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Hszyvena 603MOHCHOCTIL  UCTOABIOBAHUA YCKOPUMENLHOZ0
Komnaexca npomonnoti mepanuu “lIIpomemeyc” das noay-
weHus MeuuuHckur uzomonos. C' nomouywio mpozpammHo-
20 naxema GEANT4 nposedero MOOEAUPOBAHUE INEKMPO-
adepnoti yemanosku. Paccuumansv, kpusvie 6vixoda u3zomona
9 Mo, npusedenni pesyabmamu MooeAuUposaHus pada Opyeus

u3omonoe.

KirroueBbie cjioBa: 3/IeKTpOsiiepHasi YCTaHOBKA, MEJIUIIUHCKAN U30TOII.

YVckopuTen 3apsKEeHHBIX YaCTUI HAPSJLY C sJIePHBIMU PEaKTOPAMU IITHPOKO MCIIOIb3Y-
I0TCSL JIJIST TPOM3BOJICTBA MeIUIMHCKUX n30TonoB [1-3]. B HOstbpe 2015 r. 6Lt 3armmyiineH ore-
YeCTBEHHBIN KOMILIEKC ITPOTOHHOI Teparuu “IIpomereyc”; nmpeHasnadeHHbIN 1151 BBICOKOI(-
GEKTUBHOTO JIeYeHHUsT OHKOJIOIMIECKUX 3a00/1eBaHNil ¢ BBICOKOM MPOIIYCKHON CIIOCOOHOCTHIO.
Nzrorosurenem komiuiekca “Ilpomereyc” smisercs poccniickast kommanus AO “IIporom”; Ko-
Topas Oblta ocHoBaHa B 2001 rojy st cepuitHOTO IMPOM3BOJACTBA IIPOTOHHBIX yCKOpHUTEIeit
Ha 6aze HaygHBIX paszpaborok PUAH. K nHacrosmemy BpemMeHn Ha 2-X 9KCIIepUMEHTATbHBIX
koMIntekcax B I. [Iporeuno Ha 6aze @TIL PMAH, u r. ObHuncKe Ha Ha3e BeLyIIero OHKOIEH-
rpa crparbl MPHIL um. A. ®@. [pi6a ycmentao nposedeno 6osee 800 namuenTtos. I[Iporonmbie
cuuxpoTponbl “IIpoMereyc” BBeEHBI U BBOJATCA B KCILIYATAIUIO JIJIA JICUCHUS TAIIMEHTOB
u B 3apybekubIxX nenrpax Espomsr, Kurast, Uzpanisa, Ascrpanun u CIITA. UaTeHcuBHOCTD
TepaleBTUYecKoro MmydKa IpoTonos yeckopures “I[Ipomereyc” coctasiser B cpeaneM 10° ga-
CTHUIL 3a OJIMH ITUKJI TTIOJTHOT'O BBIBOJIA ITyYKa, SHEPTUA KOTOPOT'O MOYXKET BapbupoBaThcd OoT 30
10 280 M5B ¢ BozmozknocTsio yBemmdaenns 10 330 MsB [4-6].

JList MoJieTupoBaHus JIO3UMETPUYIECKOTO TJIAHUPOBAHUS YaCTO UCIIOIb3YeTCs IPOrPpaMM-

wbiii maker GEANT4  [7-11]. Ojnako MeMIUMHCKHE NPUIOZKEHHsI IPOIPAMMHOIO TaKeTa

L ®UAH, 119991 Poccust, MockBa, Jlenunckuit np-1, 53; e-mail: bagulyaav@lebedev.ru.

2 Tomckmit TocyaapeTBennslii yansepcuret, 634050 Poccms, Tomcxk, mp-t Jlenuma, 36.
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GEANT4 He OrpaHHIHBAIOTCS pacdeTaMi SHEPTrOBbIIeIeHIS TPOHUKAIOIIIX N3y YeHIi B Ma-
TepraJiax CJIOXKHOI reomerpun. Ilaker MoxKkeT OBLITH MCIOJIL30BAH U JIJIsT OIEHKU M3MEHEHUsT
HM30TOITHOTO COCTaBa MATEPHUAJIOB IO JAeHCTBHEM HEHATPOHOB ITUPOKOIO CIEKTPa SHEPIUil.
B macrosimmieit pabore m3ydaercst BOSMOXKHOCTD PACIIUPEHUSA 00JIACTH IPUMEHEHUsT KOM-
mwiekca “IIpomereyc”, B 4acTHOCTHU JIIsI TTPOU3BOJICTBA MEIUIIMHCKUX U30TOIOB. BKIIoUeHme
IIPOTOHHOT'O Iy YKa 0 CXeMe 3JIEKTPOsIIEPHOI YCTAHOBKHY ITO3BOJISIET T€HEPUPOBATH HEATPOHBI
IIIIPOKOI'0 SHEPIeTHYECKOro CIEKTpa. B craThbe IpUBEIeHBI PACUEThl B paMKax IIPOIPaMM-
Horo nakera GEANT4 BBIXO/a MEIUIIMHCKUX M30TOIOB, 0OOPA3YIOMINXCA B HEHTPOHHOM II0JIE

OT IIPOTOHHOI'O IIy4YKa.

S

Puc. 1: Czema snexmposdeproii yecmanosru. Obosnavenusn: 1 — npomonnvit nyvwox, 2 — mu-

wens, 3 — duddysop, 4 — netdmporran 3auuma, 5 — 006AyHaeMvIT 0bpasey.

Ha puc. 1 nokaszana ymupolneHHasi cXeMa MOJIEINPYEMOil JIeKTPOsIEPHON YCTAHOBKH.
[Tporonusiii my4dok (1) majgaer Ha oxJaxKaaeMmyto Bojoil MuineHb (2) u3 mosmbuena. Mu-
IIeHb, B KOTOPOI POKJIAIOTCS HEHTPOHBI 101 JIefiCTBUEM IIPOTOHOB, OKPY’KeHa CBHHI[OBBIM
muddysopom (3), 3a1ada KOTOPOro 3aKII0IAETCS B PACIIHPEHUN CIIEKTPa HEHTPOHOB, U3JIy-
JaeMbIX M3 MUIIEHN 3a CUeT PAacCesHus. YCTAHOBKa OKpY:KeHa HeHTpOoHHOI 3amuToii (4) u3
KOMOMHAIIMH TsKEJIBIX U JIEPKUX MAaTePUAsIOB Jis OTParKeHHsd N OXJIAXK/IEHUs HeHTPOHOB,

COOTBETCTBEHHO.
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B nuddy3op HAIPOTUB MUIIIEHHN TOMEIIAITCs 00Ty daeMble 06pasis (5), HalpuMep, Iia-
CTHHKA U3 IIPUPOJIHOIO MOJInOIeHa. PasMepsl IacTHHKN BHIOMPAIOTCS W3 COOOParKeHUit OTl-
TUMU3AIIN CKOPOCTH HAPAOOTKU MeIUIIMHCKOrO n3oTona. Ha puc. 2 moka3aHbl 3aBUCUMOCTH
BBIXOJ[a, MEJUITIHCKOro n3oTona *?Mo oT TOIIHb IacTuHKH t. BIIHO, 9TO BBIXOJ CO Beeil
[UTACTUHKY PACTET ¢ YBeJIMIeHIeM TOJIIUHBI (CIIONTHAs JTUHIA ). ECIu XKe MojiemTh BIXO
Ha Maccy IUIACTUHKH, T. €. HOPMUPOBATH PE3Y/IbTaT HA OJIMH I'PAMM, TO BBIXOJ] YMEHbBIIIAeTCs
¢ TosuHO (mpepbiBucTas Jinaust ). OUeBUIHO, YTO MPOIECC 3aXBaTa HEITPOHOB HA MMOBEPX-
HOCTH IJIACTHHKN YMEHBINAET CKOPOCTh HAPADOTKM M30TOIA M3 pacdeTa Ha OJMH I'PAMM.
HacrymaeT MoMeHT, KOryia yzKe He BCA TOJIMUHA IJIACTUHKH 3(D@PEKTUBHO paboTaeT Ha yBe-
JITYEeHHe BbIX0J1a n3oTomna. I3 puc. 2 mo Touke nepecedeHus JBYX JUHUNE MbI MOXKEM OIIpeie-
JINTH ONTUMAJILHYIO TOJIIUHY IJIACTUHKH, KOTOPasd B JAHHOM CJIydae cocTaBjsgeT t = 1 M.
[TosTOMy KOHKpeTHBIE TeOMEeTPUIECKHe ITapaMeTPhbl 001y IaeMbIX IJIACTUHOK BBIOUPAIOTCA U3
TpebOBaHUT MEIUITUHCKUX MTPOTIELYP.
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Puc. 2: Basucumocms evixoda uzomona Mo om moawumvs ucxoonoti naacmunky mMoaub-
dena. Kpusvie: cnaowHas — 3a6UCUMOCTDL OM MOSMUUHDL 8 PACHeme HG 6CH MAAGCTNUHKY,

npeposieucmasd — 6u1x0d Ha 00un 2pamm Maccvt NAAGCMUHKU.

MopenupoBanue MTPOBOIUIOCH IIPU UCIHOJH30BAHUU Habopa QGU3NIECKUX Mo/ieiei
FTF BERT HP, koropslii obecrieunBaeT HaJIeXKHOE OINMCAHUE ITPOXOXKJIECHUsT HEHTPOHOB

HINPOKOI'O CIIEKTPpa 9€pPe3 pa3/IMIHble MaTepuaJibl.
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[Taker Geant4 mo3BosisieT OTOMPATH COOBITHUS, KOT/Ia B pacCMaTpruBaeMoM 00béme 0Opasy-
€TCsl UHTEPECYIONIUI HAC U30TOI. DTH COOBITUS CYyMMHUPOBAJIACH, ITO MO3BOJISIO OIIPEJIETUTD
YUCJIO 00PA30BaBIINXCA sAJIEp MEIUIIUHCKOrO m30Toma Ngn,. 3aTreM 3TO YUC/I0 HOPMUPOBa-
JIOChb Ha KOJIMYECTBO IIaJaloIllUX Ha MHUIIEHDbL IIPOTOHOB Nstat7 T. €. BbIUYUCJ/IAJIOCh KOHEYHOE
otHOTIEeHNE Ny /Nstas, KOTOpOe 6e3 ydera pacrnajoB W30TOIA ONPEEsiio CKOPOCTh 06pa-
30BaHUS sdJIep M30TONA Ha OJIMH IMaJafoIiuil mpoToH. DddeKThl pacuajia saep W30Tola BO
BpeMsi SKCIO3UIIH YIUTHIBAJIUCH ITPUOJINKEHHO, ITOCKOJIbKY OHU He BBIXOJIW/IN 38 IPEeIe/Ibl
CTATUCTUYIECKON OIMMOKN BEJTMYUHBI CKOPOCTU HAPAOOTKHU.

Pacuersr orBevasin suepruu mydka mpotonos, pasuoit 300 MsB mpu toke 100 mxA. To-
r71a CKOPOCTb 0OPA30BaHUsT M30TOIA Ha OJINH MAJIAIONINAN TPOTOH B CEKYHJIY OIPEeIesITeTCs

cjeaAyromumM COOTHOHICHUEM:
Ngtar 1.6 - 107197

e Ny — 9UCI0 00pa30BaBIINXCA siJIep U30TOIA B pe3y/ibTare OOJyUYeHUs HEePBUIHBIMU

R():

IpOTOHaMU, KOJINIECTBO KOTOPBLIX PaBHO Nstat~ Wsmenenne aunciia o6pa3y10nmxc;1 A0€EP U30-

Toma co BpeMeneM N (t) MOYKHO MPHUOJIMZKEHHO OIPEIEINTh U3 CJACYIONEro yPaBHEHUS:

dN _ o, N
dt
N(0) =0,

OTKY/Ia
N(t) = Rot[l — exp(—t/7)], (3)

rie 7 = Th/2/In(2), a T/, — BpeMs mosrypacia/ia n3oToma. BpeMenHas 3aBHCHMOCTD Hapa-
OoTaHHON aKTUBHOCTH u30TOIa pasHa, A(t) = N(t)/7. Bpemennas 3aBucuMoctb Agample(t)
AKTUBHOCTHU TIOCJIe OKOHYaHWs 00JIydeHHs 3a BpeMs ty (00braHO 10 1acoB) HpuOIMKEHHO

paBHa:

Asample(t) = Ro[1 — exp(—to/T)] - exp[—(t — t9)/7], (to ~ 10 =ac). (4)

AKTUBHOCTB Jj1s1 TPOTOHHOTO Ty4ka ¢ 3Heprueit 300 MsB u Tokom 100 MKA B eauHmIIaX
kiopu cocrasiser ~ N, - 1.7-10% Bnecs N, = N/ Nstat-

Ha puc. 3 u 4 nokasaHnbl 3aBUCHMOCTH M3MEHEHUs aKTUBHocTU m3otoma Mo Bo Bpems
o0JIyueHus W T0CJIe Hero, COOTBETCTBEHHO. MojeampoBanue MpoBOUIOCH TIOMUMO U30TOTA
Mo emé n1a psana IpyTUX W30TONOB, IPEICTABIAIONINX HHTEPEC JIJId IPUMEHEHUSA B Me/H-
nuue. Tabs. 1 comepKuT Kak mapamMeTpbl MaTepPUAJIOB, UCIOJIb3yeMble IIPU MOJIETMPOBAHUN,

TaK 1 pe3yJibTaTbl BbIYUCJICHNWA BBIXO/IOB, AKTHUBHOCTEN M30TOIIOB.
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Puc. 3: Pacuemmaa 3asucumocms axmushocmu usomona °° Mo om epemenu s%kcno3uyu 6

npomorrom nyuke ¢ anepeuets 300 MaB u morxom 100 mrA.
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Puc. 4: Pacuemmaa 3asucumocmsv axmuschocmu usomona °° Mo om epemenu sxcnosuyu 6
npomorrom nyuke ¢ snepeuets 300 MaB u moxom 100 mxA u nocae e2o okonuanus. Bpemas

obayuerus cocmasaano 10 wacos.
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Tabanumnma 1

Hapamempbc MAMEPUAAOE U PE3YADINATIDL BBLHYUCAEHUA aKmusrocmet u30monos

Marepuas Mo — Mo | Lu — Y"Lu | Re — '®Re Ho — '66Ho
O6beM, cm? 6.33x6.323x0.1 | 19.8x19.8x0.1 | 2.76x2.76x0.1 | 3.373x3.373x0.1
[LnorHocTs, r/cm® 10.22 9.84 21.02 8.795
Macca, r 40.91 385.8 16.01 10

Ty /2, qac 65.976 6.65x24 17.004 26.83

T, Jac 95.18 230.17 24.53 38.71

N,= Nsim/ Nstat 0.000109 0.0433876 0.0020878 0.0031826
N, crar.ommbka, % 3 0.15 0.69 0.55
Aqon, Ku 0.1836 31.16 11.81 12.24

Pesynbrarsl mpuBeiéHHON MTPOIELyPbl MOJICTUPOBAHUS TTOKA3BIBAIOT BO3MOXKHOCTD ITPH-
MEHEHHS YCKOPHUTE/JIHLHOTO KOMILIEKCa IMPOTOHHON Teparuu “IIpoMereyc” st Mpon3BOJICTBA
MEJIMIIUHCKUAX U30TOIOB. [IpenMyIiecTBoM JTaHHOTO METOa SIBJIAeTCA 00Jiee CKOPOCTHAS JIO-
I'MCTHUKa JOCTaBKH HM30TOIla OT TOYKM M3TOTOBJICHUA 0 TOYKHN Me,Z[HHI/IHCKOﬁ IIponeayphnl,
[TOCKOJIBKY KOMIAKTHBIM MpoToHHBI cuaxpoTrporn PMAH mosBosisier pasmecTuTh €ro HeIo-
CPEJICTBEHHO B JieueOHOM yupeskiennu. Bo3pacTtaer u 3¢pHEeKTUBHOCTD UCIIOIB30BAHUS YCKO-
puTess, TaK KaK CeaHChl IPOU3BOJICTBA MEIUIIMHCKIX U30TOIIOB MOYKHO ITPOBOIUTEH B HOTHOE
BpeMs, TpudeM OObIYHO jocTarodno 10 dacos.

B namnoit pabore Mbl HE KOHKPETU3UPYEM INeOMETPUYECKHUE TapaMeTPhl YCTAHOBKH, I10-
CKOJIbKY 3TO BCe eIlle BOIIPOC HACTPONKH, a MPUBEIEHHbBIE PE3Y/IbTATHI SIBIAIOTCA TIEPBBIMU 1
npeBapuTe/bHbIMIA. HY>KHO OTMETUTH, UYTO pacueThbl BHIXOIa MEIUIIMHCKUIX H30TOIIOB TPedy-
IOT 3HAYUTEIbHBIX KOMIIBIOTEPHBIX MOIIHOCTEM, XOTs HAOJIIOaeTCsl OIPeIe/IEeHHBII ITporpecc,
U MOXKHO MPOT'HO3UPOBATH, YTO TAKHE pacdeThbl OYIYT JOCTyIHee B OJIMKaiIeM OyIyIeM.

Agropsr 6narogapust J. P. Revol (ITEPH) 3a nosiesubie o6y K 1eHust.

UccneioBanns BBIIOJHEHBI IPU O Iep:KKe rpanTa [IpaBurenbersa Poccuiickoit Pejie-
panuu (Cornamenne Ne 075-15-2024-667 ot 23.08.2024 r.).
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[Toctynmia B pemakimio 24 ceHTsiopsa 2024 1.
[Tocyie mopaborku 2 okTsadpst 2024 r.

[Ipungra k nmybsmmkanuun 3 okTsaopsa 2024 1.
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