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A CTeHp nazepHol nHTeppepomeTpum, Ha KOTOPOM MCMbITbIBAIOT KianaHbl 415
3nekTpopeakTmBHoro asuratens, N’HU PO TPUHUTA



YMNPABNAEMbDIN
TEPMOAAEPHbIN CUHTE3
U UHHOBALIMOHHDBIE
MNA3MEHHDIE
TEXHONOTUN

depepanbHbI NPoekT «Pa3zpaboTka TEXHONOMMN YNPaBAAeMOro TepMOSiAEPHOro CUH-
Te3a M UHHOBALMOHHbIX MJTA3MEHHbIX TEXHOIOMM» B PaMKax KOMMIEKCHOW NPOrpammbl
PTTH ctaptoBan 1 sHBaps 2021 roga n npognutca o 31 gekabps 2024 ropa. Pege-
pPanbHbIN NPOEKT NPM3BaH obecnevynTb MaTepuranbHyto 6asy ans paspaboTkm Tepmo-
A0EPHbIX M MNIa3MEHHbIX TEXHOIOMMI C LeNblo CO34aHMA Ha MX OCHOBE NMPaKTUYeCKM
HencyepnaemblX 3KOTOrMYECKM YNCTbIX NCTOYHUKOB SHEPTUU, NCTOYHUKOB YacTuL,

N N37TyYEHUIM Pa3INYHbIX Ha3HAYE€HMIM, MOLLHbIX MJIA3MEHHbIX ABUraTeNnen oas Kocmmye-
CKWX anmnapaToB, NHHOBALMOHHOIo 000pyA0BaAHUSA AN MeAULNHBI, MALLMHOCTPOEHMS,
MUKPO3TEKTPOHMKM U APYIMX HAYKOEMKUX OTPaCier SKOHOMUKM.

OCHOBHDIE LEJIN MPOEKTA:

° pa3suTne nepenoBbiX oTe4eCTBEHHbIX 6a3OBbIX, FVI6pI/I,EI,HbIX
Pe€aKTOPHbIX N JTa3€pPHbIX TEXHOJIOrUI ynpaBsidemMoro tep-
MOALOEPHOro CMHTE3a,

° CO3JaHue 3HepreTn4eckomn MHGPaCTPYKTYypPbl TOKaMaka
HOBOrO NOKOJEeHUS;

* COOpPYXXEHME 3NIEMEHTOB YHUKANIbHOIO MY/IbTUMETaBaTTHOIO
(> 10" BT) nasepHOro KOMNnNeKca;

* CO3[aHMe NHHOBALMOHHbIX NIa3MEHHbIX TEXHOMOMNIN U
006pa3y0B HOBOW TEXHUKM C XapaKTEPUCTUKAMM, MPEBbILLIA-
OLWMMN MMPOBOW YPOBEHb, A1 BHEAPEHUS B BbICOKOTEX-
HOJTIOrMYHble OTPACIN MPOMbILLNEHHOCTMU.



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘.’ POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA u

FHL, PO TPUHUTW, ogHUM 13 KNtoYeBbIX McnosiHuTenemn, coemectHo ¢ AO «HUKKN -

3T (Bx0[AT B CTPYKTYpY PocaToma) 6bin1 pa3paboTaH M M3roTOBNEH BHYTPMKAMEPHbIN
3N1eMEeHT 3aLUTbl NePBOWN CTEHKM, @ TaKXe IUTUEBbLIA NUMUTEP ANA SKCNEPUMEHTOB Ha
poccunckom Tokamake T-15M/ (cnocobeH paboTaTb CTaLMOHAPHO C NPUHYANTENbHbIM
OXNTAXKAEHMEM N BHELWHEN NOAMUTKOM XUAKUM IUTUEM).

Ha manom Tokamake T-11M, pacnonoxeHHom B F'HL, PO TPUHUTWU, cneumanucTel npo-
Be/IN 3KCMEePUMEHTbI MO U3YYeHUIO BIUAHUS UHXEKLMUN MeNIKoANCNepCHOro NTUSA Ha
napameTpbl Naasmbl.

Bce 3Tn ycTponcTBa BaXKHbl 415 3aLLUTbI MEPBON CTEHKM TOKaMaka OT MOTOKOB YacTuL, C
BbICOKOW 3Hepruen 1 nonyyeHns pexmmon paboTtbl Tokamaka T-15M/[] c cambiMu BbiCO-
KUMU MapameTpamu.

OxunpaeTcs, 4To paspabaTbiBaeMas TEXHONOMMA TakxXe Han4eT CBOe NMPUMEHeEHMe B TOKa-
MaKe peakTopHbIX TexHonorni (TPT), koTopbiv pa3pabaTbiBaeTcs Kak BaXHeMLWNIA He06 -
XOAMMBIN 3Tan Ha NYTK K CO34aHUI0 EMOHCTPALMOHHOIO TEPMOSIAEPHOrO PeakTopa.

A TpOTOTMMN MarHUTHO-MMAa3MEHHOMO YCKOPUTENSA C YAeSIbHbIM MMMYSIbCOM
He meHee 100 KMm/C C BaKyyMHOM Kamepon



COSAAHUE TOKAMAKA
MNPOBOTIO YPOBHA
CTPUTUEBDBIM
KOMNONEKCOM

JKCNepUMeHTaNbHOM TEPMOSIAEPHOM YCTaHOBKOM CNefyoLWwero NoKoNeHNs CTaHeT
TOKaMak C peakTopHbiMu TexHonorusmu (TPT). Ero nnaHupyeTcs nocTponTb

B AO «HLL P® TPUHUTU» k 2030 roay. MNpoekT TPT 6yayT pa3pabaTbiBaTh OpraHmnsa-
unm Pocatoma n HUL, «Kyp4aToBCKMIA MHCTUTYT» B COOPYXECTBE C MHCTUTYTamu PAH,
noaBefoMcTBeHHbIMU MuHOBpHayku Poccmn. K koHuy 2024 roga nnaHnpyeTcs co3gatb
NHOPACTPYKTYPY AN OyayLien yCTaHOBKM: KOMMEKC yAapHbIX FeHEPaTOpPOB, CUCTEMY
OXNaXAeHus u npovee.

B 2021 roay nepes pa3paboTynkamm cTosna 3agada nogroToBUTb HAyYHO-TEXHMYECKOe
0060CHOBaHMeE N MPOBECTUN CTEHA0BYIO 3KCMEPUMEHTANbHYIO BepuduKaumto 3bpdekTmns-
HOCTW TEXHONIOMMYECKNX CUCTEM MYCKOBOMO KOMMJIeKCa MOANPULMPOBAHHOIO TOKaMaka
C cunbHbIM nonem (TCIM) — yCTaHOBKM A1 MarHUTHOO YAEPXXaHUA NMnasmbl. B yacTHocTw,
NJaHMPOBANIOCh BEPUDULIMPOBATL TEXHONOMMYECKNE CXEMbI SHEPTETUKM U SHEPrOCHAb-
XEHUS, YCTPONCTB 3NEKTPOMNUTAHUA MAarHUTHbIX 0OMOTOK, CUCTEM BOASIHOTO M KPUOreH-
HOrO OXJ1aXAEeHWS, LOMONIHUTENbHOMO HarpeBa M NYCKOBbIX ANArHOCTUK, pa3paboTaTb
3CKWU3HbIM NPOEKT U 3KCMEePUMEHTaIbHOE 060CHOBaHME TEXHUYECKUX PELLEHUIA COCTaB-
HbIX YacTen TPUTUEBOro KoMniekca ana mogmduumnmporaHHoro TCI.

KJTIOYEBDIE PE3VYJIbTATbI MO UTOFAM 2022 TOAA

OnpepeneHbl ManasoHbl U3MEeHEHUS TOKOB B 0OMOTKax TOPOMAANIbHOIO 1 Nosonaanb-
HOro Nosen B NpoLecce pPasBUTUS paspaga ANsS MHPPACTPYKTYPHOro NPoeKTUPOBaHMUS
CUCTEM 3HEProcHabXeHUs U KpnoreHHoro oxnaxaeHus TCI1.

Pa3pa60TaHb| 1 060CHOBAHbI TEXHUYECKNE Tp66OBaHVIF| K Cnctemam BBOa 1 BbiBOAaA
SHEPInN N3 INTEKTPOMATHUTHBIX CUCTEM TOKaMaKa cnenyrouero nokoJsieHnAa B paMKax
MPOEKTUPOBAHUA CUCTEM 3HepFOCH36)KeHMF| n 3HepI'OI'IOTpe6l'IEHVIFI.



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA

» HauanbHuK
oTaena Gusnkn
3KCNepUMEHTaNbHbIX
TOKaMaKoB

HU PO TPUHUTIN
Cepreii MnpHoB
psgomcT-11M —
€0VHCTBEHHbIM
CpefHepasMepHbIM
OEeNCTBYHOLMM
Tokamakom B Poccun
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PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘.’ POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘

Pa3paboTaHbl UCXOA4HbIE TEXHUYECKNE TPeOOBaHNSA K OCHOBHbIM MHXEHEPHO-
TEXHUYECKUM cucTemam TPT, BKItOYanA: BbICOKOTEMMEPATYPHbIe CBEPXMPOBOAHNKM
(BTCIM), 3neKTPOMarHUTHYIO CUCTEMY, BAKYYMHYIO Kamepy, AUBEPTOpP, CUCTEMY BaKyyM-
HOW OTKaYKW 1 NofAepXaHUs paboyero AaBneHus, CUCTEMY KPUOCTATUPOBAHUS, CUCTE-
MY MarHUTHOIO yNpaBieHus NonoxeHvem 1 GopMor NIa3MEHHOrOo WHypa.

Pa3paboTaHO HayYHO-TexHUYeckoe 000CHOBaHMeE CTEHA0BOM 6a3bl, B YaCTHOCTU TEXHU-
Yyeckux TPebOoBaHNM K SHEPrOCHABXEHUIO N MHXEHEPHOMY 06ecrneYeHu o UCMbITaTe b
HOro CTeHAA UHXEKLMOHHOro HarpeBa TPT 1 cTeHAa MOHHO-LMKNOTPOHHOIO Harpesa
TOKamaka; pa3paboTaHbl 060CHOBaHME M TEXHUYECKME TpeboBaHUsA K poboToTexHMYe-
CKMM CUCTEMAM C Lie/Ibio MOArOTOBKM MCXOAHbIX AaHHbIX AN MOAEepHU3aLMK NHbpa-
CTPYKTYpPbI; pa3paboTaHbl TeXxHMYeckme TpeboBaHMA K MHXEHEPHOMY obecrneyeHnto
CTEeHO0B CBepXBblcoOKoYacToTHOM (CBY) 1 peHTreHOBCKOWM AMarHocTuk, bonomeTpum

N 31eKTPOMarHUTHOM AMArHOCTUKM, Na3epHOM AUArHOCTUKN.

Pa3paboTaH 3CKM3HbIN MPOEKT M NPOBEAEHO 3KCNepUMeHTalbHOe 060CHOBaHNE TEXHU-
YeCKMX peLleHNn COCTaBHbIX YacTen TPUTUEBOrO KOMMJIeKCa A1 MOAUPULNPOBAHHO-
ro TCIT.

Hukonawu PoguoHos,

- PYKOBOAUTE b MPOEKTA
« f moamnduumpoaHHoro TCI

(( KOHCTPYKLWW OETANEW, CUCTEM W Y3/10B
Mbl BYQEM MPOBEPATb HA BUPTYATbHOM
MOZLEJIN, NPEXAE YEM 3AKA3bIBATb
N3TOTOBJIEHWUE. MOLEJ1b TAKXXE NMOMOTAET

OTPABATbBIBATb MOHTAXHbIE OMEPALNIN»




CO3JAHNE TOKAMAKA MMPOBOIO YPOBHA C TPUTUEBbIM KOMIMJTIEKCOM 8 _ 9

BbiGpaHbl oNTUManbHble CUCTEMbI BOASIHOIO OXNaXAEHNS 0O0BbEKTOB MHPPACTPYKTY-
pbl TCI.

Pa3pa60TaHa CncTeMa Theruero paspdaga KOHONLMOHNPOBaHNA BaKyyMHOVI Kamepbl.

O6oCHOBaHbI U pa3pa60TaHbl (byHKLI,VIOHal'IbeIe CXeMbl OTAENIbHbIX ANAarHOCTUYECKNX
cncTem, onpegeneHbl Tunbl 4aT4MKOB, OTBEYHAOWNX TEXHNYECKUM Tpe6OBaHVIFIM K NMyCcKoO-
BbIM CUCTEMAM ANATHOCTUKU MPOEKTUPYEMOIO TOKaMaKa, a TakKXXe OCHOBHble TEXHNYE-
cKune Tpe6OBaHMH K CUCTeMaM perncTpaymnm nyckoBbIX CUCTEM OMATHOCTUKN TOKaMakKa.

MpoBeneHo dpusnyeckoe obocHOBaHME oNepaLMoHHbIX MPeaenoB, BbipaboTaHbl Tpe-
6oBaHMA K NpeaenbHO AOMYCTUMbIM SN1EKTPOMEXaHUYECKMM U TEMIOBbIM Harpy3kKam
Ha 31eMeHTbl KOHCTPYKLWUK, 3 TaKXe K LOMNONHUTENbHbIM CUCTEMAM Harpesa (MOHHO-
LMKNOTPOHHbBIN U MHXEKLNOHHBIN HarpeB) 1 NOAAePXKaHMA TOKA NNa3Mbl, UHTErpaumm
6a30BbIX HXEeHePHO-dU3ndeckmnx cnctem TPT B egUHYIO YCTaHOBKY.

M3roTtoBneHbl M NCNblTaHbl MaKeTbl C MG,D,HO-CTaﬂbHOVI KOMFIOBI/ILI,VIGVI ana OTpa6OTKVI
TEXHOJIOTUN N KOHCTPYKTUBHbIX peUJEHMVI TENOOTBOAALLNX 3JTEMEHTOB A1 TOKaMaKa
C P€aKTOPHbIMN TEXHONOIMAMN.

Co3paTb MHOPACTPYKTYPY A1 NEPCNEKTUBHbIX TOKAMakoB, pa3paboTaTb 3CKU3HBbIN
npoekT TPT. B yacTHOCTWU:

Ha 6a3e ogHoro 13 3gaHui HL PO TPUHUTU co3patb MHPPACTPYKTYpY UCMbITaTeNb-
HOIro KOMMNEKCa A NepCrnekTUBHbIX TOKaMaKoB C 60/1bLINM PagmMycoM OKOJO 2 M U UX
3/1EMEHTOB;

C034aTb CUCTEMY DHEPTreTMKU N IHEProcHabxeHUs, cnocobHyo obecneynTb Nogavy
80 800 MBT 3neKkTpryeckomn MOWHOCTM B Te4eHume 5 ¢, ceTeByto MOLWHOCTb A0 250 MBT
Ha HOBOW 3/1eMeHTHOoM ba3se;

C03[aTb KPMOreHHY0 a30THY cMcTeMy (KOHTYP C MaKCMMasibHbIM PAaCcXO40M a30Ta
1700 kr/c);

pa3paboTaTb NACNOPT TEXHONOIMMU TPUTUEBOTO LIMKA (TEXHONOIMYECKUIA PEerfTaMeHT);
Co3[aTb CUCTEMY BOASHOIO oxnaxaeHus (pacxon He meHee 500 m3/u);

pa3paboTaTb 3CKN3HbIN NPOEKT N KOHCTPYKTOPCKY AokymeHTaumto TPT ¢ anekTpo-
MarHuTHom cnuctemon (AMC) Ha 6a3e BTCI (Tok nnasmbl 2—5 MA, 6onblion pagnyc
nna3mbl, 2—2,2 M, MarHuTHoe none 7—8 Tn, onutenbHocTb 60nee 100 ¢, MOLWHOCTb
gononHutenbHoro Harpeea 20-50 MBT).
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PaboTta nabopatopui N'HLU, PO TPUHNTU
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CO3AAHUE MAKETA
Moavna OPAUBEPA
onAa NA3EPHOro
TEPMOSAAOAEPHOIO
CUHTE3A C AUOOHOMN
HAKAYKOW

MpuHUMN nasepHoro TepmosaaepHoro cuHTesa (JITC) — B nogxure (MMKpPOB3pbIBE) NyTEM
006XaTna nasepHbIM U3Ny4EeHMEM TEPMOSIAEPHON MULLEHW 32 BPEMS, MEHbLLEE BPEMEHM
ee pasneta. JITC pa3pabaTbiBaeTcs Kak afibTEPHATMBA METOAY MAarHUTHOMO yAepXXaHuUs
naasmbl M NO3BONIAET M3y4aTb NPOCTPAHCTBEHHO-BPEMEHHYIO CTPYKTYPY MaTeEPUM N HO-
Bble€ IBNIEHMS Ha CTbiKe GU3MKU BbICOKUX SHEPTUI N CBEPXCUIIbHbIX Nonen. HoBbIl noa-
xog B JITC cBsizaH c nccnefoBaHMaMm 3pOeKTUBHOCTM MMMNYbCHO-NEePMOANYECKON cxe-
Mbl BO34€MCTBUSA Ha MULLEHb; pa3pabaTbiBaeTcss MOAY1b MMMY/IbCHO-NEPUOANYECKOrO
apaveepa gns JITC ¢ gMogHON HAaKAYKOM.

B 2022 roay TpeboBanocb o6ecneynTb NOCTAHOBKY 3aJa4yn CO34aHMS KaHana nasep-
HOW YCTaHOBKM C 3Heprmen B umnynbce 10 k> n yactoton nostopeHns 10 'y, a Takxke
pa3paboTaTb TEXHMYECKNE TPeOOBaAHUSA K CUCTEMAM M y3/1laM MakeTa 3KCNepUMeHTab-
Horo obpasLa ycMnmnTenbHOro MOAy A ANs UCCIe[0BaHMA PEXUMOB ero paboTsl. [py-
ras rpynna 3afay kacanacb pa3paboTky oNTUYECKOM CXeMbl CTEHAA A5 UCCNef0BaHUM
3KCMEePUMEHTANIbHOro 06pasLa yCUNnTenbHOro Moayns.

KNTKOYEBDIE PE3VYJIbTATbl MO UTOFAM 2022 TOAA

MNMoaroToBneHo pacyeTHO-TeopeTUYEeCKoe 060CHOBaHME TMMa aKTUBHOW cpefbl, cnocoba
OXJTAXKAEHMUSA, BAPMAHTOB KOHOUIYpPaLLMN CUTOBOMO YCUIUTENS KaHaa Na3epHOM yCTaHOB-
KM C AMOAHOM HAaKayKoW ¢ 3Hepruen B umnynbce 10 kX 1 YyactoTom nostopeHus 10 Iy,

Pa3pa60TaHb| TeXHN4YeCckKne 3agaHnma K CMCtemMam oxnaXgeHnAa N Hakadykm akKTUBHbIX 3J1e-
MEHTOB MaKeTa 3KCNepunMeHTaslIbHOIro o6pa3u,a YCUNNTENTBHOIO MOAyNA, a TaKXe K ero
AdKTUBHbIM 3/1EMEHTAM.

Pa3pa60TaHa onTM4YecKas cxema CTeHpa ANs NCCefoBaHMM SKCNepuUMeHTasrIbHOIro 006-
Pa3ua ycnnmTenbHOro moayn4a.



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A .’ POCATOM
M MIHHOBALIMOHHbIX MJTA3MEHHbIX TEXHOOTMMI E

NJ1AH PABOT 10 2024 TO4 A

Co3patb M UccnenoBaTh YCTPONCTBA M TEXHONOMMU MOAyna Aparieepa ansa JITC: akcnepu-
MeHTasbHble 06pa3Lbl YCUIUTENBHOIO MOAYNA KMOAXKOYybHOro knacca (10 Iy), anon-
HOM HaKa4YKmM U CUCTEMbI OXNaXAEeHUS.




CO3LAHUE MAKETA MOAYNA LPAVNBEPA AN1A IA3EPHOIO TEPMOALEPHOIO CUHTE3A

C ANOLHOM HAKAYKON

A DKcrepuMeHTanbHbIN obpaszel,
ycunutenbHoro moayns (B LeHTpe).
370 Kamepa, obecneyrBatoLas KpenaeHme

aKTUBHOIO 3/1eMeHTa (KNto4eBas YacTb Nla3epa)
1 ero oxiaxgeHue

Yedsdidilillil
%

22220
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A Tokamak T-11TM — eOMHCTBEHHbIN CPefHEepPa3MepPHbIA 4ENCTBYIOWMI ceyac Tokamak B Poccuu,
HL, PO TPUHUTHA
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CO3OAHUE U UCNDbITAHUE
MEPCNEKTUBHDIX
KOHCTPYKLUUN

U TEXHONOIMA NEPBOU
CTEHKU U OUBEPTOPA
TEPMOSAAOEPHOIO PEAKTOPA

MNepBaa cTeHKa TEPMOALAEPHOIrO PEaKTOPa UCMbITbIBAET CaMOe paspyLnTenbHOe BO34eNn-
CTBME ropsaYver nnasmbl. Ytobbl ocnabute ero, B F'HL, PO TPUHUTW npepnaratoT ncnonb-
30BaTb MHHOBALMOHHYIO XNUAKOMETANTMYECKYIO TUTUEBYHO 3aLMUTY.

B xone coBmecTHbIX paboT cneymanuctam ML PO TPUHNTU n AO «KpacHas 3Be3ga»
(BXOAAT B CTPYKTYpPbl POCcaToOMa) BNepBble YAanoCb OCYLWeCTBUTb BHELLHIOW 403anpaBKy
3MUTTEPHOWN CcUCTEMbI TOKamaka T-11M nutnem 6e3 HapyLweHNs BaKyyMHbIX YCIOBUIA

B ero pabouer kamepe. YYeHble paccymTbIBalOT CHAbANTL NUTUEBOW 3aLMTON HEAABHO
co3paaHHbIn B HULL «KypyaToBCKM MHCTUTYT» TOKamak T-15M/, a Bnocneacteum u TPT.

B cooTBeTCTBUM C NpOeKTHOM 3ada4ven, pa3paboTka Ao/mKHa obecneynTbs MMPOBOE NN-
AepcTBo PocaToma B TEXHONOIMAX CO34aHNSA BO30OHOBNSEMOM NepBOM CTEHKMN TEPMO-
snepHoro peakTopa. OCHOBHbIe Lienn NpoekTa — pa3paboTka, co3gaHme n nccneposa-
HMe Ha LeNCTBYIOLLEM TOKaMaKe TEXHONOMMN LIUPKYNALMM XUOKOIO NUTUS B BAKYYMHOW
Kamepe 1 yCTPOMCTB BBOAA W BbIBOAA NINTUA U3 TOKaMaka b6e3 ero pasrepmeTmsaumm gns
obecneyeHuns gnuTenbHoro paboyero pecypca MMTUEBOM 3aLMTbl Kak B KBa3MCTaLMO-
HapHOM, TakK 1 B CTaLLMOHAPHOM PEeXMMaXx.

KJTIOYEBDIE PE3VYJIbTATbI MO UTOFAM 2022 TOAA

MonyyeHbl pe3ynbTaThl NCCIEA0BaHUSA NAaPaMeTPOB MHXEKTOPa MenKoamncrnepCcHoro nm-
TNA Ha ToKamake T-11M, BKItOYaA 3HaYeHUA CpeaHero pa3mepa YacTul, IMTUSA, CKOpoCTHU
NX MHXEKLUMN N MPOU3BOANTENBHOCTb MHXEKTOpPA.

MonyyeHbl pe3ynbTaThl 3KCNEPUMEHTOB B HaCTU PermcTpaLnm BpeMeHHOM 3BONIOLUN
)KECTKOro PeHTreHOBCKOro U3NTy4eHUNs, 00yCIOBNEHHOIO YCKOPEHHBIMW 3/1EKTPOHAMMU,

1 onpepeneHns 3aBUCUMOCTM reHepaLLnm Takoro N3nydyeHns OT COCTOSHUSA NepPBOM CTEH-
KM 1 BaKyyMHoM Kamepbl T-11M.
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M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘

Pa3paboTaHO TeXHUYECKOE NPeaoXeHNE YCTPOMNCTBA YAANEHUS NIUTUS CO CTEHOK Kame-
pbl TOKaMaKka.

Pa3paboTaH 3CKM3HbIM MPOEKT MakKeTa NPUeMHOW NIACTUHbI IMTUEBOrO AMBEPTOPa TO-
Kamaka T-15M/[ c cuctemon TepMmocTabmnmsaumnu.

Pa3paboTaH 3CKM3HbIA NPOEKT CTaLMOHApHO paboTatoWwero NMTMEBOro IMMUTEpPA A 1A
3KBaTOpManbHOro nopTta Tokamaka T-15M/.

MonyyeHbl pe3ynbTaThl UCCNEAOBAHUIM PAMALMOHHbBIX MOTEPb Ha Tokamake T-11M npu
NHXEKUMW NUTUSA, onpeaensoLlme BeIM4nHY MOLWHOCTN MHTErpabHbIX N3yYaTeNbHbIX
noTepb NNa3MeHHOrO LWHYpPa B peXnmax paboTbl TOKamaka Npun pasnnyHbIX YPOBHAX
NHXEKLUMN NUTUS.

NJZ1IAH PABOT 10 2024 TO4A

MnaHupyeTca pa3paboTaTb M UCNbITATb MNOJHbIA HAOOP CUCTEM N TEXHONIOTUIA NUTUEBOM
3alMTbl MEPBOM CTEHKN TEPMOSIAEPHOr0 peakTopa, NPOAEMOHCTPUPOBATL 3P deKTUB-
HOCTb Pa3paboToOK B XO4Ee IKCMEPUMEHTOB Ha TOKaMaKax.

B yacTHocTU, ByayT CO34aHbl M UCMbITaHbl MePCNEeKTUBHbIE YCTPOMCTBA U TEXHONOMMKU ANA
TOKaMaKa: MMMUTEpP, KONNTEKTOP, NHXEKTOP, SNIEMEHT IMTUEBOrO AMBEPTOPA, TEXHONO-
rMn NepBOM CTEHKN U AMBEPTOPa NepCrneKTUBHOINO TEPMOSAEPHOM0 peakTopa, BKoYas
XUAKOMEeTannmyeckme. 3Tm NUTUEBbIE YCTPOMCTBA U TEXHONOMMN NPeanonoXmnTenbHo
CMOTyT paboTaTb B KBa3MCTaLMOHAPHOM pexnme (6onee 10 ) npu TeNIOBOM Harpy3ske
0o 10 MBT/M? C BHELWWHeM NOANUTKOM NuTnem, obecneymBsas:

* ANUTENbHbIV NEPUOL SKCNEPUMEHTANbHOIO LMKA (He MeHee 04HOro roaa);

* HU3KUI ypOBEHb NPUMECeN B nnasme Tokamaka (Z,,, He 6onee 1,2);

* bonee paBHOMepHOe nepepacnpeaeneHne Tena0Bbix MOTOKOB 33 CYET NepensnyyeHus
Ha NUTUKN U, COOTBETCTBEHHO, 3HAYUTENIbHOE CHMXEHME TEMNTOBOM Harpysku Ha auBep-
Top (He MeHee YeMm B TpU pa3a);

* CTaLMOHAPHbIN pexum paboTbl go 1000 c.

» YekywunH PomaH, nHXeHep. [lepBas cTeHKa
TepMOSALEPHOro peakTopa NUCMbITbIBAET Camoe
pa3pyLwmnTenbHOEe BO3AENCTBME MIa3Mbl.
Y106kl 0CnabuTb ero, B THL, PO TPUHNTU
npensaraloT UCMOJIb30BaTb MHHOBALLMOHHYO
XUOKOMETANTMYECKYIO JINTUEBYIO 3aLUTy



CO3LAHUE U UCTbITAHWE NMEPCMEKTUBHbIX KOHCTPYKLMIA MEPBOV CTEHKMN ‘I 6 — ‘l 7
N ONBEPTOPA TEPMOALEPHOTO PEAKTOPA




PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘., POCATOM
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W

A THLU P® TPUHUTW co3paeT MOLLHbIA HEMTPOHHbIN MCTOYHMK Ha OCHOBE CTOJIKHOBEHUS
MnasMeHHbIX CryCTKOB
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CO3AAHUE KOMMAKTHbIX
MHTEHCUBHDbIX
MCTOYHUKOB HEUTPOHOB
HA OCHOBE NMNA3MEHHbIX
TEXHONOTUN

NcTOYHUK HEMTPOHOB MerasnekTpoHBoIbTHOro (M3B) anana3oHa co3gaeTcs Ha OCHoBe
MNIa3MeHHbIX YCKOPUTENbHbIX TEXHONOrMIA. [1Ba ycKOpUTeNs HanpaBAstoT NyYKW NNa3mbl
HaBCTpeuy Apyr ApYry, NPy CTOIKHOBEHUW NPOUCXOAUT peakLma AAepHOro CUHTe3a.
Ha 3ToM NpuHLMNe MOXHO CO34aTb 4OCTAaTOMHO KOMMAKTHbIA U MOLLHbIA UCTOYHUK Bbl-
COKO3HEPrnYHbIX HEMTPOHOB.

Cdepa npumeHeHMs MeToa OYeHb WNPOKA: peLleHne MaTepuanoBegyeckmx 3agay Tep-
MOSIAEPHOW SHEPTreTUKM, MOJIyYeHMe U30ToMHOW npogykumu u T.4. B THL PO TPUHUTA
npet cbopka nepBoro yckoputens cuctembl. B 2022 rogy Ha Hem nposenu nabopartop-
Hble SKCMEePUMEHTbI, 3aTeM U3roTOBU/IN BTOPOMU.

KJTIOYEBDIE PE3VYJ1bTATbI MO UTOTAM 2022 TOAA

PaspaboTaHa paboyasi KOHCTPYKTOPCKas LOKYMEHTALMsA 3KCNepuMMeHTanbHoOro obpasua
KamMepbl BCTPEYHOI0 B3aMMOAENCTBMA AN UCTOYHUKA HEMTPOHOB Ha 6a3e CTONKHOBE-
HWS Na3MEHHbIX CryCTKOB.

Pa3paboTaHa paboyas KOHCTPYKTOPCKas AOKYMEHTaLMs 3KCNepuMmeHTanbHoro obpasua
Kamepbl A5 TPAaHCMOPTUPOBKM MNAa3MeEHHbIX CrYCTKOB OT YCKOPUTENSA 40 Kamepsbl B3au-
MOJEeNCTBUA.

M3rotosneH 3KCI'IepVIMeHTaJ'IbeII7I o6pa3eu, Kamepbl B3aVIMO,D,eI7ICTBVIﬂ Oona NCTo4YHMKa
HEVITDOHOB Ha 0a3e CTONIKHOBEHUSA M1a3MeHHbIX CrycTkos.

M3roTtoBneH 3KCI'IepVIMeHTaJ'IbeIl7I o6pa3eu, Kamepbl 414 TPaHCNOPTUPOBKKU MNJIa3MEHHbIX
CrycTtkos.

MN3roToBneH 610K NUTaHUA NNIa3MEHHOI0 yCKOpUTENA Ha 0a3e BbICOKOBOJILTHOIO eM-
KOCTHOIo Hakonuntena C BbICOKOBOJIbTHbIMU KOMMYTAaTOPaMWN N 3apAaHbIM yCTpOﬁCTBOM.



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA

Mpou3BeneHa cbopka 3KCNepUMEHTANbHOMO CTeHAa AN U3Mepe-
HWM NapPaMeTPOB MNJIa3MeEHHbIX CrYCTKOB, reHepupyeMbIx flabopa-
TOPHbIM 06Pa3LLOM NJTA3MEHHOIO YCKOPUTENS.

Co3paH Komnaekc ANarHOCTUYECKMX cpencTs, BKJTIOYAOLL NI
cpencTea ond UamepeHnd TenJioBbiX NOTEPb Ha CTEHKAX KaMep
CTONIKHOBEHUA U TPaHCMNOPTUPOBKU.

N3mepeHbl napaMeTpbl MNa3MeHHbIX CryCTKOB, FEHEPUPYEMbIX
nabopaTopHbIM 06Pa3LLOM NAa3MEHHOI0 YCKOPUTENS.

NJ1IAH PABOT 10 2024 TO4A

BbyneT pa3paboTaHa nabopaTtopHas yCTaHOBKA, 4EMOHCTPU-
pyloLLas NPOAYKTUBHOCTb HAy4YHO-TEXHNUYECKOIO PeLleHm s,

M NPoBeAEeHbl UCMbITAHUSA MIA3MEHHOMO UCTOYHNKA HEMTPOHOB
MErasneKTPOHBOJIETHOIO AMana3oHa SHeprui s ocyLecT-
B/IEHUA MPOrpPaMmbl PagMaLMOHHbIX UCMbITAaHUI KaHANOATHbIX
MaTepManoB TEPMOSIAEPHbIX U TMOPUAHBIX PEaKTOPHbIX CUCTEM,
3¢ PeKTMBHOrO pelleHus 3aay aAepHON MeaULMHBI U psaa
cneumanbHbiX NpunoxeHnn. CosgaHme HageXxHbix 0bpa3uoBs Ta-
KMX MCTOYHMKOB — 33ia4a MMPOBOIO YPOBHS, peLleHne KOTOPOA
YKPEenuT nonoxeHue Poccum B Yncne Nt CTpaH-NnLepos B 06-
NacTU TEPMOSIAEPHbIX U NIAa3MEHHbIX TEXHONOMA.

» Bacunuii HeMynHOB — pyKOBOAMTENb
NPOeKTa Pa3paboTKN MOLLHOIO MCTOYHMKA
HENTPOHOB

‘c, POCATOM







PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘.’ POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘

A NHxeHep OaHunn bypmncTpoB paboTaeT ¢ MULLEHHOM KaMepoi PEHTFEHOBCKOIro MCTOYHMKA
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CO3AAHUE TEXHOJIOTU
KOMMNJNEKCHOTO
BO3OENCTBUA MOLWHbIMU
MMIMNYJIbCHbIMUA
NMOTOKAMMW
BbICOKOTEMNEPATYPHOM
NMAA3MbI U NTA3ZEPHOTO
U3JTYHEHUA

Y4yeHbIM faBHO M3BECTHO, YTO 00paboTka NOBEPXHOCTEN MAaTeEPUANIOB NIa3EPOM UK
Nnna3mMor cnocobHa MeHSTb UX CBOMCTBA, B YaCTHOCTW MOBbILLATbL KOPPO3NOHHYHO CTON-
KOCTb M MPOYHOCTb MEeTaNsoB. TakMe MaTepmanbl BOCTPeO0BaHbl B aBUALLMKN, KOCMUYEe-
cKon chepe, aTOMHOM 3HepreTMKe, MeguLMHe 1 Apyrux oTpacnsax. Lenb Tekywmx nc-
CNnefoBaHUIN — OLEHUTb NPENMYLLECTBA PEXUMOB KOMMMIEKCHOM Ta3epHO-M1a3MeHHOWN
06paboTku, caenaTb ee pesynbTaT NpenckasyeMbiM.

MpoeKTHas 3aa4ya: U3roToBIeHME NPOMbILLNEHHbIX YCTaHOBOK A1 KOMMIEKCHOM 06-
paboTku fetanen. B 2022 roay ycunus 6b11m cocpefoToyeHbl Ha pa3paboTke MeTof0B
MOBbILLEHNS KOPPO3UOHHOWM CTOMKOCTM MOBEPXHOCTHbIX C/TOEB KOHCTPYKLMOHHbIX MaTe-
pnanoB (NPenMyL,EeCcTBEHHO PA3INYHbIX MAPOK CTasIM) C UCMONb30BaHNEM UMMYIIbCHbBIX
MOTOKOB MJ1a3Mbl U NTA3€PHOro U3Ny4YeHns (nasepHoro Haknena).

KJTIOYEBDIE PE3VYJIbTATbl MO UTOFAM 2022 TOAA

BbiGpaHbl paboune napameTpbl NNa3MEHHOIO YCKOPUTENSA TUMNA «Z-MNUHY» NO AABNEHUIO
nnasmoobpa3sytoLero rasa B paboyen kamepe, HanpPsXXeHUIo NMMTaHUSA NIA3MEHHOIo
YCKOPUTENSA U HAPY>XHOMY AMaMeTPy 00pasua Ana nnasmoobpasyowmx rasos (renumn,
as30T, BOAOPOA), B KOTOPbIX OCTUIrAETCA NiaBfeHne NOBEPXHOCTHOMO C/I0A CTaJIbHbIX
06pa3uos..

Bbl6paHbI pa60tw|e napameTpbl KBa3NCTaLMOHAPHOIo nia3amMmeHHOro yckopmtena no Ha-

MPAXEHUNIO MNTaHUA NNTa3MEHHOI0 ycKoputTena n onnTenbHOCTU NiasmMeHHOro BO34eN-

cTBUA ona nna3M006pa3y}ou.I,V|x ra3oB, B KOTOPbIX AOCTUIaeTCA njiaByieHMe noBepxHOCT-
HOIo CNnoA CTalibHbIX o6pa3u,0|3.



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A .’ POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘




CO3JAHUE TEXHOJIOTUWN KOMMJIEKCHOTO BO3AENCTBMA MOLLHBIMW UMMYIbCHBIMU MOTOKAMM

BbICOKOTEMTMEPATYPHOW MJTA3Mbl W JTASEPHOTO N3TYYEHNSA

24— 25

Mony4yeHbl pe3ynbTaTbhl KOPPO3UOHHbIX
NCMbITaHN 06Pa3L,0B KOHCTPYKLMOHHbIX
ctanen Ct45, 40X, 651, 40XH2MA, LLIX15.

Pa3spaboTaHa paboyas KOHCTPYKTOPCKas
LOKYMEHTALMA HAa CUCTEMY MMMYSIbCHOIO
3HEepPronuUTaHns N3Ny4aTensa yCTaHOBKM
L4NA Na3zepHoOro Haknena.

M3roToBneHa cncrema MMNyNbCHOIo

SHeEpPronnTaHna nany4datensd yCTaHOBKU
Ona nasepHoro Haknena.

NJ1IAH PABOT
A0 2024TO4A

Co3paTb OMbITHbIE o6pa3u,b| MPOMbILUNEH-
HbIX YCTAaHOBOK MO yNPO4YHEHNIO MaTepPUNa-
J10B.

<« Kyco4yek kocMmoca B nabopatopumn —
BaKyyMHasa Kamepa



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘., POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘
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A BTHL, P® TPUHUTW co3paeTcst MOLWHbIM HEMTPOHHbIN MCTOYHUK HA OCHOBE CTOJIKHOBEHMS
MMa3mMeHHbIX CryCcTKOB. Ha CHUMKe — nepBbIn ycKopUTeb cMcTeMbI. [o3xe B Hel byaeT aBa
YCKOPUTENS, KCTPENSIOLLMX» MyYKaMM Na3Mbl HABCTpeYy Apyr Apyry. Npu CTONKHOBEHUN MYYKOB
OyayT NPOUCXOANTb PeaKLMN AAEPHOIO CMHTE3a C BbIXOLOM BbICOKO3HEPTMYHbIX HEMTPOHOB.
OCHOBHOE NPUMEHEHNE UCTOYHNKA — UCMbITaHME MAaTEPUASIOB A1 TEPMOSLEPHOI0 peakTopa



26 — 27

CO3AAHUE NPOTOTUINOB
7 NMAASMEHHDbIX
PAKETHbIX OBUTATENEW
C NOBbIWEHHbIMU
NMAPAMETPAMU TATU
UYOENbHOIO UMNYNbCA

B yacTn paboT no co3gaHumo NpoToTUNa NMAa3MEHHOro pakeTHoro aeuratens B 2022 ropy
B FTHL, P® TPUHUTW co3panu yckopuTenb Nia3mbl C CUCTEMOMW NpeaBapUTeNbHON MOHU-
3aumMm paboyero Tena, 3KCNePUMeEHTaNIbHO UCCefoBann 3HeprobanaHc B N1asmeHHOM
NOTOKE C BbICOKMM yAenbHbIM UMMYbCOM U pa3paboTany meToabl NOBbILEHUS pecypca
31eKTPOAOoB B HEM. M3roToBMUTbL NPOTOTUN ABUratena nnaHupyetca B 2024 roay.

KJTIOYEBDIE PE3VYJ1bTATbI MO UTOTAM 2022 TOAA*

I'Ionyqubl JKCNepuUMeHTaslbHble OaHHbIE MO I'IpOCTpaHCTBeHHOlZ CTPYKTYpE U ANHaMUKe
NnasmMeHHOro NoTokKa KBa3snCTalMOHAPHOIo niasmMeHHOro yckopurtens.

Pa3paboTaH 1 M3roToBMIEH YCKOPUTENb Na3mMbl C yaebHbIM UMMYNbCOM HE MeHee
100 KM/C M NpoBeAeHbl €ro UCMbITaHUSA.

rlOJ'Iy‘-IEHbI JKCNepUMeHTalbHble AaHHbIE MO XapaKTePUCTUKAM YCKOPUTENA NNa3Mbl onda
Pa3nnYHbIX ra3os.

Pa3paboTaHa pacyeTHas MOAeb YCKOPUTENbHOWN CTYNEHW M1a3MeHHOM0 PakeTHOro ABM-
ratena (MPA).

MpoBeaeHbl UCMbITaHUA CPEACTBA AMArHOCTUKM, NMOyYeHbl 3KCMePUMEHTaNbHbIe
[aHHble MO YC/I0BUSAM NIa3MEHHOro BO3AEeNCTBUA B UMUTALMOHHOWM YCTaHOBKE C Ayrom
HW3KOro AABNIEHNS: CKOPOCTM 3P03UM MaTEPUAsIOB, MaKCMManbHO AOCTUXMUMbIM KOH-
LEHTPaLMM N CTENEeHN MOHN3ALLMK NMAa3Mbl CUIBHOTOYHOIO MMMYJIbCHOMO MarHeTPOH-
HOro paspsaaa.

* YacTb paboT 6bina BbinonHeHa cnnammn HULL «KypyaToBCKUI MHCTUTYT».



PA3PABOTKA TEXHOJTOTI YMPABJIAEMOIO TEPMOALEPHOIO CUHTE3A ‘., POCATOM
M MIHHOBALIMOHHbIX MJTA3SMEHHbIX TEXHOJTOTUIA ‘

McnbiTaHa cucTema oxnaxaeHus KaTyWKN MarHATHOro nongd 0e3 ucnonb3oBaHUA XNOKUX
KPMOareHToB.

I'lonyqubl JKCNepUMeHTalbHbl€ AaHHbIE MO XapPaKTEPUCTUKAM Ma3mMbl ONA Pa3/iIM4HbIX
ra3oB B CTyNneHn npenBapMTeanon MOHN3aLNNn.

McnbiTaHbl 3n1eMeHTbl cTeHA0BoM 6a3bl MowHbIX MPA.

NJAH PABOT 10 2024 TO4A

Co3patb npoToTUNN NNAa3MeHHOIro PakeTHOro Asuratena HOBOro Tuna Ha 0a3e marHuTo-
NJasMeHHOro yCKoputena C XapakTepnuctukamm:

° mouwHocTb B moTtoke — 300 kBT;

* yaenbHbIA umnynbc — 100 km/c;

° TAra—6 H;

* pacxop — 60 mr/c;

* KMNA — Bbiwe 60 %;

° gnametp — go 30 cm;

* pecypc — 5-107 H-c (2,4 TbiC. 4 NpK 3a4aHHbIX MapaMeTpax NoToKa,
nnu 8,5-10° umnynbcos).



MABA 28 — 29
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