneckux peur, Kinetic Energy Released in Mterial)je

- 95 (2.8)

dm

rae je dE¢ cyma modeTHHX KMHETHYKHX €HEepruja CBUX HACIEKTPUCAHUX YECTHIA KOje y MpOoLecy
WHTEPAKIMje MPOU3BOIM HEHaCJIeKTpUcaHo joHM3yjyhe 3pademe y enemeHty mMace dm. MepHa

jenwHHMIIA 3a OBY BenuuuHe HaszuBa ce [ pej (Gray). 1 Gy =1 J/kg.
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Ancop6oBana n03a, D, mpescTaBiba KOTHYHHUK CPEibe EHEPTHje KOjy joHn3yjyhe 3paueme npesaje

olpeheHOM eeMeHTy 3alpeMHUHE CYTCTaHIIe W Mace TOT eJIeMEHTa 3alpeMUHe

D=—. (2.9)

Mepna jenunauna oBe BenuuuHe Takohe je Ipej (1 Gy = 1 J/Kg).OBo je OCHOBHA BEIUYMHA Y
paaujanoHoj ¢u3nnKM U oHa je gusnuka mepa edekarta joHm3yjyher 3padyema Ha HEKH OOjeKar,
yKJbyuyjyhn TKWBa M oprase JbyJcKor Tena ((haHToMa), U Kao TakBa C€ KOPUCTH MPH ACPUHUCAILY
oneparmonnx BenmunHa [ICRU 51, 1993]. HakoH ycpeamaBamba MO TKMBUMA WIM OpPraHHMa
aricopOoBaHa J103a ce KOPUCTHU IpH IepuHucamy nporekiuonux BenuunHa [ICRP 60, 1991; ICRP
103, 2007].AncopboBana /103a ¢ KOPUCTH U y APYrHM 00jacTUMa Te Ce paad ca joHu3yjyhum
3pauemnuMa, U AchUHHUCAHA je He camo 3a TKMBO Beh um 3a apyre oOjekte. Ha mpumep oHna ce
KOPHCTH 3a MpOIEeHY omTehema eneKTpPOHCKUX KOMIIOHEHTH M3a3BaHUX KOCMUYKHM 3pAyeHeM Y
CBEMHUPCKHUM JICTOBUMA U JIP.

Amncop0OoBana 1103a, nedunucana y jennaunnu (2.9)je oapehena 3a jenny tauky. [lokazaHo
je ma y JbyjackoMm Teny, hemuja moroljeHa 3pademeM eMHTYyje cHrHal (HeKa BpCTa €H3WMa) KOjuM
oOaBemraBa cycenne henuje ga ce ca \BOM HemTo noroauio. Oa uHboOpMaIija myTyje Kpo3 TKUBO
u edekar 3pauerma ce MOXKE UCIOJBUTH U Ha HEKO] heluju yaajbeHoj o OHe MoroleHe 3payeHmheM.
Ogaj edekar je Ha3Ban bystander effeck(pexar nocmarpaua) u TpeHYTHO c€ MHTEH3MBHO NIpOydYaBa
y panuobmuonoruju. [lopexa Tora, cmob0HN XEMHU]JCKH pauKalid, CTBOPSHH PaIuO0JIM30M BOJIE TTOCIIE
JOHHU3AIM]e BEHOT MOJIeKysa, Mory Audy31joM Jia OAy JAJIEKO O]l MECTa CTBapama M Kpo3 TKHBO Ja
Hanaguny monekyne JJHK Heke ynassene neo3padene henmje. OBa aBa edekra cy ,onroBopHa“ 3a
YUIbEHUILY J1a IeJIOKYITHU OpraH WM TKHBO, pearyje Ha o3padyuBame, M 300r Tora je moTpeOHO

yCpEeamUTH arcopOoBany 103y (neduHucaHy 3a Tauky y jeqHadnHu 2.9)mpeKo Ieor oprata.

2.3. IIporekuuoHe BeJHYUHE

Kao mTo je pedeHo y HpeTXOAHOM TEKCTy, arncopOoBaHa /1032, JepUHHCAaHA 32 TaykKy Y
jennaunan (2.9) HUje MOBOJBHO J00pa Mepa moraljaja m Kpajier Ouojomkor edekra. 3ato je

YBCIACHA BCIIMYMHA CpCAha aHCOD6OBaHa J03a Y OpralHy HWJIHM TKHBY, DT ry HOO HYHUME C€

moJIpa3yMeBa arcopOoBaHa /103a yCpeambeHa MPeKo HEKOT opraHa JbyACKor Tena. Jledhunuire ce kao
KOJIMYHUK YKYITHE eHepruje, Er, ancopOoBaHe y HEKOM opraHy (MM TKUBY) M Mace TOT opraHa, My

Tj.,
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Dy g = (2.10)

E.
m,

Jenunuia 3a cpenmy ancopOoBaHy 103y y oprany wiu TkuBy je ['pej, 1Gy=1J/kg.

[Tokazano ce ma xopuinheme cpenme acnopOoBaHe 03¢ y OpraHy HHje JOBOJHHO 32
olpehuBame pusMKa cTBapama KaHIlepa Ha TOM OpraHy Imociie o3pauuBama. Pasnor snexu y Tome,
IITO pa3He BPCTE 3padera CTBApajy pa3IMuUTy MPOCTOPHY pachojeny joHH3aluja u omTehema y
matepujany. Kao mpumep nopene ce rama u anda 3paueme. ['ama 3payeme je MPOJOPHO M OHO
cTBapa perka omTtehema y JbyJCKOM Teny, a Hocu eHepruje pena 1 MeV. OHo y TKUBY cTBapa
omrehema Koja MOTY OWTH yJaJbeHa | IO BUIIIE IICHTUMETApa. 3a pa3JIMKy O] raMa 3padema, anda
3paueme WHTEH3WBHO HWHTEparyje ca MaTepHjoM M CTBapa BEJIMKH OpOj jOHU3alM]ja HAa MaJlOM
npoctopy. Jlomer anda dectuna y TkuBy je Mamu o 100 Um, u Ha TOM pacTojamy CTBOPH BHIIIE
on 100000jonm3amnmja. OBa agpyra cuTyalgja je 3HaTHO TeKa 3a MOoIMpaBKy Hero npBa. Jla 6u ce oBo

KBAaHTUTATHBHO ypauyyHaJl0 yBeJeHa je HoBa (pM3MUKa BEJIMUYMHA, Ha3BaHa CKBHBAJICHTHA /1032 Y

OpraHy Wi TKUBY, Hr, Koja je cyma ancopOoBaHHX 703a O[] pa3HUX BpcTa 3pauewma y TKuBy, D; g,

YTEeXKHIbEHA PAJUjallMOHUM TEKUHCKUM (pakTopuma, Wy , Tj.,
Hy :ZWRDT,R (2.11)
R

Panujanionn TexuHCKM (GakTOpu Cy jemHaku 1 3a peHAreHCKo M rama 3pauewme, 5 mo 20 3a
HeyrpoHe (3aBucHo oj eHepruje) u 20 3a anda 3paueme, Tabena 9. OBo 3HauM 1a je, IPU UCTO]
aricopboBaHOj eHepruju, omacHoct of aida 3pauema 20 myta Beha HEro oJ PeHATEHCKOT U rama
3pauema. ExBuBanenTHa nosa je yBenena on crpane ICRU Komucuje, 1962.roquHe kao BeITM4nHa
KOja Cce KOPUCTH Y 3aIlITUTH O] JOHM3Yjyher 3pauema. Jeqnuuiia 3a eKBUBAJICHTHY 1103y je Cusepm,

Sv=J/kg. ExBuBaneHTHa 103a je IOUMEH3MOHO jeJHAKa arcopOOBaHO] C OO3UpHM nda je W

Oe3aMMEH3MOHA BEINYHHA.

Meron yrexmaBama pa3IHIUTUX BPCTa 3padea ¢ KOPUCTH jOII Off PAHUX IIE3/IeCETUX Y
OKBHpY Ae(UHUIM]e BeIUYMHA 3aITUTe 0]l 3pauewa. [Ipe 1991.ronune yrexmaBame 3payctmha ce
BpUIIIIO TpuMewyjyhu Qakrop kBanureTa 3padema kopucrehu cnemuduuny Q(L) dbyHkumjy,

[ICRP 26, 1977].
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Tabena 9. Paoujayuonu mesxcuncku pakmopu oamu y |CRPnyoruxayujama 60 (1991} 103

(2007)
Pagujanmnonn TeXKMHCKHU (paKTop, W,
Bpcra u eHepruja 3pauema
P priasp ICRP 60 ICRP 103
(2991) (2007)
®dotonu (CBUX €HEPTrHja) 1 1
EnexktpoHu (CBUX €HEprija) i MHOHU 1 1
Heyrponu (enepruje < 10 keV) 5
Henpexuana kpusa
Heytpounu (enepruje 10 - 100 keV) 10 )
KOja 3aBHCH OJ1
Heyrponu (euepruje 0,1 - 2 MeV) 20 €Hepruje HeyTpoHa
. (Bumetn Criuky 8
Heyrponu (euepruje 2 - 20 MeV) 10
jennaunny (2.13))
Heyrponu (enepruje > 20 MeV) 5
[poronu (euepruje > 2 MeV)
Y HACJICKTPUCAHU MHOHHU 5 2
O gectulle, PUCHOHN (GparMeHTH, TEIIKa je3rpa 20 20

VY [ICRP 60, 1991]pagujannoHn TEKUHCKH (AKTOPU Cy Pa3IUIUTO JAcPHHHUCAHH 3a

MPOTEKIIMOHE H ONepaliioHe J03He BeluunHe KopuiiheHe y ojapehuBamy wH3lIarama. 3a
INPOTEKIMOHE BEIMYMHE j€ Ae(PUHUCAH DPAJUJallUOHM TEKUHCKU (PAKTOp Wy KOJUM CE€ MHOXKHU

aricopOoBaHa J103a Ja 6u ce oapeauiu epeKTH pa3IHuuTOr 3paueha. 3a ONepaluoHe BEITUUNHE Ce
saapxkana Q(L) pynkuuja. KoHuent pagujannoHux TeKUHCKUX (pakTopa ce 6a3upa Ha OMOJIOMIKHM
eeKTMa KOje M3a3uBajy pa3IMuuTe BpCTa 3pavewma. bronomku edekar koju mpoussoau oapeheHo
3pauemke 3aBHUCH O] CBOJCTBA JICTIO3MIMjE€ CEHEPrHje AyXK IyTamke HACJIEKTPUCAHE YECTHUIIC.
Panujanonnm TexxuHCKUM (akTOpUMa ce MHOXH arcopOoBaHa j03a Ja Ou ce y3ene y o03up
pasnuke u3Melhy pa3IMYUTHX TUIIOBA 3padema, Tj. Ja OW ce ypauyHaue pa3Iu4uTOCTH Y
BpeaHoctuma LET-a u RBE-a.

Panujanvonn texxuHcku paktopu, kao u (pakTop KBamuTeTa 3pavema Q Cy yBeICHH paau
ypauyHaBama pa3lIMuiTe MPOCTOPHE PacIojielic CTBOPCHUX HaeleKkTpucama (omrehema) nzmely
pasHUX BpCTa 3padema. BennumHa nepuHUCAaHA MPEKO KBAJIUTETa 3pavyera Ha3uBa Ce€ JO03HU
ekBUBaJIeHT, (dOSe equivalent), apeko paaujallMOHUX TEKHMHCKUX (pakTopa eKBUBAJICHTHA 1032
(equivalent dose).

Hcropujcku TiemaHO BPEAHOCTH pPaJMjallMOHUX TEKUHCKUX (akTopa Cy MPBOOUTHO
npukazaie y [ICRP 60, 1991]y oxBupy aepuHHIMja NPOTEKUUOHMX BeIM4YMHA. IbuxoBe

BpenHOCTH cy nate y Tabemu 9.
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Hcre BpenHocT Wi ce IPUMEBY)y 3a CBa TKMBA U OpraHe JbYACKOT OpraHu3Ma, HE3aBUCHO
Ol YMI-EHUIIC J1a KOHKPETHO MOJhE 3pavera Bapupa yciiel aTeHyalldje W pacejamba MPUMapHOT
3pauera U NPOIYKLHUje CEKYHIApHOTI 3padyema pa3InduTor kBauuTera. Ha Taj HauuH BpeqHOCT Wy
ce MOKe TIoCMaTpaTu Kao (akTop KOJH PENPE3CHTY]je KBATUTET 3padcha YCPEIAHEH 10 Pa3IMIUTUM

TKHUBUMA M OpraHUMa JbYJCKOT OpraHu3Ma.

ITponienypa ycpenmwaBamwa mnpu onapehuBamy Wy je moBena 1o oapeheHux mnpodiema,
MOTOTOBO Yy CIydajy H3JIarama CIOJhAIllbeM HHCKO EHEPreTCKOM HEYTPOHCKOM 3pademy TIe
CeKYHIapHHU eleKTpoHH (3pauewe ca manum LET) 3HavajHo mompuHOCe 103U TKHMBAa U OpraHa,
[Dietze u Alberts, 2004]. 36or Ttora ycpemmeHH Wy y TKHBY WIH OpraHy H3JI0KCHOM
HUCKOEHEPTETCKUM HEYTPOHHMA 3aBHCH O] ITO3UIM]je TKHBA WM OpraHa y TeJIy W yIaJHOT MpaBlia
3pauema. OBaj mpobiem je merasbHo auckyroBan y [ICRP 92, 2003 y [ICPR 103, 2007} e cy
onpeheHe HOBE BPEAHOCTH PaJHjallMOHUX TEXWHCKHX (hakTopa, Koje cy mpukazaHe y Tabemu 9.

Cse BpenHoctu y TabGenu 9 ce omHOCE Ha YMaJHO 3payehe HA TEJO WM Ha CIHOJhalllba 3paucmha

€MHUTOBaHA U3 U3BOPA.
VY Uszsemrajy 60 [ICRP 60, 1991]pagujanronu TSKUHCKH (AKTOPH 3a HEYTPOHE JAaTH CY

Ha JBa HauuWHA. cTen (QYHKOUjOM TpukazaHoM Ha Ciound 8 W KOHTHHYAJIHOM (YHKIIH]OM

KopuirheHoM 3a pauyHame y cienehem o6muky

w, =5+17ex w : (2.12)

rne je En enepruja Heyrpona y MeV.

25¢ T | | T T | | | | ]
" | —— ICRP 60 y
g 2ol - ICRP 60 A .
5 Iy — ICRP 103 g "
,& . - ——— = _: : \ -
5 [ ! ]
2 15F P -
2 | / \ i
[+ ] L ] A 4
S | ! \ X
5 10F 4 % "
B I ; \ "
= 5 It Ny y
= 7 Y A
- : |
s [ ; - g
5 ST : i
= | _-,' ""-.-..:
T i i I B IR R B drire T BT

0
10® 10®° 10* 10° 10” 10" 10° 10" 10° 10° 10°
Enepruja neytpona [MeV]

Cnuxka 8. Paoujayuonu medxcunckux gpakmop, Wy, 3a Heympone y QYHKyuju eHepeuje HeympoHua.

Cmen gynxyuja u konmunyanna ¢yukyuja oame y ICRP 60u ¢pynxyuja yceojena y ICRP 103.
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V3umajyhu y o03up HOBa ca3Hama O e€peKTHMa HEYTpOHCKor 3padema Ha Couiu 8 je
IpUKa3aHa HOBa (PYHKILHMja pagujallMOHUX TeKMHCKUX (hakTopa Kojy je ycBojuna ICRP xomucuja
[ICRP 103, 2007].AktyenHna koHTHHyanHa QyHKIHja aara je y cieachem obmuky [ICRP 103,
2007]

25+182¢ N6 E, <1MeV
W =1 5+17eM@EI6 Mmev < E < 50MeV, (2.13)
25+ 325 IMO0E 6 E 5 5oMev

[Tokazano ce na HU yBOlheH€ EKBHBAJICHTHE JI03¢ HHjEe JTOBOJFHO JIa CE OINHMIIEC PU3HK U
rmojaBa KaHIlepa KOJ o3padeHe ocoOe. Pasymor je mro Ccy OpraHu JbYACKOT Tella PazInduTO

OCETJBHMBH Ha 3paueme, U J1a O ce TO ypauyHajo, yBeJeHa je BelnynHa eeKTUBHA J103a, F, Koja je

je;[HaKa CyMH CKBUBAJICHTHUX /1034 11O OpraHuMa U TKHUBUMaA, YCPCAHCHA Ca TAKO3BAHUM TKHUBHUM

TEXXUHCKUM (akropuma, W, Tj.,

E=>wH, (2.14)

T

VY muby nepuHHucama e(EeKTUBHE 103€, JbYJACKO TENO je MOACIbEHO Yy 2lasHe opeane |
ocmamax, Tabena 10. CBu opraHu octaTka ce TPETUPAjy Kao jeaH OpraH M KOPUCTH CE CPembha
7032 y OBHM OpranuMa (OCHM Y Clly4ajy eKCTPEMHO BHCOKHX 1032 y TIOjeIMHUM OpraHuMa, Kaja je
npuctyn apyrauuju). Cymupame y jeaHaunHu (2.6) ce BpIIM MO CBUM TJIaBHHM OpraHAMa MU
TKMBUMa T, U OCTaTKy KOjU c€ TpeTupa Kao jemaH oprad. Sl jeaununa 3a epekTUBHY 103y je
Cusepm, Sy, NCTa Kao M 3a EKBUBAJICHTHY 03y, IITO MOXKE /1a CTBOPH 3a0yHY Yy IPaKCH.

TxuBHu TexkuHcku dakrop, W, , UMa crenuuuHe BpeAHOCTH 3a PA3IMUUTE BPCTE TKUBA U OpraHa

¥ jaBJba ce€ Kao MOCJEIHNNA PA3IHIUTE OCETJHMBOCTH TKMBA M OpraHa y JbYJICKOM TEITy Ha 3pauce.
W, BpernHocTH npeoxeHe ox crpane [ICRP 26, 1977]¢y 6a3upane Ha pu3nKy CMPTHHUX CIydaja

ycien KaHiepa u 030MJbHUX HaclIeAHUX 00JIECTH y TIPBE JIBE TeHepalyje.

TxuBHM TEXUHCKU (AKTOp 32 HEKU OpraH je BepoBaTHONa mojaBe KaHLEpa Ha TOM OpraHy,
IOJ1 TIPETIIOCTABKOM [1a j€ 110 YOBeYje TeJlO YHH(POPMHO 03padeHO; OHM CY M3BEIEHH U3 CTyIHja
monyJialyje MpeKruBesie aTOMCKO OomOaproBame y Xupommmu ¥ Haracakujy Ha kpajy [pyror
cBerckor para. Opranu KoJ Kojux je ydectanocT kaniepa Beha og 1 % cy ykjbydeHH y riiaBHE
opraHe, JOK Cy OCTIM YyKJbY4eHH Yy octarak. OpraHm ocratka cy aJpeHajiHe KIIe3Je,
eKCTPAaTOPAKCHU PETHOH, )Ky4Ha Keca, cpie, 0yopes3u, TMM(QHUA CUCTEM U YBOPOBH, OpajiHa MyK03a,

nmaHkpeac, MpocTaTa, Maja I[peBa, CIe3uHa PUMYC, YTepyc/lIepBHUKC U .
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Taébena 10. Tkuenu mescuncku paxmopu oamu y \CRPnyoruxayujama 60 (1991 103 (2007)

TxkuBHHE TeRUHCKH (axop, Wi

Tkuso ICRP 60 ICRP 103
(2991) (2007)
Komrana cpix 0.01 0.12
Bermnka 0.05 0.04
Hojke/rpynn 0.05 0.12
Jebeno upeso 0.12 0.12
T'onane 0.20 0.08
Jetpa 0.05 0.04
ITnyha 0.12 0.12
Jenmaxk 0.05 0.04
I{pBeHa KoIITaHa CPIK 0.12 -
Kosxa 0.01 0.01
Cromak 1.12 0.12
Tupouga 0.05 0.04
[MoBpmmHa KoCTHjY - 0.01
Mo3zak - 0.01
IibyBayHe *Kie3ze - 0.01
Ocrarak 0.05 0.12

VY mpouutoM nepuojy JAOLIIO je O M3BECHUX HM3MEHa BPEAHOCTH TKUBHUX TEKHHCKHX
¢dakTopa, mTo je maro y Tabenmu 10. Ha mpumep, mpBOOMTHO je TKUBHHU TESKHHCKH (aKTOp 3a
ronaze (pernpoayKTHBHE MYIIKe M jkeHCKe monHe hemuje) oapehen kao 0.33.KacHuje ce mokasano
na je Opoj reHeTckux edekara MamwH, 1a je oBaj ¢akTop cMameH npo Ha 0.2 [ICRP 60, 1991]a
noroM u Ha 0.08 [ICRP 103, 2007Jzok cy dakropu 3a apyre opraHe cy Hemro noBehanu. Ha
MIPOMEHY BPEIHOCTH TKHUBHUX TEKHHCKUX (DaKTOpa YTHIAIM Cy W HOBHJU TOJAIM JOOHjEHU W3
ousmer CCCP-a u apyru 0a3upaHu Ha OMIIMPHUJUM CMUIEMUOJIOMKHM cTyaujama. Odexyjy ce
JaJjbe IPOMEHE, HapOouuTO moBehame TKUBHOT TEKUHCKOT (pakTopa 3a THpouIy (IITHTACTY XKIIE3Y).

I'ogune 2007, ICRPkomucHja ycBOjUla HOBE BPEIHOCTH TKUBHHUX TEKHMHCKHX (hakTopa,
y3umajyhu y 003up HOBa ca3Hama 0 edekTrMa joHnsyjyhux spauema, [ICRP 103, 2007]0OBakas
MPUCTYI JIaje MHOTO TMPHUKIATHU]y 0a3y 3a ojapehuBame IITETHOT YTHIIAaja 3payeiha Ha 3]IPaBJbe
spymu. Y Tabenu 10 cy npuka3aHu akTyeaHH TKMBHU TexxuHCcKH dakropu, [[CRP 103, 2007].

VY Tabenu 11 cy nare rpanuue no3e npema npenopykama aatuMm y ICRP ny6nuknanujama

60 (1991)x 116 (2010).
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Tabena 11. IIpenopyuene epanuye 0osza y \CRP nyoruxnayujama 60 (1991 116 (2010)

TomuIbe rpanMIe 1032 3amocjeHa Juna CTaHOBHHIITBO
(mSv) ICRP 60 ICRP 116 ICRP 60u 116
EdexruBna no3a 20 20 1
ExB. 103a 3a 04HO COYMBO 150 20 15
Eks. n03a 3a Koxy 500 500 50
EkB. n03a 3a ekcTpeMureTe 500 150 -

*20 MSV npoceyHo TOIMIIBE 32 HEPHOJ O S rofuHa, NpHu YeMy je J03BoJbeHO MakcuMaino 50 mMSv y Toky
jeIHe ToNMHE y OBOM NEPHOIY

VY zamTuTtH 07 3paudema, epeKTHBHA 1032 j€ JO3MMETPHUjCKAa BEITUYHMHA IMPEKO KOje ce
KBaHTU(UKYyje PU3UK O] H3/arama jOHu3yjyhum 3pademuma. ['panuiie msnarama, 3aCHOBaHE Ha
KOHIICTITY TPUXBATJBUBOT PHU3WKA, Cy AcQHUHUCAHE YIpaBO Mpeko oBe BenudmHe. OBIE ce
1ojaBJbyje MPoOJIEeM HEMEepJbUBOCTH e(pEKTHBHE 03¢, jep je 3a HmeHO oxapehuBame moTpeOHO
MO3HaBamke arncopOOBaHUX /1032 Y OpraHuMa JbYJICKOT Teja, ITO ce He MOXKE MOCTUNM AUPEKTHUM
Mepemuma. EdexTuBHa 103a ce 3aTo Mpolemhyje Ha OCHOBY M3MEPEHHUX BPEIHOCTH ONEpPAIlMOHUX
JIO3MMETPUjCKUX BEJIMYMHA WM MaTeMaTHYKAX Mojena. MaremaTuuku Mojaenn omoryhyjy
W3padyHaBame /1032 Y OpraHuMa Ha OCHOBY IO3HATE MPOCTOPHO EHEPreTCKe yraoHe pacrojerne

3pauema. TakBU MOJETH ce Ha3UBajy H03UMETPH)CKU MOJIECIH.

2.4. OnepaunoHe BeJUYHHE

[To3naBame edekTHBHE 03¢ HAjOOJbE OMHCYje O3pPAaueHOCT HEKOr TOjeUHIa, alu je
MEpEeHEe OBE BEIMYMHE MPAKTUYHO Hemoryhe. 300r Tora je pa3BHjeH CKYNl MEpPJbUBHX BEIUYHMHA,
KOj€ Cy Ha3BaHE onepayuoHe eiudure, U Koje omoryhyjy mporeHy epeKkTHBHE 03¢ Ha OCHOBY
Mepema. Y 0BOj IPyIU MMa TPU BETUYMHE U TO CY aMOUujeHmanHu 0O3HU eK8UBAIeHN, YNPas/beHU
003HU exsusaienm W auyHu 003nu exeusanenm, [ICRP 60, 1991].

3a nmotpebe neduHucama onepannonux BennurHa, ICRU je yBema KOHIIENT MpoIupema u
ycMepema 1mojba 3padema. [IpomupeHo mosbe 3padyema je AepuHuCcaHO Kao XUIOTETHYKO TMOJBE Y
KoMe (hIIyeHC M HeroBa YraoHO €HepreTcka pacrojenia UMajy UCTY BPEIHOCT Yy 3alpeMUHU O]l
WHTEpeca Kao W pPeaqHO TOoJbe Yy JaToj Tauku. [IpomupeHo W YCMEpeHO MoJke 3padema je
XUTOTETHYKO TIOJbe YHjU je (UIyeHC M FhEroBa €HEprercka AUCTpHOyIMja HCTa Kao WU KOJ
MPOIIUPEHOT 10Jka, anu je piyeHc jeqHonupekuronu. [Topen oBora, ICRU je yBema u nojam ICRU
cdepe, nmox unme je nedunrrcana chepa momymnpeynnka 15 CmucnymeHa TKUBY €KBUBAJIEHTHUM
matepujaoM rycruae 1 g/cnt. Martepuja Koja MMa MCTH eIEMEHTAIHH CACTAB KA0 U MEKO TKHBO:

76,2 %xkuceonnka, 11,1 %yrsennka, 10,1 %Bomonnka u 2,6 %aszora (MaceHH yae/in) Ha3uBa Ce
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TkuByekBuBajieHTHa. [lopen cdepe, nedmnrumcana je u ICRU mouwa caummena Ttakohe on
TKHBYEKBHBAJICHTHOT MaTepujama, auMensija 30 x 30 x 15 cni koja cuMyimpa TpyI YoBeka —
npeacTasiba paHToM Tpyma. JlepuHrcanu cy u jour HeKd paHTOMHM, Kao 3a MPCT, pyYHH 3TI00 U Jp.
[Topen peamuux (paHTOMa MOCTOje M AHTPOTOJOMIKM MAaTEeMAaTHYKU (DAaHTOMH, TZIe CY CBH OpraHd

JbYZICKOT TeJla ONHUCaHU Kao TeOMETPHjCKa Tella y MPOoCTopy.

AwmOwujenTannu no3uu ekBuBanent, H (d), y Hekoj Tauku mosba 3paucia je AO03HH CKBUBAJICHT

Koju Ou ce mpousBeo y oaroBapajyhem mpormpeHoMm u ycmepeHoM mnosby y ICRU chepu Ha
nyounu d, Ha paaujycy CympoTHOM O] IIpaBIiia ycMepeHor noJska. [Ipenopydene Bpeanoctu 3a d cy

10 mms3a npogopuo u 0.07 mnBa ci1abonpoI0pHO 3padeHhe.

JIMpeKIMOnHy 103HH eKBUBAJIEHT, H'(d,Q), y Ta4uku moJba 3pauema je JO3HU CKBHBAJIEHT KOjH 01 ce

npousBeo y oxarosapajyhem mpommpeHoM nosby y ICRU chepu Ha nyounu d, Ha pamujycy y

crienu(pUIIpPaHOM IIPaBILy Q.Kaowu NPETXOJHOM CITy4ajy Tpernopydene Bpeanocty 3a d cy 10 mm

3a mpoaopHo 1 0.07 mMBa c1aborpogopHO 3payeHe.

JINYHM HO3HU eKBUBajiIeHT, H p(d), neUHHMIIE ce 3a JbYACKO TEIIO, U MEHa Ce OJ] MOjeAMHIIA 10

MOjeIMHIIA, KAa0 W Ca MECTOM IocMaTpama Ha JaToM Tely. 300r Tora je OBO BHUIIEBPEIHOCHA
BEJINYMHA.

WHCTpyMeHTH 3a Mepeme /1032 3paucema Ce JlaHac KaIMOpuIly mpema amOujeHTaTHOM
JI0O3HOM EKBUBAJICHTY M TO j€ BEIUYHMHA KOja ce Mepu y mpakcu. Oopehenu cy KOHBep3UOHU
Koehuyujenmu uzmely egpexmusne O0oze U ONEPAYUOHUX GeIUYUHA 3a paA3He OpeaHe, pa3He
eeomempuje 03pauusara u uule spcma 3paverba. KoHBep3noHn Koe(pUIMjEHTH Cy MpopadyHaTH
KoputthemeM padyHapCKUX TPAaHCIOPTHUX MporpamMa M OAroBapajyhnx MaTeMaTHYKHX MOJENa.
OBu koeduumjeHTH Cy natu y obmuky rpaguka um tabena y ICRP nmybnukammjama u cimyxe 3a
npopadyH e(eKkTHBHE J03€ HAa OCHOBY HM3MEPEHHX BelanurHa. KOHBEp3MOHM KOCHIMjEHTH CY

onpehenn u usMeljy octanux (U3MYKKX, TPOTEKIIMOHMX W OlepanuoHux BennuwHa, [ICRP 74,

1997].
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3. HPEIVIEJ CTABA Y OBJIACTHU JETEKIIUJE U TO3SUMETPUJE
HEYTPOHA

Mertoze neTeKirje HeyTpoHa Y BEIMKO] MEPU 3aBHCE O]l IbUXOBE €HEpruje u 300r Tora je
moTpeOHO OJBOJEHO pa3MaTpaTH TepMmaiHe (crope) u Op3e HeyrpoHe. MeToae IeTeKIHje U
J03MMETpHje HEYTPOHA Jeje Ce Ha akTHBHE (JOHM3AIMOHE KOMOpE, MPOMOPLIHUOHAIHH OpojauH,
CUMHTHJIALIMOHY JICTCKTOPU M JIPYTH EIIEKTPOHCKU ypehaju) u macuBHe MeTozne (Tpar IETEeKTOpH,
TEPMOJIYyMUHUCIICHTHU JAeTeKkTopd - TLD, ontuukm crtumynucana nymuHucueHuuja - OSL

JIETEKTOPHU MT/.) KOje HE 3aXTeBajy AMPEKTHO U HEMPEKHUIHO Hamajame, [Knoll, 2000].

JleTeknidja Cropux M TepMaAHUX HEYTpOHa ce 3acHuBa Ha (N, P) u (N, o) peakiujama,
KOPHCTE C€ JOHU3AIMOHE KOMOPE U MPONMOPIHOHATHU Opojaun mymeHH racoM BFs, HekuM apyrum
OOpPOBUM JETUHCHEM HITH *He.

3a Mepeme Op3ux HEyTpoHa Hajyemhe ce KOpPHCTE Y3MaKHyTa je3rpa CTBOpEHa Yy
€IIACTUYHHUM pacejarbuMa HeYyTpOHA Ha JIAKMM MeTaMa (lH, 2H, 3He, 4He, ..) Y CHHUHTHJIAIHOHUM
nerektTopuma. MMmynacu HacTanu ycrmopaBameM Y3MaKHYTHUX IPOTOHA ce OOWYHO MOCMaTpajy
KopucTehu CHMHTHUJIAIMOHE MaTepujajie 0orare BOAOHHMKOM, Kao IITO je TJIaCTUKA WM OpraHCKa
TeYHOCT. Tako, CIUHTHIATOP CIYXH M Kao MPOTOHCKAa MeTa 3a HEYTPOHE U Kao JETEKTOp
y3MaKHyTUX MpoToHa, [Krane, 1987].

[To3HaBame HEYTPOHCKOT CIIEKTpa je MOCeOHO 3Ha4yajHO jep OMOJOMKH eheKTH H3a3BaHU
HEYTpOHUMA 3aBUCe 0] BHXoBe eHepruje. OBO ce oryena y BEIMKO] 3aBUCHOCTH PaivjallMOHOT
TEXHUHCKOT (pakTopa 3a HeyTpoHe of wuxose eHepruje [ICRP 60, 1991; ICRP 103, 2003 .cpxy
3alITUTE O]l 3pauyema WIM Jajber Kopuiihema HEYTpoHa oJpehuBame CHEeKTpa je HeuzOexaH

3agarak. Hajuenrhe kopuimheHn HEyTPOHCKHU CIEKTpoMeTap je cucreM bonepoBux chepa [Garnyu

ap, 2011}

3.1. AunbGeno no3uMerpuja

Jlo cana je mpoHal)eH camo jenan go3uMeTap HEYTpOHa, KOjU Jiaje 3a/10BoJbaBajyhu oroBop
y LIEJOKYITHOM €HEPreTCKOM OIcery HeyTpoHa. To je T3B. anbeno Jo3uMeTap KOju ce 3aCHHBa Ha
JNETEKIMjH  HEYTPOHA  pacejaHnX Yy MHTEPAKIU]H ca JbYACKMM TEJIOM  KopucTehm
TEPMOJTYMHHHUCIIEHTHH AETEKTOP.

Jomr ox BpemeHa yBohema anbeno mozumerapa [Preston, 1968kpajem 1960#x onu cy
MOCTAJIM jeJlaH OJ1 HajIOMyJIapHUjUX JTMYHUX HEYTPOHCKHUX JO3MMETapa KOjU C€ jolI YBEK KOPHUCTE

[Draaismau Verhagen, 2002; SchwartzEisenhauer, 2002, Martinsap, 2010]. Heyrpounu xoju
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MPOJIPY Y JbYACKO Teo he OMTH yCIOpEeHM | pacejaHy y MHTEepaKIjaMa ca je3rpuMa aToMa y Temy.
VY 0BHUM mpoliecuMa cTBapa ce (pIykc TepMalHUX M HUCKOEHEPTeTCKUX HEYTPOHA, KOjU HAIyIITa]y
npeay CTpaHy Tella U KOju ce Ha3uBajy andeno Heytponu [Pieschu Burgkhardt, 1985; Durram
Bull, 1987]. OaroBapajyhiumM Mepemnma ambea0 HEYTPOHA, JO3UMETPOM KOjU CE HOCH OJIH3y
MOBPIIMHE TeJIa, U KOJH CE€ Ha3WBa aj0oen0 J03MMeTap, Moryhe je MpOIeHUTH €KBUBAJICHTHY 103y
M3a3BaHy MHUUACHTHUM HeyTpoHUMa. OBaj MOCTyNaK ce Ha3MBa andeso HeYyTPOHCKa JO3UMETpPH]a.
Anbeno HEYyTPOHCKH JO3MMETPU MHAUPEKTHO MEepe HEYTPOHE pacejaHe y MHTEPAKLU]U ca JbYICKUM
TenoM. Y mopehemy ca ApyruM JIMYHHM JIO3MMETpUMa 3a Op3e HEyTpoHe anbeno J03UMETPH
MOKa3yjy Behy eHepreTcKy 3aBUCHOCT OATOBOpa KOJU CE MEHa M 32 HEKOJIMKO PEAOBa BEIUYMHA O]
TepMaHUX 10 MeV-ckux HeyTpoHa. 3a JeTeKuujy anbeno HeyTpOHa 4eCTO Ce KOPUCTH °LiF,
3aCHOBaH Ha TEPMOJYMHUHUCLUEHTUM aerekropuma - TJIJI, ycimen HuM3a NPEJHOCTH Kao IUTO CY
HUCKa II€Ha, JeIHOCTaBHA MpOIelypa OYHTaBama, BEJIUKH OJArOBOP 3a TEPMAIHE HEYTPOHE U
MMOHOBHO KOpHIIINEHE.

Kondurypanuja xoja cagpxxku tpar aerekrop u TJIJ uma nBa 3HadajHa mpobGiema, a TO Cy
BEJIMKa OCETJBMBOCT Ha (JOTOHE M KOMILJIEKCHA OIpeMa HEOXO/HA 32 OUUTaBambe Tpar JIeTeKTopa U
TJIA.

Luszik-Bhadra u ngp (1993) mpemtokuaun cy andeno KOHPHUTypamujy y KOjoj ce
onrosapajyhu xkoHBepTepH, °Li, B wm N, ymehy m3mel)y tena u PADC tpar nerektopa. PADC
JICTEKTOP PErHCTPYyje HACIIEKTPHCAaHE YECTUIIE KOje M30Mjajy ca KOHBepTepa Kao pesyarar (N, p)u
(n, 0) peakiuja y3pOKOBaHMX HHCKO €HEPreTCKMM HEYTPOHMMa pacejanuMm oj Tena. JJobpo je
MO3HATO J1a JIOK C€ OJTrOBOp ajbelno MO3MMETpa CMamyje ca €HEprujoM HEYTPOHA W JpaMaTUYHO
naga m3Hag 0.1 MeV, ogrosop PADC nerektopa (HAaKOH XEMHJCKOT WM CIIEKTPOXEMH]CKOT
Harpu3ama) M3JI0KEHOT TUPEKTHOM HEYTPOHCKOM MoJby mokasyje mpar Ha 0.05-0.1 MeVsartum

pacTe ca eHeprujoM M JOCTHKEe MakcuMyM Ha oko 2 MeV [Bedogniu ap, 2008; 2009].

3.2. Jo3uMeTrpuja HeyTpoHa Ha 6a3u AeTekTopa CR-39

Meby nanac kopunrheHuM MacHBHUM JIMYHUM HEYTPOHCKUM J03UMETpUMa, Tpar AETEKTOPU
ce cMaTrpajy jeIHOM OJ HajIepCleKTUBHUJUX TEXHUKA JOII OJl BpeMEHa HHXOBOT OTKpHha,
[Espinosaun ap, 2013].IIpumMeHy Tpar AE€TEKTOpa Yy HEYTPOHCKO] JTO3UMETPHjH MPBHU CY OMHCAIN
Walkeru ap. (1963).Jenan ox Hajuenthe kopunthennx Hykieapuux tpar aerekropa je CR-39. CR-
39 je BeoMa pacnpocTameH JUYHH TO3UMETAp 3a TepMaiiHe u Op3e Heyrpone [Fleischem np, 1975;
Cartwrightu mp, 1978; Tommasina ap, 198&; 1980h Tommasinaz Harrison, 1985; Cross, 1986;
Matiullah u Durani, 1987; Piesch ap, 1989; Matiullaha xp, 1990; Bordw np, 1991; Fernandez
ap, 1991; llicu ap, 1995; Jamilu ap, 1997; Palfalvin Sajo-Bohus, 1997; Dorschelxp, 1999a;
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Hermsdorfu ap, 1999; Khanu ap, 2001; Tanneu ap, 2001; El-Sersyi ap, 2004; Garciar np,
2005; Bedognu np, 2008; 2009; El-Sersy, 2010; Deevbangdp, 2011; Saint Martim np, 2011,
Castillou gp, 2013].Mely OpojHuM MpeaHOCTHMA HAjBAXKHH]ja j€ HETOBa BEJIMKAa OCCTJHUBOCT Ha
MIPOTOHE, a BEJIMKa HEOCETJhUBOCT Ha rama W X 3pauewme. 3aro ce CR-39 m pasmarpa kao
HAjJIIOTOTHAJM KaHIUAAT 3a MPUMEHY Y JJMYHO] HEYTPOHCKO] J03uMeTpHju. [Ipu nHTepaKiuju 6p3ux
HeyTpoHa ca aromuMa CR-39 nerekropa (Ci2H1807) mpousBojae ce y3makHyTa jesrpa (BOJOHHUKA,
KHACCOHHMKA U YIJbeHHMKA) YCIIe/l pacejama Kao M CEeKyHJapHe HaeleKTpHucaHe decTule (o yecTulie,
MPOTOHH) Y HyKJIeapHUM peaknujama. OBe HaeJeKTpUcaHe 4decTulle aonpuHoce oarosopy CR-39
nerexktopa. Melhytum Hehe cBaka HaelneKkTpucaHa YeCTHIIa TIPOU3BECTH BUIJBUB Tpar Beh camo oHe
KOje 3aJ0BOJbaBajy Impar M yTBpheHH eHepreTcku omcer nerekTopa. Ha mpumep, mpoTOHCKH
TparoBu ce Mory peructposatu y nerekropy CR-39ako umajy npar enepruje 100 keV [Fleishnen
ap, 1975; Griffithu np, 1981; Pyw Fink, 2004].

CexkyHIapHe HaeJIGKTpHCAHE YECTHIIC W Y3MaKHyTa je3rpa OCTaBbajy omTehema mpu
MPOJIACKYy KPO3 JMETEKTOPCKH MaTepHjali, Koja ce Ha3uBajy “JIaTeHTHH TparoBu . OBH TparoBu Cy
NPOM3BOJ MPEKHJa MOJEKYJIApHUX JaHalla W TOBE3aHHM Cy ca CTBapameM CIOOOJHHX pajauKaia
[Marletta, 1999Nouhwu ap, 2003].ITonpedne quMeH3uje TaTeHTHUX Tparosa cy go 10 nm,tako xa
Ce MOTY BHJIETH CaMoO IO SICKTPOHCKUM MHKpOcKoroM. Tpar ce Moxe Bu3yenu3upaT (YUUHUTH
BU/IJbUBUM) TIOJI ONTHYKAM MHKPOCKOIIOM, aKO Ce Jiellyje arpeCHBHUM XEMHjCKAM areHCOM Kao
mro je Ha npumep BoaeHu pactBop NaOHwunu KOH. Ycenen Behe xemujcke akTUBHOCTH, PacTBOP
Harpusa omreheHu 1eo BHIE Hero HeomTeheHW, Tako Ja ce JATEHTHHW Tpar 3HATHO yBehaBa u
MOXe ce mocMmarpaT oOuuyHMM omrthyukuM MukpockormoMm [Nikezic u Yu, 2004]. Bpojamem
BHJIJBMBUX TPArompa, Tj. oApehuBameM ryCcTiuHe, MpoIeHYje ce HEYTPOHCKA J03a.

I'yctuHa TparoBa M TEOMETPH]CKH IapaMeTpH TparoBa 3aBHCE O] Ipoleca (GpopMuparma
Tpara, Koju je oapeheH THIIOM dYecTHIle Kao M YCIOBMMa Harpu3ama NPUMEHEHUM Y Pa3BoOjy
JaTeHTHHX TparoBa [Tommasinon Harrison, 1985].I1y6nukoBaHO je 10CTa TEOPHjCKHX M
MPaKTUYHUX PaioBU Koju ce Thuy oaroBopa CR-39 merekTopa Ha Op3e HeyTpoHe. OBU panoBU
pa3martpajy ponpunoc og H, Cu O y3maka [Jamil u np, 1997].Y eneprerckom orcery HeyTpoHa
0.1-19 MeV npoyyaBaHa je JMHEapHa 3aBHCHOCT JIO3HOT €KBHMBAJICHTAa M OJrOBOpa AETEKTOpa
u3pakeHa mpeko rycrune TparoBa [Matiullah u ap, 1990]. Ebukacaoct CR-39 nerekropa 3a
perucTpoBame Op3UX HEYTPOHA je MEpeHa U ynopehuBana ca u3padyyHaTuMm.

El-Sersyu np. cy nokazanu 1o0po ciarame uzmel)y nspauyyHaTux ¥ U3MEPEHUX BPEIHOCTH
epukacioctn CR-39 nmerextopa 3a HeyTpoHe u3 IMIuUHIApUYHOr Am-Be u3Bopa Ha Manum
pacrojamuMa (< 90 cm), [El-Sersy ap, 2004].0uu cy nobumiu 100po ciaarame u3mel)y MEpeHuX U

padyHaTHX T'yCTHHA TparoBa y GyHKIHjU HEeyTpoHCKoT (yeHca, Cnuka 9. Takohe ce 1o0po crnaxy

37



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

padyHaTe HEYTPOHCKE J03€ ca J03aMa M3MEPEHHM ITOMONyY Tpar JeTeKTopa U MOHHTOpa HEYTPOHA,

Cruka 10.
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Cnuka 9. Pauynama u mepena cycmuna mpazosa y gyukyuju ¢ayenca neympona, [El-

Sersyu op, 2004].
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Cnuxa 10. Exeéusanenmna 0o3a neympona y pyuxyuju pacmojarea uzeop-oemexmop, [El-

Sersyu op, 2004].

38



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Khanwu ap. pa3Buiu cy KoMIitjyrepcku rmporpam 6asupan Ha Monte Kapio metoau, HanucaH
y C™" mporpamckom jesuky, koju npoydasa oarosop CR-39nerektopa Ha 6p3e Heyrpone, [Khanu
ap, 2001]. Pesynrarn muxoBor paga cy mnpukasanu Ha Cnukama 11 m 12 3a CR-39 nosumerap
obnuka chepHe JbyCKe ca HEYTPOHCKUM H3BOpOM Yy IIeHTpy cdepe. Haheno je ma edukacHoct

pPEruCTpOBamka 3aBUCH O] CHEprHje HEyTpOHa Kao U AcOsprHe nerekropa, Cnuke 11um 12.
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Cnuka 11. Penamusnu oonpunoc ceaxoe 00 koncmumyernama CR-390emexmopa namenmmoj

epuxacnocmu y pynkyuju enepeuje neympona, [Khanu op, 2001].
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Cnuka 12. Jlamenmna egpuxacnocm u e¢pukacnocm naepuzarva CR-390emexmopa y ¢pynkyuju

oebmune demexmopa, [Khanu op, 2001].
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Ha Cmumum 11 npukasad je mapiujaqHu JONPUHOC CBakor oj koHcturyeHara CR-39
nateHTHO] edukacHocT. Ca cimke ce BUOM Ja je 3a eHepruje HeyrpoHa > 1 MeV oko 50%
nonpunoca ycien Cu O y3maka. MelyytuM, Npu Harpusamy TparoBH yribeHUKA U KUCEOHUKA Hehe
MOCTaTH BHUIJBMBHU j€p HEMajy JOBOJbHO eHepruje na mpely eneprercku mpar. Ha Coumm 12
NpUKa3aHa je JaTeHTHa epUKacHOCT W edukacHocT Harpuzama CR-39 nerekropa y QyHKUMju
nebspuHe nerekropa. EdukacHocT nerekmuje je pauyHata 3a HeyTpoHe eHepruje 14.8 MeVy
byHKIMjU ne0pbUHE JETEeKTOpa, yBOoJehW J0IaTHE KOHIEHTPUYHE JbyCKe Ne0/bhHAa 2 [M OKO
HeyTpoHCKor m3Bopa. Ca ciMKe ce jacHO BUAM Ja ePUKACHOCT pacTe MOopacToM ne0JbUHE
nerekTopa. To je M OYEeKHMBAaHO 3aTO IITO Ca MOPACTOM JAeOJbHMHE ACTEKTOpa pacTe M yKyIaH Opoj
MHTEpaKIfja Koju pe3ynTryje nosehameM epuKacHOCTH AeTekropa. OuurienHo je na obe KpuBe
JIMHEApHO pacTy ca JeOJFMHOM JEeTeKTopa aiu Harub® KpuBe e(UKACHOCTH Harpu3ama j€ MHOTO
Oytaxku jep Hehe CBH JJAaTEHTHU TParoBH IMOCTATH BUIJbUBU HAKOH Harpu3ama.

Kopuctehu MCNP Tanneru ap. (2001) cy oapenuiaw OArOBOP JMYHOT HEYTPOHCKOT
JI03UMETpa y MIHUPOKOM EHEPTeTCKOM OICery HeyTpoHa oj TepMmanHux ao 15 MeV. Bedogniu np.
(2009) cy mpetoxkuu kKao JuYHH HeyTpoHcku nozumerap CR-39 merexTop crojeH ca 6opoBuM
KOHBEPTEPOM, TIPH YeMy Cy ymopeheHHn eKcriepuMeHTaaHu pe3ynratu ca pesyaratuma MCNP-4C
cumynaija. Kouseprepu kao mro cy Li u B ce xopucte na 6u ce mobospmana ocetsbrBocT CR-39
JeTeKTOpa Kao no3uMerpa TepmanHux Heyrpona [llic u ap, 1995; Palfalviu Sajo-Bohus, 1997].
Tepmanuu HeyTponu npousBozae Tparose y CR-39mpeko HaeneKTpUCaHUX YeCTUIAa CTBOPEHUX Y
KoHBepTepy v peakumjama °Li(n,0)°H u *°B(n,a) Li.

El-Sersy (2010)e pauynao epuracuoct aerekuuje CR-39 merekTopa 3a Op3e HEyTpoOHE
Kopuctehu pasnuyure TEOpPHjCKe MPUCTYIE M OJIPEIUO jeé KOHBEP3UOHU KOSPHUIMjEHT (iayeHca y
no3y. Kopumhenn mnpuctynu y3umajy y o03Mp HHEpaklMjy HEYTpOHa ca KOHCTHUTYCHTHMA
netektopa. Takohe je mpoydaBao 3aBHCHOCT €(UKACHOCTH JETEKIHM]e OJ CHEPruje HEeyTpoHa U
BpeMeHa Harpu3ama. /o3y HeyTpoHa je pauyHao kao (yHKIH]y eHepruje HeyTpoHa y oncery 0.5-14
MeV kopuctehu BpenHoctu 3aycraBHe Mohum 3a cBaky y3makiy uectuny y CR-39 merexropy.
W3pauyHaT# KOHBEP3HMOHH KOoe(pUIMjeHT QiiyeHca Yy 03y Claxe ce ca MyOJIMKOBaHUM
Bpennoctuma [ICRP 74, 1997; Burgar Schwaster, 1988{;1uka 13.

El-Sersy (2010)e Takohe pauyHao yKymHy Kao W mapiidjaiHe gareHtHe epukacHocTn CR-

39 nerexropa Ha 1younu 10 um, Cnuka 14.

40



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

150
E 120
=
w
2 i
L. 90—
g
?11 —
[}
(2]
5
2 60—
= R ; 44#1 F K )
= g e & TV
= 30— " [
=
=
L]
[=]
= =

0 T I T I ; | :

° 4 8 12 16

Enepruja neytpona (MeV)

Cnuka 13. Ilopeherve pauynamux u nyoauKo8anHux peOHOCmMuU KOHBEP3UOHO2

Koepuyujenma ¢nyenca y oosy, [El-Sersy, 2010].
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Cnuxka 14. Ykynua u napyujarna namenmua epukacnocm CR-390emexmopa na oyounu 10
um, [El-Sersy, 2010].
Deevbandi ap. (2011)cumynupanu cy o3paunBambe CR-39meTekTOopa H3BOPOM HEYTPOHA
(omx 0.2 10 14 MeV) Ha pacrojarby 100 Cm,y3eBIiu cy y 003up CBE 3Ha4YajHEe MHTEPAKIIMje Op3uX
HEYTpOHa ca aToMuMa JeTeKkTopa. Pesynraru cumynanyja mokKasyjy 3HadajaH JIOTNPHUHOC

epukacanoctn CR-39 nerexropa ycnen H, C u O y3maka, mTO je y carJacHOCTH ca MPETXOIHO
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nyonukoBanuM pesyatatuma [Jamil u ap, 1997; Khanu ap, 2001]. llwb pama je mpoydaBame
NOY3/IaHOCTH OATOBOpa JETEKTOpa Ha Op3e HEYTpOHE W3 IMIMHAPHYHOT M3BOPA KA0 PEaHOT.
Kopucrehu MCNPX cumynupane cy nareHTHa e(pUKaCHOCT U e(UKACHOCT Harpusama. [lerekropu
Cy O3pavycHHu 2IAm-Be W3BOPOM Kao M H3BOPOM OOJIOKEHHM IOJHUETHUICHCKOM CcepoM Kao
MOJEPAaTOpPOM, a 3aTUM CYy eJIeKTpOXeMHjcku HarpuszaHu. JloOujeHo je moOpo crarame
SKCIIEPUMEHTAIIHUX ¥ CUMYJIAIIMOHHX pe3yliTara rycTuHe Tparosa, [Deevbandi ap, 2011].

Saint Martinu ap. cy y mwbpy nosumerpuje Am-Be usBopa kanmbOpucanu ypehaj xoju
nokpuBa omcer go3e ox 0 no 3.1 mSv, acacroju ce u3 CR-39 nerekTopa W moaueTHICHA U
MOJTUBUHII XJopuaa. OHU Cy MEpHIIM 3aBUCHOCT TYCTHHE TparoBa M J103€ HEYTPOHA, a 3aTHM CY
¢duTOBaNM MosaTKE M JOOWIHM KpUBY JIMHEapHE 3aBHCHOCTU. Takole cy ofpeauin KalnOparroHu
Koe(uuHjeHT Koju uMa BpeaHoct (2084 + 341)u (3130 + 428) tracks/(chmSv)sa neGibuny
nerexkropa 1 u 0.25 mmpecnekruBro [Saint Martinu ap, 2011].

Castillon mp. (2013)cy onTuMu3oBaiu mapaMeTpe XEMHjCKOT Harpusama (Temmeparypa,
BpEMe Harpusama, KOHIICHTpanuja pactBopa uta.) 3a CR-39 gerekrop kao mo3umerap Op3mx
HeyTpona. Y3opuu CR-39npexprBeHH MOIHEeTHICHCKHM (onrjama H3IoxkeHd cy > Am-Be m3Bopy
y pa3IMYUTHM BPEMEHCKMM HMHTepBaiuMa. [1OJHMETHIICH CIIy’)KHM Kao M3BOP MPOTOHA jep CE OHH
npousBozae y (N, p) peakmujama [Garciau np, 2005], a nmperxoaHo je ycranoBibeHo ga CR-39
JETEKTOp MMa 100ap oAroBop Ha mportone y omcery ox 0.92 10 9.28 MeV [Sineniam ap, 2011].
[Moce HHM3a mpoleca XeMHUjCKOT Harpu3ama JETEKTOopa 3a pa3lInuuTe napaMmerpe mnpoHahene cy
ONTHMAIHE KapaKTepUCTHKe, a To cy pactBop 6N KOH, 60°C u 12 h, [Castillon ap, 2013].Ha
Cmuum 15 je mpencraBjbeHa 3aBUCHOCT J03€ W TYCTHHE TparoBa Koja ce€ Cllaxe MPETXOIHO

nyosmkoBanuM y [Saint Martinu ap, 2011].

Jo3a weytpona (mSv)
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['ycruna Tparosa (tr/em?)

Cnuxka 15. I'ycemuna mpazosa y ¢hynxyuju 0oze neympona uz Am-Beussopa, [Castillo u op, 2013]
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Castillo u ap. mokasyjy aa je moryhe Ha TpaauIIMOHAJaH HAYWH KOPEIUCATH TYCTHHY
TparoBa ca JI030M HEyTpoHa M ¢uryeHcoM. EkcriepuMeHTanHu pe3yiTaTd yKa3yjy Ha MOTEHIHUjall
koputthema CR-39neTekTopa kao n1eTekTopa Op3ux HEYyTPOHA y 3alITUTHU O] 3payema y 00jeKTuMa
IJIe c€ KOPHUCTE PAAMOAKTHBHYU jJOHCKH CHOIIOBH Ka0 U aKIIEeJIepPaTOpH.

MHoru ayTopu cy myOJIMKOBalld paoBe KOjU CE€ OJHOCE Ha €JIEKTPOXEMH]CKO Harpu3ame y
by Mo0oJbInama qo3uMeTprjckux ocoouna CR-39 nerekropa, [Pieschu ap, 1989; Fernanden
ap, 1991; Dorscheh np, 1999a). TexHuky eneKTpOXeMHjCKOT Harpu3ama OTKPHIH ¢y Tommasino
u ap. moyetkom 1980#x rme ce mMpUMEHOM ENEeKTPUYHOT IM0Jba TOKOM XEMH]CKOT Harpu3ama

n00ujajy TparoBy BHJBMBH oMM OKOM [TOommasinoa ap, 198G; 1980b].
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4. HYKJIEAPHHU TPAT JETEKTOPH

4.1. Hcropuja HyKJIeapHHX TPar AeTeKTopa

Wcropuja HykieapHHX Tpar jaerekropa mounibe 1958. rogmue kama je Young [Young,
1958] orkpuo na ako ce LiF kpucram npku y KOHTakTy ca ypaHCKOM (oyimjoM U o3padyje
TEPMaJIHUM HEYTPOHMMa CTBOpHMhe ce TparoBM HAaKOH TpeTMaHa arpecUBHUM XEMHU]CKUM
pactBopoM. bpoj oBuX TparoBa Moka3uWBao je MOTIMYHY BE3y ca MPOIEHEHHM OpojeM (HUCHOHUX
MpoJIyKaTa U3 ypaHcke (poJiije Koju Cy y3MaKIId y KPUCTAIYy.

lomuny nana kacuumje Silk u Barnescy caommruim cBoje 3amaxame OBUX olnTeheHux
00JIaCTH y TUCKYHY KOpHCTEhH TPaHCMHCHOHHM €IEKTPOHCKH MUKPOCKOII TJIE Cy TParoBU M3IJICAAN
Kao Jpyzcka Biac, [Silk u Barnes, 1959].

Tokom panux 1960ux TuMm Koju cy caummaBanu Fleischer, Pricex Walker 3amoueo je
OTICe)KHA HCTpaKnBama OBOT edekra. OHM Cy MPOIIMPHIN TEXHUKY Harpusama KOjy je pa3BHO
Young (ipu uemy UM je BeroB paja OMO HEMO3HAT Y TO BPEME) Y JIMCKYHY M Y MHOTUM JIPYTUM
MarepujaiiMa Kao IITO Cy CTaKJa, IIACTUKE W Pa3InuuTH MUHEpaiHu kpucramu, [Fleischem np,
1965].

Pane ctynuje cy mokasane ja Cy TH Harpy>KEHH TParoBH:

1. mpousBeieHH caMO TEUIKUM joHM3yjyhuMm uectunama (1j. anda uYecTHaM y CIIydajy

TUIACTHKE ¥ (PUCHOHMM MPOAYKTHMA Y CIy4ajy KpUCTaa);

2. TPOM3BEICHU CaMO y eNeKTPUYHUM HU30JaTOPHMa M YHCTUM MOTYIIPOBOIHUIIMA

CTa0MJIHM 4YaK W KaJa Cce U3J0KE BEIMKUM Jo3ama X-3padema, [P-d4ecTHia,

yaTpajbyOudacTor 3pauema HUTA. KacHHje je moka3aHO Ja BHCOKE J/I03€ OBHX 3pauckmha

MEHa]y KapaKTepUCTUKE HYKJIEapHHUX Tpar IeTeKTopa.

OBuM je 3amoveo pa3Boj OBE HaydyHE O0JACTH W IMYOJIMKOBAH je BEJIMKH Opoj HAyYHUX pajoBa U

Hekonnko kibura [Fleischem ap, 1975; Durannit Bull, 1987; Durrania llic, 1997; Fleisher, 1998].
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4.2. POU3NYKO-XeMHjCKe KAPAKTePUCTHKE

Temke HaenmekTpHcaHe YeCTHIE Kao MTO cy aida YecTHne, JaKd M TEeIIKH jOHH WIH
(GbuCHOHM TIPOAYKTH W3a3MBajy WHTCH3UBHY jOHM3aLMjy Kaga mpol)y kpo3 marepujy. Tako, Ha
npumep, anda yectuna enepruje 6 MeV kpenpa oko 150 00QjoHckux napoBa y 1eaya03a HUTPaTYy.
[Tomro je nometr 6 MeV anda yecture y oBom marepujany 40 um to 3Hauu aa ona npoussene 3700
JOHCKHMX TapoBa IO MUKpOMETpy. Alia decTuiia joHU3yje CKOpO CBE MOJIEKYJE y OKOJHWHHU CBOjE
nyrame. OBa mpuMapHa jOHM3allMja MOBJAYM CEPUjy HOBHUX XEMHJCKUX Ipoleca KOjH CTBapajy
cno0oiHe XeMHjCKe paaukaie U apyre xemujcke Bpcre. Kao mro je Beh pedeHo obGmact myx
nyTame YEeCTHIE Ha3uBa C€ JATEHTHH Tpar, JOK C€ MOCTYNaK Harpu3ama JeTeKTopa Ha3HBa
BH3yeNn3aIyja.

IMopen nerekropa CR-39 npyru yecto KopuitheHH HYKJI€apHH Tpar JETEKTOp je Lelyao3a
HUTpAT MO3HaT Mo cBoM Komepuujanom mMeHy LR 115 (GHgOgNy). ¥V ymotpebu cy u npyru
nerekropu kao mTo je Makpodon (CigH1403), Takohe 3acHOBaH Ha IMOJIH-ATUII-TUKIAKOI
kapoonaty. ['ycture nperektopa CR-39, LR 115u Makpodona cy 1.32, 1.4u 1.2 glcrﬁ,
PECIIEKTUBHO.

Naxo je eexar Tpara 0aBHO U peIaATUBHO JOOPO MO3HAT, HE MOCTOjU JEJMHCTBEHA TEOpHja
Koja o0jammaBa mpoiec popmupama Tpara. HajmosHatuja o1 0BHX TEOpHja je eKcruto3uja joHa (ion
explosion), [Durannit Bull, 1987], 1m0 k0joj ayx Tpara 4ecTHIle OCTaHE BEJIHKA OPOj MO3UTHBHUX
joHa (jep Cy €IeKTpOHH CTBOPEHHU Y MPUMapHOj jOHU3ALMjU HAIYCTHIIM 00JIACT JIATEHTHOT Tpara)
KOjU ce ycieJl eleKTPOCTaTUYKOr oflujama pasiieTe Ha pasHe cTpaHe. Mehytum, Hu oBa, a HHU
jemHa npyra TeopHja HUCY y MOTYhHOCTH jJa M3padyHajy yak HU HajOCHOBHH]jE€ MapameTpe Tpara,
Kao IITO je Ha MPUMEp SHEPreTcKH mpar u cii. OCHOBHU (DU3UYKHU MPOIIECH Y KOjUMa WHHUIIM]AJTHA
YyecTulla TyOu eHeprujy cy joHuszanuja u excuuranuja. Ilpea ¢gusmuka ¢asza y K0joj HHHULUjaIHA
YecTUIla Tpefa CBOjy EHEprujy aroMHMa KOjU OKpYXKYjy IeHy IyTamy je BeoMa KpaTka,
3ayCTaBJbambEe YECTHIIE CE JEIIaBa y BpeMeHY pena muKkocekyHae. Ci1o001HN eNeKTPOHN KpeHpaHu
y OBUM NpHMapHHM HHTEpaKI[MjaMa yCIOpaBajy c€ KpO3 CepHjy jOHM3alldja W eKCIHUTaIfja u
KpeHpajy CBe BHUIIEC U BHIIE €JIeKTpoHa. Heku off OBUX eNeKTpoHa MOTy OTMhHM MHOTO Jajbe Ol
nyTamkbe MHUIMjaJHe YecThle Kpewpajyhu 13B. menrta 3pake (O 3pake). Benmmku Opoj crmobomHux
eJIeKTpoHa U omTeheHnx MoseKyna Kpeupa ce 6Jau3y Tpara 4ecTulle.

VY npyroj ¢usnuko-xemujckoj ¢a3u, HOBE XEMHJCKE BPCTE KPEHpajy €€ HHTEPAKIIA]OM
omreheHnx Mosekyna. MHTepakinje HOBUX XEMHJCKHUX BpPCTa ca PacTBOPOM KOJU C€ KOPHCTH 3a

Harpu3ame Cy HMHTCH3MBHHUjEe HEr0 OHE ca HeomTeheHuM aerekTopckuM MmartepujanoM. Huje
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MOTIYHO TO3HATO KOj€ Ce XEMHUJCKE BpcTe (popMUPAjy MOCIE MPoJiacka YECTUIIE KPO3 IETEKTOPCKU

MaTepHjall Kao HU MpHupojia omrehema.

4.3. Teomerpuja pacra Tpara

4.3.1. Ocnoénu nojmosu ceomempuje pacma mpaza

Jeman o1 M3a30Ba KOjU Cy MPUBYKIIM 3HAUajHY MaKiky 010 (OpMallHHM ONHMC pa3Boja Tpara,
TO jecT, pacrta Tpara. [Ipupoaa npobiema je mpunnaHo reomerpujcka. [lopexa Tora, mocroje Teopuje
Koje omucyjy (U3MYKH acmnekT ¢opmupama Tpara. MelyTum, He MOCTOjU HHUjelHA KOMIUIETHA
TeopHja Koja 3a70BosbaBajyhu objammaBa (hopMupame TparoBa u npopadyHaBa napaMeTpe Be3aHe
3a Tparose.

dopmupame Tpara je oapel)eHO HCTOBPEMEHUM JeI0BaeM JBE Op3nHe Harpusama, Vp and
V4, koje je yBeo Fleischer [Fleischet np, 1965].0On panor nmouerka Hayke 0 TparoBuma (GopmamHu
ONKC pa3Boja Tpara je NMPUBYKAO BENMKY Naxmy. bp3uHa Harpusama marepuje Vp je Op3uHa

Harpu3ama HeommTeheHe MeTeKTopcke MOBpIIMHE, 0K je Vi Op3uHa Harpuszama JyK JaTEHTHOT

tpara. O6e Op3uHe ce Hajuemhe u3paxasajy y jeauauiy Pm/h. Jepunume ce onnoc V =V, /V, n

na 6u I01UIO A0 pa3Boja Tpara Mopa OUTH 3a0BOJbeH ycioB V>1 3a HopMmanaH ynaa u V sin(6)>1
3a KOC ymaf, rje je 0 yrao ynaza 4ecTHIIe y OJIHOCY Ha IOBPIIUHY AETEKTOpA.

HajjennocraBHuju ciiydaj pa3Boja Tpara HpeTCTaBJba Cly4yaj Kaja WHIMJICHTHA YECTHIA
ylla3d y AETEKTOp MO MMPaBUM YIJIOM Y OJJHOCY Ha MOBPIIUHY JETEKTOpa Kao IITO je MPUKa3aHo Ha
Cmuum 16. Ha Cnunm 16, | je mHMIMjaiHa AETEKTOpCKa IMOBpIIMHA, |' je moBpmMHA TOCIHEe
Harpusame, V: je Op3uHa Harpuzama JayK nyrame dectuua (track etch rate)a Vy je Op3una
Harpuszama Heomtehene nerextopcke mopmuHe (bulk etch rate), Qe ynasna Tauka a0k je E
Kpajikha Tavka JI0 KOje je YeCTHuIle ocmena y aerekropckom Marepujany 1 OE=Rje nomer dectuiie
y JIeTeKTOpCKOM marepujany. Pactojame usmely | u I' jennako je h, omHOCHO TO je me0spHHA Ci10ja
CKMHYTa HarpuszameM, L' je ykymHo pacrojame koje mpehe pacTBop koju Harpusa, a L je nyOuna
Tpara.

Pa3Boj Tpara je ananoran npoctupamy Tanaca. [I[pema XajreHCOBOM NMPUHIIUAITY CBaKa TayKa
Ha KOJy Hauja3| Tajac je M3BOp HOBOT cepHOr Tamaca. ¥ ciaydajy pa3Boja Tpara, xemucdepa ca
pamjycom h = Vit (t je Bpeme Harpusama) ce QopmMupa OKO CBake TayKe Ha JETEKTOPCKO]

MOBPIIMHM, OCHM Y TMPaBIly MyTame YECTUIIE I/ie pacTBOp Hampeayje opsunom Vi, [Nikezicu Yu,
2004].
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Cnuka 16. 'eomempuja pazeoja mpaea. Ynaonu y2ao uecmuye je HOpamaian Ha 0emeKmopcKy

nospuiuny u Vi je KOoHcmanmHo.

Pa3Boj tpara je oapehen ognocom V =V, /V, u dhopmupame Tpara Huje Moryhe yKOJIHKO je

V je Mmame uin jennako 1. J[pyrum peunma, ycioB V > 1 Mopa OuTH ucnymeH na 6u ce popMupao

Tpar. Yrao 0 30Be ce JIOKATHH yrao pasBoja. M3 ciamuynoctu TpoyrioBa ca Cimke 16, Mmoxe ce
YOUHTH 72 je:

sind = % (4.1)

Kao mro je panuje noMeHyTO, Harpu3ame HaNpeayje Yy CBUM ImpaBiuma Op3uHoM Vy, ocuM
Iy MyTamke YeCTUlA Iie Harpuszame uae Op3uHoM Vi Y Tpu IuMeHsHje, Tpar je KOHYC ca yriioM
pa3Boja J KOju ce moOHja poTalmujoM 3Mja Tpara oko mytame dectuiie. Kpyr A Ha Coumu 16
IPEe/ICTaBJba PEBOIYIM]Y TAUyKe 3Uja Tpara OKO IMyTame decTulile. TOKOM Harpusame 3Uj Tpara ce

noMepa rnapajieiHO caMOM CeOH.
4.3.2. Koncmanumno Vi u ynao wecmuye noo npasum yeiom

[TosuBajyhu ce Ha ananorujy n3mely pasBoja Tpara v IIHpeHa Tanaca nmpemMa XajrTeHCOBOM
NPUHIUITY, pPa3BOj Tpara MoOXK€ Ce MOCMAaTpaTd CIWYHO (OpMHUpamy Tajaca M3a damila KOju ce
kpehe Ha moBpmMHM MupHE Boje. Pasnmka je y Tome mTo Tamac (GopMHpaH H3a YamIia uma
JBOJMMEH3MOHANIAH U3IJIE, 0K ce Tpar (opMHUpa Kao TpoauMeH3HOHaIHa cTpyKkTypa, [Nikezic u
Yu, 2004]. ITompeunn mpecek moBpiunHe HakoH Harpusama |' (Cnmka 16) m KoHyca je Kpyr
npeunuka D. Pagu jenHocTaBHOCTH, MpoOIeM ce MOXKe IMOCMAaTpaTy y JIB€ TUMEH3Uje Kao IITO je
npukazano Ha Ciounu 16.

Jlybuna Tpara jara je ca:
L=V, -Vt (4.2)

rze je t Bpeme Harpuszama. Ca Ciuke 16 ce Buam na je
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_b/z___h
tan§ =——= e (4.3)

KomOunyjyhu nperxonne jeqnadnHe arjaMeTpa OTBOpa Tpara J100Hja ce Kao

D =2h |— (4.4)

V+1

Axko je V > 1 u3 npeTxoAHuX jeiHaYrHa CIICAH Ja je

D =2h (4.5)

Ha ocHoBy jennaunne (4.5)pa3BujeH je HHANPEKTHH METO 3a Mepeme Op3une Vp. Ao je Vi
BEOMa BEJIMKO, INTO j€ CiIy4yaj KaJga C€ KOPHCTE TENIKU JOHHM WM (PUCHOHM TPOAYKTH 32
03pauMBame, CKUHYT c10j he OMTH ITUPEKTHO MOBE3aH ca JUjaMeTpOM OTBOpa Tpara Koju je JIako
mepsbuB. [lomro je h = Vp-tnako je mahu Vi,
ToxoM Harpuzama pacTBOp Hampeayje Ka Kpajikoj Tauku E myrame dectuie. JlerekTopcka
MOBPIIMHA Y TPEHYTKY lp 03HaueHa kao moBpmwuHa 1 Ha Crnunm 17. HakoH Tor TpeHyTKa pacTBOp
Hampeayje y CBUM IpaBLKMMa MCTOM Op3uHOM Vp, W oxarosapajyhm Tpar moctaje NmpeHarpukeH.
Cdepa ce caga dpopmupa oko Tauke E n obauk Tpara je mpoMemeH Yy KOHYC NMpHIAPYXEH chepu
(moBprmae 2 u 3 Ha Ciuru 17). Jlasbum HarpusameM, chepHu 1eo ce yBehaBa, a KOHYCHH €0 je
CcBe Mamu 1 Mamu. KoHAaYHO, aKo Harpu3ame Tpaje JOBOJHHO IYTO Ieo Tpar he mocratu cepudan

(moBprmua 4, Cnuka 17).

Cnuxa 17. Tpu ¢hasze y pazeojy mpaea. | je unuyujanna oemexmopcka nospuwuna, O u E cy ynasna u
Kpajrea mauxe nymarbe yecmuye, Rje domem uecmuye y demexmopckom mamepujana, a \p je
op3una Hacpuzara neowmehene oemexmopcke nosputure. (1) Konycnu mpae, (2u 3) 3u0 mpaea

Jje oeneumuuno konyc, a oenumuyno cgepa, (4) mpae je nomnyrno cgpepuuan, [Nikezicu Yu, 2004].
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4.3.3. Koncmanmmuo Vi u ynao uecmuye noo Kocum yeiom

VY BehuHM peanHux cUTyalnuja, MHIMICHTHA YeCTHUIIe roral)a qeTeKTop Mo KOCHM yIaJHUM
YIJIOM yMECTO TpaBuM. THIHYaH TpUMeEp je 03paunBambe AeTeKTopa anda decThIiaMa eMUTOBaHUX
palloHOM ¥ FHETOBHM IOTOMIMMA, The Ccy Moryhw cBH ynamHu yrioBu. [pyru mpumep je
O3pauMBame JETEKTOpa O]l KOCMUYKOT 3paucma. Takole, mpu nerekuuju HEyTpoHa, y3MaKHyTa
je3rpa u CTBOPEHE YECTHIIE, C& EMUTY]y O] Pa3IMYUTHM YIJIOBUMA y OJHOCY Ha HOpMajly Ha
MOBPIIMHY JETEKTOpa. 300T TOra je BaXKHO J1a CE OIHIIIE PacT Tpara 3a KOoc yIaJ.

OBaj mpobieM aerabHO Cy pasmarpann Somogyiu Szalay (1973) Ilompeunn mpecek
u3Mel)y Tpara y KOHycHO] (a3u M MOBpPUIMHE HAKOH Harpu3ama je eimIca u oAronapajyhu oTBop
Tpara je enuntuydad. Enuncy kapaktepuiny Benrka oca D u mwena mana oca d. OBa qBa mapamerpa
CY Ba)KHE KapaKTEPUCTHUKE OTBOpA Tpara Mpu KOCOM ymaay. AKO je Tpar mpeHarprKeH, HOBpIINHA
HaKOH Harpusama MOXKEe TpeceraTu 00a U eMUNTUYHU U chepHHU Jeo 3uaa Tpara. Y TOM CIy4ajy,
KOHTYpa OTBOpa Tpara je CJIOKEHa KpHUBa M CacCTOjU C€ OJ CJIUIICE M Kpyra CIIOjeHHUX y HEKHUM
taukama. Ca MpOJyKEHUM HarpusameM, CEepHH JIe0 3uja Tpara, a TUME M KPYKHHU Je0 OTBOpa
Tpara cy yBehanu. Konauno, Tpar mocraje noTmyHo cepHU H OTBOP MOCTaje MOTIIYHO KPY>KHU.

[Tpema Somogyiu Szalay(1973)TokoM Harpusama BeJIMKa 0ca OTBOpa Tpara IpoJia3u Kpo3
TpHu (asze, 10K Mayia oca Ipoja3u Kpo3 aBe ¢asze. AHaTUTHIKE PopMylie 3a BEIMKY OCYy Y TpHu ¢aze
(D1, D2 u D3) u 3a many ocy y nBe ¢ase (ch u 0h) u3BeneHe cy u u3paxxeHe MOMONy CKUHYTOT CJ10ja
h. YcnoBu 3a mpenaszak u3 jenHe ¢asze y Apyry MCKazaHH Cy IpeKo neOJbuHe CKHHyTOor ciioja h.
Somogyiu Szalay,rakolje o3HauaBajy pasnuunte (aze oce pa3Boja Tpara kao D1, Dy u D3 win dy u
dy. Pasmuumte (ase pasBoja Tpara 3a decTulle Koje morahjajy IETEKTOp IOJ KOCHM YIJIOM CY
npukasane Ha Cimin 18. OBrie je ynagHu yrao 6 MepeH y 0JJHOCY Ha JIETEeKTOPCKY MOBPIIUHY, a hy

Jj€ CKHHYT ¢€JI0j Kajla pacTBOp AOCTHTHE Kpajiby Tauky, E, myrame uecture.

W, cosf

Cnuxka 18. @asze passoja mpaea 3a koc ynao wecmuye npema pady Somogyu Szalay (1973)
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Y mpBoj ¢daszu, D;, koHTYpa oTBOpa je enurica, a y Tpehoj ¢asmu, Ds, oTBOp je MOTIyHO
KpyKaH, JOK je y apyroj ¢asu, D,, To mpena3 usmel)y oBa nBa, OJHOCHO, KOHTypa OTBOpa je
JETMMUYHO €JIUTICA CIIOjeHa ca ISIMMHUYHUM KpyroM. Y ¢as3u di, OTBOP je eIUITHYaH U MaJia oca je
Masia oca enurce. Y $asu dp, KOHTypa 0TBOpa je KPYyr U Majia oca je MOJyIPEUHUK KPyTa.

dopmyre 3a U3padyHaBame Maje M BEJIHKE OCE OTBOpA Tpara, Kao M YCIOBH 33 FHHXOBO

BaXKeHe Cy jJatu cienehum jeanaunaama [Somogyiu Szalay,1973:

d, = 2h /% 2 0<h<hy =2+Rsing (4.6)

d,=D; 3a h;<h 4.7)
b, = Zh% sa 0shsH = §+ R V—sin‘;iiZ:s—(;/VZ—1 (4.8)
D, =>(D; + Dg) + (R - m) cos§ sa HySh<Hy=o+R— (4.9)
D, = 2\/R (sino —3)[2h =R (sino +2)| sa h=H, (4.10)

4.3.4. I'eomempuja pacma mpaza 3a npomensuso Vi

VY nmpeTxoaHOM eIy je PEACTaB/bEH MOJIEN pacTa Tpara 3a KOHCTaHTHO Vi KOjH CYy pa3BHIIA
Somogyiu Szalay(1973) Mehyrum, y Behunu peannux ciydajeBa V; Huje koHCTaHTHO. Mctn
ayTOpH Pa3BHJIM Cy jeIHAUMHE 3a ciayd4aj npomeHsbuBor Vi Takole cy u npyru ayropu pa3BuiH
COTICTBEHE MOJIeJIe M METOJIE Jla OMUIINY PacT Tpara, jelaH oj Mojeia Koju he OuTHu mpeacTaBibeH
osre pasBuin cy Nikezicu Yu (2003). Pasnuka y ogHOCY Ha ciay4aj 3a KOHCTaHTHO Vi je J1a 311
Tpara He MOXE Jia Ce ONMINe Kao MpaBHWJIaH KOHYC, W Tpar je caja IMONy-KOHYCHa IOBPIIMHA
npukazana Ha Ciunu 19(b), cyuaj 2. [onpeunu mpecek u3Mel)y moBpiimHe aeTekTopa HAKOH
Harpu3ama W Tpara je caja CIOKECHH]H O] jeJHOCTaBHE enurce. To Moxe na Oyne Onu3y enurice,
anu Takohe Moke ja Oyne Beoma PasjIudMT O] €JIUIICE, Kao ITO je KpuBa OOJIMKA jajeTa, UTHd. Y

3aBHCHOCTH O] CKHHYTOT CJI0ja, IoMeTa u obnuka V; pyHKImje.
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Virve /X
/7]

(a) pacTojame Jyx MyTamke 4ecTuie ' (b) E E i

Cnuxa 19. (a) I[Ipomena V. pynxyuje oyoc nymare wecmuye: (1) Vy = const; (2) Y je npomenvuso
ca makcumymom Ha Kkpajy nymarse wecmuye; (3) Vi je npomenmuso ca makcumymom npe, anu oauzy
Kkpaja, nymarbe yecmuye (mo je pearna cumyayuja). (0) Obaux mpaza 3a cnyuajese (1), (2)u (3),

PECNEKNUBHO.

4.3.5. Paznuuumu oonuyu N ¢pyukyuje

Kao mTo ce M3 mpeTxoqHOT TEeKCTa BUJM, 3a pa3Boj Tpara oaroBopad je oaHoc V=Vi/V.
Mehytum, ucrmocraBuiao ce aa je meperme (oapehuBarme) OBUX BEIWYHHA MPUIMYHO TEIKo. [Ipu
ToMe, onapehuBame Op3uHE Harpu3ama HeollTeheHe MOBpIIMHE AEeTeKTopa Vp je JaKIIM 3a/iaTak
Hero oapehuBame Op3uHe Harpusama Tpara, Vi.

Pa3Bujeno je Hekomuko MeTona 3a oapehuBame Vp, Koju ce 6a3upajy Ha: AMjaMeTpy Tpara
bucronux npoaykara (jeaHaunna 4.5), pa3auim Maca rpe u mocie Harpusama [Kocsisu ap, 1997],
IUpeKTHOM Mepery kKopuctehu nmpodumomerap [Nikezic u Janicijevic, 2002; Yipr ap, 2003)]unu
A®M wmukpockon [Yasudau ap, 1998; Hou ap, 2002], unppaupsenoj amncopmiuju [Ng u ap,
2004]. Vp3aBucH 071 BpCTE IETEKTOpA, TEMIIEPAType, MOJIAPHOCTH H jaulHE PacTBOPA KOjH HATrpH3a,
[Nikezic u Yu, 2004].Tlocroje oacrynama u3meh)y mojeinHUX METOAa Mepema. Y ciea Temkoha
onpehuBama Vi JOCTYIHO je caMo HEKOJHMKO pe3ynTtara. OHa ce Hajuenrhe u3paxaBa y 3aBUCHOCTH
O] TpeocTajor noMera yectune, R', mTo je pacrojame o Tauke y Kojoj ce oxapehyje BpeaHOCT
Op3uHe Harpu3ama Tpara U Taduke y K0joj ce YeCTHIla 3ayCTaBuJa.

V ¢dynukmuje 3a anda gecture 3a gerekrop CR-39,koje ce Mory Hahu y TuTeparypu:
(1) Durraniu Bull (1987):V =1+ (1145 933R 4+ 4¢70044R)(1— g7 038R,
(2) Brunu ap. (1999)V =1+e MR+ _gR*127 4 o127 _ gl

(3 Yu u gp. (200%): V =1+e @R @R o) youcrantama  ,=0.068, 2,=0.6513,
a3=a4=1.1784.
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(4) Yu u ngp. (2005b): ucra dynkmuja xao (3) amm ca xoncrantama a;=0.06082,a,=0.8055,
az=a,=1.119.

&

(5) Hermsdorf (2009)V =1+———2—[In(R+a5) [@—e‘R"a“)+B ca KoHCTaHTama & = 390, a =
(R""az)bl a5

2um,a=1um,a=5pum, =80 um, p=2.35.
3a oBaj pan, Haj3HauajHUja je V dyHkuja 3a mpotoHe y perektopy CR-39.I1Ipema pany
Hermsdorf (2009pBa ¢yuknuja uma uctu ooauk kao ¢pyakiuja (5) ca koncrantama & = 3.4, @ =
lum,a=1um, a=0.4um, & = 1500um, h=1.

——————— Hermsdorf (2009) sa npoToHe
DurraninBull (1987) 3a anda
S ———— Brun n .D.P(1999) 3a ancba
——————————————— Yu n gp.(2005b) 3a anda
————————— Hermsdorf (2009) 3a anda

V cyHKupnja

— e e e e e

Mpeoctanu gomeTt [um]

Cnuxa 20. V ¢yuxyuja 3a npomone u anga wecmuye y CR-390emexmopy

Ha Cmumm 20 npeacraBibene cy V ¢dynkmuje 3a gerekrop CR-39 y 3aBucHOCTH 0]
npeoctanor gomera. Kama je mpeoctanm AOMeT jenHaK HYJIH, TO OJroBapa MECTy 3ayCTaBJbamba
yectuie. V GyHKIHMje UMajy OOJIMK CirdaH bparoBum KpuBaMa jOHH3alHj€ U HbUXOB MaKCUMYM ]€
O6nu3y Tauke 3aycraBibama. Omreheme JeTEeKTOPCKOT MaTeprjajia Iy Tpara 4ecTHIIE je Cpa3MEpHO
JIET-y, a o6nuk V ¢yHkumje 3aBucu of omrehemwa. Kao kpajmu pesynrat, npodui Tpara 3aBHCH
0J1 HAaYMHA Ha KOJH je YeCTHIla ryOusa eHeprujy Ipu Ipojacky Kpo3 aerekrop. [lorpeban ycioB 3a

CTBapame M pa3Boj BUIJbUBOT Tpara na V ¢yHKIrja y obiactu mpoiacka pactsopa oyzae Beha ox 1,

oxHocHO Vi>Vy,.
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4.3.6. Mooen pacma mpaea

IToctoju Behu Opoj Mozena pacTta Tpara, ajid Cy CBM 3aCHOBAHU Ha MPETHOCTABIHM J1a OJTHOC
V=V/V}, oapeljyje pa3Boj Tpara. Jeman ox Mojena, KOju ce KaCHHje KOPUCTH y pajy je AaT y paay
[Nikezic u Yu, 2003; 2004] u Ga3upan je Ha audepeHIHjaTHO] jeAHAYMHHM 3HMIa Tpara y JBe
JTUMEH3H]je, Kao

y'=- ! (4.11)

W2(x+yy)-1

Jennauuna (4.11) ce mako no0uja U3 reomerpuje mnpeactaBbene Ha Cruru 21, rae je mpukaszaH
HOpMaJlaH ymaJ 4ecTHIle, X 0ca je AYK IMyTame YeCTHLe, a Y 0ca je Ay WHUIMjaJTHE MOBPLIMHE
nerekTopa. Tauka A Ha 3uay Tpara ca koopauHarama (X, Y) je ¢opMHupaHa MoBlIaueHEM HOpMalie

W3 TaukKe XpHa Tpar 4YeCTHIIE.

Cnuxka 21. 'eomempuja 3uoa mpaza y 0ée oumensuje, [Nikezicu Yu 2004].

U3 tauke (0,0) pactBop mytyje ca Op3uHoM Vi 1y X-oce (Koja je TpajeKTopHrja YeCTHIIE) U CTHXKE Y
TaukKy Xo y TpeHyTKY to. M3 Xo, pacTBOp Hampenyje a0 Tauke A Op3uHoM Vp. YTao d je yrao usmehy

Viu Vp y Tauku Xo. L je pactojame koje npehe pactBop. Ca Cnuke 21 ce Buau aa je

J:arcsir{ ! ] (4.12)
V(%)

Jennaunna (4.11)je noOujeHa u3 reoMeTpujckor pazmarpama Ciuke 211j., u3 u3pasza

1

y'(X) =—tand(x,) = _W

(4.13)
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Ca neBe ctpane jenHaunHe (4.13) purypumre X, a ca gecHe Xo. 3aMEHOM y X, = X— Y(X)tan(©)

nobwuja ce

X =X+ y(X)y'(X) (4.14)

V jennaunnm (4.11) y' ¢purypume ca o06e cTpaHe jeIHAKOCTH M jeIHAYMHA CE€ HE MOXKE PEIIUTH
AHAIUTUYKU 3a pasnuuute obiuke V ¢yHknuje Hahene y nurepatypu [Paretzkewm np, 1973;
Nikezic u Yu, 2003; 2006]. Jennauuna (4.11) je HyMmMepHuUKH pellleHa KOpUCTehw METOoIy
KOHAYHHUX Pa3liiKa, Koja ce 0a3upa Ha AucKpeTu3anuju QyHKIHje U meHor aprymenrta [Nikezic u
ap, 2008; Milenkovicu ap, 2009].

Nikezic 1 YU cy pa3BiiIM KOMIjyTepCKH MPOrpaM y mporpaMmckom jesuky Fortran 90mon
nasusom TRACK_TEST, [Nikezicu Yu, 2006]. TRACK _TESTce kopucTtd 3a pauyHame
napamerapa (qy)XKMHE BEIHKE M Malie 0ce), IpTame npoduiia 1 oapehuBame KOHTYpe OTBOpa Tpara
anda yecture y LR 115u CR-39aetexropy. Pesynratu nporpama cy ekCriepuMeTalHO MTOTBpheHH
3a TparoBe aingda yectuna. [Iporpam je jeaHocrtaBaH 3a kKopuiiheme jep Kaja ce MOKpPEeHE BOIU
KOPUCHHKA KPO3 OCTaTaK U3BPILCHA.

Nikezicu Yu cy Takole pa3Buian u MOJEIN IPOCTHPAa CBETIOCTH KPO3 HAIPHKEHE TPAroBe
anga ygectuna, [Nikezicu Yu, 200&]. VY oBoM pany Cy AeTa/bHO pa3MaTpald YeTHPH Pa3IddnTa
cllyyaja IpOCTHpama CBETIOCTH Kpo3 Harpuzanu Tpar. [Ipodun Tpara, onTHYKO MOjaB/bUBAKE U
AUCTpUOYIIMja pacejaHe CBETIOCTH Cy JaTH 3a TpH THUNWYHE BpcTe Tpara. Y paxy [Nikezic u Yu,
2008] mar je ommc xommjyrepckor mporpama moxa HasuBom TRACK_VISION koju cy ayropu
pa3BWiIM 3a oxpehnBame ONTHYKKX I0jaBJbUBAa TPAroBa y HyKJICApHUM Tpar MaTepHjalnMa, Kao
MoCJIeIUIIe O3paunBamba JJAKUM JOHUMA M KaCHUJUM XEMHjCKUM HarpusameM. [IpeTxonHo 06jaBibeH
nporpam, TRACK_TEST,6uo je nonasHa Tauka 3a pa3Boj nporpama TRACK_VISION, koju je
caapxkao TRACK_TESTkao cBoj moamporpam.
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5. HYMEPUYKE METOJE IPUMEILEHE Y PAY

Y 0BOM paay mpuUMEmEHE Cy TPU HyMEepUUYKe TEXHHUKE. JeqHa o BHUX j€ Mmo3HaTH Merton
MounTte Kapro, npyra je Meron KOHauYHHX pasnuka, a Tpeha je byrHoB meron. Y oBOM TEKCTY Cy
YKpaTKO OMHCaHE OBE TPU METO/E. AKIICHAT je CTaBJbeH HAa OHUM E€JIEMEHTHMAa OBUX METO/a KOjU

Cy KacHH]e KOpUIITheHH Yy pany.

5.1. Monre-Kapao meton

Mounrte-Kapno meron je HyMEpHMYKH METOJ| 33 PpEIIaBalke CIOXKEHUX MaTeMaTHYKHX,
(GU3NYKUX, CTATUCTUYKKUX M JPYrux IpobdiemMa MoJenoBambeM clydajHuX BenuunHa. Vneja MouTe
Kapno merona je KOHCTpyHCame MoJeNla KOjU je Y CarJlaCHOCTH ca CTBapHUM IPOOJIEMOM WU je
JTUpEKTHA cuMmyJamuja npooiema. [Ipu pemaBamy mpoOsemMa BpIIU € BEIMKH OpOj padyyHApCKHUX
eKCIIepUMEHAaTa Tj. CHMMyJalidja Aa OW ce mocTuria 3axteBaHa TayHocT [Cobons, 1973; Luxwu
Koblinger, 1991; Manno, 1999; Dupree, 20Q2posuhi, 2003].

Mounte-Kapno meron je moctao moctynad jaBHoctd 1949.ronune kaga cy Von Neumanmu
Ulam o6jaBuiu monorpadujy MonteCarlo Methods/lo Tana je pa3Boj oBor Metoia 010 y ciayxou
npojekta Manhattany okBupy kora je BpimeHa cumyjanuja audys3uje HEYTpoHa y (HUCHOHOM
Matepujany. Meron je 100MO MME IO MO3HATOM KOIIKApCKOM rpaay y MoHaky, ¢ 003upoM 1a je
PYJIET jelaH OJ1 HajjeTHOCTABHUJUX MEXaHWYKHX ypehaja 3a reHeprcame ciaydajHux (YHH)OPMHHUX)

OpojeBa.

KoMriinkoBaHu MaTreMaTWuku TpoOJjeMH, KOju Hajuemhe HeMajy aHAIMTHYKO PEIICHE,
JEOHOCTaBHO C€ pellaBajy OBMM METOJIOM, Il HENOCTaTaK OBOT METO/Aa je BEIUKU Opoj
CHUMyJIallja KOju c€ BPIIM U BEJIMKH YTPOLIAK pauyHapckor BpemeHa. Ca pa3BojeM padyHapa
Meroa Monte-Kapiio je 1o6mo Ha 3Ha4ajy U CBE CE BHUIIEC MIPUMEYjE Y pa3InduTuM obmactuma. U3
HeyTpoHCKe pu3uke MonTe-Kapiio MeTox BpeMeHOM yia3u y Apyre Hay4He U TEXHUYKE 00JIaCTH Y
KOjuMa JOMUHHpA CTOXaCTHYKa MPUPOa IpoIieca.

Mounrte-Kapno meron ce naHac MHTEH3MBHO KOPHCTH TIpU IUIAHHpamy M H3BOHEHY
MEIUIMHCKE pafuoTeparyje, Ipy Iu3ajHupamky HYKICapHUX PeakTopa, 3a HCIUTHBAKE CTPYKTYpeE
noJimMepa, MPOTEHHA, METATHAX U TIOJTYIPOBOJHIUYKHUX TAHKUX CJI0jeBa, UT/.

3a MonTe-Kapno meTos je Beoma 3Ha4ajHO T€HEpHCame CTaHIapIHUX CIIydajHUX OpojeBa
Ol KOjUX 3aBHUCH YCIHEIIHOCT NpumMeHe Mmeronaa. CraHmapaHu ciydajHu OpojeBu cy yHH(OPMHO

pacniopehenu O6pojeBu Behu unum jegnaku ox O u mamu win jenHaku on 1. ['eHepartopu ciydajHuX
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OpojeBa KopummheHH Yy KOMIjJYTEpPCKHUM CHUMYJaldjaMa Cy MaJld Tporpamu, Koju Kopuctehm
onropapajyhe anroputMe, kao HW31a3 Jajy cTaHIapiHE ciaydajHe OpojeBe. 300r Tora ce mMaxmba
noceBehyje MaTeMaTHUKHM alTrOpUTMHMa 3a TeHepucame clydajHux OpojeBa. Hajmosnaruju
QIropuTaM 3a TCHEPHCAmE CTAHMAPIHUX CIIy4ajHUX OpojeBa je MENIOBHUTH KOHTPYEHIIUjaJTHU

aIITOpPHUTaM.
5.1.1. Mooenosare Ouckpemuux cayuajHux eIudUHa

HNHTepaknuja HEYyTpOHA ca je3rpuma je ciiydajaH MpoIlec M MMa JAUCKpeTaH Kapakrtep. Ha
npuMep, oJabup BPCTE je3rpa ca KOjUM MHTEparyje je JUCKpeTHa CiIydajHa MPOMEHIbUBA.

Pa3MOTPUMO JHCKPETHY CIy4ajHy BETHUMHY €, ca pacroaenoMm

(xl Xyevenn. xn] 5.0)

I je X pealu3anyja CilydyajHe BEJIMYMHE, a [ :P{E:xi} je BepoBaTHOha peanuzammje,

[CoGoms, 1973].

Jla 6ucMo u3payyHalIy BPEIHOCT TE CiIydajHe BenuuuHe mojenumo uHtepBan 0<y<1 Ha

uHTepBaie A TakBe Aa je gyxuHa A, jenHaxa p;, Ciuka 22.

Cnuxka 22. Mooenosarbe OUCKpemHUX CIy4ajHux npoMeH/bUBUX.

JlukpeTHa cirydajHa BenuunHa & oapehena popmynom
& =x kaga ulA, (5.2)

nMa pacrogeny Bepoarnohe (5.1).
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Jloka3s oBe Teopeme je aat y Kiusu [Co6omas, 1973]Ha crpanu 45.
[Ipu npakTrynoj peanuzanmju popmyine (5.2) morogHo je y MEMOpHjU padyyHapa UMaTu

HOJCKYI BPETHOCTH Xq,Xp,......Xy U P, P+ P,, P, + P, + Py.....1. [la Ou ce uspadyHanae BpeJHOCTH
¢ Hanasu ce BpelHOCT U, rae je U ciydajau Opoj. 3atum ce mopeau U ca pP,;. Axo je U< pyTaza je
¢ =X;ako je U= p; mopeau ce Uca p,+pP,. Ako je U< P+ Py Tamaje § =X, ; ako je U= p;+ p,,

nopeau ce Uca p,+ p, + p, UTA.

5.1.2. Aneopumam 3a eenepucarve yHugopmue pacnoodene y cghepu

Opnabup ciaydajHOT M3OTPOITHOT TMpaBlia y MPOCTOPY j€ C€KBUBAJICHTAH T'CHEPUCABY TadyKe
yaudopmHo pacriopehene Ha moBpmmHU cdepe. IIpaBar; y kome ce eMuTyje HEKa YeCTHIla TP
palMOaKTUBHOM paclajy je ciiydajad u yHu(opMaH, 1 300T Tora je y OBOM TEKCTY YKPaTKO OMHCaH
aJITOpUTaM Y30pKOBama ClydajHe Tauke y cepu.

Enement 3anpemune cepe nzpaxkeH y nmojapHUM KoopJuHatama I, 6 u ¢ je:

dV = rsinfderd6dr (5.3)

Tauka P(X,y,z),rme cy X, Y U Z npaBoyrjie KoopAuHatTe, Tpeba aa uMa yHU(DOPMHY pacroaeiy y
chepu, [Manno, 1999, Casosuh, 2003]. BepoBaTHoha yHHpOpPMHE pacrojesie Tauyke y CIEMEHTY

3anpemune chepe dV gara je uspasom:

av __ 3rZdrdesinfdo

— 2 P —
f(r,6,9)dV = f(r,0,p)r*drsinddodp = TP

(5.4)

Cnyyajue mpomensbrBe I, € U ¢ mehycoOHO cy He3aBUCHE, Tako Ja ce (YHKIHje TyCTHHE

pacmojiesie BepoBaTHOhe MOT'y 3amucaTH y 00JIUKY:

f(.6,9) = £, (D fa(0)fp (@) (5.5)
r7e je
) =2 f0) =22, f,(9) == (5.6)

a pyHk1Mjy BepoBaTHOhe y 00IHKY:

3r2drdesinfd6 _ de 3ridr sinfdo

f@r.8,9)dv = 4R3T " 2m R3 2

(5.7)
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CrydajHa mpoMeHJbUBA @ T0OHMja ce PEeIIaBambeM jeIHAunHE!

1

o 4o =w (5.8)
rIie je Uy ciydajaH Opoj ca yHupOpMHOM pacronenom y uatepBany (0,1). Pememe oBe jenHaunHe
je:

@ = 2mu, (5.9)

Crnydajra mpomeHJbrBa @ 1o0uja ce perraBameM jeTHauYnHe:

1.6 .

Efo sinfdo = u, (5.10)

cosf = 2u, — 1 (5.11)
6 = arccos (2u, — 1) (5.12)

TIe je U, ciiydajaH Opoj ca yHupopMHOM pacrozenom y uarepsaty (0,1).

Crnydajra mpomMeHJbHBa I' 10OHja ce peraBameM jeTHauYnHe:

% Orrzdr =, (5.13)

r3 = R3u,4 (5.14)

r=3R3u, (5.15)

e je Uz cirydajan Opoj ca yaudopMHOM pacrogaenom y uarepsany (0,1).

[TpaBoyriie koopauHare Tauke P(X,y,z)oapelyjy ce momohy uspasa:
x = rsinfcos@, y = rsinfsing, z = rcosf (5.16)

VY cnydajy Ja iMaMmo jeIMHUYHH BEKTOp mosiokaja (r=1) rauke P(X,Y,Z),KOMIOHEHTE OBOT BEKTOpa
jaTe Cy u3pasuma:

x = sinfcosp, y = sinfsing, z = cosf (5.17)

yuMe je aeduHHcaHa YHH(OpPMHA pacmojena CiIydajHUX IpaBala y IpaBOYIJIOM KOOPAMHATHOM

CUCTEMY.
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5.1.3. Aneopumam 3a eenepucarbe eKCnoHeHyujaiHe pacnooene

Jly)xuHa ciobomHor myta (JieTa) HEYTpOHa Yy HEKOM Marepujaiy je pacnopeheHa mpema
CKCIIOHEHIIM]aTHO] pacmoaenu (MCTO BaKH U 3a rama 3padeise). Y cienachem TeKCTy je yKpaTKo aaT
aNTOpUTaM Y30pKOBamba U3 OBE PACIOAEIIe.

I'enepucame BpeIHOCTH CIy4ajHE NMPOMEHJbMBE X KOja MMa €KCIIOHEHIMjaTHY PacIloieiy

MOJKE ce U3BPIIUTH NoMohy cieneher uspasa:

fox le Mdx =u (5.18)

rae je A mapamertap, a U ciydajad 0poj ca yaudopmHOM pacrozgenoM y uarepsany (0,1), [Manno,

1999;Casosuh, 2003].Bpeanoct 3a X ce MOXKe OJpeIUTH U3 U3pasa:

x=—zIn(1-u) (5.19)

ITomrTo je pacroena BpeAHOCTH CllydajHOT Opoja U rcTa Kao U pacrmogaeia (1-U) MOXKeMO MHCaTH:

x=—2lnu (5.20)

5.2. MeToa KOHAYHUX Pa3/IHKa

CymTHHa MeTo/le KOHAUHUX pa3lIMKa y CBpXY pellaBamba OOMYHHUX TU(EpEeHINjaTHIX
jenHauuHa JieXKH y TpaHchopMmaluju ca mpodiieMa pemaBama AudepeHIdjaiHe jeTHaYnHe Ha
anrebapcku ipodaem [Sadiku, 1992]a cacroju ce o cinenehux Kopaka:

1. Henpekuana ¢pusuuka odaact (1oMeHa) ce MPEeKpHje HyMEPUIKOM MPEIKOM.

2. Taunum u3BOIM Au(EpeHIUjaIHE jelHAYWHE ca MOYETHOM BpEAHOIINY ce anpOKCUMHPA]y
anre0apCKyUM arpoKCUMaIlfjaMma KOHAYHUX pa3JidKa.

3. Anrebapcke ampokcUMallMjeé KOHAYHUX pa3IMKa C€ CMEHOM YBPCTE y AuQEepeHITHjaTHy
jeaHaYnHYy Kako Ou ce nobuia anredapcka jeqHaYMHa KOHAUHUX Pa3iIuKa.

4. PemaBa ce pesyinryjyha jemHaumHa KOHayHMX pas3nuka. Hymepuuka mpexa ce nobuja
TUCKPETU3UPABEM, Tj. MOJEIOM OOJIaCTH pelllaBakba Ha HHU3 YBOPHUX Tadaka. Y OBHUM
YBOPHHUM TavyKaMa Ce€ IMOCTaBJhajy jeTHAUNHE KOHAYHUX Pa3JIMKa, KOje MPEeACTaBbajy 3a/1aTe
nudepeHnrjatHe jeAHaunHe. ATIpOKCUMAIlHja U3BO/a ce BpIIK moMohy Heke o1 popmyrna 3a

HYMEPHUUKO TU(epeHIpabe.
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[TocmaTpajMo reomMeTpHjCKy HHTEPIPETAIH]y IPBOT U3BOa U JudepeHrjana GpyHkiuje:
Ha Cimim 23 je Hauprana ¢ynkuuja f(X), beHa TaHTeHTa y Tauku X ¥ IIOCMaTpaHa je Tauka
X+AX. BenmnunHny AX Ha3uBaMoO TMpHUpAIITajeM apryMeHTa, BenuuuHy AY mpupamrajeM GyHKIHje.

[IpBu U3BOA PyHKIM]E Y TAUKH X JeTHAK j€ TAHTEHCY yIJia o .

Y A
y=f(x)
B
A oy
— c
—
AX
X X+AX X

Cnuka 23. ['eomempujcko pasmamparee Memooe KOHAYHUX PA3TUKA

Buau ce na je y ommrem ciy4ajy dy # Ay. Ilpupamraj dynkuuje Ay jeaHak je ay:xuau BC, u

Ha3MBaMO I'a KOHAYHOM Pa3IMKoM npBor pena ¢pynkuuje f(X) y Tauku X:
Ay = Af(x) = f(x + Ax) — f(x) (5.22)

Ha ocHoBy kKoOHauHe pa3jiuKe MPBOT pela MOXKEMO allpOKCUMHPATH H3BOJA (YHKIHUjE Y TaukH X.

Nmamo 1a je :
f'(x) =tg(a) = % = %, omHOCHO dy = f'(x)Ax (5.22)

Hakie, mudepennyjan GyHKIMjE jeIHAK j€ MPUPALITA]y OpAMHATE TaHTeHTe (QYHKIHMjEe Yy TauKH X.
Mehytum, 3a Beoma maiio AX npupaintaj yukuuje, Ay, u nudepenunjan Gpyukuuje, dy, cy 6mucke

BEJIMYMHE. Y TOM CIIy4ajy BaKu IPHUOJIMIKHA j€THAKOCT:

reon o Ax _ FGetAn)—f(0)
[l ~ &= s (5.23)

JlebuHuiy ce ¥ KOHaYHE pa3juKe BUIIET pefa. Y OIIITEeM Clydajy, U3BoJ N-Tor peaa QyHKIH]je

f(X) y Tauku X anpokcHMHpa ce KOHAYHUM pasiinkama N-tor peaa A™y kao:
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M) () ~ A
F® ) ~ 22
IpH YeMy KOHA4YHY pa3IuKy N-Tor peaa qooujamo kao: Ay = A(A™ 1y).

5.3. IbyTHOB MeTOI

(5.24)

VY Hymepuukoj aHanusu, byrHoB Mertox (rakohe mosnar kao IbyrH-PadcoHoB meron),

HazBan mo Isaac Newtonu Joseph Raphsone meron 3a mponanaxeme CYKIIECUBHO 00Jbe

ampoKCUMallrje peniemha peaHe QyHKIHje.

Hara je pynknuja F nedmnancana 3a peaine BpeJHOCTH X

F(x)=0

(5.25)

MPETIOCTaBKa je J1a je Ja je Tauka Xo Onmsy perrema. [IpBo ce passuje dpynkmmja F(X) y pea oko

Ta4ke Xg

F(x) = F (%) + F'(x)l(x=%)

rze je F' npsu n3Box pynkimje F.

[Tomrro je F(X) = 0, cnenu na je

U3 jennaunne (5.27)100uja ce

J0J1a3M ce cBe Ommxke u Ommke pemeny. Kana je 3a10Bo/beH yclioB
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Tl i< g (5.30)

ca yHarpes 3a/IaTHM €, Xp+1 CE IPUXBATa Kao TPAXKEHO peliehe jeanaunte F(X) = 0.
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B) TEOPUJCKO-EKCIIEPUMEHTAJIHU JEO PAJIA

6. CUMYJIAIIWJA UHTEPAKIIMJE HEYTPOHA U3 Am-Be
HEYTPOHCKOI U3BOPA CA JETEKTOPOM CR-39U CUMYJIAIINJA
HAT'PU3AIBA

[Ipenmer oBe NOKTOpPCKE AMCEpTalfje je NMpoydaBame MHTEpakije HeyTpoHa u3 Am-Be
n3Bopa ca aerekropoM CR-39,T1j. pauyHame u Mepeme e(hUKACHOCTH JIETEKTOpa, Kao U MPOpavyH
03¢ Tj. JO3HOT EKBUBAJEHTA, OJHOCHO ojapehuBame oaroBapajyhux KOHBEP3MOHUX
KoeduIMjeHaTa.

VY oBoM pmeny pama npat je ommc doprpaHckor mporpama, koju merogoM Monrte Kaprio
CUMYyJIUpa WHTEpakiuje HeyTpoHa n3 Am-Be u3Bopa ca aerekropom CR-39 m Busyenusanujy
JaTeHTHHUX TparoBa. POpPTpaHCKH MPOrpaM je HalmucaH Ha OCHOBY MOJeJia MHTEPAKIUje U MOJIeNa
pacra Tpara.

Monen uHTEpakIyje pa3BijeH y OBOM paay y3uMa y o03up:

- CHEPreTCKHM CIEeKTap eMUTOBaHMX HeyTpoHa (3a Am-Be HeyTpoHCkM H3BOp criekTap
E€MHTOBaHHMX HEeyTpoHa je y orcery oz 0.210 10.8MeV),

- edukacHe mpeceke eIACTHYHMX W HEEJIACTHYHHX mporeca (Y OBOM paay HEelaCTUYHU
nporecu o0yxBaTajy HeeJlacCTHYHA pacejama, Koja pe3yaryjy y nodyhemy jesrpa, kao © HacTaHak
an(a JecTHIle U MPOTOHA Tj. peakuuje Tima (Na) u (N,p)).

JlonatHO oBOME, pa3BUjEH j€ MOJEIN pacTa TparoBa MPOTOHA U aliha YeCcTUla y ACTEKTOPY
CR-39ctBopenux y (n,p) u (n,a) peakuujama. CekyHIapHe YECTHIE CE KPEHUPa]y y Pa3sIHuYUTHM
MpaBlIMMa U HUXOBH JIATSHTHU TPAroBH Cy CIy4ajHO OpjeHTHCAHH y jJeTekTopy. Heku Tparosu ce
Harpu3ajy oJl Tauke I7/Ie je YeCTHIa HacTalla y CMEpy HBEHOT KpeTamba — OBO HA3HMBAMO JUPEKTHO
Harpusame, JOK Ce JIpyI'M Harpusajy oJf Tauke Yy KO0jOj ce 4YecTHla 3ayCTaBWJIa WM Yy KOjoj je
HAIyCTHJIa JICTEKTOP y CYNPOTHOM CMEpy O]l CMepa HCHOI KpeTamka — OBO j€ Harpu3ame Yy
CYIPOTHOM cMepy. Mojenu pacra Tpara y AMPEKTHOM M CYNIPOTHOM CMeEpy OXl CMepa KpeTamba
YecTHIle ce MoceOHO pa3marpajy.

ITporpam Neutron_CR-39.F9@anucan je y nporpamckom jesuky Fortran 90u cacroju ce
on tpu moxamporpama: Neutron.foQ Trackfdmsame.f9& Trackfdmback.f90Ha ocuoBy mozena
HHTepakije Harmucad je moamnporpam Neutron.f90a na ocHoBy Mozena pacra Tpara MOAMPOrpaMu

Trackfdmsame.f90u Trackfdmback.f90. [Toanporpam Neutron.f90 cumynupa wuHTEpakuujy
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HeyrpoHa u3 Am-Be m3Bopa ca aerekropom CR-39 nok momnporpamu Trackfdmsame.f9Ox
Trackfdmback.f9@auynajy npoduie u napamerpe HaCTaaMX TparoBa HAKOH Harpu3ama JAETEKTOpa
y JUPEKTHOM U CYNPOTHOM CMepy OJf cMepa KpeTama YeCTHIla, PECIIEKTHBHO. Y Iporpamy ce
pa3Matpajy TparoBu IMPOTOHA Ka0 JOMHHAHTHHUX CEKyHJApHHUX YECTHIIAa y OJHOCY Ha Tparose anda
YeCTHIAa CTBOPEHHX IIPH WHTEPAKIMjU HEYTPOHA ca eTeKTopoM. M3ma3Hu pesynratu mporpama cy
JaTeHTHa e(QHUKacHOCT, e(UKACHOCT Harpu3ama, JCMOHOBaHA EHEprHja M JO03HU EKBHUBAJICHT
HeyTpoHa. JlarenTHa eukacHoCT ce AeduHHUIIEe Kao OJHOC Opoja JIATEHTHUX TparoBa NMPOTOHA U
Opoja ynanux HEyTpoHa, a €hUKaCHOCT Harpu3ama Kao oJHoC Opoja BUIJBUBUX TparoBa MPOTOHA U
Opoja ynanux HeyTpoHa. /[emoHOBaHaA eHepruja HacTaauX MpoToHa Oenmexu ce y ¢gajn Protons Am-
Be.dat AncopGoBaHa eHepruja ce Jeiu ca MacoM JIeTeKTopa jJa Ou ce Ao0uia ancopboBaHa /103a.
AncopOoBaHa J103a ce 3aTHM MHOXH (DakTopoM KBajHMTeTa 3padema (rmaBa 2) na Oum ce j100uo
T03HU €KBHBAJICHT. YKYITHH JJO3HU €KBHBAJICHT, H, ce mo0uja kao cyma JO3HUX E€KBHBAJICHATA CBUX

yhanux HEYyTPOHa.
6.1. Moaea uHTepakumje HeyTpoHa u aerekropa CR-39
I'eomerpuja ycBojeHa y OBOM pany je mpukazana Ha Crnunu 24. Oca mwimHapuanor Am-Be

U3BOpA je y3eTa 3a Z ocy. LleHTap mpeame cTpaHe AeTEKTopa je y KOOpIAUHATHOM Mo4eTky y Z = 0

paBHU.

13Bop

—_—_————

Cnuxa 24. I'eomempuja demexmopa u u380pa yceojer y 060m paoy.

JlumeH3uje neTekropa cy: AykuHa, h; mmpuna, W; nebspuHa, t. JluMeH3uje u3Bopa cy: amjamerap,

Ds; Bucuna Hs. Pactojame usmel)y nerekropa u ussopa je d. Am-Be u3Bop ¥mMa akTHBHOCT 3.710'
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Bq u xoncrantan HeyrpoHcku ¢myke ox 2.21C0° n/sy y 4t Am-Be HeyTpoHckH H3BOp HMMa
CIeKTap eMUTOBaHUX HeyTpoHa y omncery oa 0.2 o 10.8 MeV,npukazan Ha Criunm 4 y IpBOM A€ty

nucepTanyje y nornasipy 1.4.
6.1.1. Vzopkosare nouemne enepeuje, nonodxcaja u npasya HEYmpona y uzeopy

[Touetna eHepruja HeyTpoHa, Ep, je Ompana mpema crnekTpy marom Ha Chunu 4, mpema
1meMu Oupama JUCKPETHUX clydajHux norahaja. ['eneparop ciyuajHor Opoja mo3uBa ciryyajHu 0poj
u; ako je U < B, rume je P« BepoBarHoha emmcuje HEyTpOHa JaTe eHepruje, Oupa ce eHepruja
eMHTOBAaHOT HEYTpOHA Ha OCHOBY JIMHEapHE MHTEpIojanuje u3Mel)y ABe Mo3HATe BPEIHOCTH U3
CIEKTpa; y CYNpPOTHOM c€ y3uMa BepoBaTHoha emucuje HeyTpoHa cienehe Behe eHepruje u
ucnuryje ca na i je u < Py.

Tauka y uM3BOpY M3 KOje je €eMHTOBaH HEYTPOH OHMpa ce YHHU(PPOMHUM Yy30pKOBamEM Ha
cnenehu HauuH. [lomTo je HEYTPOHCKHM M3BOp OONMKA IMJIMHIAPA MPBO ce AChUHUIITY HE3aBUCHE

CiTy4ajHe TPOMEHJbUBE

=3 Vu (6.1)
p=2-m-u (6.2)
0 =arccos(2-u—1) (6.3)

e je U caydajau 0poj ca yHuGOpMHOM pacrojaeioM y uarepsany (0,1).

[Monasna Tauka (Xs, Ys, Z) je 3aTHM y30pKOBaHa rpema cienehum jeqnaunnama

Xg = Tg * COSQ (6.4)
Ys = Ts * Sing (6.5)
zg=—d—Hg-u (6.6)

TIe Xy U Y, TPEACTaBJbajy MPaBOYyrjie KOOpPAWHATE Tayke KOja MMa YHHU(POPMHY pacrojaeny Ha
Kpyry, a ZzZs; MNpeAcTaBba CIy4yajHy NPOMEHJBUBY ca YHU(OPMHOM pacloJeloM Y HHTEpBaLy
(—d,—d — Hy).

IToueTHn mpaBan HeyTpoHa y M3BOpYy je oxpehen xocuHycuma (Px, Py, Pr) Tj. mpasam je

M30TPOIIaH, a pauyHa ce mpema 100po nozHatuM Gopmyinama (5.17)kao

Dx = sinficos@q, p, = sinb;sing,, p, = cosb, (6.7)

yuMe je aeduHHcaHa YHH(OpPMHA pacmojena CiIydajHUX IpaBala y IpaBOYIJIOM KOOPAMHATHOM

CUCTEMY.
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6.1.2. Vzopkosarwe mecma unmepaxyuje Heympora u meme

Ca Cnuke 24 ce BUAM Ja caMO HEYTPOHHM €MHTOBAaHHM y MO3UTHBHOM CMEpPY Z O0CE MOTY

MOTOJIUTH JACTEKTOP, T) MOpa OUTH 3aJI0BOJbEH yCIIOB P, > 0.3aTuM ce U3 jeqHauynHe IpaBe

3a z = Omobuja na je

t=—= (6.9)

U pauyHajy ce KoopJauHaTe Tauke, (X, Y, z= 0),y K0joj je HEyTpOH IOT0IU0 AETEKTOPCKY HOBPIIHHY

X=Xg+ Pyt (6.10)
Yy=Ys+tpy-t (6.11)

3atuM ce UCHIHTYyje Ja JIM Cy Te KOOpAWHATE YHYTap JETEKTOpa M aKo jecy padyHa Ce Cpeamu
CIO0OMHM TYT, A, KOJU HEYTPOH mpehe mpe Hero mTo WHTEparyje ca HEKHM je3rpoM Ha OCHOBY
jennaunne (1.6).

KoopauHate Tauke MHTEpaKIKje ca IeTeKTOpoM, (X, Vi, Z), pauyHare Cy Ha OCHOBY CpPEIHEr

cinoboaHOT myTa A 1 ofabpanor npasna (Px, Py, Pr) Kao

Xi=x+A1-py (6.12)
yi=y+Ai-py (6.13)
zi=zZ+A-p, (6.14)

6.1.3. Vzopkosare spcme amoma y 0emekmopy ca Kojum Heympon unmepazyje

Cnenehu kopak je omabup aTtoma ca KojuM HeyTpoH umHTeparyje. erexkrop CR-39 uma
xemujcky dopmyny, CioHig07, Tj. cactojm ce on aromMa BOJOHMKA, YIJb€HHKA W KHCEOHHUKA.
HeyTpoHu eMHTOBaHM W3 M3BOpa MHTEpAryjy ca OBUM aTOMHMa, a BepoBaTHoha WHTEpakuuje je
onucaHa epuKacHUM Ipecerma. AKO je YKYNHH e(UKAacHU IMpeceK MHTEpakKldje HeyTpoHa ca

OBUM aTOMHMa O3HAYEH Ca Gy, Oc M 00, YKYITHU e(hUKACHU MIPECEK MOJICKYJIA Giot j€ AT ca

owo=(18 oy+12 06c+7 6p). (6.15)

VYkynHu epuKacHM TIPEeCeK aroma TMpeAcTaB/ba 30Mp edUKACHUX TMpeceKa eNacTHYHHX U

HECNaCTHYHUX TMpolieca (HeedacTHYHA pacejamba Koja pe3yaryjy y mobyhemy jesrpa, Kao u
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Hykieapue peaknuje tana (Na) u (N,p)). debunumy ce tpu omnoca: A=18cu/ctor, B=1265¢/0tot,
C=760/Gtot. CTannmapaau Meto ogadupa aucKpeTHor jaorahaja mpumemyje ce y u300py aroma ca
KOjUM ce uHTeparyje Ha cienehu HauuH. ['eHepaTop ciyyajHOr Opoja mo3uBa ciiyuajHu Opoj U; ako
je u < A, uHTepakIHja je ca aTOMOM BOJOHHKA; ako je A < U < (A+B), uHTepakiHja je ca aToMOM

yrJb€HHKA M KOHAuHO, ako je (A+B) <u < 1,y nuramy je aTOM je KHCEOHHKA.

6.1.4. V3opkosare muna unmepaxyuje HeUmpoHa ca 0emeKmopom

Hakon onpehuBama Tauke y K0joj A0Ja31 A0 MHTEPAKIIMje HEYTPOHA Ca aTOMOM JIETEKTOpa
onpehyje ce THI UHTEpaKLyje. Y cilel cacTaBa JeTEKTOpa IPU HHTEPAKIUjH ca HEYTpOHUMa Moryhu
Cy €JIaCTUYHU U HeelaCTHYHM mpouecu. Heemactuynu mnporecu o0yxBarajy HeelacTU4Ha pacejama
KOja pe3ynTyjy y mooyhemy jesrpa, kao u (n,p), (ne), (n,t), (n,d),nykieapue peakuuje y Kojuma ce
Kpeupajy CeKyHJapHE 4YeCTHIle. MPOTOH, anda YeCTHIla, je3rpa TpHUIHjyMa M JEyTepHjyMa.
HajunrensuBuuje peakmmje cy (N,p) u (N,0), TOK Apyre MMajy MHOTO MambH e(hUKACHH IPECEK U
3aHemapyjy ce. Tako, y 0BOM paly HeelacTU4HHU MpolecH 00yXBaTajy HeelacTHUHa pacejamba, Koja
pesyntyjy y mooyhemy je3rpa, Kao 1 HacTaHak ajda 4ecTHIa U IpoToHa Tj. peakuje (N,o) u (N,p).

[Togamm 3a edukacHe mpeceke Kao W KpuBe ePUKACHUX TpeceKa Cy Mpey3eTH u3 A00po
no3Hatux oubnmoreka nmogaraka ENDF/B-VII [Evaluated Nuclear Data Filejoctynuux Ha cajty
http://www.nndc.bnl.gov/exfor/endf00.jsBaBucHocT epukacHUX Mpeceka O CHEpruje 3a pasHe
npoliece MHTepaKImje n3Mel)y HeyTpoHa M aToMa BOJIOHUKA, YIJbEHHKA M KHCEOHUKA CY TIPHKa3aHe

Ha Cimkama 25-32.

[ 1-H-1(n,elastic) ENDF /B-VII.1 |

2.00E+1

)
i
@
o
m
T
i

1.20E+1+

0
o
o
I

Eduxacun npecek (10%em?
oy
o
h

0.0 i U i i
1.00E+2 2.20E+5 4.40E+5 5.60E+6 8.80E+5 1.09E+

Enepruja neytpona (eV)

Cnuka 25. E¢uxacnu npecex 3a enacmuuno pacejarbe HeympoHa Ha jezepy 6000HUKA Y (YHKYUju

eHepauje
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C-Elemental({n,elastic) ENDF /B-VI1l.1 |

6,40+

4.804

3.20+

1.60+4

Edmxacau npecex (10%c¢m?)

0.0 i } } |
1.00E+2 2.20E+8 4.40E+5 &.60E+6 5.80E+6 1.09E+

Enepruja seytpona (eV)

Cauka 26. E¢puxacnu npecek 3a enacmuyHo pacejarbe Heympoua Ha je3epy ye/beHUKa y OyHKyuju

eHepeuje

C-Elemental{n,inelastic) ENDF /B-¥II.1 |

6. 60E-1

& 5.2BE-1-4

3.96E-1+

2.64E-1+

s 1.32E-1+

Edurkacun npecek (10**cm

0.0 i } t i
1.00E+2 2.20E+6 4.40E+6 6B0E+E B.B0E+6 1.09E+

Enepruja Heytpona (eV)

Cnuka 27. E¢puxachu npecex 3a Heeracmuyro pacejarbe Heympoua Koje pezyamyje y nooyheroy

jezepa yemenuka y pyHKkyuju enepeuje
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C-Elemental{n,alpha) ENDF /B-VII.1 |

3OFE=L

2.17E-14

2.38E-17

1.58E-1-

Eduxacnu npecex (10*cm?)

FAOAELETE o1 eees e e e ssenreesieessesres bare et ee s s sen s e \

Z.28E-5 I i 4 i
1.00E+2 2.20E+6 4.40E+6 6.60E+6 8.80E+6 1.08E+

Enepruja neytposa (eV)
Cnuka 28. E¢puxacnu npecek 3a Hacmanax aiga vecmuye Ha je3epy yebeHurKa y QyHKyuju

eHepauje HeympoHa

8-0-16(n,elastic) ENDF /B-VIl.1 |

2.00E+1

1.60E+1+

120E+1+4 -

8.00+

Ednxachu npecex (10%%cm?)

4004 |V

0.0 } : : |
1.00E+2 2.20E+6 4. 40E+ & 5 BOE+E 8.80E+6 1.09E+

Enepruja neytpona (eV)

Cnuxka 29. E¢uxacnu npecex 3a enacmuuno pacejaroe HEYmpoHa Ha je3epy KUCeOHUKA y yHKyuju

enepauje
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8-0-186(n,inelastic) ENDF /B-VII.1 |

5. 50E-1

4.40E-1+

3.20E-1+

2.20E-1+

1.10E-1+

Eduxacau npecek (10%cm?)

0.0 i } } }
1.00E+2 2.20E+6 4.40E+6 6.B0E+E B.80E+6 1.09E+

Enepruja neyTtpona (eV)

Cnuka 30. E¢puxacnu npecek 3a Heeracmuuho pacejaroe HeympoHa Koje pezyimyje y nooyhery

jezepa Kuceonuka y pyHKyuju enepeuje

8§-0-16(n,alpha) ENDF /B-VII.1

4.63E-1

3.70E-1+

b
~
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m
=
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TESE-Td e 5 T

i el A

Eduracau npecex (10**c¢m?)

0.0 } }

i I
T T T T
1.00E+2 2.20E+6 4.40E+6 B60E+E 8.80E+6 1.0%E+

Enepruja neytpoHna (eV)

Cnuka 3. E¢uxacnu npecex 3a HacmaHnak aigha uecmuye Ha jezepy KUCCOHUKA Y PYHKYUju

eHepauje HeympoHa
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[ 8-0-16(n,p) ENDF /B-VII.1 |

1.00E-2

8.00E-3+

(10%c¢m?)

A R dimby v Sy weas e e

4 OOE=Zah oo RSN, ST . SO

EtpuxacHn npecek

L B S B s s e B

0.0 i U U i

1.00E+2 2.20E+6 4. 40E+6 5. 60E+6 8.80E+5 1.09E+

Enepruja neyrpona (eV)

Cnuxka 32. E¢uxacnu npecek 3a Hacmanak RpomoHa Ha jeszpy KUCEOHUKA Y QYHKYUju enepeuje

HeympoHa

Ha Cnukama 25-32 cy npukasanu npeceru natu y tabenmama ENDF/B-VII y dynkuuju
€HEepTuje HEYTPOHA, a Y OBOM pajy Cy O]l HHTepeca camo I0Iallk 3a eHepryje HeyTpoHa u3 Am-Be
u3Bopa. Y oBuM Tabenama, epUKACHHM INpecelu Cy OaTH 3a IUCKPETHE BPEIHOCTH CHEpruja u
noTpeOHO je 00aBUTHM HMHTEpHOJAIMje 32 HEKe BPEAHOCTH CHEPTHje Koje CE jaBJba)y Y TOKY
cuMmyIanuja. ¥ oBOM pajy, KopuinheHa je JuHeapHa WHTeproiannja u3Mel)y mosHatux tademapHux
BPEIHOCTH Ja Ou ce MoOMIn momanu eUKaCHHUX Mpeceka 3a enepruje Heyrpona og 1 keV oo 11
MeV kopakom ox 1 keV. Ako cy mo3Hare JiBe Tayke KOje MPEJCTaBibajy TabelapHE BPEIHOCTU
eHepruje HeytpoHa E, u edukacHor mpeceka o npate kao (E,q,07) u (Epy, 0,), JTUHApHH
WHTEPIIOJIAHT j€ TpaBa JIMHHUja W3Mel)y OBHX Tadaka. 3a BPEAOCT €Hepruje HeyTpoHa E,, y

untepsany (E,;, E,,) HEMO3HATa BPEIHOCT 0, YK MpaBe JUHH]E je JaTa jeJHAaunHOM

Ox—01 02—01

(6.16)

Enx—Ena Enz—Ena

KOja c€ MOXE JIaKO JOOUTH TEOMETPHJCKUM pa3MaTpameM. Pelieme oBe jeTHauYrnHe J1aje HEeTTO3HATH

e(UKaCHU MIPECEK 0, 3a 33JaTy BPEAHOCT eHepruje HeyTpoHa Ej,,

o, =01+ (0, — 01)M (6.17)

Enz—Eni

KoOja mpejcTaBiba GopMyily JTHHeapHe HHTeprnonaidje y uarepBany (E,q, En)-
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VY mporecy enacTUYHOT pacejama YKYITHa KMHETHYKa €HEepruja ce oApskaBa. Y cClydajy
cyJapa HEyTpOHa Ca BOJOHUKOBHM je3rpOM Tj. ca MPOTOHOM IOYETHA €Hepruja HeyTpoHa Eg ce
pacrionenu u3Mel)y pacejaHOr HEyTpOHa M Y3MaKHYTOI MpPOTOHA IMpeMa JI00po IMO3HATUM
dbopmynama onrcanum y nornassby 1.5. Ca Cnuke 6 ce Buau na je 6 yrao pacejama HEyTpPOHa, a
yrao y3maka mporoHa. lIpermocTtaBiba ce na je TmpaBam y3Maka IPOTOHA HW30TPOIAH Y
71a00paTOPHjCKOM CHUCTEMY M yrao y3maka ce Oupa mpema dopmynu (6.3). Ha ocHOBY jennaunna
(1.9) moryhe je uzpauynaru yrao § xana cy Eou y no3naru.

3a pa3iauKy 0J1 BOJIOHUKOBUX aTOMa Ha KOJUMa CE€ CE HEYTPOHU CaMO €JaCTUYHO pacejaBajy,
CyJap ca aTOMUMa YIJbeHHKA MM KUCEOHUKA MOJKE J1a TOBEJE U J0 HeellaCTHYHOT pacejama. Kana
jesrpa yribeHMKa WM KHCEOHMKa Oyany moroljeHa HEYTpOHOM KopucTehum craHmapiHu METO[
onabupa AWCKpeTHOT forahaja ce omrydyje Aa JU je MONILUIO JO €JaCTHUYHOT WIIM HEeIaCTUYHOT
pacejama. AKO ce Y30pKyje eIacTHYHO pacejame, yrao y3Maka jesrpa y ce padyHa npema Gopmyninu

(6.3),a enepruja y3maxa jesrpa Ej npema dpopmynu

41, cos (i)
E| =B —— (6.18)
@+m;)

e je m; Maca jesrpa y ajm [Mukhin, 1987].
Enepruja pacejanor neytpona, E,, mobuja ce xama ce oa modeTHe eHepruje HeyTpoHa Eg
oly3Me eHepruja y3maka jesrpa E;. 3akoHu onpxkama eHeruje M uMIysca cy KopuinheHu na ou ce

I00HO0 M3pa3 3a payyHame yria pacejama HeyTpoHa, 6, y 00IuKy

m; $in(2y)
\/1— 2m; cos@y) + mjz

@ =arcsi (6.19)

VY oBOM pajsy HeellacTUYHHU MPOIECH 00yXBaTajy HeelacTUYHA pacejama Koja pe3yiTyjy y
noOyhemy je3rpa, Kao U HacTaHak ajida YecTuIle U MPOTOoHA Tj. peakuuje Tuna (n,o) u (N,p).

HeyTpoH koju ¥Ma eHeprHjy HEKOJIUKO cToTHHA KeV Moxke 1a moOyau je3rpo HaKOH yJacka
y Ihera ¥ 3aTHM Jia T'a HAaIlyCTH Ca CMarmbeHOM CHEprujoM (je3rpo He MOpa HYKHO Jla EMHUTYje UCTH
HEYTPOH KOju je ymiao, (N,N’) peakmuja) NP YEMy j€ PE3HAyaqHO je3rpo OCTaBJbEHO ¥
EKCIIUTOBAaHOM CTamy. ¥ OBOM pajly OBaj HECIACTHYHU IMPOIEC CE HAa3MBa HEETACTUYHO pacejambe,
KOje pe3yaTyje y mooyhemy jesrpa.

PasmaTpajy ce camo mpBa JBa EKCIUTOBaHA CTama 3a aTOM YIJbCHHWKA M TPBHX MET

EKCIIMTOBAaHUX CTama 3a KHCEOHUK, jep cy camo oBa crama ucnoj 10.8 MeVTj. Hajsehe enepruje
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HeyTpoHa eMHuTOBaHMX M3 Am-Be u3Bopa. Kopucrehu cranmapaam meton omabupa TUCKPETHOT
norahaja omrydyje ce y KOjeM EKCIIMTOBAHOM CTamy je je3rpo. 3a OBO je MOTPeOHO MO3HABAHKE
napuyjanHuX e(QUKacCHUX IpeceKka 3a eKCIUTALHW]y MOjJeMHMX cTama. JlujarpaMu eHepreTCKHX
HUBOA 3a KHCEOHMK M YIJb€HHK KOJH C€ KOPUCTE Yy OBOM pajay Ipey3eTh Cy ca cajra,

http://www.tunl.duke.edu/nucldata/figures/figurédrsl, [TUNL Nuclear Data Group].
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Cnuka 34. /lujacpam enepeemckux HUBOA je32pa KUCEOHUKA U OpY2UX CYCeOHUX je32apa

Ca Cnuka 33 u 34 ce Buau na cy nodyhenu eneprercku HuBou ucron 10.8 MeV 3a
yribeHuk 4.439u 7.654 MeV ,a 3a kuceonuk 6.049, 6.917, 8.872, 9.58510.36 MeV.Y mozneny je
MI0j€THOCTAB/FEHO Jla C€ €HEeprHja HeeJacTUYHO pacejaHoT HEYTpPOHA J00Hje Kaja ce OJ CHEpruje

HEYTpOHa Tpe cyaapa oay3Me eHepruja nmoodyhema. Yrao pacejama HEyTpoHa € ce pauyHa Kao y

jennaunnu (6.3).
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VY cnydajy aa mohe mo HykieapHe peaknmje Tj. 10 (No) wiau (N,p) peakiuje padyHajy ce
YIJIOBH TOJ KOJUM CE€ pa3jieTe HacTaja CEKyHJapHa 4YeCTHIA W je3rpo OCTaTKa, Kao M HUXOBE
enepruje. (N0) peakumja Ha yriberuky, -“C(no)°Be, jasba ce kana je enepruja Heyrpona Beha og
eneprerckor mpara 6.180 MeV. (ny) peakumja Ha xuceonuky, -°O(no)*C, ce jasma kama je
eHepruja HeyTpoHa Beha oj eneprerckor npara 2.355 MeV.OBe peakiyje cy eHI0TEPMHE U UMa]y
HeratuBHe Q-BpenHOCTH Koje n3Hoce -5.701u -2.216 MeV pecniektuBHO. Q-BpeIHOCT ce 0ay3uMa
O]l TIOYETHE eHepruje HeyTpoHa. Jla Ou ce u3payyHayu YrJOBH MOJ KOJUM C€ paslieTe CeKyHIapHa
YECTHUIIA M Je3rpO OCTaTKa Kao M HHXOBE CHEPIHje MPUMEHY]Yy Ce 3aKOHHU OJApIKamka €HEpPruje u
umryica. bp3uHa HeyTpoHa mpe 3axBata, Vo, padyHa ce U3 HhEroBe MpeocTane KWHEeTHIKe SHEepTrHje.
Ha ocnoBy Op3une Vo pauyHajy ce Op3una Vj, 1 eHepruja jesrpa ocrarka Ej. Enepruja cexynnapue
yectuile Es ce 1o06mja kaga ce o mpeocTalie eHepruje HeyTpoHa OJy3Me €HEepruja jesrpa ocraTka
Ejo. Yrao nox xojum ce pasieTn jesrpo ocTaTka ¢ padyHa ce mpema dopmynn (6.3),a yrao mox

KOjUM C€ pa3JieTH CeKyHJapHa YECTHIIA ¢ C€ padyHa Kao

Mio [Vjo [SiN
\J20ng [Eg

@ = arcsin (6.20)

rae cy Mo 1 Ms Mace je3rpa ocTaTka M CEKyHIapHe YECTHIIE.

6.1.5. /lomem cexynoapnux uecmuya

3a mpopauyH JoMeTa HaeJeKTpucaHux dectuna y nerekropy CR-39 kopumihen je moopo
no3HatH ¥ mmpoko npumewuBan SRIM codrep [Ziegler u ap, 1985]. SRIMje akponum
eHryieckor Hasupa - The Stopping andRange oflons inMatter BaycraBHa moh u nomeT joHa y
MaTepHjH) U MPeACTaBJba IPYITy IporpaMa KOjoM ce padyHa 3aycTaBHa MOh U JOMET y MaTepHju 3a
jore 1o 2 GeV/nucl.OBaj codTBep je OasupaH Ha KBAHTHO-MEXaHWYKOM TPETMaHy Cyjapa joHa ca
aToMHUMa MeTe. Y TOKy cyJaapa TpPeTHpaHO je Ja joH M aroM HHTeparyjy ca KynoHoBuwm
MOTEHIMjaJloM, YKJby4uyjyhn HM3MeHe M Kopenaiuje MHTepakiuje u3mely npexnanajyhux nuBoa
enekTpoHa. HaenmekTtpucame TmpojeKTHIIa j€ ONMUCAaHO KOpUcTehw KOHIENT eGEeKTHBHOT
HaeJeKTPUCama, Koja YKJbyUyje 3aBUCHOCT O] Op3WHE MPOJEeKTHIIa TYXK MyTamke. 3a HIDKE SHEPTHje
NPOjEeKTHNIa, TEOPUjCKE BPEIHOCTH 3ayCcTaBHE MOhM KOpHroBaHe cy (uTOBameM mpemMa
eKCIIEpUMEHTAIHUM TMOoJallMa Kako OM oJCTynama Owia MuHUMaiHa. Pasmor onctynama of
EKCIIEpUMEHTAJTHUX TOoJ[aTaKka Ha HUKUM CHeprujama je MpoIec M3MEHE HaeleKTpucama umehy

WHIIMJICHTHOT jOHa W atoMa cpeauHe. OBaj MpoIiec je CTAaTUCTHYKOT THUIA M JI0 caja HUje JT00Ho
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aZicKkBaTaH TEOpHjCKH TpeTMaH. I[lopen Temkoha Teopwjckor THma, IOCTOje M Temkohe
eKCIIepUMEHTAIHOT oJipeluBama 3aycTaBHE MOhH.

Kopucrehu SRIM 2008naljena je 3aBucHOCT AOMETa MPOTOHA U anda yecTura y IeTeKTopy
CR-390x nonasuux eHepruja. Ha ocHoBy mogaraka koje naje SRIM, nomern, R, cy durosanu kao

¢byHKIIM]a T0Ta3He EHepryje YeCTHIIEe y OOIHKY

4
R=a,+> a [E (6.21)

i=1

rne je E enepruja wectune y MeV, a xoepuuujentn ¢uroBama a cy mpukazane y Tabemn 12,

[Stevanoviaa ap, 2011].

Tabena 12. Koeuyujenmu ¢humosarva ¢pynkyuje domema npomona u angpa vecmuya

Angay CR-39 Iporon y CR-39
E [MeV] <1 >1 <1 >1
=N 0 1.24 0 -1.09
a 9.66 241 10.99 10.89
a -17.71 0.60 -6.45 9.92
as 21.33 0.007 30.30 -0.20
a, -9.15 -0.0006 -15.42 0.005
R® 0.9997 1 1 1
) 0.0208 0.0062 0.0408 0.1648

3a ¢uToBame JoMeTa npoToHa u anda yectuna je kopuirhen codreepcku maker SigmaPlot,
Bep3uja 10.0. SigmaPlotuma Beoma wuHTyuTHBaH uHTep(dejc 3a TNPEICTaBIbAKE IMOJATAKA
rpagUUKUM IyTeM Kao W 3a CBE CTAaTHCTHYKE aHanu3e rojaaraka. duToBame mojaTaka ce JaKo
obaBspa kopuctehu Regression Wizardoju ayromatcku oxapelhyje moderHe mapamerpe, IMHIIE
CTaTUCTHYKU M3BEIITaj, YyBa jeHAUMHYy (UTOBama U Jojaje (GUTOBaHE pe3ynraTe Ha mocrojehu
rpaduk mm rpra HoBU. Y Tabenu 12 cy maTH mapameTpH KBaiuTeTa (pUTOBama; ca R je 03HaueH
Koe(HIjeHT AeTepMUHaIIN]e, a ca O Tpenika ¢puroBama. Kao Mepa jaunHe JIMHEapHE CTOXAaCTUUKE
Be3e u3Melhy nmpomespuBHX CIyXH Koe(UIMjEHT Kopenalyje, a 1a 0u ce neduHucana onmra Mepa
jadunHe Be3e (IMHeapHe WM HeIWHEeapHe) YBOIM Ce KOS(PHIUjEHT JeTepMUHALUje. 3a KOS(PHIIUjEHT

nerepmunanuje Baxu 0< R® < 1 mrro nma Behy BpeaHocT GUT je GosbH.
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dyHKIIMje IOMeTa y 3aBHUCHOCTH OJI €Hepruje cy mnpukaszane rpabuuku Ha Chumum 35,
[Stevanovicu ap, 2011]. Ca mopacTom eHepruje pacte AOMET MpOTOHa  aida dectuna. Jomer
nporoHa y CR-39aerekropy je 3HatHO Behu 0/ goMeTa anda 4ecTUlle yCiaea Mambe Mace U Mamber

HaenekTpucama, Ciuka 35.
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Cnuxka 35. JJomem npomona u argha wecmuye y CR-390emexmopy

Ha ocHOBY momera ceKkyHIapHe YeCTHIIE Y AETEKTOPCKOM MaTepHjajly MpoBepaBa ce Ja Jind
OHa OCTaje y JACTEeKTOpYy WiH He. To ce BPIIM TaKo IITO Ce W3padyyHajy KOOPIAMHATE TayKe JOMEeTa
kao y jenHaunHama (6.12) — (6.14),a 3atuMm ce ucnMTa Ja JIM Ta Tadyka MpHUMaga ePeKTHUBHO]
3alpeMUuHU JIETEKTOpa. AKO MPUIIaa TO 3HAYU J1a CE CeKYHIapHa YeCTHUIla MOTIYHO 3ayCTaBUia y
JIETEKTOPY U CBa HE€HA CHEpruja ce JemoHyje. AKO He Mpumaja, padyHa ce €Hepruja Kojy OHa
JICTIOHY]€ MPe HETo IITO HAIyCTH JAeTeKTop. JleTasbaH OmuUC padyyHama JESMOHOBAaHE SHEPTH)E j€ aT

y nosaJpy 6.2.3.K0j€ Onucyje mporpam.

6.2. Mopeau pacta Tpara y IMPeKTHOM U CYIPOTHOM CMepy O/ cMepa

KpeTama Y€CTHIEC

Kao mro je Beh Bumie myra pedeHo, Y OBOM paay ce IpoydyaBa JETEKIHja HEyTpOoHa
nerekropom CR-39.Ycnen untepakiyje u3mel)y HeyTpoHa M aToMa JIETeKTopa HACTajy CEKyHAapHe
YeCcTHUIle, MPOTOHM U anda YecThile, MPOM3BEACHE y HYyKJIeapHHM peakiujama, (N,p) u (n,q).

CekyHaapHe YecTHIE c€ MPOCTUPY Y Pa3IMYUTUM NIpPaBIMMa U HUXOBU JIATEHTHU TPAaroBU CYy
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CIIy4ajHO OpPJEHTHCAHHW y JAETeKTOpy. Jla OM TparoBu MOCTaau BHAJHPMBH HEOIXOJHO j€ HArpuU3aTH
JETEKTOp, TaKO he HEeKW TparoBu OUTH HArpu3aHH O] TAyKe IJI€ je YeCTHIa HacTaja y IpaBIly
IEHOT KpeTama — TO je TUPEKTHO Harpusame. Jpyru Tparosu he OuTH HarpusaHu of Tayke Izie ce
YeCTHIIA 3ayCTaBMJIA WX TJIE je HAIlyCTHJIa JETEKTOP Y CYIPOTHOM CMEpY Ol H-CHOT KpeTama — TO
je Harpu3ame y CyNpOTHOM cMmepy. Mozenu pacTta Tpara y AMPEKTHOM M CYHPOTHOM CMEpPY OJ
cMepa KpeTama 4eCTHUIIe ce IToceOHO pa3Mmarpajy.

Kao mro je Beh momenyro y nornasspy 4.3.6y jenHaunnu 3uja tpara y' ¢urypuie ca ode
crpare jenHakoctd (4.11). JemnaunmHa je HyMepHUYKH peliaBaHa KopucTehu Meromy KOHA4YHHX
pasnuka, Koja ce 6a3upa Ha TUCKpeTH3aIuju GyHKIH]e U BeHOT apryMEHTa.

Apryment ¢yukuuje V =V, /V, je npeocramu momet dectuie, R', Tj. pacTojame ox Tauke

JIOKJIE je CTUrao pacTBOp 10 Tauke E rae ce 3aycTaBmiia yecTulia y IETEKTOPCKOM MarepHjaiy,

Cnuka 36. Jlomet uecturie je o3HaueH ca R.

A v

pacIeop

geCTHIIA E

B)
geCcTHITA (0.0) PacTeop
— L ]

E

Cnuxa 36. A) Pacmeop nanpedyje oysic nymarse uecmuye y uCmom cmepy Kao u 4ecmuya.
Yecmuya ynazu y oemexmop y mauxu (0,0)u saycmasma ce y mauxu E.
B) Yecmuya yrasu y oemexmop u 3aycmasmwa ce y mauxu (0,0). Pacmeop nanpeodyje oyoic nymarve

yecmuye y CynpomHoM cmepy 00 cCMepa Kpemared yecmuye
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6.2.1. Mooen pacma mpaea y oupekmuom cmepy

Harpusame y cMepy HpoCTHparma YecTHIle, TUPEKTHO Harpu3ame, MPEICTaB/bEHO je Ha
Cmunu 36A). Kpajma Ttauka uvectuie E, uma koopaunare (R, 0) m mpeocranu JOMET jeqHaK je
R= R—(X+ y' y), rae je (X+y'y) Tauka 0 Koje je cTUrao pactBop. Ako ce uecTtuia kpehe y
CYIIPOTHOM CMEpY OJ CMepa Harpusama aerekropa, Ciauka 36B), kpajma tauka yectuiie E je (0, 0)
U pacTojare OJ1 e JI0 TauKe IIe CE€ 3ayCTaBUO PacTBOD je MOHOBO (X+Y'Y).

V ciydajy AMpeKTHOT Harpu3ama jeqHadnHa (4.11)uma ook [Nikezicu Yu, 2003Db]

. 1
T VA R-(xr )1

(6.22)

JenHaunHa 3mMJa Tpara 3a Harpu3ame y CyNpoTHOM cCMepy u3BeleHa je Ha cienchu Hauun (Cruka
37).

A)

v ix)

pPacTEOp
HeCTHIIA

¥&)

pacIeop w TeCTHITA

Cnuxa 37. A) Hazcpusare y oupexmnom cmepy. Koopounammnu nouemax je noyupan y mauxu 2oe je
yecmuya yuiia y demexkmop. B) Haepusare y cynpomnom cmepy. Koopounamuu novemax je

Joyupan 'y madixku 20e ce uecmuya 3aycmaeuid.

OGenexuMo TauKy A Ha 3UIy Tpara u yrao 0(X,) u3Mely TaHreHTe Ha KPHBO] y TOj TAUKH U X OCe
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y'(X) = —tano(x,) (6.23)

VYrao 9(X,) je uctu kao yrao usmehy Vpu Vi y Taukn Xo Kao MITO ce€ BUAU Ha CIUIHU, U MOXE Ce

Hahm Kao
. V, 1
sind(x,) = —2>2— = (6.24)
V(%) V(%)
O(%y) = asin[ 1 ] (6.25)
V(%) '
U3 jennaunna (6.23)u (6.25)moxe ce 1o0uTH
. 1
y'=-tand(x,) = ————— (6.26)
\/Vz(xo) -1
3aMEeHOM X, = X — AX, nobuja ce
Ax = y(x)tano(x,) = =y(X)y'(X) (6.27)
Ortyna,
Xo =X+ Y(X)Y'(X) (6.28)

Konauno, nudepeHnujanna jefHauMHa 31u/1a Tpara 3a Harpu3ame y CylpoTHOM cMepy je Jo0ujeHa y

cneneheM o0IUKY:

, 1
y'=-
\/VZ(X"'YY)‘]-

(6.29)

['eomerpuja pa3Boja Tpara y AMPEKTHOM CMEPYy 3a KOC yIaJl YeCTHIE je NMpHUKa3aHa Ha
Caunuu 38, a Takohe cy npuKa3zaHu ¥ HEKH BaXKHH IMapaMeTpu Harpusama. Uectuiia ca eneprujom £
ce Kpeupa y JETEKTOpYy IO YIJIOM o y OJHOCY Ha X ocy jaerektopa (yrao € y ogHOCy Ha

NOBPIIMHY IETEKTOpa). Y Ciie]] MHTepaKIMje YeCTHIIE ca MOJICKyJIMMa JIeTeKTopa, omreheHa odiaact
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Tj. JJATEHTHH Tpar ce GopMupa Iyx myTame dectuiie. Pacrojame koje yectuna npehe y nerekropy

j€ JIOMeT 4ecTHIle U O3HaYeH je ca R

v

v

sy

[Mowetsa ToepnmHa
NoEpLTHEA ZeTerTOpa
ZeTerTOpa HAROH
HaTpHIaAEa
pactsap

Cnuxka 38. I'eomempuja passoja mpaeca y OUpeKmHom cmepy 3a ynao decmuye noo KoCUM Y2I0OM.
Pacmeop npooupe 0y nymarwe uecmuye y cmepy rwenoe kpemaroa. CeKyHoapHua vecmuya
(npomon unu ancpa) je nacmana y mauxu (0,0) XOykoopounamnoz cucmema u 3aycmasuna ce y

mauxu P naxon npenacka pacmojarea R.Ilpeocmanu domem je pacmojarve R'=MP=R-(Xx+yy’).

JIBa xoopauHaTHa cucteMa cy npukasana Ha Crnumu 38. IIpsu, XOY, uma Y ocy ayx
JETEKTOPCKE MOoBpIIMHE U X ocy HOpMalTHO Ha Y. pyru, XOY, je poTupaH 3a yrao o y OJHOCY Ha
XOY cucrem Tako na je X oca Iyx nmytame dectuile. Jlebspuna ckunyTor cinoja je R .=V,T, rae je
T Bpeme Harpuzama. Ha criuim je ca X1 03HaueHa JyOHMHA IeTEKTOopa Ha KOjoj jé CTBOpPEHA YeCTHIIA,
a ca h je o3Ha4YeH eeKTUBHU CKUHYTH CJI0j KOjU MPETCTaB/ba CKUHYT CJIOj OJ Tauke (pOopMHUpama
uectuie u jenHak je h=R-Xj. Ycios 3a dopmupame tpara je VSING>1, u exBuBaicHTaH je
ycnoBy kputudHor yria [Fleischem np, 1965; Dorschek np, 1999b]. Ako je R< X; BuasbuB Tpar
Hehe 6utu popmupa.

OO6mmK Tpara m00MjeH HaKOH Harpusama 3aBUCH OJI. CHEPrHje W BPCTE YyIaJHE YECTHUIIE,

ynajHoOT yrjla, BpeMEHa Harpusama, Tj AcOJpHMHE CKMHYTOT CJioja U OjJHOca Op3uHa Harpusama V.
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Koopaunate 3uma Tpara Mory ce 100utu u3 jennaunte (6.22)Ha rope onvucaHu Hau4uMH. MelyTum,
OBa jeHAUYMHA HUje pelIrBa 3a pazanuute oonuke V GyHkuuje Hahene y nureparypu. Ocum Tora,
NpBU U3BOJ 071 "y’ Koju je apryMeHT QyHKuuje V 4nHU pemaBame jeqHadnne (6.22)MHOTO TEKUM.
Apryment ¢yukumje V je mpeoctanu gomer R’=MP=R-(X+Yyy’), Koju je jemHak pacrojamy usmMely
TauyKe y KOjOj C€ YECTHUIIA 3ayCTaBUIA Y ACTEKTOPY M Ta4Ke JOKJIE j&€ CTUTA0 PacTBOP.

Koopaunate 3una tpara cy onucane jeaHaunHoM (6.22)y XOy KOOpAWHATHOM CHCTEMY, TTIe
je X oca Ay JaTeHTHOT Tpara. AKO Tpar HHje NMPEHarpuXeH, MOYETHU YCJIOB je Ie(UHHCAaH Kao
y(L) = 0. Lje nyOuna mpoaupama pacTBopa Tj., pacTojame Koje pacTBop mpehe Ay Tpara 4ecTHIIE,

u Hal)eHa je U3 jeTHauYrHE

(6.30)

rze je T Bpeme Harpu3ama. Y MPeTX0/IHO] jeIHAYNHU HEMO3HaTa je ToOpia IpaHuIla UHTEerpalnumje, a
MO3HATO je BpeMe Harpusama 7. Jla Ou ce L oxpenuiio u3 jennaunne (6.30)moTpeOHO je NpUMEHUTH
UTEPALMOHY TPOLEAYPY.

Koopaunate Tavaka 3uma Tpara, ca X < L, pauynare cy u3 jennaumne (6.22) kopucrehu
Mmerony koHaynux pasznuka [Nikezic u np., 2008]. 3a mpeHarpukeHe TparoBe IMOYETHA TadkKa
pauyHama je X = R, y = 0. [Ipo¢un Tpara je 1o0ujeH y MOMEHTY KaJia je pacTBOp AOCTUra0 Kpajiby
TauKy YECTHIIC Y JICTEKTOpPY. Y OBOM ClIy4ajy Tpeda OJpeIuTH MPEoCcTalio BpeMe Harpusama, t', u
npeoctany CKHUHYTY nebspuny, P = Vp/At'. 3atum he ce Tpar momeparu mapajielHO camMoM ceOu

npeMma jennaunnama [Nikezicu Yu, 2003a; 2004]

X=X+ psinod

6.31
y=y+ pcosd ( )

. . . -1
rae je OJIoKaaHu yrao pas3soja, Ciuka 37,1 geUHKCAH je Kao O = aI’CSIn\7.

6.2.2. Mooen pacma mpaea y cynpomnom cmepy

Cnuka 39 mpencTaBiba pa3Boj Tpara y Cllydajy Harpusama y CylpOTHOM CMepy, Tj. aKko je
YeCTHIIa CTBOPEHA y Ta4KM A W aKo je IMpaBal] HEHOT KpeTama CYNpOTaH IpaBIly Harpu3ama,
[Milenkovic u np, 2010].Moryha cy nBa ciryuaja: (i) eHepruja 4ecTHIIC je JOBOJHHO BEJIMKA TAaKO Ja

oHa m3na3u u3 Aerekropa y tauku O. Tauka P je kpajma Tauka yecTulle MpeTnocTaBibajyhu na je
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JeTeKTop OeckoHayHOo JneOco; (ii) eHepruja decTwie je Majia, Ka0 W JOMET, TakO Ja CE OHa
3aycraBiba y jgerektopy (Cimka 40A). Yrao usmely myrame decTuile W oce JETEKTOpa je d,
(omHOCHO yrao y OAHOCY Ha TOBPINHWHY JETEKTOpa je 6) a KOOpAMHATHH IOYETaK je y Tauku P.

Koopaunatau cucrem XOY je uctu kao Ha Ciunu 38.

v

[oepomea
IMo=erma ZeTexTopa
TIOEPIIHEA HAEOH
ACIEETOR HATpH3aka

/
/

SEEEEEEEEEREEE AR

HeCTHIIA

Cnuxka 39. 'eomempuja pazeoja mpaza y cynpomuom cmepy 3a ynao yecmuye noo KOCUM Y2JIOM.
Yecmuya je nacmana y 0emexmopy y mauxku A u usawina je uz demexmopa y mauxu O.I1oo
npemnocmagKom oa je oemekmop beckonauno debeo, osa vecmuya oOu ce 3aycmasuna y mauku Py
mamepujany oemexmopa. Hazpuzare nanpeoyje o0 uznasne mauxe O ka nouemnoj mauxku y
cynpomuom cmepy 00 kpemaroa Yecmuye. Koopounammuu nouemax je y mauxu P 20e 6u ce uvecmuya

3aycmasuna
VY cnydajy ga ce decTHIla 3ayCTaBWia BaH JETEKTOpa YBOAHM C€ MPETHOCTaBKa Ja je

JETEKTOp OeckoHayHO Ae0eo, MITO je HEONXOAHO Ja OM ce oApenuo mpeocTaid jaoMer u V

(dbyHKIIHMja y TAYKH TJI€ j€ YECTHUIa HAITyCTHIIAa JETEKTOP.
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N300p kKoOpauHATHOT cHCTeMa 3a rope moMmenyte ciydajese (i) u (i) mpukasan je Ha Caurm

40.

JetexTop : JdeterTop

HeCTHIIa

A) B}

Cnuka 40. ['eomempuja pazeoja mpaea y cynpomuom cmepy 3a Koc ynao wecmuye 3a 06d
pasiubuma ciyyaja 3aycmassnarea wecmuye. A) Yecmuya ce 3aycmasuna y 0emexmopy y madxu
(0,0),20¢ je Lstart = 0. B) Yecmuya ce saycmasuna éan demexmopa y mauku (0,0)na pacmojarey

Lstart 00 nospuune oemexmopa.

Cnuka 40A) mpukasyje ciiydaj Kaja ce JecTulla 3aycraBuwia y aetekropy y tadku (0,0),1j.
kana je Lsiart = 0. Y TOM citydajy Tpar he modern 1a ce pa3BHja HaKOH YKJIamama Clioja JETEKTOpa
neosprHe (. YKYIHM CKHHYTH CJIOj TOKOM Harpm3ama jeqHak je R =q+h, rme je h neGspuna
CKHHYTOI' CJIOja OJi TayKe IJIe CE YeCTUIa 3aycTaBWia. 3a padyHame KOOpIWHATa 3MJa Tpara

napametap h je HeonxoaH U MOXKe ce OAPEITUTH Kao

h=R_-(X, - Risin(6)) (6.32)
Crnyuaj Kaja je yecTula MpoIUIa KPo3 JETEKTOP M 3ayCTaBWiIa C€ BaH IpeJCTaBJbeH je Ha Cruiu
40B). Koopaunatau moderak cuctema XOY je BaH JeTEKTOpa y BUPTYEIHO] Tauyku rjae Ou ce

YEeCTHIIA 3ayCTaBUJIa ako Ou JAeTeKTop 0no 6eckoHavHo nedeo. Kpajmba Tauka myTame 4ecTUIIe j€ Ha

pacTtojamy Lstart O MOBpPIIUHE AETEKTOPA, TAC j€
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=R- Xl

L -+
start S | n ( 9)

(6.33)

VY oBoM cityuajy = Ou ckuHYT ¢J10j h je jeHak yKyImHOM CKHHYTOM ciI0jy Ry.
6.2.3. Huckpemuzayuja jeOnauune 3uda mpaea

Jenmnaumne (6.21)wm (6.28) umajy uctu o0auK anm pa3mdauT aprymeHt V ¢dyskiuje. Ope
JjeHaYMHEe CY aHAJIMTUYKH PEIIMBE caMo 3a HajjeTHOCTaBHUjH CiIy4aj kaaa je V = const.Y npyrum
cllyyajeBUMa aHAJIMTHYKO pellee HUje Moryhe M jemqHauMHe ce pellaBajy HyMepHukd. Merona
KOHAUHUX pa3iiMKa je jeJlHa oJ OmIlyja 3a oBaj 3a1aTak. OBaj MeTo] je Oa3upaH Ha AUCKPETU3ALUJU
¢dyHKIMje W weHor aprymenta [Sadiku, 1992]ma crnenchm HaumH: npBu u3BOA (QYHKIHjE je

MPUOIIIKHO JaT ca

()= YOX) = ¥lx =) (6.34)

KomOunyjyhu jenmaumne (6.22) m (6.34) mociae HEKOIHMKO JEeAHOCTABHUX —aire0apCKux

TpaHnchopmanmja 1oomja ce

-1

y(x - Ax) = y(x) - AX (6.35)
\/VZ[R_X_ Yo Y y(x-AX)j_1
JAVY
CnuyHo, y ciydajy Harpu3ama yCylpoTHOM cMepy KomMOuHyjyhu jennaunne (6.29)u (6.34)n06uja
ce
y(x - Ax) = y(x) - Ax ~1 (6.36)
\/V z(x +y(x) y(x)- ZE(X - AX)] -1

Nneja je na ce uzpauyHa BpeaHocT pyHkuje Y(X-AX) y Tauku X-AX, ako je BpeaHocT Y(X) mo3Hara
y Tauku X. [la O mpuMeHWIN OBY MOBpATHY HPOILENypy KOOpAMHATE HajMame jeHE Tauke 3Hja
Tpara Tpeba na Oyny mo3Hate. Jemnaumue (6.35)wu (6.36)cy pemene y pany [Milenkovic u np,
2009]kopucrehu copreep MATHEMATICA (MATHEMATICA ). 3a peruaBame 0BHX jeqHaunHA
y Fortanu 9Gopumihen je Bbyraos merox [Milenkovic u ap, 2011].
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[Tpu pauynamwy jennaunne (6.35) lbyrHoBOM MeTon Moryha cy aBa cimydaja: (1) Tpar je y
CEMUKOHYCHO] (ha3u (pacTBOp HUje AOCIEO 0 KPajibe TauKe IOMETa U Tpar HUje MPEHArpUKeH) U
(2) Tpar je mpeHarprkeH. 3a TparoBe KOjH HHUCY INPCHArpyKeHH jeJMHA Tayka ca MO3HATUM
KOOpJMHaTaMa je Tauka Bpxa Tpara, riae je Y(L) = 0. L je nyOuna nmpoaupama pacTBopa U HaleHa je
n3 jenHaunHe (6.30). Tauka (L,0) je xopumheHa kao modyeTHa Tadyka MPU padyHamy. JeqHauynHA
(6.22) je perieHa UTEpaTUBHO TJC Ce X KoOpauHaTa Memwa oa X = L mo X = 0, kopakom Ax = -0.01
um, Ha cienehu HauymH. Jla Ou ce mpumeHuno HbyTHOB MeTon HeomxoiHo je jenHauuHy (6.35)

HamucaTH y o0yuky jeaHaunne (5.25)

F(x) = y(x—4x) - y(x) + 4x ~1 (6.37)
T
AX
3atum ce Hale mpBu u3Bo pyHKUMje F(X) y 00Ky
y(x)[ﬂ/(R— x - y(x) y(x)—Z'(x—Ax)j \ (R— x - y(x) y(x)—ZlE(x—Ax)j
P10 =1+ :

(VZ(R—x— y(x) Y(X)—Zlix‘ﬁx)j_lj

(6.38)

Kao mto je Beh pedeno mnueja je ma ce m3pauyHa BpeaHoct Gpynkmnmje Y(X-AX) y Tauku X-AX, ako je
BpenHOCT Y(X) mo3HaTa y Tauku X. AKO ce yBeJie PETIOCTaBKa Ja je Tauka X Ou3y pelieikha, OHIa

he pememe OuTH

_F(
X-AX =X F'(x (6.39)

S—r

3a mpeHarpmkKeHe TparoBe HEOMXOHO j€ U3pavuyHaTH MpeocTaly CKHHYTY 1e0spuHy, P. Pactojame
koje mpehe pactBop mpu Harpuzamy je L = R + p,rae je R gomer decruie y aerektopy. Tadka
(R,0) je yzera kao modyera Tayka NpH pemaBamy jeqHadnHe (6.22) 3a nmpeHarpukeHe Tparose.
Ocrane Tauke ce n00HWjajy MapajieIHUM TIOMEpamkeM Tadaka Koje oJaromapajy mpoduiy Tpara

nobujeHom y L = R 3a pacrojame p.
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JenmHaumHa 3ua Tpara y CynmpoTHOM CMepy UMa OOJIUK omKcaH jeqHadnHoM (6.29).Kao mro
je Beh moMeHyTo, aprymMeHT QyHkuuje V je nmpeoctanu JOMET, Tj pacTojame n3Mely Tadaka rie cy
ce 3ayCTaBHJIM YecTula u pactBop. OBo pacrojame, PM, npeacrasibeno je Ha Crnunu 39 M1 jeiHaKo
je x+yy’. Kopucrehn MeTony koHauyHUX pa3iuka jenHaunHa (6.29)je tpanchopmucana y (6.36)

I'pannunm ycnoB 3a jennauuny (6.36)je y(L)=0, a 3aTum je npumermeH ciaenehu ycioB

L1
t= [ —Z~dx (6.40)
Ls.t[artvt (X)

na ce Halje Tauka ca koopauHarama (L,0) kojy pacTBop mocTuxke 3a BpeMe Harpu3sama t. OBa Tauka
je y3era kao modvetrHa Tadyka y padyHamy Y(L) = O ako Tpar HHWje mpeHarpmwkeH. AKO je Tpar
npeHarprokeH nodetHa tadka je Y(R) = 0.Koopaunate 3uma Tpara ce pauyHajy mpeMa jeTHaYuHu

(6.36)kopucrehu tbyTHOB MeTOI, HA HCTH HAUYUH Ka0 33 IUPEKTHO HarpU3ame.

6.2.4. Vcnosu euomusocmu mpaea

Jla 6u Tpar 0o BUJBHB, MOpajy OUTH 33/10BOJbEHA J[BA YCIIOBA.

IIpBu ycnoB je na Harpusajyhu pacTBop Mopa JOCTHMNM JIAaTEHTHH Tpar 4YecTHIEe Koja ce
3ayCTaBWIIA Y JACTEKTOPY. Y MaTeMaTHYKOM OOJIMKY OBaj YCIIOB c€ MOJXKe 3amucatu kao R > d, mro
ce suau ca Ciuke 40A.

Jpyru ycinos je Beh ciomenyT u rimacu Viy(X)5Sin(6)>Vp.

6.2.5. Ucnumuearse npenazpusicenocmu mpaza

Tpar je mpeHarpmXeH aKo je pacTBOp MPEIIao AY)X YATaBE MyTamkEe YSCTHIE M HACTABHO

Harpuszame nocie tauke P (Cnuka 38) 3a aupextHo mim Tauke A (Crnuka 39) 3a Harpuzame y

CynpoTHOM cMmepy. M3pas

_r 1
ty = jmanvt ® dx (6.41)

Ce€ KOPHUCTH Ja OU ce UCIIUTAJIO J1a JIU je Tpar MpeHarprm»KeH uiu He. tp je BpeMe nmoTpeOHO pacTBOpY
Ja CTUTHE 10 Tauyke P (IMpexkTHO Harpu3ame) WM J0 NOYeTHEe Tadyke decTuile A (Harpusame y
CYINpOTHOM cMepy). AKO je BpeMe Harpusama Behe o1 BpeMeHa tp Tpar je mpeHarpuxeH, y

CYIIPOTHOM HH]E.
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6.3. Onuc nporpamMa u aujarpam Toka

Kao mTo je rope Beh momenyro, mporpam Neutron_CR-39.F90cactoju ce on Tpu
noanporpama: Neutron.f9Q Trackfdmsame.fOOu Trackfdmback.f90 Ha ocHoBy Moxena
WHTepaKIyje HamucaH je moanporpam Neutron.f90a Ha ocHOBY Mojienia pacTa Tpara moanporpamMu
Trackfdmsame.f90u Trackfdmback.f90. ITporpam Neutron_CR-39.F90 3ajenno ca cBum
HOJIporpamMmuMa je 1at y 1oaatky A) osor paaa. [Toamporpam Neutron.f90cumynupa uHTEpaKkiujy
HeyTpoHa u3 Am-Be m3Bopa ca nerekropom CR-39 nox moamporpamu Trackfdmsame.fotx
Trackfdmback.f9@auynajy npodmuiie HacTaaux TparoBa HAKOH Harpu3ama JETEKTOpa Y JUPEKTHOM
U CYNpPOTHOM CMEpy OJf cMepa KpeTama 4YeCTHIla, PECIeKTHBHO. Y Mporpamy ce pa3marpajy
TParoBM MPOTOHA Ka0 JOMHMHAHTHUX CEKYHJApPHUX YECTHIA y OJHOCY Ha TparoBe anda yecTHia
CTBOPEHUX MPHU UHTEPAKIIM]U HEYTPOHA ca JeTeKTopoM. HajBakHUjU U3Ia3HU pe3yaTaTu rmporpama
Cy JaTeHTHa e(pUKACHOCT, €(pUKACHOCT Harpusama, JCMOHOBaHA CHEPrvja, JO3HU CKBUBAJICHT
HEYTpOHA U KOHBEP3MOHH KOePUITH]eHT (piIyeHCca y JO3HU EKBUBAJICHT.

Ha Ciunu 41 je npukazan qujarpaM TOKa UCTOpUj€ HEYTPOHA, O]l HACTAaHKa JI0 3axBaTa Ha
HEKOM O] aToMa, Koja ce oJiBH1ja y okBupy mnoamnporpama Neutron.fo0

VYna3Hu mapameTpH, Kao mTo ¢y 0poj cumyianuja NSim, TuMeH3uje TeTeKTopa u U3Bopa u
BUXO0BO Mel)ycoOHO pacrojame, neduHUITY ce y yinasHoM (ajiy koju Hocu HasuB Input.dat
[Toganm 3a eHepruje HeyTpoHa U3 Am-Be u3Bopa ce Hanasze y ynasHom ¢ajay Neutron_energy.dat
[Mporpam Takohe canmpxu ynasHe ¢ajmoBe (SigmaH.dat SigmaC.dat SigmaC_CR_EXC.dat
Sigma0.dat SigmaO_CR_EXC.dal kojuma cy gatu nojanud epuKacHUX mpeceka y (GyHKIHjU
eHepruje HeytpoHa oa 1 o 11000 keVkopakom ox 1 keV.V dajny SigmaH.daty nedunucanu
eUKacHM Tpecely 3a eJacTUYHO pacejare Ha aromy BojaoHuka. Y ¢ajmosuma SigmaC.datu
SigmaO.datcy nedunucann epukacHuM INpeceld 3a €JacTHYHO pacejame, HEeIaCTHYHO KOoje
pesynryje y nodyhemy jesrpa, (n,p)u (N,0) peakuuje, Kao ¥ YKynHH e(UKACHU TPECEK 332 aTOME
VIJbCHHKa W KHCEOHHWKa, pecrnekTuBHO. Jlok cy y dajmosuma SigmaC_CR_EXC.datu
SigmaO_CR_EXC.datiepuancann edpukacHu mpecend 3a MmoOyhuBame IOjeIMHAYHUX HUBOA

jes3rapa aTroma yrJbeHHKa U KHCEOHUKA.
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<Hp0rpaM Neutron.f90>

'

| Bpojau ncropuja n=1 |

®—>| Enepruja HeyTpoHa y U3BOpYy |

A

Tauka u npaBar emucuje

SYTPOH YIIao
JETEKTOP

—)

A 4

Cpenmu co00IHH YT A

A

MecTo HHTepaKuuje 1 aToM ca
KOjUM HHTeparyje

Enacrtuuno
pacejame

HE

HyKJIeapHa
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TTobyheme
jesrpa _ He (n.p) mo
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Enepruja u \ 4 He
TpaBall eMUT. (n,0) na
HEYTpOHa

na

yrao CeKyHIapHe
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YCCTHUILIC v
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O y3mak
L Pauyna eneprujy u v ¢

v

¢ajn Protons_Am Be.del—>¢
VYkyInHa JenoHoBaHa
n+l € .
N eHepruja u 103HU
T €KBHBAJCHT
L

Cnuxka 41. /lujacpam moxa npoecpama Neutron.fo0
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Hakon nedunucama ynazaux mnapamerapa mporpam Neutron.fOO0 moumme cumymanujy
HEYTPOHa Kpo3 JETEKTOp Koja je MpHKa3aHa Ha aujarpamy Toka, Cnuka 41. Ca aujarpama Toka ce
BUIU J1a ce€ y30pKoBame Bpmu cieachum pemgocienom. [IpBo ce y3opkyje mouetHa eHepruja Ep,
Tauka (Xs, Vs, Zs) U mpasar] emucuje (Px, Py, P;) HEYTpPOHA y M3BOPY Ha HA4YMH KOjU j€ ONHCAH Y
Mopeny unTepakiuje HeyTpoHa u aetekropa CR-39. 3arum ce ucnutyje na M €MUTOBAaHH
HEYTPOH YJIa3H y JCTEKTOP; YKOJIHMKO YJIa3u pauyHajy ce KoopAWHaTe Tayke ynacka (X, Y, z = 0).Ha
OCHOBY CpeIler CII000IHOT MyTa A ce Y30pKyje MecTo uHTepakuuje (X, Vi, Z) HeyTpoHa U atoMa
JCTEKTOpa, a 3aTUM U BpcTa aroma. Crenehe je y30pKkoBame BPCTE MHTEpakivje (eIacTHIHa I
HeelmacTU4Ha). Y ciydajy eJacTHYHOI pacejama y mporpamy ce mosuBa moanporpam Elasras.foQ
KOjH je JaT y JA0oAaTKy A), a KOju padyyHa E€HEepTujy M yrao y3Makior je3rpa, Kao M CHEprujy u
npaBall pacejaHor HeyTpoHa. Kana nohe 1o y3maka npoToHa HEroBH mapaMeTpu ce Oenexe y ¢aji
Protons_AmBe.datCa aujarpama Toka mporpama ce¢ BHJHM Jia aKO HHje JONUIO JO €JACTHYHOT
pacejama HCTIHUTYje Ce Ja JIM je JOUUIO 0 HyKJeapHe peakiyje. Y ciaydajy HyKIeapHEe peakiiuje
Moryhe je cTBapama MpOTOHAa W aida YecTUIla Kao CEeKyHJIApHUX YeCTHIla, Taja ce I03WBa
noxnporpam Neelasrag90, takohe aar y momatky A), KOju pauyyHa €HEpruje U YrjioBe MOJ KOjUM
Ce pasjieTe CeKyHJapHa dYecTulla W je3rpo ocrtartka. Kama mohe mo (Nn,p) peakumje mapameTpu
npotoHa ce Oenexe y dajin Protons_ AmBe.daV cinydajy na HHje AOIUIO 0 HYKJICApHE pPeaKiuje
OHJIa je y THTalky HEEeJIaCTHYHO pacejame Koje pe3yaryje y mobyhemy jesrpa. Kao mro je y
Moneny uHTEpakiyje Beh pedeHo je3rpo He Mopa HYXKHO J1a eMHUTYje UCTH HEYTPOH KOjH je YIIao,
ma ce y nporpamy padyHajy €Hepruja u rnpasail HeeJacTH4YHO pacejaHor HeyTpoHa. Cienehu xopak
y CUMYJIAIIM]U je TIpoBepaBame Jia JU je CHepruja pacejaHor HeyTpoHa u3Haa npara ox 1 keV. Ako
HHU]j€, UCTOpH]ja HEYTPOHA C€ 3aBpIllaBa U CUMYJIAlIMOHA TIET/ha C€ TMMOHOBO CTapTyje Oupajyhu HOBH
HeyTpoH. [lyTama HeyTpoHa pacejaHor MpH €JaCTUYHOM M HEEIACTUYHOM pacejamy Koje pe3yiTyje
y nooyhemy jesrpa ce masbe npatu (oapehyje ce cpeamu cio00IHU MYT, Tauka HHTEPAKIIHje, aTOM
ca KOjUM WHTeparyje, BpcTa MHTEPaKIIMje, UT/.) CBE JIOK OH He u3al)e BaH JETEKTOpa WM JIOK ce He
Kpeupa ceKyHIapHa decTuila. Y moanporpamy Angle.datce obGaepa TpaHchopmammja yrioBa
(y3maka jesrapa, enacTUYHO U HEEJNIACTUYO pacejaHuX HEYyTPOHA M YIJIOBa IOJ KOjUMa ce pas3ieTe
CeKyHJIapHE 4YECTHIIe) KOjU Cy padyyHaTH y OJHOCY Ha NOYETHH NpaBal HeyTpoHa onpeheH
dopmynama (6.2) u (6.3) y yriioBe y OJHOCY Ha KOOPJIWHATHH CHUCTEM JeTekTopa. [loamporpam
Angle.datsanasu ce y momarky A).

Kana ce kpeupa cekynmapHa yectuna y noamnporpamy Depo_energy.f90 koju je mat y
nonatky A), oapelyje ce meH JTOMET Ha OCHOBY jenHaunHe (6.21),a Ha OCHOBY JIOMETa U HEHA
JIEIOHOBaHa €Hepruja y jaerekTtopy Ha cinenehm nHaumH. Kao mro je Beh peueno y Mogeny
WHTEPAKIIHje TIPBO Ce U3padyHajy KOOpJuHaTe Tauke qomera (Xe, Ye, Zc), IpeMa jeqHadnHama (6.12)

- (6.14),a 3aTuM ce ucnMTa Ja JIM Ta Tayka npunaga epeKTUBHO] 3alpeMUHH JaeTeKkTopa. [IpBu
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CITy4aj je ako MPHIaJa TO 3HAYM Jla CE CEKyHIapHa YeCTHIla MOTIYHO 3ayCTaBWIIa y NETEKTOPY H
CBa HCHA CHEpruja ce JCMOHYje y JeTeKTopy. Jpyru ciydaj je ako He MpHIaja Tajga ce padyHa
SHepruja Kojy OHa JerNoHyje mpe Hero mTo Hamyctu aerektop. [lomnporpam Depo_energy.f90
nozuBa nofnporpam Presek.fO0koju pauyna koopamHate Tauke (Xpe, Ype, Zpc) Y KO0jOj IyTama
CeKYHJIApHE YECTHUIlE Cedue MOBPIIMHY JeTeKTopa. 3aTuM ce y moamporpamy Depo_energy.fo0
pauyHa pactojame, Prolaz, msmehy tauaka (Xc, Ye, Zo) B (Xpe, Yoo Zoc)- [lokpehe ce DO netspa xoja
pauyHa JoMeT ocTatka, Dometostua ocHoBy jeaHaunHe (6.21)3a BpeJHOCTH €HEPrHje CEKYHIapHE
yectuie ox 0 10 BpeAHOCTH €Hepruje ca KojoMm je emuToBaHa, kopakom 0.01 MeV. DOrnetspa ce
W3BpIIaBa CBe JIOK ce He ucnyHu ycinoB Dometost>=Prolaz taga ce 3abenexu eHepruja Kojy
4ecTHLA UMa Y TauKd (Xpe Ypor Zpc) Kao Eprolaz Konauno ce nenoHoBaHa eHepruja 1o0uja kaja ce
O] EHEPIHje ca KOjOM je eMUTOBaHa CEKyHIapHa dectuiia oay3me Eprolaz Koopaunara z mouetHe
TauyKe CEKYHAAPHE YECTHUIIC, Zstar, J€ YCTBAPH KOOPAMHATA TaYKEe WHTEPAKIIU]jE, TOK j€ KOOpAUHATA Z
Kpajle Tadke, Zstop Y IPBOM Cllyda)y KOOpAMHATa Tauyke HOMETa Zc, a y JpPYroM Ciy4ajy
KOOpANHATA MPECEUHE TAUKE Zpc.

[lokazaHo je na cy NpPOTOHM HAJUHTCH3UBHHMjE CEKYHIApHE YECTUIE KpeupaHe Yy
MHTEpaKLUju HeyTpoHa ca nerekropoM [El-Sersy, 2010; Milenkoviar np, 2010, 2011]rako aa ce
caMoO OHM pa3Marpajy y Aajboj cumynarnuju. Pesynrar moanporpama Neutron.fO0je uznasuu dajn
Protons_AmBe.dakoju caapxu momatke 0 y3MakKHYTHM IMPOTOHUMA. Yrao y3MakKa y OJHOCY Ha
KOOPJIMHATHH CUCTEM JIETEKTOpa Tj. Z ocy (jep ce HeyTpoHH Koju yhy y nerekrop kpehy y npasiyy Z
oce), (Cnuka 24); KoOpaUHATEe Z MOYETHE U KPajikbe TauKe, Zstart U Zstop [MOUYETHY M JICTIOHOBAHY
eHeprujy npotoHa. ¥ dajin ce He Oenexe, Hako ce padyyHajy, OCTaie KOOpJAUHATE IMOYETHE U KPajihe
Tayke jep mpu Kopuirhemy oBor (ajna kao ymasHor y moamporpamuma |rackfdmsame.fo0:
Trackfdmback.f9@acteop Hanpenyje xyx z oce.

Kao mro je Beh peueno moamporpam Trackfdmsame.f9Qe namucan Ha OCHOBY Mojeia
pacta Tpara y IOUPEKTHOM CMepy Tj. KajJa pacTBOp Halpenyje y CMepy KpeTama IpOTOHA.
[Moxmporpam Trackfdmback.fO@e nHanmcan Ha ocHOBY Mojienia pacta Tpara y CynmpoTHOM CMEpY Tj.
KaJa pacTBOp Hampeayje y CYIpOTHOM CMepy OJf cMepa KpeTama npoToHa. [Ipu mcroBpeMeHOM
Harpusamy 00¢ cTpaHe JeTeKTopa Moryhe je Ja HacTaHe YeTUPH pa3IMYiTa THIIA TPAroBa, Kao MITo
je mpukazano Ha Cmumu 42: 1) TparoBW Harpu3aHd y JAMPEKTHOM CMEpPY ca TpeIme CTpaHe
JETEeKTOpa; 2) TParoBu Harpu3aHU y CYMPOTHOM CMEpY ca NpEeAme CTpaHe NETEKTOpa; 3) TparoBu
Harpu3aHu y JUPEKTHOM CMEpPY ca 3aibe CTpaHe AeTeKTopa; 4) TparoBu Harpu3aHu y CYIpPOTHOM
CMepy ca 3a/li€ CTpaHe AETEKTopa.

[Moxmporpamu Trackfdmsame.fo@ Trackfdmback.f9®atu cy y momarky A). ITognporpam
Trackfdmsame.fO@auyna npodun Tpara HaruzaH y aupekTHOM cmepy, nok Trackfdmback.f90

paudyHa npo¢uI Tpara Haru3aH y CylpoTHOM CMeEpY.
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CR-39
JIETEKTOP
pacTBop pacTBoOp
_— +—
1
EE— / 3 —
-_— +—
— 2 ~ —
4
f——
Lpeba 3a/1ba
CTpaHa 4 CTpaHa

Cnuka 42. Pacmesop nanpedyje 0ysic obe cmpane oemexmopa. Ilpukasana cy wemupu
Pazuuuma muna mpazo8a Hacmaia npu Hazpusary npeore U 3a0rwe Cmpane 0emekmopa y

UCTNOM U CYNPOMHOM CMep) .

[Mpu u3BpraBamy nporpama Trackfdmsame.f9fiosusajy ce cienehn moamnporpamu:

- Vintegralsame.f90koju ycTBapu pemaBameM HHTerpana jgator y jenHauuau (6.30)
onpehyje moTpeOHO BpemMe Harpus3ama JeTeKTopa Ja OW pacTBOpP CTUTao JO TaudKe
JIOMETa YeCTHUIIE MM HEKEe TIPETXO/IHE TaYKe YKOJIUKO Tpar HHje MpEeHArpHKeH

- Wallsame.f90koju pemaBa jeiHaunmHy 3HJa Tpara Harpu3aHor y JHUPEKTHOM CMEpY
(6.35) xopuctehu EbyTHOB MeToJ Ha HauuH KOjH je ommcaH y Mojen pacra Tpara y
TUPEKTHOM CMEpY.

Taxohe, y moanporpamy ce no3usajy Tpu ¢pyakmje: V, Vizvodu PravasameV ¢dynkuuja je
¢bykuuja 6p3uHe Harpuszama, Vizvodje npeu u3Bon pynkuuje V, a Pravasamege jeqnadnHa mpase
KOja KOja ce KOPUCTH IPH MpOopadyHy BEIMKE OCe Tpara Kao Ipeceka ca 3uaoM Tpara. [Ipuimmkom
yuuTaBama nojaraka u3 gajiaa Protons_AmBe.datoryhe je Ha 0CHOBY BPEIHOCTH yIJIa MO KOjUM
j€ HacTao MpPOTOH MoceOHO pa3zmarpaT Tparoe Tuma 1) u 3) ca Cimke 42. Ako je yrao HaCTaHKa
mpotoHa < 9@ o oxmrosapa Tumy 1) , a ako je > 9¢ 1o onropapa tumy 3). Y moamnprpamy
Trackfdmsame.f90e ucnutyje na nu je u3padyHaTa BPEIHOCT BEIUKE oce Tpara > 1 um u ako
jecte Tpar ce Opoju Kao BUJIJbUB.

Cmuyro  nommporpamy  Trackfdmsame.f90 mognporpam  Trackfdmback.fO0 mno3usa
noanporpame Vintegralback.f90u Wallback.f90u pauyna npodune tparosa tumna 2) u 4), Ciouka
42.

[Ipu oapehuBamy epUKACHOCTH AETEKLMje KOPHUCTE Ce MojAay o Opojy BUIJBUBUX TparoBa
n3pauyHatu y Trackfdmsame.fofd Trackfdmback.fOM3na3uu dajn Results.datanpxu momgarke o
Opojy ynmaJiux HEYTpPOHa Yy JETEKTOp, OpOjy CTBOPEHHUX JATCHTHUX TparoBa y JaTOM CKHHYTOM

CII0jy, Kao ¥ Opoj BUJIJbUBUX TPArosa.
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7. EKCIIEPUMEHTAJIHO O3PAYUBAIBE JETEKTOPA, OUYUTABAIBE
TPAI'OBA HAKOH HAI'PU3AIBA U MEPEILE JAYUHE J1O3HOI
EKBUBAJIEHTA HEYTPOHA

VY by mpoBepe pesysiTaTa cuMyianuje 00aBJbeH je eKCIEPUMEHT 03paurBama U Harpu3ama
JIETEKTOpa 32 MCTE YCIOBE KOjHU Cy MPETIOCTaB/baH! y CUMYyJalfjaMa. 3a 03paunBame je KopuitheH
CR-39 nerexrop, npoussohaua TASTRAK®, TASL Track Analysis Systems Ltd., Bristol UK,
nebspuae 1 mm. JlerekTop je acepckd MakJbUBO HMCEYEH Ha Komajae auMeHsuja 2X1 cnf.
JleTekTopu Cy 3aTUM O3pauMBaHM KOHCTaHTHMM (iaykcom HeyTpoHa u3 Am-—Be neyrpoHckor
W3BOPA, aKTHBHOCTH 3.710'° Bq, obnuka nunmHapa 6a3Hor aujamerpa 2.25 cmu Bucuue 3.1 cm,
KOJH EMUTY]e 2.2x16 n/sy 4tt, Cnuka 24. O3paunBame aerekropa Am-Be u3Bopom crpoBeieHO je
y JlabGoparopuju 3a 3amITUTY O 3pauema y MHCTUTYTY 3a HykjJeapHe Hayke y Bunum u y
JlaGopatopuju 3a Paaujarmony ¢usuky Ilpupoano-matemarnukor dakynrera y Kparyjesiy.

XeMHUjCKO TpeTHpame M OUYUTaBamkE JETEKTOpa, CIPOBEIEHO je MpemMa CTaHAapIHUM
nporeaypama y nocrojehum naboparopujama Ha [IM®-y y Kparyjesiy. O3paueHu neTeKTOpH Cy
xemujcku Harpmsanu y 6.25 Npacteopy NaOH na Temneparypu 70 C y tpajamy ox 5 hu 10 h [Ho
u 1p, 2003].HakoH Harpu3zama AETEKTOPHU Cy UCIPAHH ASCTHIOBAHOM BOJIOM U OCYIIEHH Ha COOHO)]
TeMIIepaTypHu. [paroBM Ha JIETEKTOPCKO] MOBPIIMHU Koja je Omiga OKpeHyTa Ka HEYTPOHCKOM
H3BOPY TOKOM O3pauuBama cy Opojanu kopuctehm ontrukm mukpockon Carl Zeissca yBehamem
1000x. McToBpemMeHO ca 03payeHUM JICTEKTOpPUMA Harpu3aHW Cy W HEO3padyeHH J1a OM Ce OApennuo
Opoj TparoBa oj mpUpOAHOT (POHA, a 3aTUM OJIy3€0 O] YKYIMHOT Opoja M30pojaHuX Tparosa y IUJbY
MPOIIeHE CTBapHE I'YCTHHE TParosa.

JaunHa MO3HOT €KBHBAJICHTa HEYTPOHA M3 M3BOpAa MEPEHa je HEYTPOHCKUM JI03UMETPOM
DINEUTRON (Canberra Industries, USA). DINEUTRON 4ecto xopumihenn ypehaj 3a
aMOujeHTaIHa Mepekha HEYTPOHA MOCEOHO Yy HYKJICAPHUM eJIeKTpaHaMa, peakTopuMa U 00jeKTUMa
3a mpepany. DINEUTRON ce cactoju oj 1Ba KOMIIaKTHA *He M30TPOIHA HEYTPOHCKA JETEKTOPA,
uMma eneprercku omcer on 0.025eVno 15 MeV u uma orcer Mepema jaunHe JO3HOT €KBUBAJICHTA

on 0.0310 100 mSv/h.
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8. PE3YJITATHU TEOPUJCKO-CUMYJIAIMOHOI' PAJA

8.1. IIpopayyH eHepreTcke M yraoHe pacmnojejie CTBOPeHUX MPOTOHA  aJida

YyecTHIA

CumynupaH je peajaH eKcliepuMeHT y kome ¢y komaan CR-39nerekTopa numensuja 3 X 3
cn? u ne6mune 500 M o3paumBaHE HeyTpoHHMA n3 AM-Be M3BOpa LHMIMHAPHYHOT OGIHKA
0azHor nujamerpa 2.2 cmu Bucune 2.2 ¢cm,Cnuka 43 [Milenkovicu np, 2010].Takohe, merexTop
Ce HaJla3Wo Ha pacTtojarby d = 3 MMoa HeyTPOHCKOT U3BOPa, a MHTEPAKIIMja HEYTPOHA KPO3 Ba3ayX

j€ 3aHeMapeHa.

ha

Am-Be n3rop d

JIETEKTOP

Cnuka 43. Cumynupana ceomemupuja u3eopa u 0emexkmopa npeocmagrbead y paoy

[Milenkovicu op, 2010].

Kao pesynrar cumynamuje noluja ce enepeemcka W y2aoHa pacnodeid CEKyHIapHUX
YyecTuIa Tj. mpotoHa u anda vectuna, Cnuke 44-47.Ca Cnuke 44 ce MOXKe BUACTH J1a CHEPreTCKa
pacriozena mporoHa uMa MakcumyMm oko 0.5 MeV. Ocum TOora mocrtoju Mama, aid KOHa4Ha
BEepoBaTHONA, 1a MPOTOHU MOTY Jia y3MakHy ca eneprijoM 10 10 MeV.CnekTap npoToHa HaCTaIMX
y JETEKTOpYy 3aBUCH Of] JeOJbHMHE NETEKTOpa M YNaJHE €Hepruje HEeyTPOHa, ajlu I'€HEepaJHO MMa
nobpo neduuucan makcumyM [Palfalvi m Sajo-Bohus, 1997]CnuvHo nmpoToHMMa, S€HEPreTCKU
criekTap ajda yecTula iMa MakcuMyM oko 2 MeV, ca npoayxenom pacrnozenom a0 8 MeV, Cnuka
45. BepoBatHoha 3a HacTaHak ajida dectuiia ca eHeprujama sehum on 2 MeV Huje 3aHeMapJbuBa.
[Tomro je momer anda yectuna y CR-39 mamu ox 100 um BehmHa HacTanmx dYecTHIla C€ Yy
MOTIYHOCTH 3ayCTaBjba y JeTeKTOpy. JenuHo anga uecTuile Hacraie BeoMa OJHM3y JETEKTOPCKE

MOBPIIMHE UMa]y IIaHCY J1a HAITyCTe IETEKTOP.
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VYraona pacrojena mpoToHa UMa MIUPOK MAKCHMYM OKO ad® , Ciiuka 46; pacriogena onaja
Ka BehMM W MamuM YIrJOoBHMa. YTraoHa pacrojena ajida uyectuua je npukaszaHa Ha Couum 47 u
CIIMYHA je Pacroeli mpoToHa, anu ca umpoknm mikom mmely 70° n 100. Heke anga gectume ce

EMUTY]Y U IIPH MakbUM YIJIOBUMA y CMEPY MOYETHOT HEYTPOHA, JIOK CE IPYre eMUTY]y Y CYIIPOTHOM

CMepy MPpH yIIOBUMa JI0 160.
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Cnuka 44. Enepeemcka pacnooena npomona Hacmanux npu unmepakyuju veympoua ca CR-39

0emeKkmopom
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Cnuka 45. Enepeemcia pacnoodena angha yvecmuya Hacmanux npu unmepaxyuju neympoua ca CR-

39 oemexmopom
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Cnuka 46. Yeaona pacnooena nacmanux npomona npu unmepaxyuju veympona ca CR-39

demexmopom
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Cnuka 47. Yeaona pacnooena anga wecmuya emumosanux npu unmepaxyuju Heympona ca CR-39

demexmopom
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8.2. IlpopauyH ancop0oBaHe eHepruje 1o jellHOM HeYTPOHY

Jeman on pesynraTa cuMylandje, ONKUCaHE y moriaBiby 6.3., je armcopOoBaHa eHepruja
MpOTOHA U ayipa YECTHUIa MO jETHOM HEYTPOHY KOJU j€ yIIao Yy JETEKTOp, ¥ M3HOCH 3.85-10 u
0.15-10° MeV/g/n, pecriekTiBHO. ANcopOoBaHa eHEprHja je m0o0HjeHa Kao KONHUYHHK yKyITHE
JICTIOHOBAaHE €Hepruje MpoTOHA u ajda YecTHIa M Mace IETeKTOpa, NMpH YeMy ce JeTOoHOBaHa
€Hepruja padyyHa Ha OCHOBY JIOMETa CEKyHJAapHE YECTHIIE Ha HAYWH OIMKCAaH y TOIIaBby 6.3.
JlaTenTHa edukacHOCT, Tj. OpPOj TATEHTHHUX Tparopa anda 4ecTUIla U IPOTOHA T10 JeTHOM HEYTPOHY
ymanom y merexrop, je 2.9-10" m 2.7-1C%, pecnexrusro [Milenkovic u ap, 2010]. Baxuo je
MPUMETHUTH J1a je BepoBaTHOhA 3a HacTaHAK MPOTOHA 3a JIBa pela BeIudrHe Beha Hero 3a HacTaHAK
anda yectuna. JlenoHoBaHa eHepruja Mo jeJHOM BUJBUBOM IPOTOHCKOM Tpary je ImpHKa3aHa Ha
Cmuuum 48. TparoBu u nernoHoBaHa eHepruja ajida yvecTuiia ce 3aHemapyjy, jep je BepoBaTHoha
HacTaHka anga YeCcTUIle MHOTO Mama Hero npotoHa. Kao pesynrar ¢uroBama nmogaraka ca Ciuke

48 nobujena je cneneha jenHadnHa, KOja BaXH 3a X > 2 um
b
y=exp@+—+clnx) (8.1)
X

e je Y JeTIOHOBaHa €Hepruja 1o jeIHOM HEYTPOHY IO BUJBUBOM IPOTOHCKOM Tpary, X je CKUHYT

cI10j, a koeunujentu cy a = - 4.25,b = 0.15u ¢ = -0.63.
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Cnuka 48. /lenonosana enepeuja no jeOHoM HeYympoHy O 8UOLUBOM HPOMOHCKOM Mpazy
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Ca ciamke ce BuAM Ja JIENIOHOBAaHA EHEPruja IO jEAHOM HEYTPOHY IO BHJIJBUBOM
MPOTOHCKOM Tpary, Y, omnaja ca CKHHYTUM ciojeM aerekropa. OBaj rpaguk MoxKe Ja MOCIYXU Kao
KaauOpalMoHa KpHBa arncopOOBaHE €HEpruje, a Oomajgame je pasyMJbUBO, jep je JermoHOBaHA
€Hepruja IO jeAHOM HEYTPOHY KOHCTaHTHa JOK ce Opoj BHJIJBMBUX TparoBa mnoBehaBa ca

noBehameM CKHHYTOT CJ10ja.

8.3. IIpopauyn mapamMerapa TparoBa HAarpu3aHHX y CYIIPOTHOM CMepy

[Tapamerpu TparoBa mpoTtoHa u anda vectuna y CR-39 nerextopy u anda yectuna y
LR115 nerexropy, HacTaqu Harpus3ambeM Y CYIPOTHOM CMEpy Cy MPEICTaBEHH Yy paay
[Stevanovicu np, 2011]. I'paduuku cy mpencTaB/beHE 3aBHCHOCTH BEJIMKE W Majie OCe OTBOpa
Tpara y GpyHKIMjU ne0/puHE CKHHYTOT CJI0ja 3a pa3InuyuTe eHeprHje MpoToHa U aida dyectuma. Y Ty
cBpxy kopuirhen je nporpam TRACK_WALL.F90 koju npeacraBiba n3MemEHy BEp3ujy Mmporpama
Trackfdmback.f90llpu nmokperamy nporpama KOpUCHHK Ha To4eTKy Oupa nerekrop: CR-39wmmm
LR115, ykonmuko je m3abpao CR-39 mma moryhnoct m3bopa uectuiie: mpoToHa wiu aida. Y
cinydajy na je m3abpao LR115 mporpam HacTaBiba ca M3BpIIaBalkEM ayTOMATCKUM H300poM aida
gyecTuile. 3aTUM KOPHUCHUK 3a/aje cienehe mapamerpe: eHeprujy 4ecTUlle; HHIUACHTHUA yrao, o, Y
OJHOCY Ha X OCy JIETEKTOpa Tj. HOpMally Ha JETEKTOPCKY MOBPIIUHY; TYOHHY, Xstars Tj. TAUKy Y
K0jOj C€ Kperpa 4ecTHIla Y ACTEKTOPY IITO j€ Cydaj MPU HEYTPOHCKOM 03payuBamy U CKUHYT CJI0]
HaKoOH Harpu3ama, Criiuka 43. KopucHuk Tpeda 1a BOAU padyHa J1a eHepruja yectuile Oyae Mama o]l
10 MeV. YV cuyuajy na je HEeKM OJ YHETHX IapaMeTapa BaH OICera BPEJIHOCTU IMPOrpaM ce
3aBpIllaBa U OJ] KOPUCHUKA CE€ TPaXW Jla yHece HOBe yna3He napamerpe. KopucHuk takohe mma
MoryhHoct n3bopa V (yHKImMje Koja oaropapa TUIy JAeTeKTopa u n3abpane decruie. V QyHKIIH]jE
KOje Cy Ha pacrojlaralby KOPHUCHHKY jgare cy y mnoriaBiky 4.3.5., a Heku on pesynrara
npencraBbeHu cy Ha Cnmkama 49-52. Mako mporpam mMa MOryhHoCT padyHama mapaMmerapa
Tparoa aida uectnna y LR115 nerekropy y oBoM paay Cy o1 MHTEpeca camo ImapaMeTpH Tparopa
nporoHa. Ha Cnukama 49 u 50 mpeacraBsbeHe cy AyKWHE BEJIMKE U Majie oca Tpara mpotoHa y CR-
39 nerekTopy y (YHKIMJU CKHHYTOT CJIOja 3a pa3IMuWTe WHIUMIACHTHE €HEpPruje NMpOTOHA MpH
n30opy V dynkuuje moa opojem (5) u ynasaum nmapamerpuma 0 = 30° (mmm 0 = 60F) u Xstart = 10
pm. Ha Cnukama 51u 52 npencraBibeHe cy qy>KHHE BEIHKe U Malie oca Tpara anda gectuie y CR-
39 nerexkTopy y (PyHKIMjU CKMHYTOT CJioja 3a pa3judyuTe MHIMACHTH €Hepruje anda udectuie u
n3oopy V dynknuje moa opojem (1) u npu ynazaum napamerpuma o = 3¢ (maum 0 = 60°) 11 Xgiart =

10 pum.
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oemekmopy y QYHKYuju CKUHYmoe C1oja 3a pasiudume enepauje uspaiyHamo npocpamom

TRACK_WALL.F90

99



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

12 4 .
| ]
A
10 4 [ ] A
= A
E 5- " oa °
= | | A
g . 4 *
o 6 n A ®
%5 : A [ ]
B 4 s ¢
m ¥ ®
2 4 . i
®
n - e 2Mev
0 1 m 3MeV
A 4MeV
T T T T T T T
0 1 2 3 4 5 6 7 8

CkuHyT cnoj (um)
Cnuxka 51. J[ysicuna eenuxe oce mpaza anga wvecmuye Hacpusanoe y cynpomuom cmepy y CR-39

oemekmopy y QYHKYuju CKUHYmoe C1oja 3a pasiudume enepauje uspaiyHamo npocpamom
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Cnuka 52. /[yscuna mane oce mpaea anrgha yvecmuye nazpusanoe y cynpomuom cmepy y CR-39

oemexkmopy y QYHKYuju CKUHYmMoz2 Cloja 3a pasiuyume eHepauje uspavyHamo npozpamom

TRACK_WALL.F90
VY nuteparypu ce He Mory Hahu pe3ynTaTu mapaMmerapa TparoBa 3a Harpu3ame y CylpPOTHOM

CMepy Ma ce pe3yiTatd J0OMjeHH Y OBOM pajay HE MOTY YHOpPEAUTH ca JAPYTUM ayTopuma.

CuMynalnoHH pe3yaTaTH 1yKHHE BEJIMKE U Majle 0CE TParoBa 3a Harpu3ame y JUPEKTHOM CMEpY
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cy mopehenun ca pesynratuma mporpama [TRACK_TEST, koju je ekcnmepuMeHTaIHO J00po
BepudukoBan [Nikezic u Yu, 2003b; 2006]npu uemy je moOujeHO NOOpPO ciarame pe3ynraTta.

Tume je moTBpheHa UCIIPaBHOCT MOJIENIa pacTa Tpara.
8.4. IIpopauyH neTekTopcke eGUKACHOCTH

JletexTopcka edukacHOCT je neuHUCaHA TPEKO JIATEeHTHE e(PUKACHOCTH M ePUKACHOCTH
Harpu3ama. JlateHTHa edukacHocT neduHHCaHA je, Ha TMOYETKY TJiaBe 6., Kao omHOC Opoja
JATEHTHUX TparoBa MpoTOHAa U Opoja ymajaux HeyTpoHa. AHanu3upajyhu KoopAvHATe MOYETHE U
Kpajibe Tayke MPOTOHA, MPOrpaM HCIUTYje Ja JIM je JATeHTHH Tpar y pa3MaTpaHOM CKHUHYTOM
cnojy. Hakon Harpusama, KopucTtehw KpUTEpHjyM BHUIJBUBOCTH, MPOTpaM HCIHUTYje aa JHU he
JATeHTHH Tpar TOCTaTH BUJBHMB TIOCIE Harpusama, win He. EdukacHocT Harpusama je
nedunucana takolhe y rimaBu 6. kao ogHOC Opoja BUIJBMBHUX NMPOTOHCKUX TparoBa M Opoja ymammx
HEYTpOHA.

Jla Ou ce MOTBpAMIIA TAYHOCT MpoTrpamMa HUCIHUTHBAH j€ CIy4a] JIATCHTHE €(hUKACHOCTH 3a
MOHOCHEPTeTCKEe HEYTpPOHE M CKUHYT ciioj o 10 um. Pesynratu cy ymopehenu ca pesynratuma
pana [El-Sersy, 2010h nobujeno je nobpo cnarame npukazaHo Ha Ciuim 53. To je Ouia noTBpaa
MCIPAaBHOCTH Pa3BHjEHOr MOJEJa U Mporpama 3acHOBaHOT Ha mweMmy. Ha Cnumm 53 je nmpukazana
naTeHTHa edUKacHOCT y (QYHKIMjH €Hepruje HeyTpoHa. JlaTeHTHa epUKacCHOCT ce cMmamyje ca

noBehameM eHepruje HEYTPOHa YCiea CMambemha e(hUKACHUX MPECceKa 32 HacTaHaK MPOTOHA.

25
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Cnuka 53. Jlamenmna egpuxacnocm CR-390emexmopa y pynkyuju enepeuje neympona 3a 10 um

CKUHYmOoeZ caoja
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Ha Cnunu 54 cy npukaszaHe jaTeHTHa e€(UKAaCHOCT W €(UKACHOCT Harpusama y QYHKIH]H
ckuHyTOr cnoja. Ca cimke ce BUIM J1a €PUKACHOCTH JTMHEAPHO PACTy ca MOPacTOM CKHHYTOT CJI0ja.
OBo je ouekuBaHO jep Opoj HacTalIMX TparoBa MPOTOHA pacTe ca CKMHYTUM cliojeM. Paznmka y

HaFI/I6y OB€ IBC KPUBEC IMOTUYC OJ YNEHLCHUIIC 1a Hehe cBu maTeHTHU TparoBu outu OTKpPHBCHU.

® JlarenTHa e(pukacHocT ®
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CkuHYT €110j [pm]
Cnuxka 54. Jlamenmna egpuxachocm u egpuxacnocm naepusarwa CR-390emexmopa y ¢hynxyuju

ckunymoe cnoja 3a Am-Beuszsop.

8.5. IIpopauyH epuKacHOCTH HATPU3aHka TPAroBa y AUPEKTHOM H CYIPOTHOM

cMepy

Jla 6u ce opemno OArOBOp NETEKTOPA 3a pa3IMyUTe MOHOCHEPIeTCKE HEYyTpPOHE MoTpeOHa
je oOuMHa 06a3a eKCIepUMEHTATHUX TojjaTaka. 300T Tora jeé HeOnmX0/IaH TEOPHJCKH METOJ MPOIICHE
OJIroBOpa JieTeKTopa. PauyHckn MOOWjeHH pe3yiaTaTH ce MOTY WM €KCIEPUMEHTATHO MOTBPAUTH
WIN yIIOpeAUTH ca Beh myOIMKOBaHUM €KCIIEPUMEHTATHUM I0/1alluMa.

3a reomMeTpHjy JeTeKTopa M M3Bopa mnpukaszany Ha Cnunum 24y ciydajy MOHOEHEpPIeTCKOT
n3Bopa kana je d = 0,cumynapaHo je UCTOBPEMEHO Harpusame 00e cTpane jnerekropa. Kopucrehn
MOJIIPOTpaMe 3a Harpu3ame y AUPEKTHOM M CYIIPOTHOM CMeEpY padyHaTa je ehUKacHOCT Harpu3ama
(epuxacnoct nerexnuje). Kao mro je Beh peyeHo mpu MCTOBpEMEHOM Harpuszamy 00€ CTpaHe
nerekropa Moryhe je Ja HacTaHy YeTHpH pPa3IUuMTa THIA TPAaroBa, Kao IITO je MPHKa3aHO Ha
Cmuum 42. EdukacHocT Harpuzama y (YHKIMJU CKHHYTOT CJioja 3a Pa3IM4UTe CHEPrHUje

WHIIMJICHTHOT HEYTPOHA je npuka3ana Ha Cruiu 55 a-e.
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Cnuka 55. E¢puxacnocm nazpuzara y QyHKYUju CKUHYMO2 CI0ja 3a pasiudume eHepeuje
unyuoenmuoe neympona, En: @) En = 1 MeV, b) En = 2 MeV, c) En = 3 Maly En = 4 MeVu e)
En =5 MeV.

Ca Cauxe 55 ce moxe ce BUIIETH J1a je e(pUKacHOCT Harpu3ama 3a TparoBe Tuma 2 u 3 Mama
ox 10° tr/n 3a cBe HCIUTHBAHE EHEPTHje ¥ CBE CKMHYTE clIojeBe. bpoj BHUBMBHX Tparosa THia 1 u
4 je muHoro Behu Hero apyra nsa tuna (2 u 3). Behnna mactamux mporoHa y3MakHE Yy TPaBILy
KpeTama WHIUJCHTHOT HEYTPOHA O]l MPEIkhe Ka 3a/Jkh0] CTPaHU JIETEKTOpa M 3aTO je Maiu Opoj
TparoBa Tuna 2 u 3. Kao mocneauna tora jaBjba ce Behu Opoj JIATEHTHHX TparoBa ca 3aJilkh€¢ CTpaHe
JIeTeKTOopa Hero ca npeame. [[poToHn HacTanu y Teny JeTeKTopa Kpehy ce yriiaBHOM Of Mpenmbe Ka
3a]10] CTpaHU M jJomnpuHOoce TparoBuma tuma 4. To je rnaBHU pasnor Beher Opoja BUIJBHBHX

TparoBa Harpu3aHux y cynpoTHoM cmepy. Ca ciuke ce BUAM Ja Opoj BUIJBMBUX Tparosa mo 0pojy
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ynajaux HEYTPOHA JIMHEAPHO pPACcTe€ ca MOpacToM CKUHYTOT cioja ox 4 mo 20 um, mro je u
OYEKUBAHO jep pacte W Opoj naTeHTHUX TparoBa. Ha Cmuum 55 je mpukazana epuKacHOCT
Harpusama 3a MOHOeHepreTcke HeyTpoHe enepruje ox 1 no 5 MeV. Ca cnuke ce MoXe BUICTH Jia
ca MopacToOM €HEprHje HeyTpOHa pacTte Opoj TparoBa Tumna 4 anu Harud KpuBE MOJIAKO omaaa. AKo
je enepruja Beha og 4 MeV eduracHocT Harpusama Hehe Buiie pactu. bpoj Tparosa Tumna 1 ce
cMmamyje ca noBehameM eHepruje HeyTpoHa. Pasior 3a 1o je na ca nmosehameM eHepruje HeyTpoHa
pacte eHepruja y3MakHyTHUX IPOTOHA U 3aTO je MOTPeOHO HArpu3aTu JETEKTOp AyXe Bpeme jaa ou

CC OTKPUJIM TaKBU TparoBH.
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9. PE3VJIITATU EKCIHEPUMEHTAJIHOT' O3PAYUBAIbA JIETEKTOPA
CR-39HEYTPOHUMA U3 AM-BE NU3BOPA U MEPEIbA JAUUHE
JAO3HOTI' EKBUBAJIEHTA HEYTPOHA

VY nuipy mpoBepe pesyaTaTta J00HjeHHX CHUMYIIAIjoM 00aBJhEH j€ EKCIIEPUMEHT 03pauynBamba

W Harpu3ama JIETEKTOpa 3a UCTE YCIIOBE MO/ KOjuMa Cy 00aBJheHa padyHamba.

9.1. Ilopeheme pe3yaTara npopavyyHa U Mepema jaulHe J03HOT eKBHBAJIEHTA

HeyTpoHAa

J103HHM €KBUBAJICHT I10 jJeIUHUIHOM HEYTPOHCKOM (hITYEHCY MOXKE U3PA3UTH Kao
H
h =——r0 9.1
(Y (N /S) ( )

rae je ca H o3HaueH ykymHU JO3HU €KBHBAJICHT, JOOHJEH Kao CyMa JIO3HUX €KBHBaJe€HATa CBHUX
WHIMJICHTHUX HeyTpoHa, N je Opoj MHIMACHTHHX HEYTpOHA, a S moBpIIMHA JeTekTopa. llpm
MpOpauyHy JO3HUX €KBUBAJeHATa HEYTPOHA KOpUIINEHE Cy BPEIHOCTH PaJHjallHOHUX TEKUHCKHX
¢axropa nare y ICRP 60.

V nutepatypu ce hy Ha3uBa KOHBep3MOHH KOe(hHIUjeHT (ulyeHca y H03HU €KBUBAJCHT, U 3a
Am-Be u3Bop mma Bpemmoct h, = 3.91x 10714 Sv-nf [Tabena 1, 1ISO/DIS 8529, 2000k
h, =3.8x 107" Sv-nf [Burger u Schwaster, 1988]CumynanujoM je m0o0HjeHa BpPEIHOCT
h, =3.7 %X 10~* Sv-nf, wro MpeACTaBJba T00PO clarame ca BPEAHOCTHMA JaTUM Y JIUTEpaTypH.
Konsepsnonu koeduuujent hy, omoryhasa padyHarme jaduHE JO3HOT €KBUBAJIEHTA H (Sv/h) 4a

ocHOBY cienehe jemnaunne

. h

H =" (9.2)

t

rie je ¢ dayenc veyrpona (M?), a t je Bpeme usnarama (h), [Burgern Schwaster, 1988]
Kopuctehu MonTte Kapno meron, HeyTpoHcku diyeHc je oapehen kao ¢pyHKIMja pacTojama

U3BOP-JICTEKTOP, a jaunHa JO3HOT SKBUBAJICHTA je pauyyHaTa Ha OCHOBY jenHaunHe (9.2). Pesynraru

cy mpencraBjbeHr Ha Crnunm 56 3ajemHo ca pe3yiaratuma J100MjeHUM MEpPEHmeM HEYTPOHCKUM

nozumerpoMm, DINEUTRON. Ca ciauke ce Buam 100po cliarame HM3MEPEHHX W pPadyHATHX
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BPEIHOCTH jauyWHE JO3HOT €KBUBAJCHTA 3a pa3IMUMTa pactojama. OICTymame ce jaBjba YCIEN
HETOY3/1aHOCTH MHCTPYMEHTa Ha MajliM pacTojamHMMa, INTO je W HarjlalmeHo y cnenuduxanuju
nozumetpa. Ca Cnuke 56 ce Buam 1a nosehameM pacTojama U3BOP-AETEKTOP J10JIa3U 10 CMAbEHha

JaunHe JO3HOT €KBHUBAJICHTA yCIIe]] CMambeha (Pirykca HEyTpOHa.
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Cnuka 56. Jauuna neymponckoe 003102 eksuganienma y YyuKyuju pacmojarea usmehy oemexkmopa

u uzeopa. Mepere odasweno ypehajem DINEUTRON pauynamo npoepamom Neutron_CR-39.F90

Ha Cmurmn 10 ((Tormaesse 3.2) maTu cy pe3yiTaTH 3aBUCHOCTH HEYTPOHCKE CKBHBAJICHTHE
703¢ o1 pactojama m3Mmely merekropa 1 Am—Be u3sopa npema ayropy [El-Sersyu np, 2004]. El-
Sersyu ap. cy mokazanu 1o0po ciarame u3mel)y padyHate qo3e ca Jjo3ama MEPEHUM JIETEKTOPOM
CR-39u meyrponckuMm aozumerpom NM2. YV oBom pany je mopeheme npeacraBbeHo Ha Cnuiu
56, anmu cy BenMYMHE KOje c€ TopeJe, jaudHa JO3HOT CKBHBAJICHTA M0OWjeHA padyHameM U
MepewmeM 1mTo oHemoryhaBa mupektHo mnopeheme ca El-Sersy m ngp (2004). Tennpenuuja

CMamUBama J103€ je OYeKnBaHO Hal)eHa y o0a paza.
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9.2. Ilopehemwe pe3yarara npopayyHa U Meperma rycTUHE TParopa

JIO3HM EKBUBAJICHT HEYTPOHA M TYCTHHA TparoBa Cy padyHaTH 3a pa3jiMudTa PacTojama
JeTeKTOpa OJ] U3BOpa Tj. pazIHuuTe HEyTpoHCKe ¢uiykceBe. ['ycTMHaA TparoBa mpejacraBiba Opoj
BUJUBMBHX TparoBa (MOcje Harpu3ama) IO jEAMHUYHO] JCTEKTOPCKO]j MOBPIIMHU OKPEHYTO]
HEYTpPOHCKOM u3BOpy. JloOujeHu pesynratu cy mpukazanu Ha Cinunu 57 rae ryctuHa Tparosa
JMHEAPHO 3aBUCH OJI jaulHE TO3HOT EKBUBAJICHTA HEYTPOHA 33 PA3JINYUTE CKUHYTE CJI0jeBe.

CR-39 nerektop je o3paunBan 17 hua pacrojamuma d = 5u d = 10 cm.3a mate ycnose
O3pauMBama jayrHa J03HOT €KBHBAJICHTAa HEYTpOHa M3pauyHara jemHauuHoMm (9.2) cy 5.7 u 1.8
mSv/h, peciektuBHo. HakoH Harpu3ama JetekTopa y Tpajamy oa 5 m 10 h mepene rycrtune
TparoBa cy npesncraBjbeHe Ha Cnurnu 57. Ca ciauke ce BUau 100po ciarame u3Mehy mepeHux u
payyHaTuX TyCTHHA TparoBa. MepHE HECHUTYPHOCTH YCIeEll OYMTaBamba OJArOBapajy CTaHIAPIHO]
JICBUjalliju U TIpeACTaBbeHe cy Ha ciuiu. [loBehameMm ckuHYTOr cioja JIeTeKTopa pacte Opoj

BUJIJbUBUX Tparosa Tj. T'yCTHHA TParosa.
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Kao pesynrar puroBama nonaraka ca Cinuke 57 mobujeHa je cieneha jeqHaunHa

Ty =k[H (9.3)

rae je Tp rycruna tparosa [tracks/cni], K je kanu6panmonn koeduumjeHT Koju uMa BpeaHocT K =
15h [tracks/(cnf-mSv)]rze je h ckuHyT ci10j Y UM [OK je KOHCTaHTa mporopuuoHanHoctd 15 je y
um?, a H je mo3HM exBuBaeHT HeyTpoHa [MSV]. Kanmmbpauuonn koepuumjent, K, Mema ce ca
BPEMCHOM Harpusama JeTeKTopa Tj. ca CKuHyTuM ciiojeM h. KamuOpamumonn koedunmjeHt, K,
JMHEApHO pacTe ca BPEMEHOM Harpu3ama Tj. ca CKHHYTHM CIJIOjeM IETeKTOpa Yy HCIUTHUBAHO]
obmactu 6 um < h < 24 ym. Kamubapanmonu koedwuijeHT onpehyje Bedy wusmel)y ryctuHe
TparoBa ca jeJJHe CTpaHe U JJO3HOT €KBUBAJICHTA HEYTPOHA Ca APYre CTpaHe.

o cana je my6iamkoBano Behu Opoj pamoBa Ha TeMy MHTEPAKIIMj€ HEYTPOHA Ca IETEKTOPOM
CR-39y umpy onpehuBama kamuOpamoHor KoeuIlMjeHTa Tj. IPOLICHE 103¢ HEYyTPOHA Ha OCHOBY
MepeHe U padyHaTe IycTHHE TparoBa. Mehytum nok npyru ayropu [Deevbandu np, 2011; Saint
Martin u ap, 2011; Castillou ap, 2013] onpelyjy kamuOpanuroHu KoeHUIMjEHT camMo 3a jeaaH
CKMHYT CJI0j TpU 3aJaTUM YyCIOBMMAa Harpu3ama y OBOM paay je oapehen kammOpannoHu
KOC(UIMJEeHT KOjU BaKM 3a CKHUHYTE CJOjeBe Yy omcery ox 6 um no 24 uym. BaxHo je 3HaTu
MPOMEHY KanmuOparuoHor KoedwuijeHTta ca JeO/bMHOM CKHHYTOT CJioja, jep C€ Yy pa3HUM
nabopaTopujaMa IpUMEYjy pa3IHuuTH YCIOBH Harpu3ama U pasjinyure Ae0/bMHE CKMHYTOT CJI10ja

nerektopa CR-39.
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3AK/bYYAK

Y 0BOj JOKTOPCKO] AUCEpTAIUjU TPEICTABJHEH j€ MOCI MHTEpaKIuje HeyTpoHa u3 Am-Be
n3Bopa ca CR-39 nerexkTopoM M MOEN pacTa Tpara ¥ Ha TUM MOJEIMMa 3aCHOBaH (POpTpaHCKH
nporpam koju merogoM Monrte Kapno cumynmpa nenokymaH mnpouec nerekuuje. Bamumnoct
mozena (M mporpama) je TOTBpheHa JOOpHM clarameM padyHaTte U u3MepeHe e(ukacHOCTH
JIETEeKTOpa, Ka0 M padyyHATUX W HM3MEPEHHX HEYTPOHCKHX J03a (jadyMHa JO3HOT CKBUBAJICHTA).
JloOpo ciarame eKCIepuMEHTAaHWX W CHUMYJIAIMOHHMX pe3ynrara cyrepuiie noreHnujanr CR-39
JETEKTOpa 3a I03UMETPH]jy Op3uX HEYTpOHa.

VY nyomukamujama [Milenkovic u ap, 2010; 2011koje cy mpoHCTEKIIE U3 OBE TUCEpaLHje
naT je omwmc pasBujeHor nporpama, Neutron_CR-39.F9@anucanor y mporpamckoM je3uky Fortran
90, a xoju ce cacroju ox Tpu noxmporpama: Neutron.fo9Q Trackfdmsame.f9@ Trackfdmback.fo0
[Moamporpam Neutron.f90 cumynupa wuHTepakuuje HeyrpoHa u3 Am-Be wm3Bopa ca CR-39
JIETeKTOpOM y3uMajyhu y o03up €HepreTcku CIeKTap €MHUTOBAHUX HEYTpOHA, e(hUKacHEe Impeceke
mporeca WHTepaknyje (Kao ITO Cy eIaCTUYHO M HEeJaCTHYHO pacejame W HYyKIeapHE peakije
HACTaHKa CEKyHJapHUX YeCTHIa Tj. ajia YECTHIAa ¥ NMPOTOHA) U yraoHe pacrojelie CeKyHIapHHUX
yectuna. Pesynrar noamnporpama je ¢ajn Protons Am-Be.dakoju cagpku momaTke y3MaKHYTHX
MPOTOHA: yrao y3Maka y OJJHOCY Ha OCY JIETEKTOpa; KOOpAUHATE MOYETHE U KPajikhe TauKe, TOYETHY
U JIETIOHOBaHy eHeprujy nporoHa. CeKyHJapHe YeCTUIE CYy KpeHpaHe y Pa3InduTUM IMpaBIHMa WU
IBUXOBU JIATCHTHH TParoBU Cy CJIy4ajHO OPJEHTHCAHHW Yy JeTeKkTopy. Heku TparoBu he Outn
Harpu3aHM Off TaYKe I'JIe je YeCcTUIla HacTala y CMepy HhEeHOT KpeTamba — JUPEKTHO HAarpu3ame, 10K
he apyrum OuTH Harpu3aHH O] Tauyke y KOjOj Ce YecTHIa 3ayCTaBHJa MIM Y KOjOj je HaIyCcTHia
JIETEKTOp y CYNPOTHOM CMeEpy OJ CMepa HCHOT KpeTamba — Harpu3ame Yy CYIMPOTHOM CMeEpy.
Mopenu pacrta Tpara y IMpeKTHOM M CYIIPOTHOM CMEpPY O]l CMepa KpeTama ce TIOCEOHO pa3MaTpajy
npumewyjyhn noamporpame Trackfdmsame.f90u Trackfdmback.f90 pecnextuBro. Osu
MOJIPOTpaMy padyHajy npodusie u nmapameTpe TparoBa HaCTAJIMX HAKOH HAarpu3ama JeTeKTopa. Y
IHMCEePTallUju Cy TPEACTaBIbEHU PE3YyJITaTH CHEPreTCKO-YraoHe PacIojielie CTBOPEHUX NPOTOHA U
anda decTuila, MpopadyyH arncopOOBaHE €HEPTHje MO jeTHOM HEYTPOHY M MPOpPAdyH MapaMmerapa
TparoBa Harpu3aHUX y CYINPOTHOM cMmepy. Takohe cy mNpencTaBibeHH pE3yiTaTH IMpopadyHa
e(pUKAaCHOCTH Harpu3ama TParoBa y IUPEKTHOM U CYNPOTHOM cCMepy. Y Mporpamy ce Jajbe
pasmarpajy TparoBu NpOTOHA Ka0 JJOMUHAHTHUX CEKYHJApHUX YECTHUIlA Y OJHOCY Ha Tparose aida
YECTUIlAa CTBOPCHHMX IIPH HMHTEPAKIM]U HEYTPOHA ca JCTEKTOpPOM. Y JHCEepTalHju Cy Takohe
MPEJCTaBIJbeHU pE3YNTaTH JIATCHTHE e(QHUKacHOCTH, e(PHUKACHOCTH Harpu3ama W JCTIOHOBaHE

€Hepruje mpoToHa.
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Yropeno ca cuMmymaiujoM CIipoBEACHO je eKCriepuMeHTaHo o3paunBame CR-39nerexTopa
Am-Be HeyTpoHCKMM H3BOpOM, HHMXOBO HAarpu3ame W OYHTaBamke ca LuJbeM mnopehema
eKCIIEpUMEHTAIHUX M PauyyHCKU JOOHMjeHUX pe3ynTara. EKCIepMMEHTaHU €0 pajia cacToju ce y
o3paunBamy AeTekTopa AmM-Be uzsopom y JlabopaTopuju 3a 3amTuTy o7 3padewma y UHCTUTYTY 3a
HyKJIeapHE Hayke y BuWHYHM, Ka0 W XEMHjCKO TpeTHpame W OuYMTaBame JETEKTOpa, IpemMa
CTaHJapAHUM Tpolieaypama, y noctojehum naboparopujama Ha [IM®-y y Kparyjesiy.

Kao riaBHu Hay4HU JONPUHOCH OBOT pajia MOTY C€ M3/IBOjUTH:

1. N3pauyHata BpemHOCT 3a KOHBEP3MOHH KoePHIMjeHT ¢GayeHca Y JIO3HH
€KBHUBAJICHT, h(p , ce JToOpo citaxke ca BpeaHocTUMa jmaTuM y smrteparypu, [ISO/DIS 8529, 2000;
Burger u Schwaster, 1988].Konpep3uonu koepuuujeHt hy, oMoryhasa pauyHame JI03HOT
SKBUBAJICHTA Ha OCHOBY ()IyeHca.

2. Onpehena je Be3a uzmelhy oaroBopa AeTeKTOpa H3PAXKEHOT MTPEKO TYCTUHE Tparosa u
JO3HOT €KBUBAJICHTA HEYTPOHA, OJJHOCHO (uIyeHca, Tj. oxpeheH je kanuOpauonu koedpunujeHr, K.
I'yctuHa TparoBa je JMHEAPHO 3aBHCHA O]l JO3HOT €KBHBAJICHTA HEYTPOHA 3a PA3JUUNUTE CKUHYTE
cilojeBe, yuMe je ofpeheH KaimuOparmoHH KOCPHUIMJEHT ITO jeé M OWO IUb OBE JTOKTOPCKE
nuceptanuje. Tume je mnoTBpheHa mpumeHa pasBujeHor mporpama Neutron_CR-39.F90y
HEYTPOHCKO] JO3UMETPUjH.

Herexrop CR-39uma atomaphu cactaB nat y Tabenu 1, Koju je ciu4aH aTOMapHOM CacTaBy
TKHMBA, aJld HUje MOTHyHO ucTH, [Smilgysu np, 2013]. Mako weku ayropu [Durhammu np, 1989;
Deevbandu np, 2011] cmatpajy ma je nerektop CR-39 TKMBHO €KBUBAJCHTaH, ICTAJbHH]C
UCIHUTHBAkE OBE TBPAKE HUje HaleHo y nuteparypu. CR-39eTexTop je moroaas 3a JAeTEKUU]y U
J03UMETPU]y HEYTpOHa, IITO je MOKa3aHoO M y OBOM pany. To je pasjor aa je oBaj JAETEKTOp
pactpocTpameH y JUYHO] HEYTPOHCKO] JO3UMETPH]U TEPMATHUX M Op3UX HEYTPOHA.

Kao Oyayhe Teme umcTpakmBama W HAacTaBKa OBOT paZia MOTY CE HABECTH HWCITHTHUBAIHC
TKUBHE EKBUBAJICHTHOCTH HEYTPOHA, Kao M 3aBHCHOCT OJroBopa JETEKTOpa OJ eHepruje

(eneprercka 3aBUCHOCT OCETJBUBOCTH).

111



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

PE®EPEHIE

Altieri, S.; Barth, R.F.; Bortolussi, S.; Roveda, and Zonta, L.13" International Congress on
Neutron Capture Therapypplied Radiation and Isotopes (2009) 67:S1-379.

Ambartsumian V. and Ivanenko DQ6 oonom creocmeuu meopuu oupaxa npomoHos u
anexkmponos (On a Consequence of the Dirac Theory of Protars Electrons) Jloxmast
Axanemun Hayk CCCP (Doklady Akademii Nauk SSSR / Proceedings of th&@SB
Academy of Sciences) (1930) Ser. A, no. 6, 153-155.

Becker, H. and Bothe, WDie in Bor und Beryllium erregtep-Strahlen Zeitschrift fir Physik,
(1932) 76(7-8): 421-438.

Becker, H. and Bothe, WKilinstliche Erregung von KerpStrahlen Zeitschrift fur Physik, (1930)

66(5-6): 289-306.

Bedogni, R.; Esposito, A.; Lovestam, G.; Garcia,JMVirgolici, M., The new PADC based fast
neutron dosimetry system of the INFN-LNFadiation Measurements (2008) 43, S491—
S494.

Bedogni, R.; Gualdrini, G.; Esposito, A.; MishrR.,; Tripathy, S.Design and test of an albedo
personal neutron dosemeter based on PADC detedRadiation Measurements (2009)
44: 972-976.

Bordy, J. M.; Medioni, R. and Portal, @pectrophotometric measurement of track densityRn
39 for high neutron dose determinatiori$uclear Tracks and Radiation Measurements
(1991) 19: 241-244.

Brun, C.; Fromm, M.; Jouffroy, M.; Meyer, P.; Graetl.E.; Abel, F.; Chambaudet, A.; Dorschel,
B.; Hermsdorf, D.; Bretschneider, R.; Kadner, KyhRe, H.,Intercomparative study of
the detection characteristics of the CR-39 SSNTDIli¢ght ions: Present status of the
Besancon-Dresden approach&adiation Measurements (1999) 31: 89-98.

Burger, G. and Schwaster, R.B., TRS 285, IAEA, Viezn1988.

Cartwright, B.G.; Shirk, E.K.; Price, P.BA nuclear track recording polymer of unique sengi
and resolutionNuclear Instruments and Methods (1978) 153: 460-4

Castillo, F.; Espinosa, G., Golzarri, J.l.; Osobo, Rangell.; Reyes, P.G.; Herrera, J.J.East
neutron dosimetry using CR-39 track detectors \pithyethylene as radiatoRadiation
Measurements (2013) 50: 71-73.

Chadwick, J.,The Existence of a NeutroRroceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences (1932) 136: &R-7

112



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Chadwick, J.Bakerian Lecture. The NeutroRroceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences (1933) 142: 846.

Chichester, D. L.; Simpsod. D., Lemchak, M.Advanced compact accelerator neutron generator
technology for active neutron interrogation fieldbsk. Journal of Radioanalytical and
Nuclear Chemistry (2006) 271: 629-637.

Cross, W. G.Characteristics of track detectors for personal men dosimetry Nuclear Tracks
(1986) 12: 533-542.

Deevband, M. R.; Abdolmaleki, P.; Kardan, M. R.; dshavi, H. R. and Taheri, M.An
investigation on the response of PADC detectorsi¢atrons. Applied Radiation and
Isotopes (2011) 69: 340-345.

Dietze, G. and Alberts, W.GWhy it is advisable to keepgw 1 and Q = 1 for photons and
electrons Radiation Protection Dosimetry (2004) 109(4): 29023

Dorn, R.V., Boron neutron capture therapy (BNCT): a radiatiomcology perspective.
International Journal of Radiation Oncology, Biglp&hysics, (1994) 28: 1189-1201.

Dorschel, B.; Hermsdorf, D.; Kadner, lResponse of electrochemically etched CR-39 degetdor
protons Radiation Measurements (1999a) 31: 137-140.

Dorschel, B.; Bretschneider, R.; Hermsdorf, D.; Ked K.; Kihne, H.Measurements of the track
etch rates along proton and alpha particle trajetts in CR-39 and calculation of the
detection efficiencyRadiation Measurements, (1999b) 31: 103-108.

Draaisma, F.S. and Verhagen, H.\\WWen years of personal neutron dosimetry with albedo
dosemeters in the Netherland®adiation Protection Dosimetry (2002) 101: 293%-29

Dupree, S. A. and Fraley, S. KA Monte Carlo Primer — A practical Approach to Raiiibn
Transport.Kluwer Academic/Plenum Publishers, New York, 2001.

Durham, J. S.; Blue, T. E.; Wehring, B. W.; Raghdb H. and Blue, J.W Microdosimetry in fast-
neutron therapy by automatic readout of CR-39 sdlidte nuclear track detectors.
Nuclear Instruments and Methods in Physics Resegechion B (1989) 36: 319-331.

Durrani, S.A. and Bull, R.K.Solid State Nuclear Track Detection. Principles Mets and
Applications,Pergamon Press, 1987.

Durrani, S.A. and llic, R.Radon Measurements by Etched Track Detectors: égtmins in
Radiation Protection, Earth Sciences and the Emmment World Scientific, Singapore,
1997.

El-Sersy, A.R.; Khaled, N.E.; Eman, S.Agetermination of CR-39 detection efficiency fortfas
neutron registration and the absolute neutron design Nuclear Instruments and
Methods in Physics Research Section B (2004) 23:-448.

113



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

El-Sersy, A.R.,Study of absolute fast neutron dosimetry using @Rr8ck detectorsNuclear
Instruments and Methods in Physics Research Se&t{@910) 618: 234-238.

Espinosa, G.; Font, LI.; Fromm, MA review of the developments in nuclear track nudlogy as
published in the proceedings of the Internationah@rence on Nuclear Tracks in Solids
from 1990 to 2008Radiation Measurements (2013) 50: 1-6.

Evaluated Nuclear Data File, NNDC Brookhaven Natlon Laboratory, U.S.,
http://www.nndc.bnl.gov/exfor/endf00.jsp.

Félix-Bautista, R.; Hernandez-Hernandez, C.; Zeasdépal, B.E.; Fragoso, R.; Golzarri, J.I;
Vazquez-Lopez, C.; Espinosa, &yolution of etched nuclear track profiles of alpha
particles in CR-39 by atomic force microscopadiation Measurements (2013) 50: 197-
200.

Fernandez, F.; Domingo, C.; Baixeras, C.; LuguEraZamani, M.; Debeauvais, Mzast neutron
dosimetry with CR-39 using electrochemical etchihyiclear Tracks and Radiation
Measurements (1991) 19: 467-470

Fleischer, R.L.; Price, P.B.; Walker, R.M5plid state track detectors: Applications to nuclea
science and geophysje&nnual Review of Nuclear and Particle Sciences@)a5: 1-28.

Fleischer, R.L.; Price, P.B.; Walker, R.NNuclear Tracks in Solids: Principles andpplications
University of California Press, Berkley, 1975.

Fleischer, R.L.Tracks to Innovation: Nuclear Tracks in Science daedhnologySpringer, 1998.

Garny, S.; Mares, V.; Roos, H., Wagner, F.M.; RiMWm Measurement of neutron spectra and
neutron doses at the Munich FRM Il therapy beamhvidbnner spheresRadiation
Measurements (2011) 46: 92-97.

Garcia, M.J.; Amgarou, K.; Domingo, C.; FernandeézNeutron response study of two CR-39
personal dosemeters with air and Nylon convert®adiation Measurements (2005) 40:
607-611

Geiger, K.W and Van der Zwan, [The neutron spectrum of’a’Am-Be,n) sources as simulated
by accelerator produced-particles The International Journal of Applied Radiatiordan
Isotopes (1970) 24: 193-198.

Goodsell, D.S.The Molecular Perspective: Double-Stranded DNA Bsedhe Oncologist, (2005)
10: 361-362.

Griffith, R.V.; Thorngate, J.H.; Ruppel, D.W.; Fah J.C.; Tommasino, L.; Zapparoli, G.,
Monoenergetic neutron response of selected etdtiptafor personnel neutron dosimetry
Radiation Protection Dosimetry (1981) 1: 61-71.

Hall, E.J.,Radiobiology for the Radiologidtippincott Williams & Wilkins, Philadephia, 2000.

114



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Hermsdorf, D.; Bretschneider, R.; Dorschel, B.; nkiger,J., Neutron response calculation on the
basis of variable track etch rates along the seemyndoarticle trajectories in CR-39
Radiation Measurements (1999) 31: 431-436.

Hermsdorf, D.,Measurement and comparative evaluation of the 8eitgiV for protons and
hydrogen isotopes registration in PADC detectorsypé CR-39Radiation Measurements
(2009) 44: 806-812.

Hermsdorf, D. and Hunger, MDetermination of track etch rates from wall pro§ilef particle
tracks etched in direct and reversed direction IACRC CR-39 SSNTDsRadiation
Measurements, (2009) 44: 766—774.

Ho, J.P.Y.; Yip, C.W.Y.; Koo, V.S.Y.; Nikezic, DYu, K.N., Measurement of bulk etch rate of
LR115 detector with atomic force microsco®adiation Measurements (2002) 35: 571-
573.

Ho, J.P.Y., Yip, C.W.Y., Nikezic, D., Yu, K.NEffects of stirring on the bulk etch rate of CR-39
detector.Radiation Measurements (20(&%): 141-143.

IAEA (International Atomic Energy AgencylNuclear Data for Neutron Therapy: Status and
Future NeedslAEA-TECDOC-992, Austria, 1997.

ICRP 26, Recommendations of the International Commission Radiological Protection.
Pergamon Press, Oxford, (1977), Vol 1, Issue 33.1-5

ICRP 60, Recommendations of the International Commission Radiological Protection
Pergamon Press, Oxford, (1991) Vol 21, Issues1-3)1.

ICRP 74,Conversion coefficients for use in radiologicalofection against external radiation
Pergamon Press, Oxford, (1997) Vol 26, Issues 3-4.

ICRP 92,Relative biological effectiveness (RBE), qualitstda (Q), and radiation weighting factor
ar. Pergamon Press, Oxford, (2003) Vol. 33, Issuk #21.

ICRP 103,Quantities used in radiological protectioRergamon Press, Oxford, (2007) Anex B. Vol
37:247-322.

ICRP 107 Nuclear Decay Data for Dosimetric CalculatiorBergamon Press, Oxford, (2008) Vol.
38, Issue 3: 7-96.

ICRP 116,Conversion coefficients for radiological protecti@uantities for external radiation
exposures.Pergamon Press, Oxford, (2010) Vol 40, IssuesR2Z57.

ICRU Report 51Quantities and units in radiation protection dostnye Bethesda, Maryland, 1993.

ICRU Report 63Nuclear Data for Neutron and Proton Radiotherapyldor Radiation Protection
ISBN 0-913394-62-9, 2000.

li¢, R.; Kristof, E.S.; Dijano$i R.; Skva¢, J.; Dobnikar, R..Thermal neutron dosimetry using
electrochemically etched CR-39 detecRadiation Measurements (1995) 25: 453-456.

115



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

ISO/DIS 8529, Reference Neutron Radiations — Patthhracteristics and Methods of Productjon
2000.

lvanov, V.l.,Kurs dozimetri Atomizdat, Moskva, 1978.

Jamil, K.; Ali, S.; Qureshi, |.E.; Rehman, F.; Kha&hA.; Manzoor, S.; Waheed, A.; Cherubini, R.,
Experimental and simulation study of neutron dosiynat various neutron energies.
Radiation Measurements (1997) 28: 495-498.

Johns, H.E. and Cunningham J.Rhe Physics of Radiology¥harles C Thomas, Springfield,
lllinous, 1983.

Kankaanranta, L.; Seppéald, T.; Koivunoro, Baron neutron capture therapy in the treatment of
locally recurred head-and-neck cancer: Final an@ysf a phase I/l trial International
journal of radiation oncology, biology, physics 12) 82(1): 67-75.

Kato, |.; Fujita, Y.; Maruhashi, AEffectiveness of boron neutron capture therapyrémurrent
head and neck malignanciespplied Radiaton and Isotopes (2009) 67: S37-S42.

Khan, Rao F.H.; Ahmad, N.; Aslam, Matiulla$tudying the response of CR-39 detectors using
the MonteCarlo technigueRadiation Measurements (2001) 33: 129-137.

Knoll, F. Glenn,Radiation Detection and MeasuremedwhnWiley & Sons, New York, 2000.

Kocsis, Z.S.; Dwivedi, K.K.; Brandt, RStudies on the track formation mechanism of the/yea
ions in CR-39Radiation Measurements (1997) 28: 177-180.

Krane, K. S.]ntroductory nuclear physicdohn Wiley & Sons, New York, 1987.

Lacoste, V.,Review of radiation sources, calibration facilitiesmd simulated workplace fields.
Radiation Measurements (2010) 45: 1083-1089.

Luszik-Bhadra, M.; Alberts,W.G.; Dietz, E.; Guldbak S., Aspects of combining albedo and
etched track techniques for use in individual nemtmonitoring Radiat. Prot. Dosimetry
(1993) 46: 31-36.

Lux, . and Koblinger, L.,Monte Carlo particle transport methods: Neutron amthoton
calculation CRC Press Boca Raton, Boston, 1991.

Manno, l.,Introduction to the Monte-Carlo methoflkademiai Kiado, Budapest,1999.

Marletta, G.,Chemical reactions and physical property modifiocat induced by keV ion beams in
polymers Nuclear Instruments and Methods in Physics Reke8ection B (1990) 46:
295-305.

Martins, M.M.; Mauricio, C.L.P.; da Fonseca, E.&; Silva, A.X.,Brazilian two-component TLD
albedo neutron individual monitoring systeRadiation Measurements (2010) 45: 1509-
1512.

116



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Matiullah and Durrani, S. ADevelopment of a personnel fast-neutron dosimedset on CR-39
detectors.Nuclear Instruments and Methods in Physics Reke8ection B (1987) 27:
465-469.

Matiullah and Ahmad, N.The inffluence of water/tissue phantom on the resp@f CR-39-based
thermal neutron dosimeteNuclear Instruments and Methods in Physics RekeBection
B (1989) 43: 581-585.

Matiullah; Ahmad, N.; Durrani, S.A.; Kudo, KA review of the use of CR-39 track detector in
personnel neutron dosimetry and spectrometiycl. Instrum. and Methods B (1990) 51:
76-84.

Milenkovic, B.; Stevanovic, N.; Krstic, D.; Nikezid., Numerical solving of the track wall
equation in LR115 detectors etched in direct anderse directions.Radiation
Measurements (2009) 44: 57-62.

Milenkovic, B.; Nikezic, D. andstevanovic, N.A simulation of neutron interaction from Am-Be
source with the CR-39 detectdétadiation Measuremen{8010) 45: 1338-1341.

Milenkovic B.; Stevanovic N.; Nikezic D.; lvanavM., Computer program Neutron_CR-39 for
simulation of neutrons from an Am-Be source anduation of proton track profiles.
Computer Physics Communications (2011) 182: 1538215

Mosier-BossP. A.; Szpak S,; Gordon F. E.; Forsley L. P. G, Triple tracks in CR-39 as the result
of Pd—D Co-deposition: evidence of energetic nendrblaturwissenschaften (2009) 96:
135-142.

Mukhin, K. N., Experimental nuclear physics, Volume I, Physicatomic nucleusMir Publishers,
Moscow, 1987.

Ng, F.M.F.; Yip, C.W.Y.; Ho, J.P.Y.; Nikezic, D.; ¥ K.N., Non-destructive Measurement of
Active Layer Thickness of LR 115 SSNR@diation Measurements (2004) 38: 1-3.

Nikezic, D. and Janicijevic, A.Bulk etching rate of LR 115 detectohpplied Radiation and
Isotopes (2002) 57: 275-278.

Nikezic, D. and Yu, K.N.,Three-dimensional analytical determination of thack parameters:
over-etched trackRadiation Measurements (2003a) 37: 39-45.

Nikezic, D. and Yu, K.N.Calculations of track parameters and plots of tragenings and wall
profiles in CR-39 detectoRadiation Measurements (2003b) 37: 595-601.

Nikezic, D. and Yy K.N., Formation and growth of tracks in nuclear traciaterials. Materials
Science and Engineering R (2004) 46: 51-123.

Nikezic, D. and Yu, K.N.,Computer program TRACK_TEST for calculating pararstand
plotting profiles for etch pits in nuclear track teaals. Computer Physics
Communications (2006) 174: 160-165.

117



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Nikezic, D. and Yu, K.N.Analyses of light scattered from etched alpha-g#atiracks in PADC
Radiation Measurements (200&3: 1417 — 1422.

Nikezic, D. and Yu, K.N.Computer program TRACK_VISION for simulating ogdtiappearance
of etched tracks in CR-39 nuclear track detect@smputer Physics Communications
(2008) 178: 591-595.

Nikezic, D.; Stevanovic, N.; Kostic, D.; Savovic, $se, K.C.C.; Yu, K.N.Solving the track wall
equation by the finite difference meth&hdiation Measurements (2008) 43: S76-S78.

Noel, G.; Feuvret, L.; Ferrand, R.; Mazeron, Jldeatment with neutrons: hadron therapy part Il:
physical basis and clinical experiencgancer/Radiothérapie (2003) 7: 340-352.

Nouh, S.A.; Abdel-Salam, M.H.; Ahmed Morsy, Alectrical, optical and structural behaviour of
fast neutron-irradiation-induced CR-39 SSNTRadiation Measurements (2003) 37= 25
29.

Palfalvi, J. and Saj6-Bohus, LUse of SSNTDs in neutron beam dosimetRadiation
Measurements (1997) 28: 4488.

Paretzke, H. G.; Benton, E.V.; Henke, R®n particle track evolution in dielectric track @etors
and charge identification through track radius mesnent.Nuclear Instruments and
Methods (1973) 108: 73-80.

Piesch, E. and Burgkhardt, BAlbedo neutron dosimetryRadiation Protection Dosimetry (1985)
10: 175-188.

Piesch, E.; Al-Najjar, S.A.; Ninmoiya, KNeutron dosimetry with CR-39 track detectors using
electrochemical etchindRadiation Protection Dosimetry (1989) 27: 215-230

Pignol, J.P., Slabbert, J., Binns, Rlonte Carlo simulation of fast neutron spectra: Mdameal
energy estimation with an effectiveness functiod aarrelation to RBE.International
Journal of Radiation Oncology, Biology, Physicsq2D49: 251-260.

Preston, H..The Measurement of Personnel Neutron Dose in therdynRegion 0.5 eV-10 MeV
with Themoluminescent Lithium Fluorid&nited Kingdom Atomic Energy Authority.
Report AEEW — M — 801, 1968.

Pyu, A. and Fink, D.lon Track EtchingSpringer, Berlin, 2004.

Rutherford, E.Bakerian LectureNuclear Constitution of Atom®&roceedings of the Royal Society
of London. Series A, Containing Papers of a Matheraband Physical Character (1920)
97(686): 374-400.

Sadiku, M.N.O.Numerical techniques in electromagneBoca Raton, Fl: CRC Press, USA, 1992.

CapoBuh, CserucnaB, Ocnosu Moume-Kapro memooda ca npumepuma npumene y HYKIEaApPHOJ

@uzuyu. IM®, Kparyjesar, 2003.

118



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Saint Martin, G.; Lépez, F.; Bernaola, O. Meutron dosimetry device using PADC nuclear track
detectors Journal of Radioanalytical and Nuclear Chemig2g11) 287: 635-638.

Silk, E.C.H. and Barnes, R.Examination of fission fragment tracks with an &l@e microscope
Philosophical Magazine (1959) 4: 970-972.

Sinenian, N.; Rosenberg, M. J.; Manuel, M.; McDeaffe&s. C.; Casey, D. T.; Zylstra, A. B.;
Rinderknecht, H. G.; Johnson, M. G.; Séguin, F.Fenje, J. A; Li, C. K.; Petrasso, R.
D., The response of CR-39 nuclear track detector toMe¥ protons. Review of Scientific
Instruments (2011) 82: 103303.

Smilgys, B.; Guedes, S.; Morales, M.; Alvarez, lHadler, J.C.; Coelho, P.R.P.; Siqueira, P.T.D.;
Alencar, I.; Soares, C.J.; Curvo, E.A.Bqgron thin films and CR-38etectors in BNCT: A
method to measure th&8(nx)’Li reaction rate Radiation Measurements (2013) 50: 181-
186.

Cob6omnb, U.M., Yucrennoi memoowvi Moume-Kapno, U3narensctBo Hayka, Mocksa, 1973.

Somogyi, G. and Szalay, A.STrack diameter kinetics in dielectric track detecgtdNuclear
Instruments and Methods (1973) 109: 211-232.

Stevanovic, N.; Milenkovic, B.; Nikezic, D5oftware for Determination of Track Parameters in
Nuclear Track Detectors Etched in Reverse Directibiorizons in Computer Science
Research, Vol. 3Jova Science Publishers, New YoBQ11.

Schwartz, R.B. and Eisenhauer, C.MCalibration of neutron albedo dosemeterRadiation
Protection Dosimetry (2002) 102: 23-30.

Tanner, R.J.; Bartlett, D.T.; Hager, L.QRecent enhancements to the under- standing of the
response of the NRPB neutron personal dosim&adiation Measurements (2001) 28:
457-461.

Tommasino, L.; Zapparoli, G.; Griffith, R.VElectrochemical etching. 1. MechanisnMuclear
Tracks and Radiation Measurements (1980a) 4: 181-19

Tommasino, L.; Zapparoli, G.; Griffith, R.VElectrochemical etching. 2. Methods, apparatus and
results.Nuclear Tracks and Radiation Measurements (1980b97-201.

Tommasino, L. and Harrison, K.GDamage track detectors for neutron dosimetRadiation
Protection Dosimetry (1985) 10: 207-217.

TUNL (The Triangle Universities Nuclear LaboratoryNuclear Data Group, U.S,,
http://www.tunl.duke.edu/nucldata/

Turner, E. Jame#toms, Radiation and Radiation ProtectidMILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2007.

Vaupel, P. and Harrison, LTumor Hypoxia: Causative Factors, Compensatory Medms and
Cellular Responselrhe Oncologist (2004) 9: 4-9.

119



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

Voyant C; Roustit, R.; Tatje, J.; Biffi, K.; Leschi, D.;rianc, J.; Marcovici, C. L.Therapeutic
potential of atmospheric neutranReports of practical oncology and radiotherap3l(@®
16: 21-31.

Walker, R.M.; Price, P.B.; Fleischer R. LA, versatile disposable dosimeter for slow and fast
neutrons Applied Physics Letters (1963) 3: 28-29.

Wambersie, A., Richard, F., Breteau, NDgvelopment of fast neutron therapy worldwide.
Radiobiological, clinical and technical aspecfscta Oncologica (1994) 33: 261-274.

Yamamoto, M.; Yasuda, N.; Kurano, M., Kanai, T.;rétkawa, A., Ishigure, N. and Ogura, K.,
Atomic force microscopic analyses of heavy ionksaa CR-39Nuclear Instruments and
Methods in Physics Research Section B (1999) 152:3%6.

Yanch, J. C.; Shefer, R. E.; Busse, P. Bbron Neutron Capture Therap$ocial Science &
Medicine, (1999) 6(1): 18-27.

Yasuda, N.; Yamamoto, M.; Miyahara, N.; Ishigure, Kanai, T.; Ogura, KMeasurement of bulk
etch rate of CR-39 with atomic force microscopluclear Instruments and Methods in
Physics Research Section B (1998) 142: 111-116.

Yasuda, N.; Koguchi, Y.; Tsubomatsu, M.; Takagi, Kobayashi, I; Tsuruta, T. and Morishima,
H., Extremely high dose neutron dosimetry using CR+3® aomic force microscopy
Radiation Protection Dosimet(2006) 120: 470-474.

Yokoyama, K., Miyatake, S.l., Kajimoto, Y., KawahatS., Doi, A., Yoshida, T., Asano, T.,
Kirihata, M., Ono, K., Kuroiwa, T.,Pharmacokinetic study of BSH and BPA in
simultaneous use for BNCJournal of Neuro-Oncology (2006) 78: 227-232.

Young, D.A. Etching of radiation damage in lithium fluoridslature (1958) 182: 375-357.

Yu, K.N.; Ho, J.P.Y.; Nikezic, D.; Yip, C.W.Y Determination of the V function for CR-39 by
atomic force microscopeRecent advances in multidisciplinary applied pby$2005a)
29-34.

Yu, K.N.; Ng, F.M.F.; Nikezic, D.Measuring depths of sub-micron tracks in a CR-3t&eder
from replicas using atomic force microsco@adiation Measurements (2005b) 40: 380-
383.

Ziegler, J.F.; Biersack, J.P.; Littmark, Ohe Stopping and Ranges of lons in SolRkErgamon
Press, Oxford, 1985. SRIM 20Q&ttp://www.SRIM.org).

120



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

JIOJIATAK A)

PROGRAM NEUTRON_CR39

IMONTE KARLO SIMULACIJA INTERAKCIJE NEUTRONA IZ Am- Be IZVORA
ISA DETEKTOROM CR-39 KAO | SIMULACIJA NAGRIZANJA

IPROGRAM ZA RACUNANJE DEPONOVANE ENRGIJE SEKUNDARNIESTICA |
IEFIKASNOSTI DETEKTORA

IAUTORI B. MILENKOVIC, N. STEVANOVIC | D. NIKEZIC

COMMON/ETCHINGCONDITIONS/RL

COMMON/BROJNEUTRONA/NUMBERNEUTRON

COMMON/GEOMETRY/HEIGHTD, WIDTHD, TICKNESSD, RSOURCHSOURCE,
HDISTSOURCE

COMMON/SLBR/ISEED1, ISEED2

OPEN (7,FILE="INPUT.DAT")

READ(7,*) NUMBERNEUTRON IBROJ EMITOVANIH NEUTRONA
READ(7,*) HEIGHTD ISIRINA DETEKTORA U cm

READ(7,*) WIDTHD IDUZINA DETEKTORA U cm

READ(7,*) TICKNESSD IDEBLJINA DETEKTORA U cm
READ(7,*) RSOURCE IPOLUPRECNIK IZVORA U cm
READ(7,*) HSOURCE IVISINA IZVORA U cm

READ(7,*) HDISTSOURCE IRASTOJANJE DETEKTOR-IZVOR
READ(7,*) RL ISKINUT SLOJ U MIKROMETRIMA
CLOSE (7)

ISEED1=12345
ISEED2=54321

CALL NEUTRON(KK,AMASA,NULAZNEUTRON)
WRITE(*,*)'neutron’

Iprint*, kk, NULAZNEUTRON
Istop

Ikk=86768
INULAZNEUTRON=6618799

CALL TRACKFDMSAME(KK,TICKNESSD,NSAME,IPARTICLE,EDE®SAME, &
DEPOUKPROT, NLATENT)
WRITE(*,*)'same’

CALL TRACKFDMBACK(KK, TICKNESSD,NBACK,IPARTICLE,EDEROBACK)
WRITE(*,*)'opposite’

OPEN(9,FILE='RESULTS.DAT")
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IV_DETEKTOR=HEIGHT*WIDTH*TICKNESS
IAMASA_DETEKTOR=RO*V_DETEKTOR

IWRITE(9,*)'Edt=", 1.*(EDEPOSAME+EDEPOBACK)/(NSAME+ NBACK), '
keV/track'

IWRITE(9,*)'Nn=", 1.*(NSAME+NBACK)/NUMBERNEUTRON, ' track/n'

IWRITE(9,*)'Edtn=",
1.*(EDEPOSAME+EDEPOBACK)/(NSAME+NBACK)/NUMBERNEUTRO
keV/vis track/n'

IWRITE(*,*)'Same direction’, 1L.*NSAME/NUMBERNEUTRON

IWRITE(*,*)'Opposite direction’, 1.*NBACK/NUMBERNEU TRON
IWRITE(9,*)'Dvidtrag=', 1.*(EDEPOSAME+EDEPOBACK)/AM ASA, ' keV/g'
IWRITE(9,*)'Dukupno=", 1.%(1.6e-10)*DEPOUKPROT/AMAS A’ mGy'

WRITE(9,*) 'BROJ UPALIH NEUTRONA', NULAZNEUTRON
WRITE(9,*) 'BROJ LATENTNIH U SKINUTOM SLOJU', NLATE NT
WRITE(9,*) 'BROJ VIDLJIVIH TRAGOVA',NSAME+NBACK

Iprint*, ' EDEPOSAME',EDEPOSAME

Iprint*, ' EDEPOBACK',EDEPOBACK

Iprint*, NLATENT

print*, NSAME',NSAME
print*, NBACK',NBACK

close (9)
WRITE(*,*)'Program has been finished'

END PROGRAM
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SUBROUTI NE NEUTRON(KK,AMASA_DETEKTOR,NULAZNEUTRON)
IPODPROGRAM ZA INTERAKCIJU NEUTRONA [Z Am-Be [ZVORA SA DETEKTOROM

REAL LAMBDA
REAL MH, MC, MO
INTEGER ATOM

COMMON/DIMENSIONS/HEIGHT, WIDTH, TICKNESS

COMMON/BROJNEUTRONA/NUMBERNEUTRON

COMMON/GEOMETRY/HEIGHTD, WIDTHD, TICKNESSD, RSOURCHSOURCE,
HDISTSOURCE

ICOMMON/ETCHINGCONDITIONS/RL

COMMON/CLANOVICIN/ACIN(6,5000:20000)
COMMON/CLANOVIOEL/AOEL(6,1:20000)

COMMON/SLBR/ISEED1, ISEED2

| PODACI ZA EFIKASNE PRESEKE

DIMENSION SIGMAHE(11000), SIGMACE(11000),SIGMACN(1  1000),SIGMACA&
(11000),SIGMACP(11000),SIGMACT(11000),SIGMACTT(1100 0)

DIMENSION SIGMAOE(11000), SIGMAON(11000),SIGMAOA(L  1000),SIGMAOP&
(11000),SIGMAOT(11000),SIGMAOTT(11000)

DIMENSION SIGMATOTAL(11000),ZBIR_ATOM(11000)

DIMENSION SIGMACN1(11000), SIGMACN2(11000)

DIMENSION SIGMAON1(11000), SIGMAON2(11000), SIGMAO  N3(11000),&
SIGMAON4(11000), SIGMAONS5(11000)

DIMENSION P(54),PK(54),EN(54)

IEFIKASNI PRESEK VODONIKA
OPEN(11, FILE='SIGMAH.DAT)
DO I=1, 11000
READ(11,*)SIGMAHE(i)

END DO

CLOSE(11)

IEFIKASNI PRESEK UGLJENIKA

OPEN(13, FILE='SIGMAC.DAT)

DO 1=1,11000

READ(13,%)SIGMACE(l),SIGMACN(I), SIGMACA(I), SIGMACP( 1), SIGMACT(I)
END DO

CLOSE(13)

IEFIKASNI PRESEK KISEONIKA

OPEN(15, FILE='SIGMAO.DAT')

DO I=1,11000

READ(15,*)SIGMAOE(!), SIGMAON(I), SIGMAOA(I),SIGMAOP (1),SIGMAOT(1)
END DO

CLOSE(15)

IPODACI ZA ENERGIJU NEUTRONA 1Z Am-Be SPEKTRA
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SUMA=0.

OPEN(17, FILE='NEUTRON_ENERGY.DAT)
DO I=1,54

READ(17,)EN(I),P(l)

SUMA=SUMA+P(l)

PK(I)=SUMA

END DO

CLOSE(17)

IEFIKASNI PRESEK PRVA DVA POBUDJENA STANJA JEZGRA U GLJENIKA
OPEN(19, FILE='SIGMAC_CR_EXC.DAT')

DO I=1,11000

READ(19,*)SIGMACN1(I),SIGMACN2(l)

END DO

CLOSE(19)

IEFIKASNI PRESEK PRVIH PET POBUDJENIH STANJA JEZGRA  KISEONIKA

OPEN(21, FILE='SIGMAO_CR_EXC.DAT

DO 1=1,11000

READ(21,%)SIGMAONZ1(I),SIGMAON2(I),SIGMAON3(I),SIGMA ON4(l),&
SIGMAONS5(1)

END DO

CLOSE(21)

KK=0 IBROJ STVORENIH PROTONA

' ZBIR EFIKASNIH PRESEKA ZA ELAST | NEELAST PROCESE NA JEZGRU C
SIGMACTT=SIGMACE+SIGMACN+SIGMACA+SIGMACP
' ZBIR EFIKASNIH PRESEKA ZA ELAST | NEELAST PROCESE NA JEZGRU O
SIGMAOTT=SIGMAOE+SIGMAON+SIGMAOA+SIGMAOP

PI=4.*ATAN(L.)
HEIGHT=HEIGHTD

WIDTH=WIDTHD
TICKNESS=TICKNESSD

XD=HEIGHT/2.

YD=WIDTH/2.

RO=1.32 I GUSTINA DETEKTORA U g/cm3
WH=18./37. ' MASENI UDEO VODONIKA
MH=18.*1. I MOLARNA MASA VODONIKA U g/mol
WC=12./37. ' MASENI UDEO UGLJENIKA
MC=12.*12. ' MOLARNA MASA UGLJENIKA U g/mol
WO=7./37. I'MASENI UDEO KISEONIKA

MO=7.*16. ' MOLARNA MASA KISEONIKA U g/mol

ZBIR_ATOM=18.*SIGMAHE+12.*SIGMACT+7.*SIGMAOT

amw=18.*1.+12.*12.+7.*16.
SIGMATOTAL=(R0O*0.602/amw)*(18.*SIGMAHE+12 *SIGMACT+  7.*SIGMAOT)
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I SIGMATOTAL JE UKUPNI EFIKASNI PRESEK MOLEKULA C12 H1807 U cm-1

WRITE(*,*)PLEASE WAIT....."
WRITE(*,*)'SIMULATION OF NEUTRONS'

' ODAVDE POCINJE SIMULACIJA TJ EMITOVANJE JEDNOG NE UTRONA
NSIMU=NUMBERNEUTRON

NALFA_NAZAD=0
NALFA=0
NPROT_NAZAD=0
NPROT=0
PROT=0
NRASKIS=0
NINUGLJ=0
NINT=0

OPEN(30, FILE='"PROTONS_AMBE.DAT’)

OPEN(33, FILE='UGAO.DAT')

OPEN(225, FILE='PROTON_ENERGY.DAT')
OPEN(115, FILE='VISIBLE_PROTON_ENERGY.DAT')

UKDEPOENE=0.
DEPONEUTRON=0.
NULAZNEUTRON=0.
nprovera=0

DO I=1, NSIMU

IODABIR TACAKE 1Z KOJE SE EMITUJE NEUTRON IZ [ZVORA | PRAVCA
KRETANJA ZA KONTAKTNO OZRACIVANJE

ICOMMON/SLBR/ISEED1, ISEED2
CALL random_numberx(BR1)
CALL random_numberx(BR2)
CALL random_numberx(BR3)

RSL=RSOURCE*SQRT(BR1)
FISL=2.*PI*BR2

XSL=RSL*COS(FISL)
YSL=RSL*SIN(FISL)
ZSL=-HDISTSOURCE -HSOURCE*BR3 I zapreminska geom etrija

CALL random_numberx(UNI1)
FIS=2.*PI*UNI1

CALL random_numberx(UNI2)
TETAS=ACOS(2.*UNI2-1.)

PZ=COS(TETAS)
IF(PZ<0)cycle
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PX=SIN(TETAS)*COS(FIS)
PY=SIN(TETAS)*SIN(FIS)

T=-ZSL/PZ

X=PX*T+XSL
Y=PY*T+YSL

IF(X<-XD.OR.X>XD.OR.Y<-YD.OR.Y>YD)CYCLE

XDET=X ' KOORDINATE TACKE U KOJOJ JE NEUTRON USAO U DETEKTOR
YDET=Y

I ODABIR TACAKA KADA JE DETEKTOR NA RASTOJANJU
IICALL random_numberx(BR1)
IICALL random_numberx(BR2)
IICALL random_numberx(BR3)

IIRSL=RSOURCE*SQRT(BR1)
HFISL=2.*PI*BR2

IIXSL=RSL*COS(FISL)
1ZSL=-HDISTSOURCE+RSL*SIN(FISL)

NYSL=HSOURCE*(-0.5+BR3)
IICALL random_number(UNI1)
HFIS=2.*PI*UNI1

IICALL random_number(UNI2)
IHITETAS=ACOS(2.*UNI2-1.)
IIPZ=COS(TETAS)
IHPX=SIN(TETAS)*COS(FIS)
HPY=SIN(TETAS)*SIN(FIS)
HIF(PZ<0)CYCLE

I T=-ZSL/IPZ

IIX=PX*T+XSL
NY=PY*T+YSL

IMF(X<-XD.OR.X>XD.OR.Y<-YD.OR.Y>YD)CYCLE
I XDET=X
NYDET=Y

IODABIR ENERGIJE NEUTRONA
CALL random_numberx(GAMA)
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11=2
DO
IF(PK(I)>=GAMA)THEN
ENX=EN(II-1)+(gama-PK(II-1))*(EN(II)-EN(1I-1))/ (PK(I1)-PK&
(11-1))
EXIT
END IF
lI=11+1
END DO

IENX=4.5 'OVO JE ZA MONOENERGETSKE NEUTRONE
ENX=1000.*ENX
ENXO=ENX

NULAZNEUTRON=NULAZNEUTRON+1 !IBROJI NEUTRONE UPALEDETEKTOR

IF(ENX<10)FAK=5. IRADIJACIONI TEZINSKI FAKTORI
IF(ENX>=10.AND.ENX<100)FAK=10.
IF(ENX>=100.AND.ENX<2000)FAK=20.

IF(ENX>=2000.)FAK=10.

X=XDET
Y=YDET
Z=0.

kkk=0
11 CONTINUE

IF(ENX<1.)THEN

DEPONEUTRON=DEPONEUTRON+fak*(enx0-
enx)*((SIGMATOTAL(INT(ENX0)))/RO) ! U (keV/g)*cm2

NREAKCNEUTRON=NREAKCNEUTRON+1

CYCLE

END IF

CALL random_numberx(U1)

LAMBDA=-LOG(1.-U1)/(SIGMATOTAL(INT(ENX)))
| LAMBDA JE SREDNJI SLOBODNI PUT NEUTRONA
I KOORDIANTE TACKE U KOJOJ DOLAZI DO SUDARA NEUTRONA SA METOM

X=X+LAMBDA*PX
Y=Y+LAMBDA*PY
Z=7+LAMBDA*PZ

IISPITIVANJE DA LI JE META U EFEKTIVNOJ ZAPREMINI D ETEKTORA

IF(X<-XD.OR.X>XD.OR.Y<-YD.OR.Y>YD.OR.Z<0.OR.Z>TICKN  ESS)THEN

DEPONEUTRON=DEPONEUTRON+fak*(enx0-enx)*((SIGMATOTAL(INT(ENXO0)))&
IRO)

if(enx0>enx)NREAKCNEUTRON=NREAKCNEUTRON+1

CYCLE
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END IF
nprovera=nprovera+1
IODABIR ATOMA SA KOJIM NEUTRON INTERAGUJE

CALL random_numberx(TIP)

IF(TIP<18.*SIGMAHE(INT(ENX))/ZBIR_ATOM(INT(ENX)))TH EN

ATOM=1

PROT=PROT+1

END IF

IF((18.*SIGMAHE(INT(ENX))/ZBIR_ATOM(INT(ENX)))<=TIP AND.TIP<(18.*&

SIGMAHE(INT(ENX))+12.*SIGMACT(INT(ENX)))/ZBIR_ATOM( INT&
(ENX)))ATOM=2

IF(TIP>=(18.*SIGMAHE(INT(ENX))+12.*SIGMACT(INT(ENX) ))/ZBIR_ATOM&
(INT(ENX)))ATOM=3

CALL random_numberx(U2)
IODREDJIVANJE TIPA INTERAKCIJE NEUTRONA SA ODABRANI M ATOMOM
SELECT CASE (ATOM)

CASE (1)
INDRAS=1

CASE (2)

INDRAS=0
IF(U2<(SIGMACE(INT(ENX))/SIGMACTT(INT(ENX)))) THEN
INDRAS=1

END IF

CASE (3)

INDRAS=0
IF(U2<(SIGMAOE(INT(ENX))/SIGMAOTT(INT(ENX)))) THEN
INDRAS=1

END IF

END SELECT

IF(INDRAS==1) THEN
nint=nint+1

IF(ATOM==1) THEN

AMASAMETE=1.

CALL ELASRAS(ENX,AMASAMETE,ENERASNEUT,PSI,EA,T)

| ELAST RASEJANJE NA VODONIKU
ENE_PROTON_RECOIL=ENX-ENERASNEUT
NPROT=NPROT+1

ITRANSFORM. PRAVCA RASEJANJA PROTONA U KOORD SISTEWMET
CALL ANGLE(TETAS,FIS, T, TETASN, FISN)

128



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

CALL DEPO_ENERGY(1.,X,Y,Z, ENE_PROTON_RECOIL, TETA SN,
ENEDEPO, ZSTART, ZSTOP)
ENERGIJA_DEPO=ENERGIJA_DEPO+ENEDEPO

WRITE(30,303)TETASN*180./PI,ZSTART,ZSTOP,&
ENE_PROTON_RECOIL& ENEDEPO

KK=KK+1

WRITE(33,*) TETASN*180./PI
IF(ENE_PROTON_RECOIL<200.)THEN
WRITE(225,)ENE_PROTON_RECOIL
END IF

END IF

IF(ATOM==2) THEN
AMASAMETE=12.
| ELAST RASEJANJE NA UGLJENIKU
CALL ELASRAS(ENX,AMASAMETE,ENERASNEUT,PSI,EA,T)
END IF

IF(ATOM==3) THEN

NRASKIS=NRASKIS+1

AMASAMETE=186.

| ELAST RASEJANJE NA KISEONIKU

CALL ELASRAS(ENX,AMASAMETE,ENERASNEUT,PSI,EA,T)
END IF

IAKO SE NEUTRON RASEJAO POD UGLOM PSI U ODNOSU NA UPADNI PRAVAC
ITREBA TRANSFORMISATI PRAVAC RASEJANJA NEUTRONA U RRAVAC KOORD
ISISTEMA DETEKTORA

CALL ANGLE(TETAS,FIS, PSI,TETASN, FISN)

END IF

FIS=FISN
TETAS=TETASN

PX=SIN(TETAS)*COS(FIS)
PY=SIN(TETAS)*SIN(FIS)
PZ=COS(FIS)

ENX=ENERASNEUT
GOTO 11

IF(INDRAS==0) THEN

CALL random_numberx(U2)

IUZORKOVANJE NEELAST RASEJANJA NA ATOMU UGLJENIKA
IF(ATOM==2) THEN
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ZBIR=SIGMACN(INT(ENX))+SIGMACA(INT(ENX))+SIGMACP(I NT(ENX))
INEELAST.RAS. KOJE REZULTUJE U POBUDJENJU JEZG RA UGLJENIKA
IF(U2<(SIGMACN(INT(ENX))/ZBIR))THEN
NINT=NINT+1
NINUGLJ=NINUGLJ+1
CALL random_numberx(U3)
SIGMACNN=SIGMACNZ1(INT(ENX))+SIGMACN2(INT(EN X))
IF(U3<(SIGMACNL(INT(ENX))/SIGMACNN))THEN
ENX=ENX-4439
goto 131
END IF
IF(U3>=(SIGMACNZ1(INT(ENX))/SIGMACNN))THEN
ENX=ENX-7654
goto 131
END IF
131 continue
CALL random_numberx(U3PN)
TETAN=ACOS(2.*U3PN-1.)

ITRANSFORM. PRAVCA RASEJANJA NEUTRONA U PRAVAC KOGRSISTEMA DET
CALL ANGLE(TETAS,FIS, TETAN,TETASN, FISN)

FIS=FISN
TETAS=TETASN

PX=SIN(TETAS)*COS(FIS)
PY=SIN(TETAS)*SIN(FIS)
PZ=COS(FIS)
GOTO 11
END IF
I (N, ALFA) REAKCIJA NA UGLJENIKU

IF((SIGMACN(INT(ENX))/ZBIR)<=U2.AND.U2<(SIGMACN(INT (ENX))&
+SIGMACA(INT(ENX)))/ZBIR)THEN

NINT=NINT+1
IF(ENX<5701)CYCLE

ENX=ENX-5701
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CALL NEELASRAS(ENX,4.,9.,.ENECES,PSIC,EJEZGRA,TJ)
NALFA=NALFA+1
ITRANSFORMACIJA PRAVCA RASEJANJA ALFA CESTICE U PRAVAC
IKOORD SISTEMA DETEKTORA
CALL ANGLE(TETAS,FIS, PSIC,TETASN, FISN)

IF(TETASN>PI1/2.) NALFA_NAZAD=NALFA_NAZAD+1

CALL DEPO_ENERGY(4.,X,Y,Z, ENECES, TETASN, ENEDEP O,
ZSTART, ZSTOP)

ENERGIJA_DEPO_ALFA=ENERGIJA_DEPO_ALFA+ENEDEPO
END IF
END IF
IUZORKOVANJE NEELAST RASEJANJA NA ATOMU KISEONIKA

IF(ATOM==3) THEN
ZBIR=SIGMAON(INT(ENX))+SIGMAOA(INT(ENX))+SIGMAO  P(INT(ENX))

INEELAST. RAS. KOJE REZULTUJE U POBUDJENJU JEZGRA
KISEONIKA

IF(U2<(SIGMAON(INT(ENX))/ZBIR)) THEN
NINT=NINT+1

CALL random_numberx(U4)
SIGMAONN=SIGMAONZ1(INT(ENX))+SIGMAON2(INT(ENX ))+SIGMAON3&
(INT(ENX))+SIGMAON4(INT(ENX))+SIGMAON5(INT(ENX))

IF(U4<(SIGMAONZ1(INT(ENX))/SIGMAONN))THEN
ENX=ENX-6049

goto 132

END IF

IF((SIGMAONL(INT(ENX))/SIGMAONN)<=U4.AND.U4<((SIGM AONIL(INT
& (ENX))+SIGMAON2(INT(ENX)))/SIGMAONN))THEN

ENX=ENX-6917

goto 132

END IF

IF(((SIGMAONZL(INT(ENX))+SIGMAON2(INT(ENX)))/SIGMA ONN)&
<= U4.AND.U4<((SIGMAONZ1(INT(ENX))+SIGMAON2(INT(ENX) )&
+SIGMAONS3(INT(ENX)))/SIGMAONN))THEN
ENX=ENX-8872
goto 132
END IF

IF(((SIGMAONL(INT(ENX))+SIGMAON2(INT(ENX))+SIGMAON  3(INT(ENX)))&
ISIGMAONN)<=U4.AND.U4<((SIGMAON1(INT(ENX))+SIGMAON2 (INT(&
ENX))+SIGMAON3(INT(ENX))SIGMAON4(INT(ENX)))/SIGMAON  N))THEN
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ENX=ENX-9585
goto 132
END IF
IF(U4>=((SIGMAONZL1(INT(ENX))+SIGMAON2(INT(ENX))+SIGM AON3(&
INT(ENX))+SIGMAON4(INT(ENX)))/SIGMAONN))THEN
ENX=ENX-10360
goto 132
END IF

132 continue
CALL random_numberx(U3PN)

TETAN=ACOS(2.*U3PN-1.)

ITRANSFORM. PRAVCA RASEJANJA NEUTRONA U PRAVAC KOGRSISTEMA DET
CALL ANGLE(TETAS,FIS, TETAN,TETASN, FISN)

FIS=FISN
TETAS=TETASN

PX=SIN(TETAS)*COS(FIS)
PY=SIN(TETAS)*SIN(FIS)
PZ=COS(FIS)
GOTO 11
END IF
I (N,ALFA) REAKCIJA NA KISEONIKU

IF((SIGMAON(INT(ENX))/ZBIR)<=U2.AND.U2<(SIGMAON(INT (ENX))
& +SIGMAOA(INT(ENX)))/ZBIR)THEN

NINT=NINT+1
IF(ENX<2216)CYCLE
ENX=ENX-2216

CALL NEELASRAS(ENX,4.,13..ENECES,PSIC,EJEZGRA,TJ)
NALFA=NALFA+1

CALL ANGLE(TETAS,FIS, PSIC,TETASN, FISN)
IF(TETASN>PI1/2.) NALFA_NAZAD=NALFA_NAZAD+1
CALL DEPO_ENERGY(4.,X,Y,Z, ENECES, TETASN, ENEDE PO,
& ZSTART, ZSTOP)
ENERGIJA_DEPO_ALFA=ENERGIJA_DEPO_ALFA+ENEDEPO
END IF

I(N,P) NUKLEARNA REAKCIJA NA KISEONIKU
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IF(U2>=(SIGMAON(INT(ENX))+SIGMAOA(INT(ENX)))/ZBI R)THEN
NINT=NINT+1

IF(ENX<9638)CYCLE
ENX=ENX-9638

CALL NEELASRAS(ENX,1.,16.,ENECES,PSIC,EJEZGRA,TJ)

ITRANSFORM. PRAVCA RASEJANJA PROTONA U PRAVAC KOORBIST
IDETEKTORA

CALL ANGLE(TETAS,FIS, PSIC, TETASN, FISN)

CALL DEPO_ENERGY(1.,X,Y,Z, ENECES, TETASN, ENEDEP 0,&
ZSTART, ZSTOP)
ENERGIJA_DEPO=ENERGIJA_DEPO+ENEDEPO

WRITE(30,303) TETASN*180./PI,ZSTART,ZSTOP,&
ENE_PROTON_RECOIL,ENEDEPO
WRITE(33,) TETASN*180./PI
IF(ENE_PROTON_RECOIL<200.)THEN
WRITE(225,*)ENE_PROTON_RECOIL

END IF
KK=KK+1
END IF
END IF
END IF
END DO

print*, nprovera

write(*,*)'DEPONEUTRON kev/g*s',DEPONEUTRON,
NULAZNEUTRON,NREAKCNEUTRON

WRITE(*,*)’'NALFA, NPROT',NALFA, NPROT

V_DETEKTOR=HEIGHT*WIDTH*TICKNESS
AMASA_DETEKTOR=RO*V_DETEKTOR

303 FORMAT (5(F11.4," "))
CLOSE(30)

CLOSE(33)

CLOSE(225)

END SUBROUTINE
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SUBROUTI NE TRACKFDVSAME(NVIDLJIV,ICESTICA,DEPO,EDEPOUK)
IPODPROGRAM ZA RACUNANJE PROFILA TRAGOVA NAGRIZANIH DIREKTNOM
ISMERU

limplicit real(8) (a-h,0-z)

real, ALLOCATABLE :: IKSN(:),IPSILONN(:)
real, ALLOCATABLE :: IKSREZ(:),|IPSILONREZ(:)
Ireal, ALLOCATABLE :: XKOORDD(:),YKOORDD(;),XKOORDG  (:),YKOORDG(:)

COMMON/PARAM/VB,R
COMMON/VFJA/INDIKATOR_FJE
COMMON/PRATETA/TETA,H
COMMON/ETCHINGCONDITIONS/SKINUTO

OPEN(10,FILE='"PROTONS_AmBe.DAT")
IOPEN(30,FILE="Sloj_osetljivost. TXT")

PI=4.*ATAN(L.)

IPRINT*, 'MOLIMO VAS ODABERITE UGAO POD KOJIM UPADA CESTICA (u
step)’
IREAD*, TETA

IPRINT*, 'KOLIKO IZNOSI SKINUT SLOJ NAKON NAGRIZANJ A(u
mikronima)'

IREAD*, H

DX=0.01

VB=1.2

| *kkkkhkkkhkkkhkhkkkhkx

IODABIR V FUNKCIJE POMOCU INDIKATORA FUNKCIJE, INDI KATOR_FJE
IINDIKATOR_FJE=1,CR-39

IPRINT*, 'MOLIMO VAS ODABERITE FUNKCIJU NAGRIZANJA'
IPRINT*, '1 - CR39'
IPRINT*, '2 - PROTON IN CR39'

IREAD*, INDIKATOR_FJE
INDIKATOR_FJE=2
Iprint*, " '

Iprint*, 'PLEASE, WAIT...'
IF(INDIKATOR_FJE==1.0OR.INDIKATOR_FJE==2)THEN
GOTO 22

ELSE

IPRINT*, 'ZAO MI JE, UNELI STE POGRESAN BROJ'
ISTOP
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END IF
22 CONTINUE

Iskinuto=6. ISKINUT SLOJ U mirkonima
SKINUT_SLOJ=SKINUTO

ICESTICA=0
NVIDLJIV=0
DEPO=0
EDEPOUK=0

DO
READ(10,*,ERR=200) TETAAA,ZSTART,ZSTOP, ENERGIJA,ED EPO

IF(TETAAA<90.)THEN
Z1=ZSTART
Z2=7ZSTOP
TETAA=90.-TETAAA

ELSE

Z1=500.-ZSTART
Z2=500.-ZSTOP
TETAA=TETAAA-90.
END IF

ICESTICA=ICESTICA+1
EDEPOUK=EDEPOUK+EDEPO

ENER=0.001*ENERGIJA

I za proton

IF(ener<1.)then

R =10.99*ener - 6.45*ener**2 + 30.3*ener**3-15.42* ener**4

ELSE

R=-1.0932519 + 10.890959*ener + 9.9268459*ener**2 - &
0.20133432*ener**3+0.0052549999*ener**4

END IF

I ZA ALFA CESTICU
lIF(ener<1.)then

IR =0.087917525 + 8.9638804*ecner-15.726437*ener**2 +&
18.675332*ener**3-7.7656136*ener**4

lelse

IR=1.2601953 + 2.3943746*ener + 0.60535011*ener**2 +&
0.0059736948*ener**3-0.00055202445*ener**4

lend if

TETA=TETAA*PI/180.
IF(TETA==PI/2.)TETA=0.999*P1/2.
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D=22
H=SKINUT_SLOJ-Z1
TNAGRIZANJA=H/VB
PRINT*, ICESTICA

IF(SKINUT_SLOJ<=Z1)CYCLE
if(h<=0.)cycle

VS=V(R)
IF(VS*SIN(TETA)<=1.)THEN
hc=0.
lodrediti hc, dubinu gde trag pocinje
DO XX=0.,R,DX
IF(V(R-XX)*SIN(TETA)>1.)THEN
HC=XX*SIN(TETA)
EXIT
END IF
END DO

IF(HC==0.0r.hc>=H)cycle
END IF

IRACUNA VREME NAGRIZANJA DO DOMETA, TDOMET
CALL VINTEGRALSAME(R,0.,TDOMET)

IPRINT*, 'VREME NAGRIZANJA DO DOMETA', TDOMET
SLOJ=H*1.V(R)
IPRINT*, 'DONJA GRANICA ZA X OSU JE ',SLOJ
IUSLOV DA LI JE TRAG PRENAGRIZEN ILI NE
IF(TDOMET>=TNAGRIZANJA) THEN INEPRENAGRIZEN TRAG
IPRINT*, "

Iprint*, 'NEPREGRIZEN TRAG'

IPRINT*, "
IRACUNA DUZINU DOKLE JE STIGAO RASTVOR, DUZINA=AL

DO AL=R,0., -DX

CALL VINTEGRALSAME(AL,0., TGRIZI)

IF(TGRIZI<=TNAGRIZANJA)EXIT
END DO

DUZINA=AL

136



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

IPRINT*, 'DUZINA NEPRENAGRIZENOG TRAGA', DUZINA

NDIMN=(DUZINA-SLOJ)/DX+1
NDIMREZ=NDIMN

ALLOCATE(IKSREZ(NDIMN),IPSILONREZ(NDIMN))
ALLOCATE(IKSN(NDIMN),IPSILONN(NDIMN))

IRACUNANJE KOORDINATA TACAKA NA ZIDU TRAGA

B=0. 'POCETNA VREDNOST, ODGOVARA USLOVU Y(DUZIN A)=0.
=0

DO X=DUZINA, SLOJ, -DX
IMENJA SE X OD DUZINE DO SKINUTOG SLOJA SA KORAKOM DX

=1+1
CALL WALLSAME(B,R,X,DX,RESENJE)

IKSN(I)=X
IPSILONN(I)=B
B=RESENJE

END DO

IKSREZ=IKSN
IPSILONREZ=IPSILONN

ELSE ITRAG JE PRENAGRIZEN

IPRINT, "
Iprint*, 'PRENAGRIZEN TRAG'
IPRINT, "

DODAT=VB*(TNAGRIZANJA-TDOMET)
IPRINT*, '/RASTOJANJE KOJE PREDJE RASTVOR POSLE DOME TA', DODAT

IRACUNANJE KOORDINATA TACAKA NA ZIDU PRENAGRIZENOG RAGA

B=0. 'POCETNA VREDNOST, ODGOVARA USLOVU Y(DUZIN A)=0.
=0

NDIMN=INT((0.9*R-SLOJ)/DX)+1
NDIMREZ=NDIMN+500-1

IDO XX=0.999*R, SLOJ, -DX
IPRINT*, XX
ITETAG=ASIN(1.DO/V(R-XX))

IIF(TETA.LT.TETAG) THEN

IPRINT*, ' TRAG SE NE MOZE FORMIRATI POD OVIM USLO VIMA'
ISTOP

IEND IF
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'END DO

ALLOCATE(IKSN(NDIMN),IPSILONN(NDIMN))
ALLOCATE(IKSREZ(NDIMREZ),IPSILONREZ(NDIMREZ))

DO X=0.9*R, SLOJ, -DX
IMENJA SE X OD DUZINE DO SKINUTOG SLOJA SA KORAKOM DX

=1+1
CALL WALLSAME(B,R,X,DX,RESENJE)

UGAO=ASIN(1.D0/V(R-X-B*(B-RESENJE)/DX))
IKSN(1)=X+DODAT*SIN(UGAO)
IPSILONN(1)=B+DODAT*COS(UGAO)

B=RESENJE
END DO
DX_DODAT=(R+DODAT-IKSN(2))/500.

DO K=1,NDIMREZ
IF(K<=500)THEN
IKSREZ(K)=(R+DODAT)-(K-1)*DX_DODAT

IF(K==1)THEN
IPSILONREZ(K)=O0.
CYCLE

END IF

podkoren=DODAT**2-(IKSREZ(K)-R)**2
if(podkoren<=0.)podkoren=0.

IPSILONREZ(K)=SQRT(podkoren)
ELSE

IKSREZ(K)=IKSN(K-499)
IPSILONREZ(K)=IPSILONN(K-499)
END IF

END DO

END IF

I DEO PROGRAMA ZA PRESEK PRAVE SA "ZIDOM TRAGA"

| kkkkhkkkhkkkhkhkkhkkkhkhkkkhkhkhkkkhkkkkhkkkhkkkhkhkkkhkkkhkx

RAZ1=1.E+20
RAZ2=1.E+20

IDONJE=1
IGORNJE=1

IF(PRAVASAME(IKSREZ(1))<=0.)THEN
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ITADA PRAVASAME SECE | GORNJU | DONJU LINIJU TRAGA
INDZIDA=1

DO L=1,NDIMREZ-1
IF(IPSILONREZ(L)<=PRAVASAME(IKSREZ(L)))EXIT
IGORNJE=L
END DO

DO L=1,NDIMREZ-1
IF(IPSILONREZ(L)<=-PRAVASAME(IKSREZ(L)))EXIT

IDONJE=L

END DO

ELSE IPRAVASAME SECE SAMO GORNJU LINIJU TRAGA

INDZIDA=0
DO L=1,NDIMREZ -1
IF(IPSILONREZ(L)>=PRAVASAME(IKSREZ(L)))EXIT
IDONJE=L
END DO

IBROJ=IDONJE+1
IGORNJE=IBROJ

DO L=IBROJ, NDIMREZ -1
IF(IPSILONREZ(L)<=PRAVASAME(IKSREZ(L)))EXIT

IGORNJE=L
END DO
END IF
! *kkkkkkkkkkkkkkkkhhkkkkkhkkkkkhkhhhkkhkkhhkkkhkkhhhkkkhkkkkhkx
Isada treba racunati veliku osu i rotirati koordina te traga

IF(INDZIDA==1)THEN
VELIKA_OSA=SQRT((IPSILONREZ(IGORNJE)+IPSILONREZ(I  DONJE))&
**2+(IKSREZ(IGORNJE)-IKSREZ(IDONJE))**2)
ELSE

IF(IGORNJE>=(NDIMREZ-1)) GOTO 111

VELIKA_OSA=SQRT((IPSILONREZ(IGORNJE)-IPSILONREZ(ID ONJE))&
**2+(IKSREZ(IGORNJE)-IKSREZ(IDONJE))**2)

END IF

IF(VELIKA_OSA>=1.)THEN ITADA JE TRAG VIDLJIV

NVIDLJIV=NVIDLJIIV+1

DEPO=DEPO+EDEPO

END IF

111 CONTINUE

DEALLOCATE (IKSN,IPSILONN)
DEALLOCATE (IKSREZ,IPSILONREZ)
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IDEALLOCATE (XKOORDD,YKOORDD,XKOORDG,YKOORDG)

END DO

200 CONTINUE

IWRITE(30,*)SKINUTO, 1.*NVIDLJIV/ICESTICA,DEPO/EDEP OUK
CLOSE(10)

END SUBROUTINE

FUNCTI ON' PRAVASANE(X)

limplicit real(8) (a-h,0-2)

COMMON/PRATETA/TETAH

PRAVASAME=-TAN(TETA)*X+H/COS(TETA)
END FUNCTION
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SUBROUTI NE TRACKFDIVBACK(NVIDLJIV,ICESTICA,EDEPENER)
IPODPROGRAM ZA RACUNANJE PROFILA TRAGOVA NAGRIZANIB SUPROTNOM
ISMERU

limplicit real(8) (a-h,0-z)

real, ALLOCATABLE :: IKSN(:),IPSILONN(:)
real, ALLOCATABLE :: IKSREZ(:),|IPSILONREZ(:)
llreal, ALLOCATABLE :: XKOORDD(:),YKOORDD(:),XKOORD G(:),YKOORDG()

REAL LSTART

COMMON/PARAM/VB,R
COMMON/VFJA/INDIKATOR_FJE
COMMON/PRATETA/TETA,H,LSTART
COMMON/ETCHINGCONDITIONS/SKINUTO

OPEN(10,FILE='PROTONS_AmBe.DAT)
PI=4.*ATAN(L.)

IPRINT*, 'MOLIMO VAS ODABERITE UGAO POD KOJIM UPADA CESTICA (u
step)'
IREAD*, TETA

IPRINT*, 'KOLIKO IZNOSI SKINUT SLOJ NAKON NAGRIZANJ A(u
mikronima)'

IREAD*, H

DX=0.01

VB=1.2

ITNAGRIZANJA=2.

| *kkkkhkkkhkkkhkhkkkhkx

IODABIR V FUNKCIJE POMOCU INDIKATORA FUNKCHJE, INDI  KATOR_FJE
IINDIKATOR_FJE=1,CR-39

IPRINT*, 'MOLIMO VAS ODABERITE FUNKCIJU NAGRIZANJA'
IPRINT*, '1 - CR39'
IPRINT*, '2 - PROTON IN CR39

IREAD*, INDIKATOR_FJE
INDIKATOR_FJE=2

Iprint*, '

Iprint*, 'PLEASE, WAIT...'
IF(INDIKATOR_FJE==1.0R.INDIKATOR_FJE==2)THEN
GOTO 22

ELSE

IPRINT*, 'ZAO MI JE, UNELI STE POGRESAN BROJ'

141



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

STOP
END IF

22 CONTINUE

IPRINT*, 'AKO JE NAGRIZANJE FROM TOP PRITISNI 1
IPRINT*, 'AKO JE NAGRIZANJE FROM BOTTOM PRITISNI 2

IREAD*, NSTRANA
INSTRANA=1

lif(nstrana==1)OPEN(10,FILE="Prot u suprot z ose.tx 9]
lif(nstrana==2)OPEN(10,FILE="Prot u smeru z ose.txt '

IDO SKINUTO=2., 20., 2.
I SKINUTO=6.

IPRINT*, 'SKINUTO',SKINUTO

Iskinuto=10. ISKINUT SLOJ U mirkonima
SKINUT_SLOJ=SKINUTO

ICESTICA=0
NVIDLJIV=0
EDEPUK=0
EDEPOENER=0

DO
READ(10,*,ERR=201) TETAAA,ZSTART,ZSTOP, ENERGIJA.ED EPO

IF(TETAAA>90.)THEN !Ako je nagrizanje from top
Z2=7ZSTART

Z1=7STOP

TETAA=TETAAA-90.

ELSE

Z1=500.-ZSTOP

Z2=500.-ZSTART

TETAA=90.-TETAAA

END IF

ICESTICA=ICESTICA+1

EDEPUK=EDEPUK+EDEPO

ENER=0.001*ENERGIJA

I 'za proton

IF(ener<1.)then

R =0.15528012 + 7.9452317*ener+4.1353536*ener**2+15 .640939&

*ener**3 -9.1179753*ener**4
ELSE
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R=-1.0932519 + 10.890959*ener + 9.9268459*ener**2-0 .20133432&
*ener**3+0.0052549999*ener**4
END IF

| za alfa cesticu
lIF(ener<1.)then

IR =0.087917525 + 8.9638804*ener-15.726437*ener**2 +
18.675332*ener**3-7.7656136*ener**4

lelse

IR=1.2601953 + 2.3943746*ener + 0.60535011*ener**2
+0.0059736948*ener**3-0.00055202445*ener**4

lend if

TETA=TETAA*PI/180.
IF(TETA==PI/2.)TETA=0.999*P1/2.

D=22 ITACKA NASTANKA CESTICE

IF(R*SIN(TETA)<=D)THEN
LSTART=0.
H=SKINUT_SLOJ-(D-R*SIN(TETA))
TNAGRIZANJA=H/VB

ELSE

H=SKINUT_SLOJ
LSTART=R-D/sin(teta)
TNAGRIZANJA=H/VB
END IF

PRINT*, ICESTICA
if(h<=0.)cycle
VS=V(LSTART)
IF(VS*SIN(TETA)<=1.)THEN
hc=0.
lodrediti hc, dubinu gde trag pocinje
DO XX=lstart,R,DX
IF(V(XX)*SIN(TETA)>1.)THEN
HC=XX*SIN(TETA)
EXIT
END IF
END DO
IF(HC==0.0r.hc>=H)cycle
END IF

NPREG=0
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IRACUNA VREME NAGRIZANJA DO DOMETA, TDOMET
CALL VINTEGRAL(R,LSTART,TDOMET)

IF(TDOMET>=TNAGRIZANJA) THEN !NE PRENAGRIZEN TRAG
IRACUNA DUZINU DOKLE JE STIGAO RASTVOR, DUZINA=AL
DO AL=0.99*R,0., -DX
CALL VINTEGRAL(AL,LSTART,TGRIZI)
IF(TGRIZI<=TNAGRIZANJA)EXIT
END DO
AL=AL+DX
SLOJ=LSTART+VB*TDOMET

NDIMN=(AL-SLOJ)/DX+1
NDIMREZ=NDIMN

ALLOCATE(IKSREZ(NDIMN),IPSILONREZ(NDIMN))
ALLOCATE(IKSN(NDIMN),IPSILONN(NDIMN))

IRACUNANJE KOORDINATA TACAKA NA ZIDU TRAGA

B=0. 'POCETNA VREDNOST, ODGOVARA USLOVU Y(DUZIN A)=0.
=0

DO X=AL, SLOJ, -DX
IMENJA SE X OD DUZINE DO SKINUTOG SLOJA SA KORAKOM DX

=1+1
CALL RACUNANJE_ZIDA(B,R,X,DX,RESENJE)

IKSN(1)=X
IPSILONN(I)=B

B=RESENJE
END DO

IKSREZ=IKSN
IPSILONREZ=IPSILONN

ELSE ITRAG JE PRENAGRIZEN
NPREG=1

HPRINT*, ™

Hprint*, 'PRENAGRIZEN TRAG'

HPRINT*, ™

DODAT=VB*(TNAGRIZANJA-TDOMET)

IPRINT*, 'RASTOJANJE KOJE PREDJE RASTVOR POSLE DOME TA', DODAT
IRACUNANJE KOORDINATA TACAKA NA ZIDU PRENAGRIZENOG RAGA
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B=0. 'POCETNA VREDNOST, ODGOVARA USLOVU Y(DUZIN A)=0.
=0

SLOJ=LSTART+VB*TDOMET

NDIMN=INT((0.99*R-SLOJ)/DX)+1
NDIMREZ=NDIMN+500-1

ALLOCATE(IKSN(NDIMN),IPSILONN(NDIMN))
ALLOCATE(IKSREZ(NDIMREZ),IPSILONREZ(NDIMREZ))

DO X=0.99*R, SLOJ, -DX
IMENJA SE X OD DUZINE DO SKINUTOG SLOJA SA KORAKOM DX
=1+1

CALL RACUNANJE_ZIDA(B,R,X,DX,RESENJE)
UGAO=ASIN(1.D0/V(X+B*(B-RESENJE)/DX))

IKSN(1)=X+DODAT*SIN(UGAO)
IPSILONN(I)=B+DODAT*COS(UGAO)

B=RESENJE
END DO
DX_DODAT=(R+DODAT-IKSN(2))/500.

DO K=1,NDIMREZ
IF(K<=500)THEN
IKSREZ(K)=(R+DODAT)-(K-1)*DX_DODAT

IF(K==1)THEN

IPSILONREZ(K)=0.

CYCLE

END IF

podkoren= DODAT**2-(IKSREZ(K)-R)**2
if(podkoren<=0.)podkoren=0.

IPSILONREZ(K)=SQRT(podkoren)
ELSE

IKSREZ(K)=IKSN(K-499)
IPSILONREZ(K)=IPSILONN(K-499)
END IF

END DO

END IF
IDEO PROGRAMA ZA PRESEK PRAVE SA "ZIDOM TRAGA"

| *kkkkhkkkhkkkhkhkkhkkkhkhkkhkhkkkhkkkhkhkkkhkhkkkhkkkhkhkkkhkkkhkx

RAZ1=1.E+20
RAZ2=1.E+20
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igornje=1
idonje=1

IF(PRAVABACK(IKSREZ(1))<=0.)THEN
ITADA PRAVABACK SECE | GORNJU | DONJU LINIJU TRAGA
INDZIDA=1

DO L=1,NDIMREZ-1
IF(IPSILONREZ(L)<=PRAVABACK(IKSREZ(L)))EXIT

IGORNJE=L

END DO

DO L=1,NDIMREZ-1
IF(-IPSILONREZ(L)<=PRAVABACK(IKSREZ(L)))EXIT

IDONJE=L

END DO

ELSE IPRAVABACK SECE SAMO GORNJU LINIJU TRAGA

INDZIDA=0
DO L=1,NDIMREZ -1
IF(IPSILONREZ(L)>=PRAVABACK(IKSREZ(L)))EXIT
IDONJE=L
END DO

IBROJ=IDONJE+1
IGORNJE=IBROJ

DO L=IBROJ, NDIMREZ -1
IF(IPSILONREZ(L)<=PRAVABACK(IKSREZ(L)))EXIT

IGORNJE=L
END DO
END IF
! kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkhkkkkkkkkkkkkkkk
Isada treba racunati veliku osu i rotirati koordina te traga

IF(INDZIDA==1)THEN

VELIKA_OSA=SQRT((IPSILONREZ(IGORNJE)+IPSILONREZ(IDO NJE))**
2&+(IKSREZ(IGORNJE)-IKSREZ(IDONJE))**2)

ELSE

IF(IGORNJE>=(NDIMREZ-1)) GOTO 112

VELIKA_OSA=SQRT((IPSILONREZ(IGORNJE)-IPSILONREZ(I  DONJE))**2&
+(IKSREZ(IGORNJE)-IKSREZ(IDONJE))**2)

END IF

IF(VELIKA_OSA>=1.)THEN ITADA JE TRAG VIDLJIV

NVIDLJIV=NVIDLJIV+1
EDEPENER=EDEPENER+EDEPO
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END IF

112 CONTINUE

DEALLOCATE (IKSN,IPSILONN)

DEALLOCATE (IKSREZ,IPSILONREZ)
IIDEALLOCATE (XKOORDD,YKOORDD,XKOORDG,YKOORDG)
END DO ! ZA UCITAVANJE I1Z FAJLE 'PODACIL.TXT'
201 CONTINUE

IWRITE(*,*) SKINUT_SLOJ, 1.*NVIDLJIV/ICESTICA
CLOSE(10)

END SUBROUTINE

FUNCTI ON PRAVABACK(X)

limplicit real(8) (a-h,0-z)

REAL LSTART

COMMON/PRATETA/TETA,H,LSTART

PRAVABACK=-TAN(TETA)*X+(H+LSTART*SIN(TETA))/COS(TET A)
END FUNCTION
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SUBROUTI NE ANGLE(TETAS,FIS, PSI,TETASN, FISN)

IPODPROGRAM ZA TRANSFORMACIJU PRAVCA RASEJANOG UGIEASTICE PSI U
IPRAVAC KOORD SISTEMA DETEKTORA

ITETAS | FIS SU UGLOVI POCETNOG PRAVCA NEUTRONA U O DNOSU NA KOORD
ISISTEM DETEKTORA

IPSI UGAO RASEJANJA U ODNOSU NA UPADNI PRAVAC NEUT RONA

ITETASN, FISN SU UGLOVI RASEJANJA NEUTRONA U ODNOS U NA KOO SISTEM
DETEKTORA

COMMON/SLBR/ISEED1, ISEED2

PI=4.*ATAN(1.)

CALL random_numberx(U3P)
FI=2.*PIl*real(U3P)

PXNSEC=SIN(PSI)*COS(FI)

PYNSEC=SIN(PSI)*SIN(FI)

PZNSEC=COS(PSI)
PXNPRIM=PXNSEC*COS(TETAS)+PYNSEC*0.+PZNSEC*COS(PI/2D0O-TETAS)
PYNPRIM=PXNSEC*0.DO+PYNSEC*1.D0+PZNSEC*0.D0
PZNPRIM=PXNSEC*COS(PI/2.DO+TETAS)+PYNSEC*0.+PZNSEC*COS(TETAS)
PXN=PXNPRIM*COS(FIS)+PYNPRIM*COS(PI/2.D0+FIS)+PZNPR IM*0.DO
PYN=PXNPRIM*COS(P1/2.D0-FIS)+PYNPRIM*COS(FIS)+PZNPR IM*0.DO
PZN=PXNPRIM*0.DO+PYNPRIM*0.D0+PZNPRIM*1.D0O

PX=PXN
PY=PYN
PZ=PZN

TETASN=ACOS(PZ)
FISN=ATAN(PY/PX)

END SUBROUTINE
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SUBROUTI NE ELASRAS(ENER,AMASAMETE,ENERASNEUT,PSI,EA,T)

I PODPROGRAM ZA RACUNANJE PARAMETARA ELASTICNOG RABANJA

I'T JE UGAO RASEJANJA METE U ODNOSU NA POCETNI PRAV AC NEUTRONA
I'EN JE POCETNA ENERGIJA NEUTRONA

COMMON/SLBR/ISEED1, ISEED2
EN=ENER

AMN=1.
AMA=AMASAMETE

CALL random_numberx(U2P)

IT=ACOS(1.-2.*U2P)
T=ACOS(U2P)

IF(AMA==1.)THEN

EA=EN*(COS(T))**2 IAKO JE META ATOM H
IEA=EN*0.5

ENERASNEUT=EN-EA

PSI=ASIN(COS(T))

RETURN

END IF

IAKO JE METAATOM O ILIC

EA=EN*(4.*AMA*(COS(T))*2/(1+AMA)**2)  IENERGIJA UZM AKLOG JEZGR
METE

ENERASNEUT=EN-EA IENERGIJA RASEJANOG
NEUTRONA

PSI=ASIN(AMA*SIN(2.*T)*SQRT(1./(1.-2.*COS(2.*T)+AMA **2)))

IANGLE OF SCATTERED NEUTRON

END SUBROUTINE
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SUBROUTI NE NEELASRAS(ENER,AMACEST,AMAOST,EC,PSI, EJ, T)

I PODPROGRAM ZA RACUNANJE PARAMETARA SEKUNDARNIHEHRCA STVORENIH
IU NUKLEARNIM REAKCIJAMA

COMMON/SLBR/ISEED1, ISEED2

EN=ENER*1.6E-16

AMN=1.
AMC=AMACEST
AMI=AMAQOST

VN=SQRT(2.*EN/(AMN*1.67E-27))
IBRZINA NEUTRONA PRE SUDARA(m/S)

CALL random_numberx(U2P)

T=ACOS(2.*U2P-1.) IT JE UGAO JEZGRA OSTATKA
AA=(AMJI+AMC)*AMJ

BB=-2.*AMJ*VN*COS(T)

CC=-(AMC-1.)*VN**2
IOVE JEDNACINE SE DOBIJAJU 1Z ZAKONA ODRZANJA ENERG IJE | IMPULSA

VJEZGRA1=(-BB+SQRT(BB**2-4.*AA*CC))/(2.*AA) IBRZI NA JEZGRA
VJEZGRA=VJEZGRA1

EJ=AMJI*(1.67E-27)*VIJEZGRA**2/2. *(1./(1.6E-16))  !ENE RGIJA JEZGRA
EC =ENER-EJ

PSI=ASIN(AMJI*(1.67E-27)*VJEZGRA*SIN(T)/SQRT(2.*AMC* (1.67E-27)&

*EC*(1.67E-16)))
IPSI JE UGAO NASTALE SEKUNDARNE CESTICE

END SUBROUTINE
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SUBROUTI NE DEPO_ENERGY(CESTICA, X,Y,Z,ENECES, PSIC, EDEPO, &
ZSTART, ZSTOP)
IPODPROGRAM ZA RACUNANJE DEPONOVANE ENERGIJE

COMMON/DIMENSIONS/HEIGHT, WIDTH, TICKNESS
COMMON/SLBR/ISEED1, ISEED2

P1=4 *ATAN(1.)
XD=HEIGHT/2.
YD=WIDTH/2.
ener=0.001*ENECES

IF (CESTICA==1.) THEN I PROTON

IF(ener<1.)then

DOMETMIKRO =0.15528012 + 7.9452317*ener+4.1353536*e ner**2 + &
15.640939*ener**3-9.1179753*ener**4

ELSE

DOMETMIKRO=-1.0932519 + 10.890959*ener + 9.9268459* ener**2 -&
0.20133432*ener**3+0.0052549999*ener**4

END IF

END IF

IF(CESTICA==4.)THEN I ALFA CESTICA

IF(ener<1.)then

DOMETMIKRO =0.087917525 + 8.9638804*ener-15.726437* ener**2 +&
18.675332*ener**3-7.7656136*ener**4

ELSE

DOMETMIKRO=1.2601953 + 2.3943746*ener + 0.60535011* eners*2 +&
0.0059736948*ener**3-0.00055202445*ener**4

END IF

END IF

DOMET=0.0001*DOMETMIKRO

CALL random_numberx(UNI)
FCES=2.#3.1415*UNI
XC=X+DOMET*SIN(PSIC)*COS(FCES)
YC=Y+DOMET*SIN(PSIC)*SIN(FCES)
ZC=Z+DOMET*COS(PSIC)
ZSTART=Z*10000.

IF(XC<-XD.OR.XC>XD.OR.YC<-YD.OR.&
YC>YD.OR.ZC<0.0R.ZC>TICKNESS)THEN

CALL PRESEK(X,Y,Z,XC,YC,ZC, XPC,YPC,ZPC)
PROLAZ=SQRT((XC-XPC)**2+(YC-YPC)**2+(ZC-ZPC)**2)

IDO ENERGIJA=0., ENECES,0.01
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ENERGIJA=0.
DO
ener=0.001*ENERGIJA

IF (CESTICA==1.) THEN I PROTON

IF(ener<1.)then

DOMETOST =0.15528012 + 7.9452317*ener+4.1353536*ene ~*2 + &
15.640939*ener**3-9.1179753*ener**4

ELSE

DOMETOST=-1.0932519 + 10.890959*ener + 9.9268459*en er+*2 -&
0.20133432*ener**3+0.0052549999*ener**4

END IF

END IF

IF(CESTICA==4.)THEN I ALFA CESTICA
IF(ener<1.)then
DOMETOST =0.087917525 + 8.9638804*ener-15.726437*en er2 + &
18.675332*ener**3-7.7656136*ener**4
ELSE
DOMETOST=1.2601953 + 2.3943746*ener + 0.60535011*en er=2 + &
0.0059736948*ener**3-0.00055202445*ener**4
END IF
END IF
IF(DOMETOST>=10000.*PROLAZ)THEN
EPROLAZ=ENERGIJA-0.01
EXIT
END IF

ENERGIJA=ENERGIJA+0.01
IF(ENERGIJA>=ENECES)EXIT
END DO
EDEPO=ENECES-EPROLAZ 'IDEPONOVANA ENERGIJA
ZSTOP=ZPC*10000
ELSE
EDEPO=ENECES

ZSTOP=ZC*10000
END IF

END SUBROUTINE
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SUBROUTI NE PRESEK(X0,Y0,Z0,X,Y,Z, XP,YP,ZP)

IPODPROGRAM ZA ODREDJIVANJE TACKE U KOJOJ JE SEKUNIARNA CESTICA
INAPUSTILA DETEKTOR

COMMON/DIMENSIONS/HEIGHT, WIDTH, TICKNESS

XD=HEIGHT/2.
YD=WIDTH/2.

PX=(X-X0)/SQRT( (X-X0)**2+(Y-Y0)**2+(Z-Z0)**2 )
PY=(Y-YO)/SQRT( (X-X0)**2+(Y-YOQ)**2+(Z-Z0)**2 )
PZ=(Z-Z0)/SQRT( (X-X0)**2+(Y-Y0)**2+(Z-Z0)**2 )

IF (PX==0) XP=X0
IF (PY==0) YP=Y0
IF (PZ==0) ZP=20

IF (PY<0)THEN

YP=-YD

T=(YP-YO)/PY

XP=PX*T+X0

ZP=PZ*T+Z0
IF(ZP>0.AND.ZP<TICKNESS.AND.XP>-XD.AND.XP<XD) RETUR N
END IF

IF (PY>0)THEN

YP=YD

T=(YP-YO)/PY

XP=PX*T+X0

ZP=PZ*T+Z0
IF(ZP>0.AND.ZP<TICKNESS.AND.XP>-XD.AND.XP<XD) RETUR N
END IF

IF (PZ<0)THEN

ZP=0.

T=(ZP-Z0)/PZ

YP=PY*T+Y0

XP=PX*T+X0
IF(XP>-XD.AND.XP<XD.AND.YP>-YD.AND.YP<YD) RETURN
END IF

IF (PZ>0)THEN

ZP=TICKNESS

T=(ZP-Z0)/PZ

YP=PY*T+Y0

XP=PX*T+X0
IF(XP>-XD.AND.XP<XD.AND.YP>-YD.AND.YP<YD) RETURN
END IF

IF (PX<0)THEN
XP=-XD
T=(XP-X0)/PX
YP=PY*T+Y0
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ZP=PZ*T+Z0
IF(ZP>0.AND.ZP<TICKNESS.AND.YP>-YD.AND.YP<YD) RETUR N
END IF

IF (PX>0)THEN

XP=XD

T=(XP-X0)/PX

YP=PY*T+Y0

ZP=PZ*T+Z0
IF(ZP>0.AND.ZP<TICKNESS.AND.YP>-YD.AND.YP<YD) RETUR N
END IF

END SUBROUTINE

154



Bbusbana Munenkosuh: Ilpumena nerexkropa CR-39y nereknuju m 103MMeTPHju HEYTPOHA, IOKTOPCKA AUCEPTAIH]ja

SUBROUTI NE RANDOM NUMBERX(RAND)
IPODPROGRAM ZA SLUCAJNE BROJEVE
COMMON/SLBR/ISEED1, ISEED2
REAL(8) uscale

USCALE=1.0D0/2.0D0**31

11=ISEED1/53668
ISEED1=40014*(ISEED1-11*53668)-11*12211
IF(ISEED1.LT.0) ISEED1=ISEED1+2147483563
I12=ISEED2/52774
ISEED2=40692*(ISEED2-12*52774)-12*3791
IF(ISEED2.LT.0) ISEED2=ISEED2+2147483399
|IZ=ISEED1-ISEED2

IF(1Z.LT.1) 1Z=1Z+2147483562
RAND=I1Z*USCALE

RETURN

END SUBROUTINE
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FUNCTI ON V(y)

IV FUNKCIJA JE FUNKCIJA BRZINE NAGRIZANJA
COMMON/VDATA/AL,A2,A3,A4,A5
COMMON/VFJA/INDIKATOR_FJE

A1=0.4306
A2=7.3736e-3
A3=1.0559
A4=0.1072
A5=1.4120

V=1.+ (al*exp(-a2*y) + a3*exp(-ad*y))*(1 -exp(-a5*y )

END FUNCTION

FUNCTI ON VI ZVOD( X)

IPRVI 1ZVOD FUNKCIJE V
COMMON/VDATA/AL,A2,A3,A4,A5
COMMON/VFJA/INDIKATOR_FJE

VIZVOD=AS*EXP(-A5*X)*(AL*EXP(-A2*X)+A3*EXP(-A4*x))+ (-Al *A2*EXP(&
-A2*X)-AZ*AA*EXP(-A4*X))*(1.- EXP(-A5*x))

END FUNCTION
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SUBROUTI NE VI NTEGRALSAME(G,D,VRINT)

IPODPROGRAM ZA RACUNANJE INTEGRALA DATOG U JEDNACING.30) ZA
INAGRIZANJE U DIREKTNOM SMERU

COMMON/PARAM/VB,R

SUM=0.

H=(G-D)/100.

DVR=1./(V(R-D)*VB)
GVR=1./(V(R-G)*VB)

ET=D
DO 10 1=1,99
ET=ET+H
FIA=1./(V(R-ET)*VB)
SUM=SUM+FJA

10 CONTINUE

SUM=DVR+GVR+2.*SUM
SUM=H*SUM/2.
VRINT=SUM

RETURN

END SUBROUTINE

SUBROUTI NE VI NTEGRALBACK(G,D,VRINT)
IPODPROGRAM ZA RACUNANJE INTEGRALA DATOG U JEDNACIN6.30) ZA
INAGRIZANJE U SUPROTNOM SMERU

COMMON/PARAM/VB,R

SUM=0.

H=(G-D)/100.

DVR=1./(V(D)*VB)
GVR=1./(V(G)*VB)

ET=D
DO 10 1=1,99
ET=ET+H
FIA=1./(V(ET)*VB)
SUM=SUM+FJA

10 CONTINUE

SUM=DVR+GVR+2.*SUM
SUM=H*SUM/2.

VRINT=SUM

RETURN

END SUBROUTINE VINTEGRALBACK
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SUBROUTI NE WALL SAVE(B,R,X,DX,RESENJE)

IPODPROGRAM ZA RACUNANJE JEDNACINE ZIDA TRAGA NAGRIANOG U
IDIREKTNOMSMERU KORISTECI NJUTNOV METOD

Z=B

nsig=4

factor=0.05**nsig

factor=0.001

DO

V_FJA=V(R-X-B*(B-Z)/DX)

IF=Z-B+DX*(-1./SQRT((VFJA)**2-1)) ! B=Y(X), Z=Y( X-DX)
IFIZVOD=1.+B*VFJA*VIZVOD(R-X-B*(B-Z)/DX)/( (VEIJA)** 2-1. )**(3./2.)
IRES=Z-F/FIZVOD INJUTNOV METOD

RES=Z-(-DX**2*SQRT (abs(V_FJA**2-1.))-(B-Z)*DX*(V_FJ A**2-1.))&
[(DX*(V_FJA**2-1.)-B*(B-2)*V_FJA*VIZVOD(R-X-B*(B-2) /DX))

if(abs(res-z) <= z*factor)exit

Z=RES

END DO

RESENJE=RES

END SUBROUTINE

SUBROUTI NE WALLBACK(B,X,DX,SOLUT)
IPODPROGRAM ZA RACUNANJE JEDNACINE ZIDA TRAGA NAGRIANOG U
ISUPROTNOM SMERU KORISTECI NJUTNOV METOD

Z=B

nsig=4
factor=0.05**nsig
factor=0.001

DO

Iprint* x, b, X+B*(B-Z)/DX
V_FJA=V(X+B*(B-Z)/DX)

SOL=Z-(-DX**2*SQRT(abs(V_FJA**2-1.))+(Z-B)*DX*(V_FJ A**2-1.))/&
(DX*(V_FJA**2-1.)-B*(z-B)*V_FJA*VIZVOD(X+B*(B-Z)/DX )

if(abs(SOL-z)<= z*factor)exit

Z=SOL

END DO

SOLUT=SOL

Iprint*, 'X, SOL',X, SOL
END SUBROUTINE
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Our equation of the track wall was solved numerically by using finite difference method and computer
software MATHEMATICA. This method was applied for alpha particle tracks in LR115 detector, assuming
both directions of etching, from the top and bottom of the sensitive layer. The equation of the track wall
etched in reverse direction was derived, and has the same form as one for direct etching, with some
difference in argument of V function. We will analyse the consequences of direct and reverse etching on
the shape of alpha particles tracks with energies ranging from 2 to 4 MeV in thin LR115 NTDs.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The etching of tracks in nuclear track detectors (NTDs) has been
a subject of theoretical investigations of many authors (Henke and
Benton, 1971; Paretzke et al.,, 1973; Somogyi and Szalay, 1973;
Somogyi, 1980; Fromm et al., 1988; Hatzialekou et al., 1988; Ditlov,
1995; Meyer et al., 1995; Nikezic and Yu, 2003a, 2006). Upon
acceptance that track formation is determined by two parameters,
bulk etch rate of undamaged detector surface, V}, and track etch rate
along particle track, Vi, the problem becomes rather geometrical in
nature (Fleischer et al.,, 1975). In addition to the geometrical
considerations, there are theories which describe the physical and
chemical aspects of latent track formation, but that is not subject of
this work.

The track parameters, depth, major and minor axes, vertical
profiles and opening contour have been calculated and plotted
for CR-39 detector irradiated with alpha particles (Nikezic and
Yu, 2003b). Another frequently used NTD is LR115 detector, based
on cellulose nitrate. Descriptions of these two detectors and
their application in radon measurements and other fields have
been summarized by Durrani and Bull (1987), Durrani and Ilic
(1997).

* Corresponding author. Tel.: +381 34 336223; fax: +381 34 335040.
E-mail address: nikezic@kg.ac.yu (D. Nikezic).

1350-4487/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radmeas.2008.10.014

As it was mentioned above, the etched track of a charged
particle in NTD is formed by simultaneous action of two etching
rates, Vp and V.. Usually their ratio, V= V{/V}, is used. During the
etching, the track wall “moves” parallel to itself. These assumptions
have led to the differential equation describing the track wall in two
dimensions, given by Nikezic and Yu (2003a) as

, 1
— 1
Y V2(x +yy) -1 (1)

where x-axis is along the particle path and y-axis is along detector
surface (normal incidence was considered). The equation is
unsolvable analytically for different forms of V function found in
literature. Actually, there are not too many V functions for alpha
particles tracks in LR115 published in literature, and generally
speaking this function is not very well known. Some new V func-
tions for LR115 detector were published recently (Leung et al.,
2007a,b) but the method of determination was not direct. Other
complicating factor is appearance of the first derivation (y’) in the
argument of V function, as well as, its appearance in both sides of
the Eq. (1).

Numerical solving of Eq. (1) with finite difference method and
computer code MATHEMATICA is described in the following text.
Present method is applied to solve Eq. (1) for LR115 detector, for
both possible direction of etching (direct etching and reverse
etching).
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Reverse etching may be important in neutron dosimetry where
protons and other secondary charged particles are created in
different directions. It is highly possible that recoil proton created in
(n,p) reaction, moves opposite to etching solution; to investigate the
shape and parameters of such tracks it is necessary to develop
software which simulates reversed etching. In addition, reverse
etching was interesting in some kinds of radiobiological experiments
with LR115 and CR-39 detectors (Chan et al., 2006; Li et al., 2006).

2. Calculation method
2.1. Discretization of the track wall equation

The argument of function V=V/V,, is residual range, R’, of
a particle, i.e. the distance from the point where the etching solu-
tion arrived, to the point E, where the particle was stopped in
detector material, Fig. 1. Particle range is denoted as R in Fig. 1.

Etching in same direction as particle propagated is presented in
Fig. 1 panel A. Final point of particle E, has coordinates (R,0), and the
residual range is equal to R = R — (x +y'y), where (x +y'y) is the
point attained by etching solution. If the particle passed in opposite
direction then detector is etched (Fig. 1B), then the final point of
particle E, was (0,0) and the distance from (0,0) to the point where
the solution attained is again x +y'y.

In the case of direct etching (Fig. 1A), Eq. (1) is of a form

1
/

Y VR ) 1 @

Equation for reversed etching can be simply obtained by
replacing the argument, X, of V(X) function with R— X, where
X=R—x—yy.So,if V(X)=V(R — x — yy’), the replacement of X with
R — X givesR— R+ x+yy =x+yy'. Then the equation of track wall
in reversed etching is:

1
/
= 3
Y VV2x+yy) -1 ®)
A ¥
solution
particle E
B
pacle (0,0y solution
— o e b ——
E
¥

Fig. 1. Panel A): Etching solution progresses along particle path in the same direction
as particle. Particle enters into detector in the point (0,0) and stopped in detector in
point E after distance R. Residual range is equal R =R — (x +)'y). Panel B): Particle
enters into detector material somewhere and stopped in the point (0,0). Etching
progresses from the end point (0,0) toward the entry point in direction opposite of
particle movement (reversed etching). The coordinate origin is placed to point where
particle stopped. The positive part of x-axis is in direction of solution movement.
Residual range is equal R’ =x +y'y.

Eq. (3) of the track wall in reverse etching is derived more rigidly
in Appendix Al, (see also Fig. 1B) and equivalent result was
obtained. It could be seen that both Egs. (2) and (3) have the same
form, with the difference in argument of V function. These equa-
tions are analytically solvable only for the simplest case of
V = const. In other cases analytical solution is impossible and Eqs.
(1)-(3) have to be solved numerically. Finite difference method
(FDM) is one of the options for this task. This method is based on
discretization of function and its argument (Sadiku, 1992) in the
following way: the first derivation of the function is approximately
given as

X) —y(x — Ax
Vi = YR ZIEZ B ()
By combining the Eqgs. (2) and (4), and after few simple algebraic
transformation one can find

Y(x - A%) = y(x) - Ax ! (5a)

y(x)—y(x—Ax)
\/VZ(R —x —y(x)T> -1

Similarly in the case of reverse etching, combining the Egs. (3)
and (4), one can get the final form as

V(x—AX) = y(x) - Ax ! (5Db)

—y(x—A
\/ V2(x 4+ y(x PO

The idea is to calculate the value of the function y(x — Ax) at
point x — Ax, if its value y(x) is known at the point x. To apply this
recursive procedure, coordinates of at least one point on the track
wall should be known; this will be described later. Egs. (5a) and
(5b) are solved in this work by using software MATHEMATICA
(MATHEMATICA®).

2.2. Application of the software MATHEMATICA®

2.2.1. Etching in the same direction as particle movement

If the track is not overetched, the initial condition is y(L) = 0. L is
the penetration depth of the solution, i.e. distance that etchant
passes along the particle track, found as

L
t— /0 TR (6)

where t is the time of etching. The point (L,0) was used as starting
point in the calculation with MATHEMATICA. To determine L from Eq.
(6) the iteration procedure should be used, because the unknown
variable is upper bound of the integral, while the time of etching, t, is
known.

The coordinates of points of track wall, with x < L, were calcu-
lated recursively using Eq. (5a). The code in software MATHEMATICA
has been written and Eq. (5a) has been solved by using function
FindRoot which determines the roots of algebraic equation. The
x coordinate was varied from x=L to x=0, with the step of
Ax =-0.01 pm.

For over etched tracks the initial point of calculation was x =R,
y=0. Coordinates of the track wall were calculated by using
above described method. In this way the track profile was
obtained at the moment when the etching solution just attained
the ending point of particle range. In this case the remaining
etching time, ¢/, and residual removed thickness d = V,,t' has to
be determined. Then the parallel shift of the track wall is
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performed according to the following equations (Fleischer
et al,, 1975)

X =x+dsino
y=y+dcoso (7)

where ¢ is the local developing angle defined as 6 = arcsin(1/V).

2.2.2. Etching in the opposite direction (reverse etching)

Above method was applied to the case of alpha particles tracks
in LR115 detector, because this detector is thin with a sensitive layer
of 12 pm. Particles with larger energies pass through the detector
and exit on opposite side, while those with smaller energies will
stop in detector material at the point denoted as 1 in Fig. 2A.
Particles that pass through sensitive layer are treated in the
following way; here we have assumed that the detector is infinitely
thick, and such particle will stop at point 2 (Fig. 2A). Such
assumption was necessary to determine residual range and V
function at the point where particle exits from the detector. Origin
of a system is placed at the point where the particle was stopped,
(point 1 or point 2). Etching progresses in positive direction in
respect to the x-axis, opposite to the particle movement.

Fig. 2B treats the case when the particle passes through the
detector. The bottom of the detector (the point where the particles
exit from the detector) is at the distance Lgtart =R — 12 (um) from
the origin, (R is the particle range in cellulose nitrate, and 12 um is
thickness of detector sensitive layer). The following condition is
applied

L

t = de (8)

Lstart

to find the point with coordinates (L,0) at which the solution is
attained during the etching time, t. This point is taken as initial
condition in the calculation, y(L) = 0; then the coordinates of other
points, (x <L) are computed with recursive method described
above and Eq. (5b).

If particle is stopped within the detector material (denoted as 1 in
Fig. 2A) then, the origin is located at point d = 12 — R (um), (Fig. 2C).
Track will start to develop after the etching removes the layer of d.

3. Results

Track diameters and depths of alpha particles with arbitrary
chosen energies of 2, 3 and 4 MeV are calculated for two different

Same direction 3 MeV -7
10 4 ——— Opposite direction 572 MeV

a
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=
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Fig 3. Diameter of tracks as a function of removed layers.

etching directions in LR115 detectors. Normal incident angles were
only considered. According to SRIM 2003 software (Ziegler, 2003)
the ranges of these alpha particles in cellulose nitrate (base for
LR115) are 8.94 pm, 14.57 um and 21.48 um, respectively.

The function V(R’) was taken from Durrani and Bull (1987), in
the form

V(R) =1+ (a1 e @R | g5 e’a"R/) (1 — e’”) 9)

where R’ represents the residual range with newly determined
constants: a; =14.50, a; = 0.5, a3 = 3.9 and a4 = 0.066 (Leung et al.,
2007Db).

Fig. 3 shows the diameter of track opening, D, as a function of
removed layer, h, when the etching is performed in the same and
opposite directions of the particle motion. The diameter increases
with the etching time. Results are given for 2, 3 and 4 MeV of alpha
particles’ energies. Two distinguish cases are seen in Fig. 3. At
energies 3 and 4 MeV, track diameters are larger if the track is
etched in opposite direction. However, tracks from alpha particles
with 2 MeV are much smaller for opposite etching. In fact if the
particle did not totally cross the LR115 sensitive layer, when etching
in the reverse direction, additional time is needed to reach the
latent track. For example, the track from 2 MeV alpha will start to
develop after 3 um of removed layer.

A Detector B Detector C Detector
T i h
: —
Particle : : Particle
Particle H
— - —  g—— ~ - .
1 2 == : JUAD]
¥
12m lh [ L d
- e
L
R
R -

Fig. 2. A, B, C Panel A): Direct etching. Case (1) particle stopped into a detector; case (2) particle stopped out of a detector. Panel B): Reverse etching. Coordinate origin is at the point
where particle was stopped out of the detector. Ly, is the distance to the detector. Panel C): Reverse etching. Coordinate origin is at the point where particle was stopped into the
detector. Minimal etching time is equal d/V}. d is the layer which must be removed so that solution arrives to the location where particle is stopped. Lstrc = 0. L, depth of track, R,

range of particle, h, removed layer.
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Fig 4. Track lengths as a function of removed layers.

Fig. 4 shows the track depth as a function of removed layer.
Similar behavior was presented earlier by Dorschel et al. (2003).
Depth is much larger for particles with energies of 3 and 4 MeV, for
smaller removed layers, when the etching was performed in oppo-
site direction. That is because closer to the bottom of the sensitive
layer, track etch rateis larger and etching progresses faster. Deeperin
the detector body, track etch rate decreases for opposite etching and
increases for direct etching. Then, for larger removed layers the
difference between direct and opposite etching is smaller and
smaller and finally disappears if removed layer is larger than 5 pm.

Profiles of track obtained from 2, 3 and 4 MeV alpha particles,
etched in opposite and direct directions are shown in Figs. 5-8. In
Figs. 5-7 diameter of the opening is larger for opposite etching. The
profile of the tracks is also different, concave in opposite and
convex in direct etching. Fig. 8 presents tracks of alpha particles
with 2 MeV energy and removed layer of 4 um. In this case, track
obtained in opposite etching is much smaller because it is neces-
sary to remove about 3.06 pm before the track start to develop.

4. Experimental results

In addition to the calculation, the experiments were performed
in which LR115 detectors were irradiated by alpha particles with
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Fig 5. Profile of track formed by etching in the same and opposite direction, after 3 um
of removed layer when incident particle energy is 4 MeV.
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Fig 6. Profile of track formed by etching in the same and opposite direction, after 1 um
of removed layer when incident particle energy is 3 MeV.

different energies, presented in Table 1. A planar **'Am source
(main alpha energy = 5.485 MeV with the yield of 84.5%) was used
as alpha particle source. The energy of alpha particles was varied by
changing the source to detector distance through a collimator
under atmospheric pressure. The relationship between alpha
particle energy and the distance travelled in air was obtained by
using SRIM 2003 (Ziegler, 2003) and normal air as a stopping
medium.

After the irradiation the detectors were etched in 10% NaOH at
60 °C with bulk etch rate V,=(3.27 £0.08) um/h (Nikezic and
Janicijevic, 2002). Detectors were etched for t =2 h in the same and
reverse directions. Before the etching in reverse direction, sensi-
tivity layer of LR115 detector (12 um red film) was removed from
polyester base (thickness of about 100 um). The top surface of the
sensitive layer was protected by resin to prevent etching from both
sides. The dimensions of track openings of the etched tracks were
measured directly under an optical microscope using a magnifica-
tion of 1000x.

Track diameters obtained in the experiment were compared
with results calculated by using V function in Eq. (9) and constants
given above.
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Fig 7. Profile of track formed by etching in the same and opposite direction, after 3 um
of removed layer when incident particle energy is 3 MeV.
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Fig 8. Profile of track formed by etching in the same and opposite direction, after 4 um
of removed layer when incident particle energy is 2 MeV.

Table 1
Calculated and experimental alpha particle track diameters for two initial energies
where detector was etched in the same and opposite direction.

E Range LR115 Same direction Opposite direction
[MeV] [um] Calculated  Experimental Calculated  Experimental
results results results results
3 144 8.95 7.95 10.66 10.6
2.6 12.2 9.41 9.01 1119 11.26
A vy
y ()
solution X
particle
y(x)
solution X particle

Fig. 9. Panel A): Etching in the same direction. Origin of coordinate system is located at
the point where particle started. Panel B): Etching in the opposite direction. Origin of
coordinate system is located at the point where particle stopped.

It could be seen from Table 1 that calculated track diameters are
larger than that obtained in experiment. The difference between
calculated and experimental results is larger when detector is
etched in the same direction.

5. Conclusion
This work shows the following:

(1) Eq. (1) of the track wall is useful and can be solved numerically.
Method for numerical solving, based on finite difference is
described here and computer software, MATHEMATICA was
used for this purpose.

(2) Track diameters are larger when opposite etching is applied for
smaller removed layers and larger alpha particles energies.
That is a case when alpha particles have sufficient energy to
pass through the detector sensitive layer and is a consequence
of the Bragg-type shape of the Vi. Then the etching of tracks
begins at the bottom surface of detector and progress toward
the top of it. Larger diameter of the tracks opening means that
formed tracks could be visible for shorter etching time. This
make feasible determination of V; function (which is not very
well known for LR115 detector) close to the end of particle
range by using atomic force microscope (AFM).

(3) Reciprocally, for low energetic particles where the particle was
stopped within the detector, in the case of reverse etching, it is
necessary to etch at least t = (12 — R)/V}, hours before the track
starts to be etched. The etched track will become visible after
some time depending on the resolution of the imaging device,
i.e. typically 30 min under an optical microscope for which the
spatial resolution is of the order of 1 pm.
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Al. Appendix

The equation of track wall for reverse etching is derived in the
following way (see Fig. 9B). Let we note point A in the track wall,
and the angle between the tangent on the curve in this point and x-
axis is 6(xg)

Y (x) = —tand(xo) (A1)

The angle d(xp) is the same as the angle between V}, and V; at
point xg as shown in figure, and can be found as

. Vi 1
sin 6(xg) = o~ = ——— A2
%) = Vi) ~ Vi) (A2)
0(xg) = asin(L) (A3)
o V(xo)
From Eqs. (A1) and (A3) it could be obtained
1
' = —tand(Xg) = ————-—-— A4
Noting that x; = x — Ax, we have
Ax = y(x)tan d(xg) = —y(x)y'(x) (A5)
Hence,
Xo = X+y(x)y'(x) (A6)

Finally, differential equation is obtained in following form:

p 1

(A7)
VZx+yy)—1
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Presented in this paper is a simulation of the interaction of neutrons emitted from a cylindrical Am—Be
source with a CR-39 detector. A Fortran90 program, called Neutron.f90, has been written to determine
the specifications of secondary particles (alpha particle or proton) and the kinematics of the interactions.
A Monte Carlo method was used to simulate which interactions occurred with the constituents of the
CR-39 detector, H, C and O atoms. Due to the detector composition, elastic and nonelastic scattering of
neutrons is possible. In this paper, nonelastic scattering includes: inelastic scattering; the emission of an

ﬁee};":r‘:)rgs" alpha particle (n,a) reaction and the emission of a proton (n,p) reaction. Cross sections of other reactions
Detection are very small and negligible in comparison with the above mentioned. The energy deposited per unit

mass per one neutron was calculated. In addition the contribution to the energy deposited by the alpha
particles and protons were determined separately. The program Neutron.f90 computes the coordinates of
points in which interactions occur i.e. where secondary particles appear. The energy and angular
distributions of protons are also represented in this paper. Another Fortran90 program, called Track_-
Visibility.f90, was written to calculate the number of visible proton tracks and to calculate the energy

Am-—Be source
Monte Carlo method
CR-39 detector
Proton track

deposited per one neutron per one visible track.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Solid state nuclear track detectors (SSNTDs) have been
successfully applied for neutron and ion particle detection (Nikezic
and Yu, 2004). Being electrically neutral, the neutrons do not cause
ionizations in the detector, and consequently no tracks are
produced directly by them in SSNTDs. Due to elastic and nonelastic
interactions of neutrons with atoms of SSNTDs, such as CR-39,
recoil nuclei are emitted producing latent intrinsic tracks. The
CR-39 detector consists of hydrogen, oxygen and carbon repre-
sented by the chemical formula C1,H1g07.

To determine the latent efficiency of CR-39 for neutrons (defined
as the number of latent tracks created by alpha particles and
protons per one incident neutron), a computer program, called
Neutron.f90 was developed. This program performs Monte Carlo
simulation of neutron propagation of through CR-39 detector, using
cross section from neuron data library ENDF/B-VII (T-2 Nuclear
Information Service) (Khan Rao et al, 2001; El-Sersy et al,
2004a,b). This program enables changing of input parameters, as
geometry of a detector — source, energy of neutron etc. Some
existing computer codes, like MCNP, FLUKA, GEANT could be used
for this purposes. However, using of such well tested code packages
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requests complicated creation of input files, and computational
time is much longer than in the case of simpler codes which are
written for some specific problem as it was done in this work.
The interaction of the neutrons emitted by the Am—Be source
with the CR-39 detector is simulated in this paper. The special case
of tracks etched in opposite direction were considered and their
contributions to efficiency were taken into account. The simulation
was described with more details and results were presented here.

2. Calculation method

It has been assumed that the sheets of 500 um CR-39 detectors
(3 cm x 3 cm) were irradiated using an Am—Be neutron source of
a cylindrical shape with a base diameter of 2.2 cm and a height of
2.2 cm. The neutron energy spectrum of the Am—Be source was
taken from Geiger and Van der Zwan (1970). It was assumed that
the neutron source is not in contact with the detector and the
source—to-detector distance is 3 mm. It is taken that neutrons are
emitted from the source surfaces, neglecting the interaction within
the source itself. Also, the neutron interaction in the 3 mm air space
between the source and the detector is neglected. The free path, 2,
and the total microscopic cross section, ¢, were calculated accord-
ing to Lux and Koblinger (1991).

The Fortran90 program, called Neutron.f90, has been written
for the calculation of latent efficiency (defined above) and the
deposited energy of protons and alpha particles. This program
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determines the specifications of secondary particles (alpha
particles and protons) and also the kinematics of interactions.
Another Fortran90 program, called Track_Visibility.f90, was written
to calculate parameters and the number of proton tracks which will
become visible after the etching.

As it was suggested by the T-2 Nuclear Information Service
processes are categorized as elastic and nonelastic. Elastic processes
are described in Section 2.1. given below. Nonelastic processes
include nuclear reactions such as (n,p), (n,«), (n,t) and (n,d) which
emit some particles. The most intense reactions are (n,p) and (n,«)
while the others, having much smaller cross sections, are neglected
in this work. In this paper, nonelastic scattering includes inelastic
scattering, the emission of an alpha particle, i.e. (n,«) reaction, and
the emission of a proton, i.e. (n,p) reaction. Nonelastic processes will
be treated in Section 2.2.

The energy of neutron, incident position and direction as well
as, interaction type were sampled by Monte Carlo method. The data
for cross sections were taken from the well-established Neutron
data library ENDF/B-VII (T-2 Nuclear Information Service). The
sampling of target atom was done as follow: if the total cross
sections of these atoms are denoted as oy, oc and G, the total cross
section of a molecule o is given by oir=(18 oy + 12 o¢ + 7 op).
The three ratios were defined as A = 180y/Gtt, B = 1206¢/0tot,
C = 700/0tot. The standard method of discrete event sampling was
applied to “choose” an atom as follows. The random number
generator was invoked to get one uniform random number ¥y in
range (0,1); if y < A, the atom was chosen as H; if A < y<(A + B), the
atom was C; and if (A + B)<y1, the atom was O.

2.1. Elastic scattering

In this process the total kinetic energy is conserved. The energy
and angle of elastic scattered neutron and recoiled nucleus were
calculated by well-known method described in (Mukhin, 1987). The
next step in the simulation was to check whether the energy of the
scattered neutron was above 1 keV. If not, this neutron history is
terminated and the simulation loop is restarted choosing a new
neutron. It was also checked whether the recoil proton stayed in the
detector or not according to its range (Ziegler, 2003). If the recoil
proton is completely stopped in the detector material, all of its
energy is absorbed. If not it is necessary to calculate the energy,
which the proton deposits before it leaves the detector.

2.2. Nonelastic scattering

Inelastic scattering, (n,«) and (n,p) reactions were simulated for
C and O nuclei. The Monte Carlo simulation continued with the
sampling of these types of nonelastic interactions.

2.2.1. Inelastic scattering

If a residual nucleus is left in an excited state, the scattering is
called inelastic. Only the 1st and the 2nd excited states for C and the
1st, 2nd, 3rd, 4th and 5th excited states for O were considered,
because these states are below the highest energy of a neutron i.e.
10.8 MeV, emitted from an Am—Be source. To simulate the excited
state, a similar scheme for the sampling of discrete events, as
described above, was applied. The knowledge of a partial cross
section for the excitation to a particular state is needed to perform
this task. Energy level diagrams for oxygen and carbon were used
from website TUNL Nuclear Data Group.

2.2.2. (n,&) reaction

The angles of an emitted alpha particle and the residual nucleus,
as well as, their energy were calculated for a (n,a) reaction. The
calculation of energies and angles were performed in subroutine

Scattering.f90 within the main program Neutron.f90. Data for Q-
values and reaction thresholds were used from the website T-2
Nuclear Information Service. The speed of the neutron before the
collision, Vg, was calculated from its kinetic energy. Based on Vg the
velocity of the residual nucleus and its kinetic energy were calcu-
lated. The energy of the alpha particle is equal to the neutron
energy before the collision minus the energy of the residual
nucleus. The angle of the residual nucleus ¢ is calculated randomly,
and the angle of the alpha particle ¢ is calculated as

0= a sinm" «Vpesinf
\/2-mp-Ep

where my and V), are the mass and speed of the residual nucleus, m,
and E, are the mass and energy of the alpha particle.

(1)

2.2.3. (n,p) reaction

A similar approach was used for another important reaction,
namely (n,p). The angles of the emitted proton and residual
nucleus, as well as their energy were calculated. The calculation of
energies and angles were performed in subroutine Scattering.f90 as
for the (n,a) reaction. The path of emitted proton was calculated as
for recoiled one described in 2.1.

2.3. Simulation of the detector etching and track revelation

Protons created in (n,p) reactions are emitted in different
directions and their latent tracks are oriented randomly in all
directions. Some tracks will be etched from the point where the
proton is created — this is direct etching in the direction of the
particle motion. Other tracks will be etched from the point where
the proton is stopped — this is the etching in reverse, i.e. opposite
direction. An additional case is when the proton leaves the detector
surface (top or bottom). In this case the etching starts from the exit
point. All these cases were considered in a newly developed
computer program called Track_Visibility.f90. The Program is
written in standard Fortran90 programming language. It deter-
mines whether any latent proton track will become visible
according to the following conditions: if the angle between the
detector surface and the proton direction is larger than critical, and
if the diameter of the tracks is larger than 1 um, the track would
become visible under an optical microscope. The calculation of
track parameters etched in one direction or in an opposite direc-
tion, is based on the numerical solving of the track wall equation
using a finite difference method. This approach was used earlier for
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Fig. 1. Energy distribution of protons emitted by the interaction of neutron with the
CR-39.
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Fig. 2. Angular distribution of protons emitted by the interaction of neutron with the
CR-39.

alpha particle tracks in an LR115 detector and a detailed description
is given in Milenkovic et al. (2009).

It was taken that the bulk etch rate was 1.2 pum/h, which
corresponds to the etching in 6.25 N sodium hydroxide (NaOH)
water solution at a constant temperature of 70 °C (Ho et al., 2003).

The critical angle was calculated using the well-known equa-
tiond. = arcsin (1/V), where V=V;/V}, V} is the bulk etch rate and
V; is the track etch rate. V function for protons in CR-39, was
recently published by Hermsdorf (2009) and this function was
adopted and used in the simulations.

During the etching the detector was completely immersed in
etching solution so that both sides of its surface i.e. top and bottom
were etched simultaneously. The number of visible tracks revealed
during the etching of both surfaces, including etching in the
direction of proton propagation and also in the opposite direction,
were taken into account and scored by computer program.

3. Results

The output results are energy and angular distributions of
secondary particles. Energy and angular distributions for protons
are shown in Figs. 1 and 2, respectively. From Fig. 1, we can see that
the energy distribution has a maximum of about 0.5 MeV for
protons. In addition protons could recoiled with a high energy up to
10 MeV, but with a very small probability. However, the spectrum
of protons created in the detector, depends on the detector thick-
ness and the incident neutron energy, but generally the spectrum of
protons has a well defined peak (Palfalvi and Sajo-Bohus, 1997). The
angular distribution of protons has a broad maximum at about 90°,
Fig. 2; distribution decreases towards smaller and larger angles.
Probability of emission alpha particles is very small and their
distributions were not considered.

One of the results is the energy deposited by alpha particles and
protons. Results are represented for the simulation of 10 million
neutron histories through the CR-39 detector with a size of (3 x 3)
cm?, a thickness of 0.05 cm and a density of p = 1.32 g/cm®. The
deposited energy per unit of mass for one neutron was calculated.
The energy deposited by protons and alpha particles is 3.85-1072
and 0.15-10~2 MeV/g/n, respectively. The latent efficiencies i.e. the
number of latent tracks created by the alpha particles and protons
per incident neutron are 2.9-10~% and 2.7-1072, respectively. It is
important to notice that the probability for proton emission is two
orders of magnitude larger than that for alpha particles. The
deposited energy per one neutron per visible proton track is shown
in Fig. 3. The tracks and energy deposited by the alpha particles are

0.012

0.010 1 [ ]
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0.006 A L4

0.004 A [ ]

E/neutron/N, .. (keV/n/track)
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Fig. 3. Deposited energy per one neutron per visible proton track.

neglected because the probability for the creation of alpha particles
is much smaller than that for protons. As a result of fitting the data
from Fig. 3 the following equation was obtained which is valid for
x > 2 um in the form

y = exp(a+§+c-lnx> (2)

where y is the deposited energy per one neutron per visible proton
track, x is the removed layer, coefficients are a = —4.25, b = 0.15 and
c=-0.63.

4. Conclusion

A simulation of neutrons, emitted from an Am—Be source,
interacting with a CR-39 detector are presented in this paper.
Fortran90 programs, called Neutron.f90 and Track_Visibility.fo0,
have been written to determine the type of secondary particles
created in the interactions (alphas or protons), the kinematics of
the collisions and the number of visible proton tracks.

This work shows the following:

(1) The energy deposited per unit mass per one neutron and the
number of created latent tracks from alpha particles and
protons were calculated. The energy and angular distributions
of protons were also presented. For protons the energy distri-
bution has a maximum of about 0.5 MeV while angular
distribution has a broad peak of about 90°.

(2) The energy deposited per one neutron per visible track decreases
with the number of revealed tracks (Fig. 3). This graph can serve as
an absorbed energy calibration curve, and decrement is reason-
able, because energy deposited per one neutron is constant, while
the number of revealed tracks increases with the removed layer.

(3) This work is a starting point in the simulation of a CR-39
detector’s response to neutron irradiation. Further investiga-
tions will include the development of a model for the light
transmission through the detector which was irradiated by
the neutrons, as well as, finding the relationship between the
absorbed dose and scattered light intensity, and finally
the experimental verification of the data obtained from this
calculation and simulation.
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same direction was developed [D. Nikezic, N. Stevanovic, D. Kostic, S. Savovic, K.C.C. Tse, K.N. Yu, Radiat.
Meas. 43 (2008) S76]. It was shown that there are many tracks formed in the opposite direction than
the etchant progression. The method for calculation of track profiles for these particles is developed in
[B. Milenkovic, N. Stevanovic, D. Krstic, D. Nikezic, Radiat. Meas. 44 (2009) 57]. It is very different than
the method for track in the same direction. The separate subroutine for this purpose was developed here.
Additional comments: The program distribution file contains an executable which enables the program to
be run on a Windows machine. The source code is also provided, but in order to build an executable the

PORTLIB must be available.

Running time: Running time depends mainly on the neutron number for simulation, source and detector
geometry and removed layer required by the user. Running time is several minutes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid state nuclear track detectors (SSNTDs) have been success-
fully applied in neutron and ion particle detection [1-3]. One of
the most widely used SSNTDs is made of polyallyldiglycol carbon-
ate (PADC), generally known by its trade mark CR-39. A review on
SSNTDs can be found in Ref. [1].

Being electrically neutral, the neutrons do not cause ionizations
in the detector, and consequently no tracks are produced directly
by them in the PADC. Due to the elastic and nonelastic interaction
of neutrons with the atoms of PADC, recoil nuclei and secondary
particles are created producing latent intrinsic tracks.

Neutron interaction with H atom is only elastic, H(n, n), where
proton is recoiled. Creation of proton in neutron interactions with
C and O atoms is possible for neutron energies higher than emit-
ted from Am-Be source. Creation of alpha particles from C and O
atoms is possible, but with low probability. The most intensive re-
action of neutron from Am-Be source is H(n,n) where recoiled
proton created latent track. Others having much smaller cross sec-
tions are neglected in this work [4].

The latent track becomes visible as a particle track through the
etching, which can be seen under an optical microscope. Created
particles are emitted in different directions and their latent tracks
are oriented randomly within the detector. Some tracks will be
etched from the point where the particle was created in the di-
rection of the particle motion - this is direct etching. Other tracks
will be etched from the point where the particle was stopped, or
from where it exited from the detector, in opposite direction of
particle movement - this is the etching in reverse direction. There
are a lot of these tracks and they need be treated specifically as
has been done in this work.

By the analyzing of visible proton tracks in the detector, neu-
tron efficiency can be determined. The developed program enables
the determination of the energy and angular distributions of re-
coiled protons and a calculation of their energies. The data for the
created protons have been stored in the files.

In this paper the methodology for neutron detection by PADC
detector was described. A program code for neutron simulation
through PADC detector and its detection were developed. Subrou-
tines for neutron simulation, track development in the same and
opposite directions were presented separately.

2. Programming steps
2.1. Geometry

The interaction of the neutrons emitted by an Am-Be source
with a PADC detector is simulated in this paper. The sheet PADC
detector was irradiated using an Am-Be neutron source of a cylin-
drical shape with the same axis as the detector. The position of
the detector and the source with their dimensions are presented
in Fig. 1.

ha

Am-Be source

detector

Fig. 1. Geometry of source and detector. Detector dimensions are: height, hy; width
of the detector (along Z-axis), wy; thickness of the detector, ty. Source dimensions
are: radius, rs, height, hs. The distance between detector and source is d.

The energy of the neutron was sampled from a spectrum of the
Am-Be source which can be found in Ref. [5]. The neutron en-
ergy in that spectrum is up to 11 MeV with a maximum of about
2 MeV. It is taken that neutrons are emitted from the source, ran-
domly distributed on the surface, neglecting the interaction within
the source itself and in the air space between the source and the
detector. Sampling of the neutron from Am-Be source was de-
scribed in detail in [4].

2.2. Cross sections

The PADC detector (chemical formula C12H;807) consists of hy-
drogen, oxygen and carbon. The data for cross sections of these
atoms were taken from the well-established Neutron data library
ENDF/B-VII [6]. If the total cross sections of these atoms are de-
noted as oy, oc and og, the total cross section of a molecule ot
is given by oot = (180y + 120¢ + 700), which were introduced in
Ref. [4]. The total cross sections of the atom include elastic and
nonelastic interactions, (n, p), (n,«), (n,t) and (n,d). These val-
ues were used as functions of neutron energy from 1 keV up to
11 MeV, with a step of 1 keV and sorted in input data enclosed
files.

2.3. Sampling of interaction type and target

The neutron simulation was performed by the Monte Carlo
method. The simulation starts with the homogeneous sampling
of the emission point of the neutron in the source at (xs, ys, Zs),
its initial energy Eo. Initial direction of neutron in source deter-
mined with cosines (pys, pys, Pzs) Was sampled isotropic according
to well-known formula given for example by Lux and Koblinger [7].

If the sampled direction did not cut the detector top surface,
sampling was repeated. When the sampled neutron struck the
detector surface at the point (xg = 0, yo, 2z9), a further step was
the sampling of these atoms, H, C or O which could be struck.
The three ratios were defined as A = 180y/0tt, B = 120¢ /0ot
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C = 700/0t0t. The standard method of discrete event sampling was
applied to “choose” an atom as follows. The random number gen-
erator was invoked to get one random number y; if y < A, the
atom was chosen as H; if A <y < (A+ B), the atom was C; and if
(A+ B) <y <1, the atom was O.

The new coordinates of the interaction point within the detec-
tor, (x;, yi, zi), were calculated based on the known mean free path
A and new sampled direction (px, py, pz) as

Xi=2Xo+ A Dx
Yi=Yo+Ai-py
Zi=2o+A-P; (1)

The neutron path was further simulated until the neutron was
outside of the detector or the secondary particle had been created.

2.4. Determination of the free path

The mean free path, A, which the neutron travels before the
interaction with some nucleus in the detector is given as

A=—

1
5N In(1—u)= > In(1 —u) (2)
where u is a random number distributed uniformly on (0, 1), o is
the total microscopic cross section and N is the density of the nu-
clei in the detector material. Lux and Koblinger [7] have shown
that X is the total macroscopic cross section which is calculated
as follows

n=3 wi m=4
E=peNae Y >0 @)
j=1

i=1 '

where p is the density of the material, N4 is the Avogadro number,
M; is the molar mass of the i-th component, w; is the weight
fraction and aij is a partial microscopic cross section of the j-th
type of interaction with the i-th element.

2.5. Neutron interaction within PADC

Due to the detector composition, elastic and nonelastic scatter-
ing of neutrons is possible. Nonelastic processes, like (n, p), (n, @),
(n, t), (n,d), include nuclear reaction with the creation of some
particles: proton, alpha particle, tritium and deuteron, respectively.
All these interactions were considered in this work, but it was
shown that the number of created protons is 0.0483 from inci-
dent neutron, while the number of created alpha particle is only
0.000354. In other words, probability for alpha particles creation
is less than 0.7% in respect to all secondary particles and could
be neglected [2,4,8]. The (n, p) reaction occurs on the C nucleus if
neutron energy is larger than 10.24 MeV, so it is neglected with
considered Am-Be source. The most important reaction is elastic
scattering on the hydrogen nucleus.

In the case of elastic scattering of a neutron with a hydrogen
nucleus, i.e. with proton, the initial energy Eg of the neutron is
distributed between the scattered neutron and the recoil proton
according to the formulas

E; = Egcos® yr (4)

where 6 and i are the scattering and recoil angles [9]. The recoil
angle was chosen as a random direction, i.e.

En=Ep cos® 0,

Y = ArccosQu — 1) (5)

where u is a new random number distributed uniformly on (0, 1).
The parameters of proton created in (n,p) interactions were
calculated and determined as described in [4].
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Fig. 2. The etching solution progresses along the particle path in the same direction
as the particle which was created in the detector at the point (0,0) of the xOy
system and stops in the detector at point P after the distance R. The residual range
is distance R = MP = R — (x + yy’). To obtain the wall coordinates in the XOY
system a coordinate transformation is needed.

3. Calculation of track walls

The protons are created in different directions and their latent
tracks are oriented randomly within the detector. Some tracks will
be etched from the point where the particle was created in the di-
rection of the particle motion - this is direct etching. Other tracks
will be etched from the point where the particle was stopped, or
from where it exited from the detector, in an opposite direction
to the particle movement - this is the etching in a reverse direc-
tion. In this section a calculation of the track walls etched in the
same and opposite directions will be described by using Newton’s
method.

3.1. Direct etching

The geometry of track development and some important pa-
rameters for direct etching are shown in Fig. 2. A proton with
energy E is emitted in the detector under the angle « in respect
to the detector X-axis. Due to the interaction of a particle with
detector molecules, the damage region, i.e. latent track is formed
along its path. The distance that a particle passes within the de-
tector material is the particle range, denoted with R in Fig. 2.

Two coordinate systems are shown in Fig. 2. The first one, XOY,
has a Y-axis along the detector surface and a normal X-axis on
it. The second system, xOy is rotated for the angle « in respect to
the XOY system so that the x-axis is along the particle path. The
total removed layer is equal to R; = V, T, where T is the etching
time. The effective removed layer is equal to h = Ry — X7, where
X1 is the coordinate of proton creation. The condition for track
formation is V siné > 1, equivalent to condition for critical angle
used in [10]. If Ry < Xj the visible track will not be formed.

The shape of the track obtained after the etching depends on:
incident particle energy, incident angle, etching time and etch rates
ratio V. The coordinates of the track wall can be obtained from
Eq. (6)
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y/ — _;
VV2(x,yy) —1

However, this equation is not solvable for the different forms
of V function found in literature. In addition, the first derivation
of “y” is found in the argument of V function which made the
solving of Eq. (6) much more difficult. The argument of function V
is the residual range R' = MP = R — (x + yy’), which is equal to
the distance between the point where the particle was stopped in
the material and the point which the etching solution attained.

The coordinates of the track wall are described by Eq. (6) in the
x0y coordinate system, where the x-axis is along the latent track.
If the track is not over-etched, the initial condition is defined as
y(L) =0. L is the penetration depth of the solution, i.e. the dis-
tance that the etchant passes along the particle track, found from
the equation

(6)

L
T:/——l——w (7)
ViR — %)
0

where T is the time of etching. To determine L from Eq. (7) the
iteration procedure should be applied, because the unknown vari-
able is the upper integration limit, while the time of etching, T, is
known.

The coordinates of the points of the track wall, with x < L,
were calculated by Eq. (6) using a finite difference method [11].
For over-etched tracks the initial point of calculation was x = R,
y =0. A track profile was obtained at the moment when the etch-
ing solution just attained the ending point of the particle in the
detector. In this case the remaining etching time, t’, and the resid-
ual removed thickness d; = V}, - t’ have to be determined. Then the
track wall should be shifted parallel to itself according to the equa-
tions [12]

x=x+d;siné

y:y+d[C058 (8)

where § is the local developing angle, defined as § = Arcsin %

Calculations of particle range. Several computer codes exist for the
calculation of stopping power and for the range of charged parti-
cles in different stopping media. One of the most frequently used
is the SRIM (Stopping and Range of lons in Matter) code and may
be downloaded from the web page http://www.srim.org [13]. The
chemical formula of the CR-39 detector is C;2H1307 and the den-
sity is p = 1.32 gcm 3. SRIM code was used to calculate the stop-
ping power and ranges of protons for the CR-39. Based on data
obtained by SRIM, the ranges of particles were fitted as a function
of incident energy with the following formula

4
R=ao+) ai-FE 9)

The E is energy in MeV, and the fitting constants are ap = 0,
a; = 10.99, ay = —6.45, a3 = 30.30, as = —15.42 if E < 1 MeV
and ag = —1.09, a; = 10.89, a; =9.92, a3 = —0.20, a4 = —0.005
if E>1 MeV.

3.2. Calculation of track wall by the finite difference method
The argument of the function V in Eq. (6) is the residual range,
R'=R — (x+ yy’) (see Fig. 2). Consequently, Eq. (6) has the form
, 1

y=- (10)
VV2R = (x+yy) -1

Eq. (10) is not analytically solvable for the most commonly used V
functions. It was done numerically by the finite difference method

(FDM) [11]. In that way, Eq. (10) becomes
y(x — AX)
-1
=y - (11)

\/VZ(R —x—y®) y®— y(x AX))

The idea is to calculate the value of the function y(x — Ax) at point
x — Ax, if its value y(x) is known at point x. To apply such a recur-
sive procedure, coordinates of at least one point on the track wall
should be known.

Eq. (11) was calculated using Newton’s method. Two different
cases were considered: (i) tracks with a sharp tip (not an over-
etched track) and (ii) over-etched tracks. For tracks which are not
over-etched the only point with known coordinates is the track
tip, where y(L) =0; L is the penetration depth defined above and
calculated by the integration of reciprocal function V. The point
(L, 0) was used as the starting point in the calculation. Eq. (6) was
solved iteratively where the x-coordinate was varied from x =L to
x =0, with the step Ax=—0.01 pm.

For an over-etched track it is necessary to calculate the thick-
ness, d¢, etched after the solution attains the ending point of the
particle trajectory. Thus the distance that the etchant penetrates
in the detector is L =R +d (R is the particle range in the detec-
tor). The point (R, 0) was taken as the starting one in the solving
of Eq. (10) for an over-etched track. Other points were obtained
by the parallel movement of the points which represent the track
profile obtained at L = R for the distance d.

3.3. Etching in an opposite direction (reverse etching)

Some particles are emitted under such an angle that the etching
of their tracks will progress in a reverse direction to their motion.
For these tracks, the previously described mathematical model is
not fully valid. The development of tracks etched reversely is de-
scribed in [14] and experimentally was confirmed in [15]. This
model is briefly described here.

Fig. 3 represents track development in the case of reverse etch-
ing. The particle is created in the detector at point A and its
direction is opposite in respect to the direction of the etching. Two
cases exist here: (i) the energy of the particle is large enough so
that it exits from the detector at point O. Point P is ending point
of particle assuming that the detector is infinitely thick; (ii) parti-
cle energy is smaller, the range is shorter and it is stopped within
the detector body (not shown in Fig. 4). The angle between the
particle path and the detector axis is «. The origin is located at
point P. The coordinate system XOY is the same as above.

Particles which are stopped out of the detector are treated in
the following way; here we have assumed that the detector is in-
finitely thick. Such an assumption was necessary to determine the
residual range and V function at the point where the particle es-
caped from the detector.

The choice of the coordinate system. The choice of the coordinate sys-
tem in the two above mentioned cases is shown in Fig. 4.

Fig. 4A examines the case when the particle is stopped within
the detector material and the origin is located at the stopping
point, where Lgirt = 0. In this case the track will start to develop
after the etching removes a layer of the detector with the thick-
ness d.

The case when the particle passes through the detector and
stops outside is presented in Fig. 4B. The origin of the coordi-
nate system xOy is out of the detector, at the virtual point where
the particle would stop under the assumption that the detector is
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sutface after
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Fig. 3. The particle is created in the detector material at point A and is stopped
at point P (assuming infinite detector thickness). Etching progresses from the exit
point (0,0) towards the starting point in the opposite direction to the particle
movement (reversed etching). The coordinate origin is placed at the point where
the particle would be stopped. The positive part of the x-axis is in the direction of
solution progression. The residual range is equal to R" = PM =x+y'y.

Detector

Detector

Fig. 4. Coordinate systems xOy. (A) Particle was stopped within the detector at point
(0, 0), where Lgtart = 0. (B) Particle was stopped out of the detector material at point
(0,0) at a distance of Lyt from the detector surface along the x-axis.

infinitely thick. The ending point of the particle path is at the dis-
tance Lgre from the detector surface, where

X1
sin(0)

Lstart:R_ (12)

In this case d =0 and the removed layer, h, is equal to the total
removed layer.

The equation of the track wall keeps the same form as in the
case of direct etching [13]. As it was mentioned above, the ar-
gument of the function V is the residual range, i.e. the distance
between the point where the particle was stopped and the etchant.
This distance, PM, presented in Fig. 3 is equal to x + yy’. Due to
this reason, Eq. (6) keeps its form

, 1

V=
VV2Ix+yy) -1

(13)

It can be seen that both equations (10) and (13) for direct and
reversed etching have the same form, but a different argument in
V function.

By using the finite difference method, Eq. (13) is transformed
into the form

-1
X
V20 yoo TR0y g

The boundary condition for this equation is y(L) =0 and the fol-
lowing condition is applied

YXx—A)=yx) - A

(14)

L

1
t:/www (15)

Lstart

to find the point with coordinates (L,0) which the solution at-
tained during the etching time, t. This point is taken as the initial
condition in calculation y(L) = 0 if the track is not over-etched. If
the track is over-etched the starting point is y(R) =0 as explained
above.

4. Program description

The program Neutron_CR-39.F90 was written in Fortran 90
code. This program enables neutron simulation through CR-39 de-
tectors and the calculation of proton track profiles after detector
etching. At the start of the program execution the user defines
the following input parameters: the number of simulations; de-
tector dimensions; source dimensions and the distance between
the source and the detector. The program Neutron_CR-39.F90 con-
tains subroutine Neutron.f90 for neutron simulation and subrou-
tines Trackfdmsame.f90 and Trackfdmback.f90 for the calculation
of created track profiles after detector etching in the same and re-
verse direction, respectively.

5. Subroutine for neutron simulation

After defining the input parameters, the subroutine Neutron.f90
which simulates neutrons through the detector is started. The sim-
ulation of neutrons in a CR-39 detector was described in [4]. The
subroutine Neutron.f90 performs the following steps: neutron sam-
pling in the source; determination of the neutron free path; sam-
pling of an atom in the detector which interacts with the neutron;
sampling of the interaction type (elastic or nonelastic). As a re-
sult, the data file PROTONS_AmBe.DAT is created. In that file the
following data for the created protons will be stored: the angle,
X-position and the initial and deposited energies.

5.1. Subroutine TRACKFDMSAME.F90

When neutron simulation is performed the user inputs the
value for the removed layer (R;) in micrometers. Then the sub-
routine Trackfdmsame.f90 will be automatically started for the cal-
culation of track profiles etched in the same direction. It must be
noted that both sides of the CR-39 detector can be etched simul-
taneously. This subroutine Trackfdmsame.f90 analyzes data from
the PROTONS_AmBe.DAT file and determines which created latent
track will be etched from the top or bottom side of the detector.
Etching in the same direction will be performed for the protons
latent tracks: (i) created with angle @ < 7 /2, etched from the top
side and (ii) created with angle o > 7v /2, etched from the bottom
side.

The following task of the subroutine is to calculate the range
in the detector material of a proton with known incident en-
ergy by using Eq. (9). When the particle range is calculated then
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the code determines whether the track can be formed. It will be
done if Vsinf > 1 and R; > Xj. The V function for a proton in
PADC as a function on the residual range R’ is taken from Herms-
dorf [16]:

’ R/
/ (1 _ ,—R/04
In(R'+1)-(1—e )+ 500 (16)
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and V is coded in the function subroutine V.F90 with a dummy
parameter which simulates the residual range. Then the coordi-
nates of the points in the track wall are calculated according to
Eq. (11) by Newton’s iteration method.

5.2. Subroutine TRACKFDMBACK.F90

The subroutine Trackfdmback.f90 is started after execution of
Trackfdmsame.F90. From the file PROTONS_AmBe.DAT the proton
tracks etched in a reverse direction will be analyzed. The reverse
etched tracks will come from the latent tracks: (i) created with
angle o < 7 /2, etched from the bottom side and (ii) created with
angle o > /2, etched from the top side. The range of the particle
is calculated according to Eq. (9).

The next step is to determine whether the particle will stop
within the detector or exit from it. The decision is made based on
particle range, incident angle and X;. If the particle is not stopped
in the detector it is necessary to determine Lgg Which is the
lower integration limit in Eq. (15). Lsart represents the distance
between the stopping point and the detector along the x-axis. Its
determination is described in the following section.

5.2.1. Determination of Lstart

If the particle was stopped in the detector, Lyt = 0 (Fig. 4A).
To reach the track in this case it is necessary to etch the detector
and remove the layer of thickness d. After that the development
of the track may be started. The total removed layer during the
whole etching procedure is equal to R; =d + h, where h is the
thickness of the layer removed after the point where the particle
was stopped. For the calculation of the track wall coordinates the
parameter h is needed and can be determined as

h=R; — (X1 —R-sin(®)) (17)

If the particle was stopped out of the detector, then from
Fig. 4B, Lyt is calculated as

X1
- sin(0)

Lstart = (18)
In this case d =0 and the removed layer, h, is equal to the total
removed layer (h = Rp).

5.2.2. Determination of whether a latent track becomes visible or not
To make a latent track visible, two conditions must be satisfied.
The first condition is that the etching solution must attain the

latent track for the particle which was stopped within the detec-

tor. In a mathematical form, this condition is read as R; > d (see

Fig. 4A).

The second condition has already been mentioned above, i.e.
Ve(x) - sin(@) > Vy,.

The following part of the program examines whether the track
will become visible or not. A loop examines condition V (x)sinf >
1 along the particle trajectory. If this condition is not satisfied at
any point along the latent track, it will not become visible, the
program terminates and prints the message, “track will not be cre-
ated”.

5.2.3. Examination of whether the track is over-etched

The track is over-etched if the etching solution has passed
along the whole particle path and has etched further after point
P (Fig. 2) for direct or point A (Fig. 3) for reverse etching. The
relation

R

1
tp = / Vi dx (19)

Lstart

is used to determine whether the track was over-etched or not.
tp is the time needed that the etching solution attains point P (di-
rect etching) or up to the starting point A of the particle (reverse
etching). If the etching time is larger than tp the track is over-
etched, otherwise it is not over-etched. Subroutine VINTEGRAL.F90
given below, calculates tp.

5.2.4. Calculation of track profile

The track wall coordinates, by using Eq. (14) were calculated
with Track_wall.f90 subroutine. The starting point in this calcu-
lation is the ending point where the etching solution attains, for
not over-etched tracks (L, 0), or point (R, 0) for over-etched track.
Eq. (14) was calculated by Newton'’s iteration method.

6. Results

Input data should be defined by user before program execution.
Data can be input from a file named “input.dat”. For example, if
input parameters are:

(i) detector dimensions hight, hy = 3 cm; width, wy = 3 cm;
thickness, t; = 0.05 cm,
(ii) source dimensions rs =1.1 cm, hg =2 cm,
(iii) distance between detector and source d = 0.3 cm,
(iv) removed layer of the detector after etching R; =6 um,

the following output will be printed in file “Results.dat”:

Ed = 68843.66 keV /visible tracks
Nn = 0.00095 visible tracks/neutron

The outputs of the program are:

(i) the file Protons Am-Be.dat which contains data of recoiled pro-

tons as: recoiled angle «, in respect to the X-axis; coordinates
X of starting and stopping point; initial and deposited ener-
gies of protons,

(ii) deposited energy of recoiled protons per number of visible
tracks, E4 (keV/track),

(iii) number of visible tracks per number of incident neutrons, Ny
(tracks/n).

The values of E; and N, are printed into the file “Results.dat”
which is created in the same directory where .exe file was saved.

7. Conclusion

The computer code Neutron_CR-39.F90, written in Fortran 90,
was developed in this paper. It contains three subroutines. First,
Neutron.f90 which simulates neutron through CR-39 detector
and store parameters of secondary particles in output file. Sec-
ond, Trackfdmsame.f90 which calculates profiles of tracks emitted
in the same direction as etchant progression. Third, subroutine
Trackfdmback.f90 which calculates profiles of tracks emitted in op-
posite direction than etchant progression.



1542 B. Milenkovic et al. / Computer Physics Communications 182 (2011) 1536-1542

In this paper, determination of parameters of tracks etched in
opposite directions was explained. Using these parameters the effi-
ciency of CR-39 for the neutron detection was estimated. Our code
takes into account the tracks etched in opposite as well as in the
same direction and it is different in comparison to other group [15,
17-19]. Our results were not comparable with other authors. For
example, in [18] Monte Carlo method was used for mono-energetic
neutrons interacting with H, C and O. However, chemical etch-
ing was assumed only in forward direction and track formation
efficiency was calculated. In [17] electro-chemical etching was as-
sumed and irradiation of a neutron dosimeter by neutron spectra
from Am-Be and Cf sources. Hersmdorf et al. [15,19] used PE-
converter, chemical etching in forward direction and calculated the
fluence response in number of tracks per unit neutron fluence.

Parameters of secondary particles and number of visible tracks
are outputs of the code. It enables calculation of neutron detec-
tion efficiency for different input parameters and may be used for
further analyses.
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Chapter 5

SOFTWARE FOR THE DETERMINATION OF TRACK
PARAMETERS IN NUCLEAR TRACK DETECTORS
ETCHED IN REVERSE DIRECTION

N. Stevanovic, B. Milenkovic and D. Nikezic
University of Kragujevac, Faculty of Science, R. Domanovica 12
34000 Kragujevac, Serbia

1. INTRODUCTION

Heavily charged particles, such as alpha particles, light and heavy ions or Aission
products, cause extensive ionization close to their path when they pass through a medium. As
a consequence, free chemical radicals and other chemical species within the particle track
were created. This damaged zone i$ called a latent track and can remain stable for many years
in some dielectric materials.

If some chemical solutions (NaOH or KOH in water) react with the dielectric which were
irradiated with heavy ionizing particles, the reaction would be more intensive along the latent
tracks. This procedure is called detector etching or track visualization, and the effect itself is
called the track effect. Such etched tracks are visible under a standard optical microscope,
while the latent track are “visible” under electronic microscope.

One of the most commonly used nuclear track detector (NTD) is the CR-39 detector,
which is based on polyallyldiglycol carbonate (PADC) and was discovered by Cartwright et
al. (1978). Another most commonly used nuclear track material is cellulose nitrate which is a
base for well known LR 115 detector. _

Formation of a track is determined by simultaneous actions of two etching rates, Vy and
V., as introduced by Fleischer et al. (1975). The bulk etch rate Vy, is the etching rate of the
undamaged detector surface, while the track etch rate V, is the etching rate along the latent
track. Both rates are usually expressed in the units um/h. Track development is governed by
the ratio V = V/V,, and track formation is not possible if V is smaller than or equal to 1. In
other words, the condition V > 1 must be fulfilled to form a track.
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From the early days of “trackology” the geometry of the track development attracted
significant care. Several geometrical models of track developments have been presented and
some of them are shortly described below. All of these models deal with the direct eiching,
where the etching solution, i.e. etchant, progresses along latent track in the same direction as
particle motion.

According to Somogyi and Szalay (1973) during the etching, the major axis of the track
opening passes through three phases, while the minor axis develops through two phases.
Analytical formulas for the major axis in the three phases (D;, D, and Ds) and those for the
minor axis in the two phases (d; and d,) were derived and expressed in terms of removed
layer h. The conditions for transition from one phase to another were also derived in terms of
h. All formulas were given assuming V, constants, and a short introduction was given for the
calculation of track profile for varying V..

In Fromm et al. (1988) model, the action of etching is decomposed into two alternative
steps using first a variable velocity V, to etch the damaged ion trajectory, and then a constant
velocity Vy, to enlarge the track outside the damaged regions of the etched path. The V, varies
with respect to the variation of energy deposition along the ion path. On the other hand, V, is
assumed to produce an isotropic etching process around the trajectory position, which creates
the series of spheres which radii increase with the etching time. At the depth h = Vi, the
envelope of all spheres with centers on the particle path constitutes the etched track wall.

Fews and Henshaw (1982) emphasized that a track could be analyzed by looking at five
parameters, namely, the track depth Z, the major axis D (M; in their nomenclature), the minor
axis d (also M; in their nomenclature), the overall track length X and the diameter m of the
etched-out end (which was equal to zero in the case of a non-etched-out track). The analysis
provided there was based on the alpha-particle track structure in the CR-39 detector.

The Nikezic and Yu (2003) model was based on differential equation of track wall in two
dimensions, as follows '

1
N

y

)

This equation was derived from the geometry given in Figure 1. Referring to Figure 1, x
axis is along the particle path and the y axis is along the detector surface (normal incidence
was considered) and ¥ function is ratio of V/Vy. The point A on the track wall with
coordinates (x, y) was formed from the point xo on the particle track, as it was assumed in
Fromm et al., (1988) model . Starting at the point (0, 0), the etching travels with the track etch
rate V, along the x-axis (which is the particle trajectory) and reaches the point X, at the time
ty. From x¢, the etching progresses to point A with the bulk etch rate Vy,. The angle & is the
angle between V, and V,, at point x, as shown in Figure 1.

The two-dimensional equation of a track wall (Eq.1) cannot be solved analytically for
different forms of V function found in literature (Paretzke et al, 1973; Nikezic and Yu, 2003).
It is possible to consider track development in point by point base similarly to Fromm et al
(1988) model and to calculate track profile. From the known profile it is possible to determine
other relevant track parameters. If the incident angle is not normal, as it was the case in
exposure in natural environment, the track profile should be rotated for the incident angle, and
in this way the problem is reduces to the problem of normal incidence. Such procedure was
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applied and programmed earlier by Nikezic and Yu (2006). It was also taken into account that
the track is a three dimensional object. Since the track is a rotation body, obtaining the track
in 3-D was done by rotation of the points in the track wall around the particle trajeciory.
Corresponding computer programs which perform such calculations are available on the web
address http://www.cityu.edu.hk/ap/nru/nrures_t.htm, as well as in library of Computer
Physics Communication journal.

y ()

solution
particle

Figure 1. Geometry of the track wall in two dimensions.

Another method for the solving of Eq. (1) was presented recently by Nikezic et al, (2008)
and Milenkovic et al, (2009). This equation was rewritten in discrete form using finite
difference method (FDM) and the tracks coordinates were numerically calculated. :

In many applications, ionizing particles enter into the detector from both of its sides. So
during the etching, when the detector is immersed in etching solution, some tracks will be
etched in the same direction as particle movement, and others in opposite direction. In
addition, the NTDs are used for detection of secondary particles in neutron dosimetry
(protons, alpha particle) created in (n,p) and (n, @) reactions. These particles are emitted in
different directions and their latent tracks are oriented randomly within the detector. Some
tracks will be etched from the point where the particle was created in the direction of the
particle motion — this is direct etching. Other tracks will be etched from the point where the
particle was stopped, or from where it exited the detector, in the opposite direction of particle
movement — this is the etching in reverse direction. '

Hermsdorf and Hunger (2009) described the investigation of track evolution by etching in
direct and reversed direction. They used the con-focal scanning microscopy (CSM), to obtain
high-resolution optical images. By a sophisticated software, the co-ordinates of the track wall
can be reconstructed automatically at any point of the track length. According to this data, the
track etch rate can be recalculated along the whole track from only one 3D-image.

In addition, reverse etching was interesting in some kinds of radiobiological experiments
with LR115 and CR-39 detectors (Chan et al., 2006; Li et al., 2006). ‘

The model of reverse etching of alpha tracks (normal incidence was considered) in
LR115 detectors was developed and described in Milenkovic et al., (2009). This model was
based on numerical solving of Eq. (1) using FDM, where argument of V function is equal to
x+ yy’. It has been shown that track diameters are larger when opposite etching is applied for
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smaller removed layers and larger alpha particles energies and it was confirmed
experimentally.

Although a reversed etching may be.important in practice, a lot of work has been done to
investigate track geometry during direct etching, and relatively little was done for reversed
etching. In this article, we will describe a computer program which simulates reverse etching
of tracks in NTD. In Section 2, the methodology for calculation of track coordinated in same
and opposite directions etching was presented. Later, some results will be presented.

2. METHODOLOGY

2.1 Direct Etching

As it was written above, under the direct etching is understood that etching solution
progresses in the same direction as particle. The geometry of the track development for the
slanted incident angle, is shown in Figure 2.
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Figure 2. Etching solution progresses along the particle path in the same direction as the particle which
entered into the detector in the point (0,0) and stopped in the detector in point P after distance R.
Residual range is distance R’=MP=R-(x+yy’). To obtain wall coordinates in the XOY system, the
coordinate transformation is needed.
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Some important parameters of the track etching are also shown in Figure 2. A particle
with energy E, enters in the detector under the angle @ in respect to the detector surface. Due
to the interaction of the particle with detector moiecules, the damage region i.e. latent irack is
formed along its path. The distance that the particle passes within detector material is particle
range, denoted with an R in Figure 2. Two coordinate systems are shown in Fiure 2, both with
origin in point (0,0) of particle entrance in the detector. The first one, XOY, has a Y axis
along the detector surface and X axis normal on it. The second system, xOy, is rotated for the
angle @ in respect to the XOY system so that x axis is along the particle path. The total
removed layer, h in Figure 2 is equal to h=V,, T, where T is etching time. The condition for the

track formation is ¥ sin @ > 1. The shape of the track obtained after the etching depends on:
incident particle energy, incident angle, etching time and etch rates ratio V. Coordinates of
the track wall can be obtained from Eq. 1. However, this equation is not solvable for different
forms of V function found in literature. In addition, the first derivation of “y” is found in the
argument of V function which made solving of Eq. 1 much more difficult. The argument of
function V is residual range R’=MP= R-(x+yy’), which is equal to the distance between the
point where the particle was stopped in material and the point which the etching solution was
attained.

Coordinates of the track wall are described by Eq. (1) in xOy coordinate system, where
the x axis is along latent track. If the track is not over etched, the initial condition is defined
as y(L) = 0. L is the penetration depth of the solution, i.e. distance that etchant passes along

the particle track, found from the equation

Lol
T e

t

2

where T is time of etching. To determine L from Eq. (2), the iteration procedure should
be applied, because the unknown variable is upper integration limit, while the time of etching,
T, was known. ‘

The coordinates of the points of the track wall, with x<L, were calculated by Eq. (1)
using finite difference method (Nikezic et al, 2008.). Details are explained in the following
section. For over etched tracks, the initial point of calculation was x =R, y = 0. Track profile
was obtained at the moment when the etching solution just attained the ending point of
particle in detector. In this case, the remaining etching time, t’, and residual removed
thickness , d= V;-t’, has to be determined. Then the track wall should be shifted parallel to
itself according to the equations (Nikezic and Yu, 2003).

x=x+dsmod G
y=y+dcoso !

where & is the local developing angle, seen in Figure 1., and defined as 6 = arcsin ? -
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2.2. Solving of Eq.1 by Finite Difference Methoed and the Calculation of
Track Wall Coordinates

The argument of the function ¥ in Eq. (1) is residual range, R’=R-(x+yy’) (see Fig. 2).
Consequently, Eq (1) has a form

1 1
ST PR y) -

The Eq (4) is analytically solvable only for the simplest case of V = const. In other cases,
analytical solution is impossible and this equation has to be solved numerically. Finite
difference method (FDM) is one of the options for this task. This method is based on
discretization of its function and its argument (Sadiku, 1992) in the following way: the first
derivation of the function is approximately given as

()= Aeltemt) | ®

Ax

By combining the Egs.(4) and (5), and after few simple algebraic transformations, one
can find:

\/Vz(R—x—y(x)y(x)_y(x_Ax)J—l

(6)

¥ = Ax) = y(x) - Ax

Ax

The idea is to calculate the value of the function y(x-Ax) at point x-Ax, if its value y(x) is
known at point x. To apply such recursive procedure, coordinates of at least one point on the
track wall should be known.

The Eq. (6) was calculated using the MATHEMATICA software by Nikezic et al, 2008.
Two different cases were considered: (i) tracks with a sharp tip (not over-etched track) and
(ii) over-etched tracks. For not over-etched tracks the only point with known coordinates is
the track tip, where y(L) = 0; L is the penetration depth defined above and calculated by
integration of reciprocal function ¥ . The point (L, 0) was used as the starting point in the
calculation with MATHEMATICA. The Eq. (6) was solved iteratively using function
FindRoot that determines the roots of algebraic equations. The x-coordinate was varied from
x=L to x=0, with the step Ax= —0.01 pm and y-coordinates on the track wall were calculated
through Eq. (6).

For an over-etched track it is necessary to calculate the thickness, d, etched after the
solution attains the ending point of the particle trajectory. Thus, the distance that the etchant
penetrates in the detector is L = R + d (R is particle range in detector material calculated by
SRIM2003 code (Ziegler, 2003)). The point (R,0) was taken as the starting one in solving of
Eq. (6) for the over-etched track. Other points were obtained by parallel movement of the
points which represent track profile obtained at L = R for the distance d .
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2.3. Etching in Opposite Direciion (Reverse Etching)

CR-39 detector is frequently used for the detection of neutrons. Due to the interaction
between neutron and molecules and atoms of the detector, secondary particles, protons and
alphas are produced in (n,p) and (», &) nuclear reactions. These secondary particles are created
with different energies and could be emitted in various directions in respect to the detector
surface. Some particles are emitted under such an angle that etching of their tracks will
progress in reverse direction of their motion. For these tracks, the previously described
mathematical model is not fully valid. Development of tracks etched reversely is described in
Milenkovic et al. (2009). This model is shortly given here.
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Figure 3. Particle is created into detector material at point A and stopped at point P (assuming infinite
detector. thickness). Etching progresses from the exit point (0,0) toward the starting point in the
direction opposite of particle movement (reversed etching). The coordinate origin is placed at the point
where the particle would be stopped. The positive part of x axis is in direction of solution progression.
Residual range is equal R’=PM= x+y’y.

Figure 3 represents track development in the case of reverse etching. If a particle creates
into detector at point A and its direction is opposite in respect to the direction of etching. Two
cases exist here: (i) energy of the particle is large enough so that it exits from the detector at
point O. Point P is the ending point of the particle assuming that the detector is infinitely
thick; (i) the particle energy is smaller, range is shorter and it is stopped within the detector
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body (not shown in Fig. 4). The angle between the particle path and detector surface is €. The
origin is located at point P. Coordinate system XOY is the same as above.

Particies stopped out of detector are treated in the followmg way; here we have assumed
that the detector is infinitely thick. Such assumption was necessary to determine residual
range and V function at the point where the particle escaped out from the detector.

2.4. The choice of the coordinate system

The choice of c.s. in two abovementioned cases is shown in Figure 4.

Detector

Detector

A B

Figure 4. Coordinate systems xOy. A) Particle was stopped within detector in point (0,0), where
Ly.=0. B) particle was stopped out of detector material in point (0,0) at the distance of Ly, from
detector surface along x axis.

Figure 4A treats the case when the particle is stopped within the detector material and the
origin is located into the stopping point, while Lg.x = 0. In this case, the track will start to
develop after the etching removes the layer of detector with the thickness d.

The case when the particle passes through the detector and stops outside is presented in
Figure 4B. The origin of the coordinate system xQOy is out of the detector, at the virtual point
where the particle would stop under assumption that the detector is infinitely thick. The
ending point of the particle path is on distance Ly, from the detector surface. Determination
of the L, will be explained later in Section 3.2.2.

The equation of the track wall keeps the same form as it is in case of direct etching
. (Milenkovic et al., 2009.). As it was mentioned above, the argument of the function V is
residual range, i.e. distance between point where particle was stopped and etchant. This
distance, PM, presented on Figure 3 is equal to x+yy . Because of this reason, the Eq. (1)
keeps its form
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1
V=
\/Vz(x-{— yy')—l

(7)

It could be seen that both equations (4) and (7) for direct and reversed etching have the
same form.
By using the finite difference method, Eq. (7) is transformed in the form as

Vz[x ) )= ylx - AX)J N

o —tx)= y(X)—AX\/

Ax
(8)
Boundary condition for this equation is y(L)=0 and the following condition is applied
£
1
t= ——dx
Lst:[rz T/t (X) (9)

to find the point with coordinates (L,0) which solution attains during the etching time, t.
This point is taken as initial condition in calculation y(L) = 0 if track is not over-etched. If
tack is over-etched, the starting point is y(R)=0 as explained above.

2.5. Newton’s method for equation solving

Newton method, which is described shortly in this section, was used to solve the Eq. 8.
Let us wish to solve the following equation

F(z)=0 - (10)

Let us know that the point z, is close to a solution. Firstly, develop function F(z) in a
series around point z,

F(z)=F(z,)+ F'(z,)-(z—2,) an
Since F(z)=0, we have

Flzy)+F'(z,)-(z=2,)=0 | | (12)
From the above, one can get

F
z=zy— F((‘Z )) (13)
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The obtained value z is closer to the real solution of equation. By using the iteration

Flz,)
= n
Zn+] -"Zn #F,( ) ' (14)
Zﬂ
we can come closer and closer to the solution. When the condition is satisfied
Zn+] —Z n

=& | (15)

with predetermined &, the z,. is accepted as seeking solution of equation F(z)=0.

3. DESCRIPTION OF THE PROGRAM CODE

The computer software TRACK._WALL.F90 was developed in order to simulate reversed
etching of CR-39 and LR115 detectors. In the present section, this program is described with
more details and explained for users.

3.1. Input Parameters

Program TRACK WALL.F90 which is described here, enables calculations of protons
and alpha particles track profiles in CR-39 detectors, while it is only for alpha particles in
LR115. . :

A user chose the detector CR-39 or LR115 at the beginning of the program execution. If
CR-39 was chosen, alpha or proton particle should be selected. The following are other input
parameters,

e particle energy, in keV, coded as ENERGY in program,
e incident angle, in degrees, in respect to the detector axis, X, coded as ANGLE,
e depth, XSTART in pm, of the point where the particle was created if the
~particles were generated within the detector, as it is in the case of neutron
irradiation when the proton or alphas are created in detector and
e removed layer, in pm, coded as REMOVED LAYER.

Input energy should be lower than 10 MeV. If an input parameter is out of range,
execution of the program will be terminated, and the user will be asked to provide new inputs.

In addition to abovementioned parameters, the user has an option to chose V function
which closely corresponds to his/her etching condition and detector type ..Several V function
were adopted from literature and programmed in TRACK._WALL.F90 as follows:
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a) for the CR-39 detector
: R

IR e e ——
(3 ( ) 1500

3.4

(1) Hermsdorf (2009): V' =1+
(R'+1)

(2) Durrani and Bull (1987):
V =1+ (11.45¢ 339K 1 4570048 )1 70288
(3) Brun et al. (1999): V =1+ e“l IR+ _ e—R'H-Z’/‘ 27 1

+et? —e

b) for the LR 115 detector: '
(5) Durrani and Green (1984): V' =1+ (100 gt GRS s BTN R

(6) Leung et al. (2006): ¥ =1+ (14.5 PRI T TRl B |

The function (1) is used for protons, while others are used for alpha particles. In the
function, the R’ is residual range. Figures 5 and 6 represent V function for CR-39 and LR 115
detectors. The curves have the shape similar to Bragg curve and their maxima are close to the
stopping point.

CR-39 detector

———————— Hermisdorf, 2009
- Durani and Bull, 1987
—_ Brum et al., 1999
————————— Yo etal., 2005b

' fundtion
Y
b
/
74

1 10 20 30 4D &0
Residual range (m)

Figure 5. V functions for protons and alpha particle in CR-39 detector.

A user selected the V function on the input by entering an integer between 1to 4, for
CR-39 and 5 or 6 for LR115 detector. All of these functions are coded in function subroutine

V.F90 with a dummy parameter which simulates residual range.
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Figure 6. V function for alpha particles in LR115 detector.

3.2. Subroutine TRACKFDMBACK.F90

After the user has defined input parameters, the program TRACK WALL.F90 starts
execution and invokes subroutine TRACKFDMBACK.F90 which calculates all track
parameters. All input parameters are transferred from the main program in this subroutine.

The first task of subroutine is to calculate the range in detector material of a particle with
known incident energy.

3.2.1. Calculations of particle range

Several computer codes exist for the calculation of stopping power and range of charged
particles in different stopping media. One of the most frequently used is the SRIM (Stopping
and Range of lons in Matter) code and may be downloaded from the web page
http://www.srim.org (Ziegler 2003). Chemical formula of CR-39 detector is C;2H;307 and
density is p=1/32 g ecm™. The density of the LR115 detector is p=1.4 g cm™ a chemical
formula is Cj; H;507. The SRIM code was used to calculate the stopping power and ranges of
alphas for both detectors and protons for CR-39. Based on data obtained by SRIM, the
ranges of particles were fitted as a function of incident energy with the following formula:

R=a0+iai-Ei

i=1

(16)

where E is energy in MeV, and fitting constants are given in Table 1.
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Table 1. Fitting constants for particles range in CR-39 and LR 115

Alpha in CR-39 Proton in CR-39 Alpha in LR115
E [MeV] <1 >1 <1 =1 <1 >1
ag 0.087 1.26 0.155 -1.09 0.088 1.24
a; 8.96 2.39 7.945 10.89 9.84 2.74
a, -15.72 0.60 4.135 9.92 -17.22 0.54
a3 18.67 0.006 15.64 -0.20 20.15 0.015
7y 776 0.0005 | 9.11 0.005 | 832 20,0009 _

Particles’ ranges are shown in Figures 7 and 8. The range of the proton in CR-39 is
significantly larger than that for the alpha particle, due to the larger charge to mass ratio.

1000
protony in CR-39 .
— — —  alphainCR-39 /
800
‘g 00
2
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=
& 400
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U = T T T
i & g 10 12
Energy (Mel)

Figure 7. The range of the particles in CR-39 detector as a function of energy.

The next step is determining whether the particle will stop within the detector or exit
from it. The decision is made based on particle range, incident angle and XSTART. If the
particle was stopped in the detector, it is necessary to determine Ly, which has a lower
integration limit in Eq. 9. Ly, represents the distance between stopped point and detector
along the x axis. Its determination is described in the following section.
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Figure 8 The range of the alpha particle in LR 115 detector as a function of energy.

3.2.2. Determination of L,

If the particle was stopped in the detector, Lstart=0 (Fig. 4A). To reach the track in this
case, it is necessary to etch the detector and remove the layer of thickness d. After that, the
development of track may be started. The total removed layer during the all etching procedure
is equal to Removed layer= d+ h, where h is the thickness of the layer removed after the
point where the particle was stopped. For the calculation of the track wall, coordinates for the
parameter h are needed and can be determined as

h = Removed layer — (X oy T sin(6)) : (17)

If particle was stopped out of detector, then from Figure 4B, L.y is calculated as

- = Xstart
start R sin (8) , (1 8)

In this case, d=0 and the removed layer, h, is equal to the total removed layer.

3.2.3. Determination whether a latent track becomes visible or not

To make visible some latent track , two conditions must be satisfied.

The first condition is that the etching solution must attain the latent track for the particle
which was stopped within the detector. In mathematical form, this condition is read as
Removed layer>d (see Fig. 4A) .

The second condition was already mention above i.e. Vt(x)-sin(6)>Vb.

T ———
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The following part of .the program examines whether the track will become visible or not.
A loop examines condition ¥ (x)sin & >1 along the particle trajectory. If this condition is

not satisfied in any point along latent track, it will not become visible, program terminates
and print the message, “’track will not be created’.

3.2.4. Examination whether the track is over-etched

The track is over-etched if the etching solution passed along all of the particle path and
etched further after point P (Figure 2) for direct or point A (Figure 3) for reverse etching. The
relation

1
= dx :
ID -Etarz Vr (x) ; ‘ (1 9)

is used to determine whether the track was over-etched or not. tp is time needed for the
etching solution to attain the point A (direct etching) or up to the starting point of the particle
(reverse etching). If the etching time is larger than tp | the track is over-etched, otherwise it is
not over-etched. Subroutine VINTEGRAL.F90 given below, calculates tp.

3.2.5. Calculation of track profile

Here, coordinates of the points in the track wall are calculated. They create the track
profile in two dimensions. As it was written above, the three dimensional image can be
formed by the rotation of these points around the particle trajectory. The starting point in this
calculation is the ending point where the etching solution is attained, for not over-etched
tracks (L,0), or point (R,0) for over-etched tracks. Then the iteration is used to calculate Eq. §,
which gives the coordinates of other points in the track wall. Subroutine
TRACK_WALL.F90, which uses Newton iteration method, was utilized for this purposes.

From Egs.(8) and (10) follows: |

B
F(zo)z(zo—B)\/Vz(erB ZO]—I—Ax (20)
Ax
The first derivation of the function F has form
c 2V(x+BB;“J-V'(x+BB;")[-%J
(0)=\/V?(x+3 Z"J—H(zo-B‘ '

F' Z Ax J
2\}1/2(“33_20}—1
Ax

According to Eq.(14), the root of the Eq.(8) can be found as

1)
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\ i
(z,q—B)AX(V2 o T [VZ o “"]—1
Ax \ Ax

Zn+1 :Zn = B\ . B B (22)
Ax- VZ(erB _Z"J—I]—(ZH—B\)B'V(X-{-B __Z")-V'()H-B _Z")
. Ax J ’ Ax ) Ax

\

where B is the ordinate of the point (x,B) and z,.; is the approximate value of the point
(X-AX, Zntl )
Subroutine CALCULATION TRACK _WALL.F90 calculates z for a given x and B.

Isol — z|

When condition < factor is satisfied, then z is the solution of the equation.

Z

4. RESULTS

The outputs of the program are: the lengths of the major and minor axes of the track
opening, the track length as well as the track depth. The values of these parameters are printed
into the file “Results.dat” which is created in the same directory where .exe file was saved.

For example, if user selects CR-39 detector; V function signed by number 2 and for input
parameters takes: removed layer=6 pm; o=30°; Xstart=10 um and Energy = 4000 keV, the
following output will be printed in file

MAJOR AXIS 9.40
MINOR AXIS 8.48
TRACK LENGTH 6.96

TRACK DEPTH 6.03
All units are in micrometers.

Some more results are given in Figures 9-12. Figures 9-10 present major and minor axes
of the tracks as a function of the removed layer and the energy of the particle as parameter.
Figures 9 and 10 were produced for the CR-39 detector by using V function, number 2,
assuming that the starting point Xstart = 10 pm. It has been taken that the particles were
emitted with angle a= 150°. '

Similarly, Figures 11-12 present major and minor axes of the tracks in the LR115
detector as a function of the removed layer and energy of the particle as parameter. The V
function, number 6, was used for calculation. The starting point 1s Xstart=12 pm which
corresponds to the case when the particle emitted from the opposite side of the strippable
LR115 detector. It was assumed that the particle was emitted also with angle a= 150°.

It can be seen that major and minor axes of the track opening are linear functions of the
removed layer and strongly depend on the particle energy.

The software TRACK WALL.F90, for the calculation of track parameters can be
downloaded from the web page http://www.pmf.kg.ac.rs/radijacionafizika/Products.html.
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Figure 9. Major axis of the track in CR-39 detector as a function on the removed layer and the particle
energy as a parameter. Angle a= 150° (or 6= 60°). Xstart=10 pm.
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Figure 10. Minor axis of the track opening in CR-39 detector as a function on the removed layer and the
particle energy as a parameter. Angle a= 150° (or 6= 60°). Xstart=10 pm.
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Figure 11. Major axis of the track opening in the LR 115 detector as a function on the removed layer
and the particle energy as a parameter. Angle a= 150° (or 0= 60°). Xstart=12 pm.
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Figure 12. Minor axis of the track in the LR 115 detector as a function on the removed layer and the
particle energy as a parameter. Angle a= 150° (or 8= 60°). Xstart=12 pm.
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APPLICATION OF CR-39 DETECTOR
IN NEUTRON DETECTION AND DOSIMETRY

SUMMARY

A comparison of experimental and calculated respeios a CR-39 detector to neutron spectra
from an Am—Be source is presented in this papesofsputer program called Neutron_CR-39.F90 for
neutron simulation through a CR-39 detector anddé@tection was described and developed. The
secondary particles are created in different dimast and their latent tracks are oriented randomly
within the detector. Some tracks will be etchedrfrthe point where the particle was created in the
direction of the particle motion — this is direttl@ng. Other tracks will be etched from the poitiere
the particle was stopped or from where it exitemhfrthe detector, in an opposite direction to the
particle movement — this is the etching in a resatgection. In this paper a calculation of theckra
walls etched in the same and opposite directiodeseribed by using Newton’s method. The program
Neutron_CR-39.F90 contains subroutine Neutron.f@ heutron simulation and subroutines
Trackfdmsame.f90 and Trackfdmback.f90 for the dakbon of created track profiles after detector
etching in the same and reverse direction, respayti

Developed program has been used to calculate titeonedose equivalent rate for the CR-39
detector as well as the track density. Conversiogfficient (sensitivity) between track density in
track/cnf and neutron dose equivalent in mSv, was calculayedsing above mentioned program. It
has been found that sensitivity increases lineailly removed layer in the investigated range betwee
6 um and 24um. The neutron equivalent dose rate was measureth lactive device, and compared
with the calculated one. Good agreement was fowstdiden these two independent techniques for
equivalent dose determination. The mean neutr@néle to dose equivalent conversion fadtgrwas
determined also, and it is in good agreement wielvipusly published results (Burger and Schwaster,
1988; ISO/DIS 8529, 2000). Experimental and thecaktresults, and their agreement, suggest the

potentiality of a CR-39 detector for fast neutrasichetry.
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