Cekuma 2. PagnaunoHHble spekTbl B TBEPAOM Tene
Section 2. Radiation Effects in Solids
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HA LWKNTNYECKOM YCKOPUTEJIE P7-M
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VICTOYHWKM HEMTPOHOB A/151 MEAVNLMHCKMX NPUMEHEHMIA 3BO/TOLMOHUPOBAN OT FPOMO3AKMX SAEPHbIX PEaKTOPOB
K KOMMaKTHbIM YCKOPUTE/TbHbIM CUCTEMAaM, YTO CTal0 BOSMOXHbLIM 6/1arofapsi pasBuUTHIO SAEPHON (N3NKN U MHXKE-
HepuK. VICToprYeckn peakTopbl ObinM NEPBLIMK UCTOYHMKaMK HEMTPOHOB Ans BH3T. Hanpumep, peaktop FIR1 B
PUHNAHANN UCNONBb30BAJICA A4/1A NeYeHNs CapKOM [0 ero 3akpbiTa B 2023 rogy. B AnoHum peaktopbl JRR-4 n KUR
[ecATUNETUAMMU CNYXWUAN NNATHOPMON ANA KNUHUYECKMX UccnefoBaHnil. OAHaKOo KX 3KCM/yaTalns cBA3aHa C Bbl-
COKMMM 3aTpaTamu, pafnaLMoHHbIMU PUCKaMI 1 HEOOXOAMMOCTLIO CTPOroro perynnposaHms. CerofHs nuib eau-
HWLbI PEaKTOPOB, Takne Kak MofgepHu3MpoBaHHbIn KURRI B KnoTto, ocTaroTcst B CTPOo, kom6uHMpya BH3T ¢ npo-
TOHHOW Tepanueii Ans NoBbILLEHNS 3PEKTUBHOCTW.

Bop-HeiTpoH3axsaTHyto (BH3T), ragonuHuii-HeinTpoH3axsaTHyto (MTH3T) Tepanuto, HEATPOHHAs Tepanus, BKO-
yas Tepanuto HGbICTPLIMM HEMTPOHAMMN OCTAETCS OLHUM W3 K/THOUEBLIX METOL0B /IEHEHUS arpecCUBHbIX U paguopesu-
CTEHTHbIX OMyXO0/ei, TaKUX Kak rimobnactoma, MenaHoma v capkombl. 3a nocnefHWe AecATUNETMA TEXHOMOK re-
Hepawun HeMTPOHOB, MOLENMPOBaHVE UX B3aMMOAECTBUA C BUONOrMYECKMI MULLIEHSIMU 1 pa3paboTKa HOBbIX dap-
MaKO/I0TMYeCKUX areHTOB COBEPLUU/N 3HAYMTENbHbIA NpopbiB. O4HAKO BHEAPEHWE 3TUX METOAO0B B KIMHUYECKYHO
MPaKTUKY CTASIKUBAETCA C TEXHNYECKMMU, 3KOHOMUYECKUMUN U PEryNATOPHLIMU BbI30BAMM.

KntoyeBble cnoBa: LUMKIMYECKWIA yckopuTenb P7-M; HeWTpOH-3axBaTHas Tepanusi; MOTOK HEWTPOHOB, Be-
MULLIEHb.
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Aleksandr Ovsenev, Mikhail Gladkikh, Nikita Smolnikov,
Mikhail Anikin, lvan Lebedev, Artem Naymushin
National Research Tomsk Polytechnic University,
30 Lenin Ave., 634050 Tomsk, Russia,
aeo3@tpu.ru, mvg23@tpu.ru, nvs38@tpu.ru, amn@tpu.ru, iil@tpu.ru, agn@tpu.ru

Neutron sources for medical applications have evolved from bulky nuclear reactors to compact accelerator sys-
tems, made possible by the development of nuclear physics and engineering. Historically, reactors were the first
sources of neutrons for BNRT. For example, the FIR1 reactor in Finland was used to treat sarcomas until its closure
in 2023. In Japan, the JRR-4 and KUR reactors have served as a platform for clinical research for decades. However,
their operation is associated with high costs, radiation risks and the need for strict regulation. Today, only a few
reactors, such as the upgraded KURRI in Kyoto, remain operational, combining BNRT with proton therapy to increase
efficiency. Boron neutron capture (BNRT), gadolinium neutron capture (GNRT) therapy, neutron therapy, including
fast neutron therapy, remains one of the key treatment methods for aggressive and radioresistant tumors such as glio-
blastoma, melanoma, and sarcomas. In recent decades, neutron generation technologies, modeling of their interaction
with biological targets and the development of new pharmacological agents have made significant breakthroughs.
However, the introduction ofthese methods into clinical practice faces technical, economic, and regulatory challenges.

Now, the R-7M cyclotron is operating and actively used at TPU. However, the problem of the lack of both a
universal model of the neutron source and a full-fledged model of experimental channels is particularly acute, because
the accelerator is used for neutron therapy purposes. The identification of patterns of neutron radiation beam formation
and the further construction of a source model based on these patterns would significantly simplify and speed up the
work related to the assessment of dose loads on the patient.

Keywords: cyclic accelerator P7-M; neutron capture therapy; neutron flux; Be-target.
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BeegeHune

B HacTosllee BpemMsi OHKOJIOrMYecKme 3a-
60neBaHNA 3aHNMAKOT OLHO U3 BELYLLUX MeCT
Cpean nNpUYMH NpPexAeBPeMEHHOW CMepTu
nogen. Tak, B 2023 rogy OHKO/IOrn4eckue 3a-
60neBaHNS CcTan NPUUNHON KaXXAOM LIEeCTOM
cmeptn B Poccum [1]. N B cBA3M C fanbHew-
WMM yXYALWEeHWeM 3KONOrn4yeckon ob6ceTa-
HOBKWM 4YMC/I0 OHKONOrMYecKnx 3abosieBaHuUin
O6yfeT TONbKO pacTtu. IoaTtomy paspaboTka u
BHEJpPeHNe HOBbIX MepCcrneKTUBHbIX TEXHO/O-
TMYECKNUX METOAOB /eYeHUs 3/10KaYeCTBEH-
HbIX HOBOO6PA30BaHWn MPOJOIXKaeTCs.

OfHUM M3 NepCrneKTUBHbLIX METOL0B Neye-
HUA OHKONOTMYeCKUX 3ab0neBaHUil ABNAETCA
60op-HelTpoHO3axBaTHas Tepanusa (BH3T).
BH3T sABnsieTca ogHUM M3 METOA0B /1yHEBOM
Tepanuu AN NeYEHUs 3/10KaYeCTBEHHbIX HO-
Boo6Gpa3oBaHuii. MeTo OCHOBaH Ha f4epHON
peakuuu 3axBaTa HENTPOHHOrO W3MyYeHUs
CUMbHO nornowarwmumm un3otonammn (B10
Gd1s) [2].

Haunb6onee (yHKLUMOHaNbHbIM B KayecTse
NCTOYHUKA HEMTPOHOB ABNSETCHA UCNO/b30Ba-
HWe yCKOopuTens 3a cYeT BO3IMOXHOCTU pea-
NN3auMn  YCTaHOBOK C 33JlaHHbIMW  CBOWA-
cTBaMy Ha 6ase 3KCMepuMEHTaNIbHbIX YCKO-
PUTENbHbIX YCTPOWCTB, a TaKXXe CHWKEHUS
[,030BbIX HAarpy3ok Ha 3[0pOBble TKaHW OT
raMma-usnyyeHus npu Tepanuu.

B TMY B kayecTBe ycTaHOBKU Ana BH3T
MOXET MCMNOoMb30BaTbCA UMKAOTPOH P-7M.
OCHOBHbIMY MpPenMyLLecTBaMy LUKIOTPOHA
P-7M aBnal0TCA BO3MOXHOCTb YCKOpPeHUs
MOHOB B LUMPOKOM AMnanasoHe Macc.

MaTepuanbl n MeTOAbI UCC/ef0BaHUA

[ns onpefeneHns napameTpoB UCTOYHMKA
HEeMTPOHOB chopMmMpoBaHa Mogenb bepunau-
eBOW MuLweHN. ®PopMMpoBaHME MOAENN NpPO-
BefieHO B nporpamme PHITS, kotopasa ocy-
LLecTBAeT MOAeNnpoBaHue rnepeHoca M3ny-
yeHna metogom MoHTe-Kapno [3].

Mogenb UMKINYecKoro yCKopuTens B npo-
rpamme PHITS npegcTtasnseT us cebs Habop
KOHCTPYKLMOHHbIX MaTepuanoB, KOTOpble
MO/THOCTbIO WAEHTUYHbI PeanbHOMY LUKIIO-
TPOHY.

[na (hopMmpoBaHMA NOTOKA 3MUTENNOBBIX

HEATPOHOB B 3KCMEPUMEHTa/lbHOM KaHane
LUMKnnyeckoro yckoputensa P7-M Heobxo-
AMMO MCMONb30BaTh CreuuanbHbIi GuabTp,
COCTOAWMIA 13 MaTepuanos C BbICOKOI 3ames-
NAKLWENR CNOCOGHOCTbD M HU3KMM CeYeHune
NornoLeHnemM HeMTPOHOB, Takne Kak: Pb, W,
Bi, AlFs, D20, CaFs, MgF2 [4].

Mpy MmoAennpoBaHUM PUNbLTPA B IKCNEPU-
MEHTa/lbHOM KaHasie LMKINYECKOro YCKOpW-
Tena P7-M ncnonb3oBasnuchb Kak 4ynucTble Ma-
Tepuansl, Takme Kak Pb, Bi, W, Tak n pasnunu-
Hble KOMbuHauun matepuanos: Pb-W-D20 wn
Pb-Bi-D:20.

B xopne pacueToB 6bin onpeaeneHa Hanbo-
nee onTMMasbHas KOMOWHaUMA TONWWUH pas-
JIMYHBIX MaTepuanos, Ang HopMupoBaHus no-
TOKa aNUTEeNMoBbIX HEWTPOHOB ana BH3T [5].
TonwmnHel coctaBuau: 17 cm Ana nepsoro ma-
Tepmnana, 10 cm gns BTOpOro v 16 Ana TpeTb-
ero.

®dunbTpylowas scTaska bbina pasMeLleHa
Ha paccTosHun 7 MM OT Be-muweHun. [pa-
(KM pacnpefeneHns NAOTHOCTM MOTOKa
ObICTPbIX, 3AMUTENIOBbLIX U TEM/IOBLIX HEATPO-
HOB MO [/IMHE 3KCMEPUMEHTANIbHOr0 KaHana
4711 MOHOMAaTEPUanbHbIX BCTABOK yKa3aH Ha
pUcyHKax 1u 2.

[nvHa kaHana, cm

Puc. 1 PacnpefeneHne NA0THOCTM MOTOKA HEATPOHOB
pa3fIMYHON 3HEPTUM MO A/IMHE 3KCMEepUMEHTabHOMO
KaHasia co BCTaBKoIi 13 Ph

pahukn pacnpegeneHns NAOTHOCTU No-
TOKa 3NNTENNOBbIX HEMTPOHOB MO ANTMHE 3KC-
NEPUMEHTANIbHOI0 KaHana Ans KoMOwuHauui
mMaTepuanoB BCTABOK yKa3aHbl Ha pUCYHKe 3.
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[AnvHa kaHana, cm

Puc. 2. PacnpegeneHve NnOTHOCTM MOTOKa HEATPOHOB
Pa3fIMYHON 3HEPTMKN MO A/IMHE 3KCMEPUMEHTIbHOIO
KaHas1a co BCTaBKoW 13 Bi

[AnvHa kaHana, cm

Puc. 3. PacnpefeneHne naoTHOCTX NOTOKA 3MUTENSIO-
BbIX HEMTPOHOB MO A/IMHE 3KCMEPUMEHTAIbHOIO Ka-
Hana Npv AByX BapuMaHTax KOMOUHALWIA BCTaBKU

Ha oCHOBaHMM pUCYHKa 3 MOXHO 3aMe-
TUTb, YTO B Martepuanax ¢uabTpa MpPoncxo-
AWT YBENMYEHMe NNOTHOCTM MNOToKa anu-
TENN0BbIX HEMTPOHOB. MONYYeHHble JaHHble
NPUOANXEHbI K YCMOBUSIM, HEOOXOANMbIM
ans nposefeHna BH3T. Hanbonee nepcnek-
TUBHOW BMAUTCSH WUCNO/Mb30BaHUWE KOMO6MHa-
unmn martepmanos Pb-Bi-D20, kak Haubonee
nogxogsawme Matepuasnbl Mo pacyeTy.

3ak/iroyeHune

Ha faHHbIAi MOMEHT LUKIOTPOH P7-M re-
HepupyeT MOTOKM ObICTPbIX HEMTPOHOB. Ha
OCHOBaHWW MOCTPOEHHOW MOfAenn Mpou3Bo-
OWNNCb pacyeTbl C pas/InyHbIMU KOMOMHaLK-
AMUN MaTEPManoBs AN1A NONYYEHUS TpebyemblX
XapaKTepucTmk noTokKa ANUTENNOBbIX
HeWTPOHOB. Ha faHHOM 3Tane uccnefoBaHuUs
Hanbonee nogxogsawein KombuHaunen sens-
eTca coyeTaHue martepuanos: Pb, Bi, D20. B
JanbHelwem nnaHupyeTca usnyeckas pea-
nm3aumnsa GuUnbTPyroLW el BCTaBKN, COCTOSLLLEN
n3 onpejeneHHoW KOM6UHaLMM MaTepuanos.
MMocne peannsayun nnaHMpPyeTca NpoBefeHue
pAfa 3KCMEepUMEHTOB [N MOATBEPXAEHUA
NONYYeHHbIX PAaCHETHbIX AaHHbIX.
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