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YekoputenbHbiit uctouHuk HeiiTpoHoB VITA B Uncruryte simepHoi#t ¢usnkn CO PAH axtus-
HO HCIOJB3YIOT AJIS FeHepalHUH KaK MOTOKA SMHUTENJIOBBIX HEHTPOHOB C LEJIbI0 PA3BUTHS METOAH-
KU GOp-HEeHTPOHO3aXBaTHOH Tepanuu, TaK U MOTOKa ObICTPHIX HEHTPOHOB C LieJbl0 pafiHalOHHOTO
TECTHPOBAHHUS IePCIeKTHBHBIX MaTepHasoB. BocTpeGOBaHHOCTb MONOGHBIX HCTOUHHUKOB HEHTPOHOB
IJis1 LIHPOKOTO KpyTra NPUJIOKEHHH, BKJOYas TECTHPOBaHHE HOBBIX NpPEenapaToB afpecHOi AOCTaB-
Ku 60pa U 0oOsydeHHe KJETOUHBIX KYJIbTYp W J1aGOPATOPHBEIX 2KUBOTHBIX JJISI Pa3BUTHS METONHUKU
Gop-HEeHTPOHO3aXBaTHOH TepamnuH, MOCJAYXKHJIa OCHOBAaHHEM JJs Pa3paboTKH MeHee MOLIHOrO, HO
KOMIIAKTHOT'O HCTOYHHKA HEHTPOHOB, KOTOPBIM MOXKHO OCHACTHTb HCCJIELOBATEbCKHE TPYIIbl I
NIPOBeJIeHHs] UMH JAHHbIX HAay4YHBIX HCC/IeIOBaHHil Ha MOCTOSHHON ocHOBe. [JlaBHasi Miesi COCTOMT
B TOM, YTOOBI BMECTO CEKIHOHHPOBAHHOTO BBINPSMHUTES], NOAKIIIOUAEMOr0 K YCKOPHUTEJO-TaHAEMY
C BaKyyMHOH H30JIsILHell yepe3 MPOXOAHOH H30J5TOp, UCIOMb30BaTh reHepaTop Kokpodra—Yosarona
U Pa3MeCTHTb €ro B BepxHed BaKyyMHOH 4acTH NPOXOAHOTO H30JATOPA, UCKJIOUMB HHUIKHIOI aso-
BYIO YacTb MPOXOIHOI0 H30J5TOPa, YTO KapAHHAJIbHO YMEHBLIUT rabapuThl U CTOMMOCTb YCTAHOBKH.
IIpuBonuTCA onMcaHHe CHMMETPHYHOro KackagHoro yMmHoxurtens Koxpodra—-YoaToHa, u paworcs
€ro XapakTePUCTHKH, MPEICTaBISIOTCS U 00CYKIAI0TCST pe3y/IbTaTbl KOMITbIOTEPHOTO MOLENHPOBAHHUS
UJeasbHON W SKBUBAJEHTHOH CXeM, Pe3yJbTaThl UCIBITAHUE KacKaJHOrO YMHOXKHTEJIS HalpSKEHHUS,
a TakxKe IJIaHbl 1aJbHEHLINX HCC/Ie0BaHU.

The VITA accelerator based neutron source at the Budker Institute of Nuclear Physics is
actively used both for the generation of epithermal neutron fluxes for the development of boron-
neutron capture therapy and for the generation of fast neutron fluxes for radiation testing of
promising materials. The demand for such neutron sources for a wide range of applications,
including the testing of new boron-targeted drugs and irradiation of cell cultures and laboratory
animals for the development of boron neutron capture therapy, has motivated the development of a
less powerful but compact neutron source that can be used to equip research groups to carry out
this research on a continuous basis. The basic idea is to use a Cockcroft-Walton generator instead
of a sectioned rectifier connected to a vacuum-insulated tandem accelerator through a feedthrough
insulator and to place it in the upper vacuum part of the feedthrough insulator, excluding the
lower gas part of the feedthrough insulator, which significally reduces the size and cost of the
installation. The paper describes the Cockcroft—Walton symmetric cascade multiplier and gives its
characteristics, presents and discusses the results of computer modelling of the ideal and equivalent
circuits, test results of the cascade voltage multiplier, and plans for further research.
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BBEAEHHUE

[eHepauusi HEHTPOHOB Ha JIMHEHHBIX YCKOPHUTEJSX 3apsiKeHHbIX YACTHIL MPOUCXOTHUT
NPU B3aMMOAEHCTBUH HOHOB MyuyKa ¢ aToMaMu MulieHH. CyLlecTBYIOT pa3jiduHble Heli-
TPOHOreHepHUpYIOLIHe siaepHble peakiud. Ha puc. 1 mpuBeseHbl KpUBbIE MOJHOTO BbIXOAA
HelTpoHOB Ha | MKy Haneratouero nyuka. HauboJsiee nepcreKTHBHBIMH U3 TIPUBEAEHHBIX
Ha puc. | peakuu#t siasiores ase — Li(p,n) u Li(d,n).

Peakuusi Li(p,n) siBasieTcss MoporoBodl ¢ moporom reHepauuu HedtpoHos 1,882 MsB.
[Ipy sHepruu HajeTawIMX MOpPoTOHOB 2 M3B B Xxome peakuuu reHepHpyercs
~ 1,1-10'! neiiTpoHos Ha 1 MA ToKa MpoToHOB. DTa peaklsi MPUMEHSAETCS /s FeHepaltH
SMUTENJIOBBIX HEHTPOHOB, UCIONb3yEMbIX [/ MPOBEAEHHs HCCJeN0BaHUi B obsact Gop-
HEHTPOHO3aXBaTHOH Tepanuu 3/10KauecTBEHHBIX omyxodeil [l,2], Takux Kak HCIBITaHHe
pernapaToB aapecHOd I0CTaBKH 6opa, MpOBeleHHe HCIBITAHUH HAa KJAETOUHbIX KYJbTypax,
J1ab0paTOPHBIX U NOMAIIHUX XKHBOTHBIX.

Li(d,n) — peakuusi Gecrioporosasi, ¥ MpH HEPrUH HaseTaoLWKX AedTpoHoB 1 M3B re-
Hepupyercsi ~ 1012 GbicTpbix HeHTpoHOB Ha 1 MA Toka myyka. DTa peaklusi IPUMeHsETCS
1151 TIPOBEJIEHHUsT UCIIBITAHUH 10 pagralMiOHHOMY TeCTHPOBAHHUIO MEPCIEeKTHBHBIX MaTepHa-
qoB. Tak, B 2022 r. na yckopurtesbHoMm ucrounuke HedrporoB VITA [3] 6bu1 mpoBenen
IJIATENbHBIE 3aX0[ MO reHepaluud OBICTPbIX HEHTPOHOB [J/isi psina HayuHbIX rpynm [4],
Obl1 00syueH psin marepuanos [5—8]. Ha mpoTsizkeHHH Bcero sKcrnepuMeHTaNbHOIO 3aX0/a
reHepanus OBICTPbIX HEHTPOHOB OCYILECTBJsIACh co cTabunpHocThio 10 %. Marepuaisl,
B 3aBHCHMOCTH OT HX PAaCIOJIOKEeHHUs, OblIH 00/yueHbl (II0eHCOM OBICTPBIX HEHTPOHOB
oT 3-10* mo 3-10' cm~2. PesynbTaToM 3TOro Mcc/e0BaHMS, B MepPByl0 ouyepellb, CTa-
JI0 TIOATBEPXK/EHHE TOrO, YTO YCKOPHUTENbHbIH UCTOYHHUK HeHTpoHOoB VITA sBasiercs ned-
CTBHTEJIbHO HaleXKHOH ycTaHOBKOH. TakxKe 3TO HCC/e[JoBaHHE I0OKa3aso, YTO TeHeparus
MOILHOTO TMOTOKAa OBICTPBIX HEHTPOHOB SIBAsIETCS aKTyasJbHOH 3anadeil, Kak U CO3[aHHe
npefHa3HAYEHHBIX [Js 3TOr0 KOMIAKTHBIX MOLIHBIX [eHEepaTopOB GbICTPBIX HEUTPOHOB.
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Puc. 1. Kpusble nosHoro Bbixofa HEHTPOHOB OCHOBHBIX HEHTPOHOr€HEPUPYIOLIUX SAEPHbIX peakUui
B 3aBHCHMOCTH OT 3Hepruu Ha | MkKu Hajeratolero nyuka
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1. OCOBEHHOCTH HCIIOJIb30BAHHA VITA
B KAYECTBE TEHEPATOPA BbICTPbIX HEUTPOHOB

YckopuTenbHBIH HCTOUHHK HedTpoHOB VITA, KOTOpHIH BEICTYMAsN B KauyeCTBe T'eHepa-
TOpa ObICTPBIX HEHTPOHOB, BCe-TakH 00/aflaeT HEKOTOPLIMH HEAOCTaTKaMH MO OTHOLIEHUIO
K TaKoH 3ajaye.

Bo-nepseix, VITA npoekTrpoBajcs 4 cosaaBascs AJs MPOBEAEHUs UCCIeNI0BaHHH B 06-
JlacTH 6Op-HEHTPOHO3aXBAaTHOM Tepamuu. DTa 3ajnadya Oblia BBINOJNHEHA. J[eHCTBUTENBHO,
noJiyyaeMblil myuok npoToHoB Ha VITA ynoBneTBopsieT TpeGOBaHHUSAM LJisl IPOBeeHHs 6Op-
HeHTPOHO3aXBaTHOM Tepanuu: 3Heprus nydka sapoupyercs ot 0,3 no 2,3 M3B, a Tok myu-
Ka — ot 1 #A mo 10 MA. Ilpu 31om VITA He onTHMH3HUPOBaH [/s1 TPOBENAEHHS IeHTPOHHOTO
nyuka. Tak, TOK mydka orpaHuduBaercsi 1,5 MA H3-3a ONTHKH HOHHOTO HCTOYHHKA, H3HA-
YasibHO pa3pabOoTaHHOrO /s TeHepaluu nyuka H™, a sHeprus nyuka orpanudena 1,5 M3B
M3-32 MOBOPOTHOTO MarHHTa, TaKKe CKOHCTPYHPOBAHHOTO M CO3JAHHOTO MJisl MPOBEAEHHS
My4YKa OTPHULATENbHBIX HOHOB BOAOPOJA.

Bo-BTOpBIX, YCKOPUTENbHBIH UCTOUHHUK HEHTPOHOB XOTb U SIBJSETCS OTHOCUTENbHO KOM-
NaKTHOH YCTaHOBKOH, HO 3aHMMaeT TPHM 3TaxKa NOMelleHHs. FI3HauaabHO yCKOpHUTeJb-
TaHJeM C BaKyyMHOH H30/5ILHEH COCTOMUT M3 TpPeX 4YacTed — BBICOKOBOJIBTHOIO HCTOU-
HUKa nuTaHus cepud DJIB, MpoxXomHOTO H30JATOpPa M YCKOPSIOLUIMX 3JEKTPONOB. Bricoko-
BOJIbTHBIH MOTeHLMaJ/ Yepe3 IIPOXOAHOH HU30JATOp NepejaeTcs HeOCPeACTBEHHO Ha BhICO-
KOBOJIbTHBIH 3JIEKTPOJ, a NMPOMEKYTOUHble NMOTEHLHa/bl NepefaloTcsl Ha MPOMeXXyTOUHble
3JIEKTPOJIbl Yepe3 Pe3UCTUBHBIH [eNnTe/b.

B-TpeTpux, Ha yCKOpPHUTE/IBHOM HCTOUHHKE HEHTPOHOB MPOBOIUTCS MHOKECTBO HCCJIE0-
BAHUU: UCCJIEIOBAHUS, CBA3aHHBIE C IPOBEACHUEM OOP-HEHTPOHO3aXBAaTHON TePaNUH, H3Me-
PEHUs TIOJIHBIX U JU(QPepeHIHaNbHBIX CeYeHUH sIepHBIX peakUui (K HacTosIlleMy BpeMeHH
usMepeno 20), ucc/iefoBaHUs N0 OJUCTEPUHTY Ha MOBEPXHOCTH METAJIIOB MPH MMIJIAHTA-
LIMH1 NPOTOHOB U AP.

[lo sTMM npuurMHAM aKTyasnbHOH 3ajaued CTaja peanusalds WOeH, U3J0KEHHOH B Ha-
yuHoll cratbe [9] u 3ammuienHo# narentom [10]. Konuenmus yckopurtensi-tanmema ¢ Ba-
KYyMHOH H30JIILMEH OCTaeTCs MpPeKHEH: 3JEeKTPOAbl M H30JSATOPbl pPasHECeHbl APYT OT
Ipyra A COKpallleHHsl pacCTOsIHUS, Ha KOTOPOM ycKopsietcsl nydok. OnHako Tenepb Nu-
TaHUe YCKOPSIIOLIMX 3JeKTPOfoB OyleT peasn30BaHO HENOCPeJCTBEHHO BHYTPHU BepxXHeH
YacTH MPOXOAHOTO M30JTOpa. B KauecTBe NMUTaHHUS AJS YCKOPUTEJS-TaHIEMa BBICTYIHT
CHMMeTPHYHBIA KacKaaHblil ymMHOXKHTe1b Kokpodra—Yontona [11,12]. YcraHoBka, npex-
Ha3Ha4yeHHas AJis reHepalny ObICTPbIX HEHTPOHOB HA OCHOBE TAKOT'O YCKOPHUTEJ S, MOJTYYHIa
nasBanue VITAmin.

2. TEHEPATOP KOKPO®TA-YOJTOHA
B KAYECTBE UCTOYHHUKA ITUTAHHUSA VITAmin

Kackanublil yMHOXKUTeJb HampsikeHUs OyfeT pacloJiaraTbCs BHYTPU BepxXHell uacTu
IIPOXOJHOTO H30JIITOPA YCKOPUTEJsT U BKJIOUaTh B cebs 12 cTymeHell Kackaja, Kaxpas
CTyNeHb LeNd — BHYTPHU U30JsiTOpa. Mexay M30JTOPaMH HAaXOAATCA 3JEKTPOLHl, K KO-
TODEIM uepe3 OJHY CeKLHI0 OyLyT MOABOAMTLCS BLICOKOBOJIbTHBIE 3JI€KTPOAbl TAHAEMHOIO
yCKOpHTeJIsl, KaK M0Ka3aHOo Ha pHC. 2.
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Puc. 2. Cxema yckoputens-rangema VITA ¢ wucrounukom mnutanus IJIB (cneBa), Monenb
yckopuTtesas-tanieMa VITAmin ¢ renepatopom Kokpodra—YosntoHa B KauecTBe MCTOYHHKA MUTAHHUS
(cripaBa)

B asiekTpruecKoii cxeMe reHepaTtopa MojBeeHHbIe JeKTPOIbl YCKOPUTEJS] 0TOOPaKeHbI
KaK TMOAKJ/IOUeHHble MapaJjesbHO eMKOCTH. JIMOABl COeNUHSIOT ABa 6JI0KA BBICOKOBOJIBT-
HBIX KOHJIEHCATOPOB C NepeMeHHBIM HalpsiKeHHeM, KOTOpble MHTAIOT LEHTPaJbHBIH 6JI0K
KOHJIEHCATOPOB C TOCTOSIHHBIM HampsikeHHeM. [T paBHOMEPHOTO paclpefesieHHs 3JeK-
TPHUYECKOT0 NOTEHIMaJa B KOHCTPYKIHMIO MEXAY CTYNEeHSMH KacKaja, NapasJesbHO KOH-
JeHCaTopaM KOJIOHHBI BBINIPSIMUTEJNsl, BHECEHBl Pe3UCTOPbl. Takas 3JeKTpuyecKas cxema
KackagHoro reHeparopa ¢ Harpyskod 500 MOM mnokasaHa Ha puc.3, UTO 3KBHUBaJEHTHO
TOKy mpoBoxumoro mydka 1 MA. OxnpaemMoe BbIXOAHOE HANpsiKEHHE Ha KacKaJHOM re-
HepaTope MPH BXOAHOM HampsikeHHH ammintynodt 20 kB u Toke myuka 10 MA coriacHo
pacuetam npubau3nuTespHO paBHO 435 KB mpu nagenwn HanpsokeHus Ha 46 kB u myse-
cauun 0,5 kB. Tlpu BbIXOAHOM HamMpsi)KEHWH BBICOKOBOJILTHOTO TpaHchopmatopa no 24 kB
BBIXOJHO€ HampsiKeHHe reHepatopa cocTaBuT 10 530 KB, uToroBoe 3HaueHHe 3aBHUCHT OT
TOKa HarpysKH reHeparopa.

BrixonHoe HampsiKeHHe yMeHbLIAaeTcsl 3a CUeT BJHSIHUS MapasUTHBIX MapaMeTPOB CH-
CTeMBl U Harpysku reneparopa. KonmeHcaTopbl B 3/1eKTpUYeCKOH Lenu obJjagaioT cob-
CTBEHHBIMH CONPOTHUBJEHHEM W MHAYKTHBHOCTbIO. Dbljla cMoze/nrpoBaHa 3KBHBaJieHTHAS
3JIeKTpUUeCcKasi CXeMa H3rOTaBJHBAEMOTr0 KacKaJHOTO YMHOXHTEJSI ¢ y4eTOM 3(PQeKTOB,
CBSI3aHHBIX C HaJHYHEeM B CHCTeMe Mapas3UTHBHIX MapaMeTpPoB eIHMHUYHBIX 3jeMeHTOB. [lJis
3TOro OBLIO NPOBEIEHO MOJENHPOBAHHE MPOMCXOASIINX MPOLECCOB ITIPH 3apsiike reHepa-
Topa Ha yacrorax 75 u 10 k[u, mockosibKy TpeGOBanoCh OMpEeNesNUTh MapameTpbl HC-
TOYHHKA MUTAHUS 1Js BBICOKOBOJBTHOTO TpaHcdopmaropa. Ha puc. 3, crmpaBa npuseneH
rpaduK 3apsiia KacKajiHOro yMHoxHTess. KpuBas I COOTBETCTBYET HaNpsKeHHIO Ha BBI-
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Puc. 3. Cxema H3roTaB/HBaeMOr0 KaCKajHOTO YMHOXHTEJS C MOAKJIOUEHHBIMH 3JIEKTPOIAaMH YCKO-
putess (caeBa), rpaguK BBIXOAHBIX HAMPSIXKEHUH HA KAaCKAJHOM YMHOXHUTEJE TMPU PA3HBIX BXOAHBIX
4acToTax Hamnpsi>keHUs (Crpara)

XOJle peasibHOM CXeMbl C TOABENEHHBIMH 3JIEKTPOLAMH YCKOpHUTessl Ha dactoTe 75 Kl
KpHBasi 3 — HyeanbHOH cXeMe aHaJOTMYHO ¢ 3/1eKTpofaMU. TakiKe NpHUBeJeHbl pe3yabTaThl
MozennpoBaHus Ha vactore 10 kI'u — kpusbie 4 u 2 coorBercTBeHHO. O4eBHIHO, YTO
HCIO/Ib30BAHNE HCTOYHHKA MHTAHMs ¢ dacToTod 75 kI mesnecoobpasHee, a yBesjHueHHe
NaJleHusl HalpseKeHUs 3a cyeT yBesHMUeHMs MHIYKTHBHOCTH paccesiHUs TpaHcopmaropa
HeCyIIeCTBEHHO.

Konerpykuus ymHoxuTenss Kokpogpra—YosToHa BKIOUAeT B CBOeH cxeMe MOAXOAsILEee
COMPOTHBJIEHHUE /5 3AIIMTHEl MO TOKY B CJAydae KOPOTKOTO 3aMBIKaHHS JJsl NPeNoTBpa-
IIeHHsl CEPbE3HOr0 MOBPEXKAEHHUS SJEKTPHUECKHX 3/71eMeHTOB. VccaenoBaHus MOKa3bIBAIOT,
YTO AMOIBI BEPXHEr0 M HHXKHEro Kackaga YMHOXKHUTeJ S HanOoJ1ee MojiBep2KeHbl TAKOTO Pofia
nospexaeHusam [13]. Huon 2CLGS0KV-1A, ucnosbayemblii B KOHCTPYKLHH YMHOXHTES,
HayMHaeT POBOAUTh TOK NPH HampsikeHUH 27 B, MakcUMaJsnbHO AOMYCTUMBIH AJIST HETO TOK
1 A. Ilns pacyera 3allUTHOTO CONPOTHBJEHHs Ry BbIOpaH MaKCUMaJsbHBIA paGoyuil TOK
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U T
nuona I, =1 A cornacHo ¢opmyne Ry = 21—0, /T—, rie T — BpeMsl KOPOTKO3aMKHYTOrO
m m

MIePeXOIHOr0 npolecca, 00bYHO Haxonsuieecss B avanasone or 10 mo 1000 mxc, T, —
nepuon BpemeHw, paBubiit Ty, = 1/f, rne f — uacrora reHeparopa. 3Hauenne Ry paccuu-
ThiBaeTcs npu 7 = 1000 Mkc. Ilpu Tex ke mapameTpax BXOAHOTO HAMpSIKeHMs U 4acToTe
nosyueno, uto Ry = 347 xOwm. [Ipu BBLICOKOBOJIETHOM TECTHPOBAHWH KACKaJIHOTO yMHO-
JKHUTEJISl OCYLIeCTBJseTCS NoA60p MOAXOAAIMX PE3UCTOPOB AJsl 3aLIMTHl IO TOKY 3JeMeH-
TOB LeMNH.

Ha kackapHoM reHepaTope TeopeTHuYeCKH IOJydaeMoe 3HaUeHHUe BBbIXOAHOIO HaIlpsixKe-
uust U [kB] = (2nUy — kI)F = 465 — 1,41 [MA], rie F — K03(h(HULHEHT HCIO0Ib30BAHUS
u k — ueJsoe yucJjao, 06bIYHO k > 3 MpU YUCJe KacKaloB n = 12, ¢ myJsabcaliuell Hampsixke-
uust 0U [kB] = +0,17 [mA]. [TockosbKy KacKaiHbIl reHepaTop NMpelHa3HAYeH B KauecTBe
UCTOYHMKA NUTAHUS AJISl TAHAEMHOIO YCKOPUTeJIs, TO MojyyaeMas SHeprus nyudka aedTpo-
HOB Ha HeM ynBauBaercs: E = Ey + 2(465 — 1,41) = Ep + 900 + 930 [k3B], rne Fy —
9HEPrUsl WHXKEKTHPyeMoro myuyka. Takod sHeprum mydxa ¢ TokoM ot 1 mo 10 MA nocra-
TOYHO /151 IPOBELEHUS UCCJAEeNOBAHUH 110 pafilallMOHHOMY TeCTHPOBAHHIO MepPCHeKTHBHBIX
MaTepHasoB U IPYyTUX MPUJOKEHUH, B HACTHOCTH, BO3MOXKHO NIPUMEHEHHe YCKOPUTeJIs AJs
NPOBEIEHUS HCCJIeJOBaHUH MO Tepanuu ObICTPHIMH HEHTPOHAMH.

3AKJIIOYEHHUE

B HMucrtutyTe sinepHOi (PU3MKK Ha OCHOBe CYLIECTBYIOLIEr0 YCKOpUTeJs-TaHAeMa C Ba-
KYYMHO# H30/s1LKel NpeioKeHa HoBasi yctaHoBka — VITAmin, oTauvaromiascs KOMIakT-
HOCTBIO M pasMelleHHeM MUTAHUS BHYTPU BEPXHEH 4acTH MPOXOAHOro usosastopa. B ka-
YyecTBe MCTOYHHMKA MUTAHUS AJs YCKOPHUTEJS BblOpaH ABEHANLATHCTYNEHYAThlH CHMMeT-
PUUHBINA KacKaiHbIH yMHOXUTedb Kokpodra—YoaToHa. B naHHoi pabGoTe onucaH ycKopu-
TeNbHBIH HCTOYHHK HeliTpoHOB VITA B KadecTBe reHepaTopa OBICTPEIX HEHTPOHOB, KPaTKO
IpUBeJEHbl pe3yJ/bTaThl AJUTENbHOI0 SKCIIepUMEeHTa]bHOr0 3aXofa. PaccMoTpeHbl NPOEKT-
Hble napaMeTpsl VITAmin, mokasaHo, 4TO OHM JOCTATOYHBI JJISI FeHepaLUy GOJIBIIOrO IMO-
TOKa OBbICTPBIX HEHTPOHOB, HEOOXOAUMOTrO AJisl NPOBEAEHHS PaJUaLlHOHHOIO TeCTHPOBAHUSA
NepCreKTUBHBIX MaTepHaJIOB.

HccnenoBanue BhIMONHEHO 3a cueT rpaHta Poccuiickoro Hay4yHoro (oHpa (TIpoekT
Ne 24-62-00018, https://rsci.ru/project/24-62-00018/).
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