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JIa1si mepcreKTHBHOH METOAMKH JiedeHHUs 3/10KaueCTBEHHBIX OMyXoJied — 60p-HeHTPOHO3aXBaTHOH
tepanuu (BH3T) — B UncturyTe simeproit pusnku CO PAH npensiokeH u paspaboTaH yCKOPUTE/b-
Hbl# HcTOUHHMK HeiTpoHOB VITA, Bkioyawwmuil B ceOsi YCKOPUTENb-TAaHAEM C BaKyyMHOH H30Js-
nuel A TOJyYeHHs MydyKa NPOTOHOB, JHUTHEBYIO MHMIIEHb AJSi FeHepalldil HeHTPOHOB B peaklMH
"Li(p,n)"Be u cucreMy (hopMHPOBaHUS MydKa HEHTPOHOB C 3aMelJHTeNeM U3 (TOPHAAa MarHus s
NOJTy4YeHHsl TepaneBTHYECKOTo MyyKa HEHTPOHOB.

[IpencraBieHbl pe3y/nbTaTbl CPaBHEHHS NaHHBIX YHCJIEHHOTO MOIEIMPOBAHHS POCTPAHCTBEHHOTO
pacnpezesieHds 60pPHOH [03bl M [03bl raMMa-U3/yyeHHs B BOLHOM (haHTOMe C MpPUMEHEHHEeM Tpex
W3rOTOBJIEHHBIX CHCTeM (DOPMHUPOBaHHUsS Myuka HeHATpoHOB. MccsenoBaHHsi MpoBeneHbl Ha YCKOPH-
TesibHoM HcTouHuKe HedTpoHoB VITA B USD CO PAH ¢ npumeHeHueM paspaboTaHHOTO MaJjoraba-
PUTHOTO JIeTeKTOpa, 00eCleunBaIOIIEr0 H3MepeHHe NaHHBIX KOMIIOHEHT /03 MOHU3HPYIOLIEr0 H3Jy-
yeHus. [losydyeHo corsnacue pe3yJsbTaTOB YHCJEHHOrO MOJEJNMPOBAHUSA C pe3yslbTaTaMH H3MEpeHHS.
JList yckopuTesnbHOro uctouHuka HeiitponoB VITA, usrorossienHoro u nocrasasemoro 8 HMULI oH-
kostoruu uM. H. H. BsioxuHa ¢ nesbio npoBefieHHst KIMHUYeCKUX HcnblTaHui Metonukun BH3T B Poc-
cuiickoil Pesepalluy W MNOCJAENYIOUIEro JedyeHHs O0JIbHBIX, METOAOM UYHCJEHHOr0 MOJEJNHPOBAHHS
NpPOBeleHa ONTHMH3AaLMs CHCTeMbl (DOPMHUPOBAaHHs MydyKa C YUYEeTOM pas3MellaeMOro 000pyAOBaHHS,
Ha/IM4YMsl KOHCTPYKLMOHHBIX MaTEPHaJ/OB U CTEHbI, Pa3feJIsiollell NoMelleHHe YCTaHOBKH OT obJyya-
TeJIbHOH KOMHaThl. [IpHBOAKTCS OMUCaHKUe CPENCTB U MaTepPHAIOB, UCI0JIb30BaHHE KOTOPBIX O3BOJH-
J10 ¢(hOPMHUPOBATH NTy4OK HEHTPOHOB, yAOBJeTBOPsoWMI TpeboBanuaM BH3T, a takxe KoHCTpyKIMH
W3rOTOBJIEHHOH CHCTeMbl (hOPMHUPOBaHHs MyuKa HEHTPOHOB.

The accelerator-based neutron source VITA has been proposed and developed at the Budker
Institute of Nuclear Physics (Novosibirsk, Russia) for boron neutron capture therapy (BNCT),
which includes a vacuum-insulated tandem accelerator for proton beam production, a lithium target
for neutron generation through the "Li(p,n)"Be reaction, and a neutron beam shaping assembly
with MgF2 moderator for therapeutic beam generation.
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The paper presents the results of comparing numeric simulations results of boron dose and ~-ray
dose spatial distributions in a water phantom for three different neutron beam shaping assemblies.
The investigations were carried out at the accelerator-based neutron source VITA at BINP SB
RAS using a small-size neutron detector to measure these components of ionizing radiation. The
agreement between the measured and simulated results is obtained. For the accelerator-based
neutron source VITA, which was manufactured and is being supplied to the Blokhin National
Medical Research Center of Oncology in Moscow with the purpose of conducting clinical trials
of the BNCT technique in the Russian Federation and subsequent patients treatment, the beam
shaping assembly is optimized by numeric simulation method taking into account the equipment
being placed, the presence of structural materials and a wall separating the installation room from
the irradiation room. Description of the materials the use of which made it possible to form a
neutron beam that meets the requirements of the BNCT and the design of the manufactured beam
shaping assembly are presented.

PACS: 29.25.Dz

BBEAEHHUE

Bop-neiitpoHosaxeatHast Tepanusi (BH3T) B Hacrosiliee BpeMsi siBJsieTCS OAHHUM H3
HanboJiee TEPCIEKTUBHBIX METONOB JIEUeHHsl OHKoJornueckux 3aboneBanuil. BH3T nos-
BOJISIeT IIPOBOJUTb YHHUTOXKEHHE 3JI0KaUeCTBEHHBIX ONyXoJied MyTeM CeJIeKTHBHOIO Ha-
KOMJIEHHUS B KJETKax OMyXoJH cTabuabHOro usorona 6op-10 v nocnexpyiouero o6/ayueHus
MaLMeHTa MOTOKOM 3MHUTENJIOBbIX HEUTPOHOB. B pedysnbprare morsoueHuss HedTpoHa 60poM
NPOUCXONHUT snepHas peakuus °B(n, a)"Li ¢ 60/1bIIKMM BbieJeHHeM SHeprHH B Npefesax
OJIHOH KJIETKH, UTO MPUBOAUT ee K rubesu [1].

B NP CO PAH wusrotossieH ycKOpHUTebHBIH HCTOYHUK HelTpoHOB VITA nsst mpose-
neHus1 60p-HEUTPOHO3aXBaTHOH Tepanmuu B HaunuoHalbHOM MeIHLHMHCKOM HCCJEL0BATENb-
ckoM weHTpe oHKoJoruu um. H. H. Bioxuna (MockBa), KOTOpbIi NJaHUpyeTCsi BBECTH B
sKenayaraunio B 2025 r. ¢ LeJbl0 HCIONb30BaHUS AJIS JiedeHHs MalUeHTOB. YCKOPUTEb
OCHallleH CUCTeMOH (hOpMUpOBaHUS My4Ka C 3aMefJuTesNeM U3 (DTOpUAA MarHus AJs reHe-
paluu TepaneBTHUECKOro my4yka HeldTpoHoB. s BBemenuss bBH3T B knuHMYecKyw npak-
TUKY U CO3JaHUS MHIMBHAYAJbHOTO IJaHA JieYeHHs KaxKJAOro nalueHTa pa3paboTaHa cH-
creMa nosumerpudeckoro naanuposanust (CAIT) VITA, He umeromias anansoros B Poccuii-
ckoil Penepauuu.

B nannoit paGotTe onucaHbl pe3ysbTaThl BajJuallMK JAaHHBIX pacyeTa J030BOrO paclipe-
JleJleHHsl HeHTPOHHOIO U raMMa-U3/ydeHHUsl CUCTeMOH N03UMEeTPHUUecKOro IJaHHUPOBAHUSA
VITA, a takke npeacTaBjeHEl pe3ysbTaThl NPOBENEHHOH C MOMOIIBI0 YHCJIEHHOTO MOJe-
JIUPOBAHUS ONTHMU3ALUUHU KOHCTPYKLHHU CHCTEMbl (DOPMHUPOBAHHUS My4yKa C 3aMeLJHUTeNeM
3 MgFs, BbimosHeHHO# ¢ yuetom pekomenaauuit MATATD [1], mist sHeprud MpPOTOHOB
2,3 M3B u toka 7 MA. [lpuBomnTcs omucaHHe KOHCTPYKLUHUM H3TOTOBJEHHOH CHCTEMbI
(hOPMHPOBAHHSA NTy4YKa HEHTPOHOB.

1. BAJIMAAIIUA] PE3YJIBTATOB PACHETOB CAII VITA

DKCreprMeHTaNbHblE HCCIIeI0BAHNS TPOBEJIEHBl Ha YCKOPHUTENbHOM HCTOYHHKE HEHTPO-
HoB VITA B P CO PAH [2, 3]. ['eHepaLysi HEATPOHOB MPOMUCXOAHUT B JIMTHEBOH MHILIEHH
B peakuuu ' Li(p,n)"Be. Cxema 3KcrepuMeHTa/lbHOH yCTaHOBKM MoKasaHa Ha puc. 1. Cu-
cremMa (OpPMHUpPOBaHHUs Myuka W BogHbld gaHToM P3DO01 pacroJioxkeHbl B TOPU30HTATbHOM
TPaKTe MyuKa.
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Puc. 1. OkcnepumeHTasibHasi yCTAaHOBKA: | — YCKOPHUTEJb-TaHAEM C BaKyyMHOH H3ojsuueil; 2 —
GeCKOHTaKTHBIH JaTYMK TOKa; 3 — JIMTHeBas MHUIIeHb; 4 — cucTeMa (OPMHPOBAHMA NyuyKa; 5 —
BOJIHbIH (DAaHTOM; 6 — JIETEKTOPbl HEHTPOHOB M raMMa-H3Jy4YeHHs

H3mepeHns MpoCTpaHCTBEHHBIX pacnpesieseHni GOpHOH 03Bl U 03Bl TaMMa-HU3JydeHust
B BOAHOM (DaHTOME IpPOBENEHbl C IMOMOIMIbI0 [BYX TaMMa- M HEHTPOHHBIX JAETEKTOPOB
C JIUTHEBBIMH MOJHUCTHPOJBbHBIMH CUMHTH/JNSTOPAMH, OAWH H3 KOTOPBIX oboramieH 60-
pom [10, 11]. JleTeKTOphbl yCTaHOBJEHBI Ha IJOLIALKe, MepeMellaeMOH MO BCEMY BHYT-
peHHeMy o6beMy (haHTOMA.

B BH3T o6was norsouieHHas no3a npeacrabisieT cO60H CyMMYy YeTbipeX KOMIIOHEH-
TOB [7]: «GOpHO# [03bI», «a30THOM MO03bI», M03bl OBICTPHIX HEHTPOHOB, O3B TaMMa-H3-
JIyUeHHUs.

B nanHoii pa6ore 3D-pacueTbl BceX 4YeThipeX KOMIIOHEHTOB H03bl MPOBEIEHBl Ha BOK-
CesIbHOE MojiesiM BogHoro gaHtoma ¢ pebpom 8 MM ¢ momorinbio nporpammbl CJIIT VITA
C HCIIOJIb30BaHHEM KOJa NepeHoca HeUTPOHOB U ramma-usnydenuss NMC merompom MoHTe-
KapJio [4].

Jlnisi poBeieHMsi U3MepeHHH BeIOpaHa cjenytolias mMetonuka. CHadasa MpoBOIST U3-
MepeHMsl NPH 3Hepruu npoToHoB 2,1 MsB u Toxe 1 MA, Tak Kak NpH TakoH 3HEPruu
POTOHOB reHepupyeMmble B peakuuu ' Li(p,n)"Be HedTpoHB XxapaKkTepusylTcs cpeaHei
sneprue#l 100 k3B [6] u moctatouHo ryy6OKO MPOHHUKAIOT B BOLY B OTCYTCTBHE 3aMel-
JauTedsi, GopMUpPYys MaKCHMyM IJIOTHOCTH TEMJIOBBIX HEHTPOHOB HAa HEKOTOPOH IiyOHHE,
YTO TMO3BOJISIET, COBMECTHB MaKCHUMYyMbl PACUETHOTO W U3MEPEHHOTO pacrpeleseHHH, TOUHO
ONpeNIeIUTh TMOJIOKEHHE NAaTYMKA OTHOCHTEJBHO MOBEPXHOCTH BOAHOTO (haHToMa. CoBMe-
mas Mo aMILIUTyIe pacueTHbIe U U3MepeHHble pPacnpeneeHns, OnpenensioT KoahpuunueHT
IJ15 IepeBoJa CKOPOCTH cyeTa AeTeKTOpa B MOLIHOCTb 103bl. [/1s1 103bl raMMa-u3J/ydeHus
TaK>Xe YYUTHIBAETCS CMellleHHe, 00YyCJIOBIEHHOE H3JyueHHEM YCKOPUTeNs. DTH Ke Ko3(-
(bULHEHTHl NPUMEHSIOTCS AJS MepeBoJa CKOPOCTH cyeTa JNeTEeKTopa B A03Y W AJs APYTHX
cucreM (pOPMHUPOBaHHUS NyuKa: C 3aMelJ/IMTe/1eM U3 OprcTeksa U A5 pa3paboTaHHOM HaMu
paHee cucTeMbl (POPMHUPOBaHMSA Myuka Cc 3aMennuteseMm nu3 MgFs v BUCMyTOBBIM (HJb-
TPOM TraMMa-U3Jy4eHHs Ha BBIXOLE CHUCTEMbl (POPMHPOBAHMSA Myuka. 3aTeM MPOBOAMTCH
CpaBHeHHe PaCueTHbIX U SKCIIEPUMEHTa/bHbIX 3HAUEHUH.

JlaHHble pacyeToB W U3MepeHHH C y4yeTOM MepeBOAHBIX KO3(P(ULHUEHTOB A/ GOpHON
[03bl U [03bl TaMMa-U3JyueHUs MpUBeleHbl Ha puc.2. Pe3ynbraThl NpoBeleHHBIX HccJe-
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Puc. 2. Pesysbrathl H3MepeHHs U MOJEJHPOBAHUS paclpefiesieHHss GOPHOH 103bl U 103bl raMMa-
U3JTydeHUs] 1JIs1 TPEX CHCTeM (hOPMHUPOBAHHMS Nyuyka Npu Toke 1 MA: a) MHUILIEHHBIH y3eJ, 3Heprus
npoToHoB 2,1 M»3B; 6) MuILIeHHBI} y3eJ ¢ 3aMeIUTeIeM U3 OpPreTeKsa, SHeprus npotoHos 2,1 M3B;
8) MHIIEHHBIH y3eJ U cucTeMa (OPMHUPOBaHHsA MydKa ¢ 3aMenauTeneM MgFz 1 BUCMYyTOBBIM (HJIb-
TPOM Ha BEIXOJIE

JIOBaHUH AEMOHCTPUPYIOT XOpollee corjachue Mexay H3MEPEHHbIM U paCdeTHBIM I‘JIY6I/IH-
HBIM pachpeneseHussMu 60pHOI;'I A03bl U NO3bl raMMa-u3JaydeHUs. OTkioHEeHHE pacyeTHbIX
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U 9KCIIEPHUMEHTAJIbHBIX NJAHHBIX [JI5 60pHOﬁ J03bl U J03bl raMMa-MU3JydeHUs He NPEeBbILIaeT
5%, 4YTO CPaBHUMO CO CTaTUCTUYECKOHU NOrpelIHOCThIO.

2. CACTEMA ®OPMHUPOBAHHUA ITYIKA
YCKOPHUTEJIbBHOTO UICTOYHUKA HEUTPOHOB VITA

PesynbTaTel MpoBeIeHHBIX HCCNEN0BAHNH TOKA3aJ/M XOPOLIee COracHe MeXAy U3MepeH-
HBIM U pacueTHBIM TJIyOUHHBIM pacripeleseHUsiMU GOPHOH N03bl U O3Bl raMMa-U3JyueHHusl.
[Ipy 3TOM, ec/aM HCIOJb30BaTh H3rOTOBJAEHHYIO cHcTeMy (opMmupoBanus nyuka (CPII)
C 3aMejJiUTeJieM U3 (PTOPHIA MarHusl B YCKOPHTEJNbHOM HCTOUHHKe HelTpoHOB VITA, mo-
craBasieMoM B HanWoHanbHBIH MEAWLMHCKHH HCCIENOBATENbCKUHA LEHTP OHKOJOTHH
uM. H. H. Bioxuna (MockBa), To napaMeTpbl My4yka HEHTPOHOB MPH 3HEPTHH TPOTOHOB
2,3 M3B u toke 7 MA He B MoJiHOE Mepe ynoBJeTBOpsiioT pekomenayembiM MATATD 3Ha-
yenusm [1], onu npuBenensl B Tabauie (cronben CPIT — ucxonusiél npoekTt). BuaHo, 4To
nJst Toro, uto6ul napametpel CPIT B Bo3ayxe cooTBeTcTBOBaNN pekoMeHnaunsam MATATD,
HeoOXOMMO YMEHBILIUTb OTHOLIEHHE TEIJIOBOTO MOTOKA K 3MHUTENJOBOMY, A03Yy ObICTPBIX
HEHTPOHOB Ha eIUHUIYy 3MHTEMJIOBOrO TOTOKA, 03y raMMa-u3JydeHHs Ha €AWHHULY 31H-
TEMNJIOBOrO MOTOKA.

B cBsi3u ¢ 3TUM NPUHSATO pellleHHe O BHECEHHWH KOHCTPYKUHOHHBIX U3MeHeHHH B CDII
¥ PUMEHEHHUH JOMOJHUTENbHBIX PUABTPOB. [/ yMeHbIlIeHUs] KOJWYeCTBa TEIJIOBbIX Hel-
TPOHOB pEIEHO HCIMOJb30BaTh KAAMHEBY (oJbry ToamuHou 0,2 MM, IJs yMeHbLIeHHUsS
KOJIHUECTBA OBICTPBIX HEHTPOHOB — TIOJNUITHUJIEH C MPUMEChIO JUTHS ToJauuHOH 0,5 cMm,
a I/l yMeHbLIeHHs] raMMa-u3JjyueHuss — QUAbTP U3 BUCMyTa TojuuHol 0,2 cm. Ha yge-
JIMUEHHe [0JIM STUTEMNJOBbIX HEUTPOHOB U YMeHbIlIEHHEe J03bl TaMMa-U3Jy4eHHsl TIOBJHUSIO0
yBeJIHUeHHe BBICOTHI TPad)UTOBOTO OTpa)kaTessi B MepedHedl mosycdepe mydyka Ha 5 cM
U yJaJieHne M3 MOJeNH BCeX KOHCTPYKLHOHHBIX 3/J€MEHTOB W3 THTaHa, KPOME BHELIHEro
kopriyca C®II, a Takxke yBenuueHHe pa3MepoB (ropuna MarHusi. [lanbHellllee CHHKe-
HHe [03bl raMMa-H3JyuyeHHs MOJYYeHO 32 CUET 3aMeHbl NOJHUITUJEHA C JIUTHEM B Mepei-
Hel mosycdepe Mydka Ha CBHHELl M YBEJWYEHHUS TOJIIMHBI BUCMYTOBOrO ¢usbTpa mo 0,5
cM. Mopenn COII Ha pa3HbIX 3Tanax NPOEKTHPOBaHUS TpHBeleHbl Ha puc.3. [lapamer-
pbl myuka HedUTpoHOB (uHanbHOH Bepcuu CPII (cM. puc. 3, 6) MOJTHOCTIO COOTBETCTBYIOT
pekoMennauusamM MATATD (cMm. Tabnuny).

ITapamerpb! cucTeMbl (POPMUPOBAHUSA MyYKa B BO3AyXe Ha Pa3HbIX 3Tanax MPOEKTHPOBAHUS
B cpaBHeHHUM ¢ peKoMeHAyeMbIMU MAT'ATI BesnunHamu

Jloza 6BICTPBIX Joza
CKopoCTb OTHoleHHe HelTPOHOB Y-HU3JyUeHHs
MMOTOKa TEeNnJIOBOIro Ha eIUHHU Ha €OIUHHU
ITokasaresb A Hy A Hy
SIMUTEIJIOBbIX TIOTOKa SIIUTEIJI0BOTrO 3MUTEIJIOBOTO
KadyecTBa o
HEUTPOHOB K 3MUTENJOBOMY IIOTOKa MMOTOKa
Pepi, CM 2 ¢t Pen/ Pepi Dii/[ ¢epi(t) dt, | Dy/[ pepi(t) dt,
Tp-cm? Ip-cm®
PeKOMEHLLyeMbIe
MATAT?D 3Hauenus >5-108 <0,05 <7-10718 <2-10718
OHTI/IMHSHpOBaHHaH
CPIT 7,26 - 108 0,028 59-10713 1,98-1071
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Puc. 3. a) Bun cucrembl GopMHpOBaHUs Myyka HEATPOHOB, cripoekTHpoBaHHo# mjast HMULL onko-
goruu uM. H. H. Broxnna: /I — MHUIIEHHbIH y3es ¢ JIMTHEBOH MHUILIEHbIO; 2 — OTpaXKaTesb U3 CBHUHLE;
3 — oTpaxaresb U3 PeaKTOPHOro rpauta; 4 — 3aMelJ/IMTeNb U3 KPUCTAJNIOB (PTOPUIA MarHus; & —
KOJIIMMAaTop U3 BoJib(pama. 6) Moznens ontumusuposanHoii CPII (pasmepsl B cMm)

Ha ocHoBaHHU pe3y/ibTaTOB YUCJIEHHOTO MOAEJUPOBAHUS [IepeHoca HEUTPOHOB U raMma-
U3Jly4eHUs IPOBeJeHO MPOeKTHpPOBaHHWEe cUCTeMbl (DOPMHUPOBAHUS My4Ka HeHTPOHOB /14
HanuonanbHOro MEIMIIMHCKOTO HCCJIEA0BATEIbCKOTO LIeHTpa oHKoJoruu uM. H. H. Baoxuna
(MockBga), ee TpexmMepHOe H300pakeHHe NPeACTABJIEHO Ha pHC. 3.

3AKJIOYEHHE

Meronrka BH3T HauuHaeT BXOOUTb B KIMHUYECKYIO IPAKTHKY Mo Bcemy mupy. B D
CO PAH wusrotoB/ieH ycKOpUTeJbHBIH HCTOUHUK HedTpoHoB VITA nas mpoBeneHus: 6op-
HeHTPOHO3axBaTHOH Tepanuu B HaluoHa/lbHOM MeJUIMHCKOM HCCJIe0BaTe1bCKOM LieHTpe
oukoJsiorud uMm. H. H. Biioxuna (MockBa) ¢ LeJbl0 HCIOJb30BAHUS [JisI JIEYeHHSs TallfeH-
TOB. Yckopuresb ocHaieH CPII ¢ samennuteneM u3 Gpropruna Maraus Ajs GOPMHPOBAHHS
TepaneBTHUeCKoro nyuka He#itpoHo. [lis BBeneHuss BH3T B KJMHHUECKYyI0 MPaKTHKY
U CO3/laHUS MHIMBHMAYAJbHOTO MJaHA JieYeHHs KaxKIOro nalueHTa paspadoTaHa CHUCTeMa
nosumerpudeckoro muaanupoBanuss VITA. Pesynbratsl Banunauuu naHubix pacyeta CJII1
VITA ¢ ncronb30BaHHEM Tpex CHCTeM (DOPMHUPOBAHHS ITydKa MOKA3ajH, YTO OTKJOHEHHE
pacyeTHHIX H IKCHNEPHUMEHTA/bHBIX 3HAaUeHUH /151 OOPHOH [03bl W 03Bl TaMMa-HU3JydeHust
IJISl BCEX 3KCIEPUMEHTOB He mnpesbllaeT 5%. C MOMOIIBIO YMCIEHHOrO MOJEJNHPOBAHHUS
NpoBeieHa ONTHMHU3aLHUsl KOHCTPYKUUU cHUcTeMbl hopmupoBaHus nyuka ajas HMMULL on-
kosorud uM. H. H. Biioxuna ¢ yuetom pekomennauuit MATATI. B pabore mpexacraBieHo
ONMCaHUe CPeJICTB U MaTepua/oB, C [OMOLIBI KOTOPBIX YAaJ0Ch C(HOPMHUPOBATH MY4YOK
HEHTPOHOB, COOTBETCTBYIOIINH pekoMeHnamusM MATATI, a TakKe KOHCTPYKIHH H3ro-
ToBJseHHOH CPII HeHATpPOHOB.

PaGora BblmosHeHa npu nogjepxke MuHucTepcTBa HayKH M Bbicllero o6paso-
BaHus PO.
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