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FANY3b TEXHIKW, 0O AKOI HANEXWUTb BUHAXIL

BapiaHTu 34iicHEHHSs, onucaHi TyT, CTOCYOTbCS 3arafrioM CUCTEM MarHiTHOro yTpuMaHHS nnasmu,
a KOHKpeTHiLle - cuctem i cnocobiB, siki nonerwyoTb PopmyBaHHs | 36epexeHHs1 BUCOKOEHEPreTUYHOI
i BMCOkOTemnepaTypHoi nna3mu B OBepHEeHi MarHiTHiM koHdirypauii (nnasmm FRC) 3 uygoBoto
CTINKICTIO, @ TAKOX 3 YTPUMaHHSAM YaCTUHOK, eHepril i MOTOKy.

PIBEHb TEXHIKA

Ob6epHeHa marHiTHa koHdirypauisa (FRC, Field Reversed Configuration) Hanexwute go knacy
TOMOJIONiA MarHiTHOrO YTPUMaHHS nnasmu, BigoMmnx sik komnakTtHi Topoign (CT, compact toroid). BoHa
OEMOHCTPYE MepeBaXKHO MosnoiganbHi MarHiTHi nons i Mae HynboBi abo Mani camoreHepoBaHi
TopoiganbHi nonsa (ame. M. Tuszewski, Nucl. Fusion 28, 2033 (1988)). lNepeBaramu Takoi
KOHdoirypauii € 1i npocta reomeTpis AN 3py4Y4HOCTI NoOyOoBM i 30epexeHHsl, NpUpoaHui
HeoOMexeHu AnBepTop ANs MOMnerweHHs BUBEAEHHS eHeprii i 3onoBuganeHHs i ayxe sucoke B (B -
Le BiOHOLIEHHS cepeaHbOoro TUCKY Nia3My A0 CepefHbOoro TUCKY MarHiTHoro nonsi scepeauHi FRC),
TOGTO, BUCOKa rycTMHa MOTYXKHOCTI. Npupoaa BUCOKOro B € nepeBa)kHOH AJI EKOHOMIYHOT poboTHh i
AN1S1 BUKOPUCTaHHSA NPOBIAHNX, aHEWTPOHHMX BUAax nanuea, Takmx sik D-He3 i p-B11.

TpaguuinHun cnoci6 dopmyBaHHs FRC nepepbavae 3acTtocyBaHHs TexHosorii ©-niHya i3
obepHeHUM nonem, Wo Adae rapsadi Bucokorycti nnasmu (ame. A. L. Hoffman i J. T. Slough, Nucl.
Fusion 33, 27 (1993)). PisHOBMAOM LbOro € cnocié nepeHeceHHs i 3axXonneHHs, Npu 34iNCHEHHI SIKOro
nnasmy, CTBOpeHy B "mxepeni" TeTa-niHya, B GinbLwin abo MeHLWin Mipi HeramHO eXeKTylTb 3 O4HOMo
TOpUS B Kamepy yTpuMaHHs. [oTiM 34iACHIOITL 3aXOMMEeHH NepeHOCUMOoro nnasmMoiga Mixx ABoma
MiLHUMKW A3epkanamu Ha Topusix kamepu (ouB., Hanpuknag, H. Himura, S. Okada, S. Sugimoto i S.
Goto, Phys. Plasmas 2, 191 (1995)). Ak Tinbkv uen nnasmoig BUSBNAETbCA B KaMepi yTPUMaHHS,
MOXHa 3aCTOCOBYBaTM pi3Hi cnocobwu HarpiBaHHs i 30ymKeHHSI CTPyMy, TakKi, SIK iHXekuis nydka
YaCcTMHOK (HemTpanbHMx abo HenTpanisoBaHux), ob6epTOBi MarHiTHi MOMsA, HarpiBaHHS CTpymMamu
BMCOKOI YacToTn abo omivHe HarpiBaHHhs, i T. . Lle po3gineHHsa dyHKUin okepena i yTpMMaHHsA fae
KIHOYOBI iHXEHepHi nepeBarn Anst NOTEHUINHUX ManbyTHIX peakTopiB TepmosigepHoro cuHtesy. FRC
JOBENN CBOK BUHATKOBY CTIMKICTb A0 30BHILLHIX BNAMBIB, MPUCTOCOBYBAHICTb [0 AWHAMIYHOIO
(POPMYBaAHHS, MEPEHECEHHSA N IHTEHCUBHMX MO 3axOmnneHHd. binblie TOoro: BOHW OEMOHCTPYHOTb
TeHAEeHLUil0 JonycKaTh nepeBaxkHUn cTaH nnasmu (aus., Hanpuknag, H. Y. Guo, A. L. Hoffman, K. E.
Miller, i L. C. Steinhauer, Phys. Rev. Lett. 92, 245001 (2004)). 3a ocTaHHE QecATUPIYYS OOCATHYTUI
3HA4YHWMMA Mporpec y po3BUTKY iHWKX crnocobiB dopmyBaHHsa FRC: 3a gonomorow o6'egHaHHSA
chepomackis i3 NPOTUNEXHO CNPSMOBaHUMU cripanbHOCTAMKU (AuB., Hanpwuknag, Y. Ono, M. Inomoto,
Y. Ueda, T. Matsuyama i T. Okazaki, Nucl. Fusion 39, 2001 (1999)) i 3a gonomorotw 30ymKeHHS
cTpyMy obeptoBumun MarHiTHUMK nonsmu (RMF, rotating magnetic field) (gus., Hanpuknag, |. R.
Jones, Phys. Plasmas 6, 1950 (1999)), sike Takox 3abe3neyvye 0oAaTKOBY CTiliKICTb.

ByB icTOTHO JonpauboBaHU MeTo 3iTKHEHHS i 06'eqHaHHSA, 3anpOMNOHOBaHWIA BXe AaBHO (OuB.,
Hanpuknag, D. R. Wells, Phys. Fluids 9, 1010 (1966)): oBa okpeMi TeTa-niHyi Ha NPOTUNEXHUX TOPLAX
KaMepu yTPMMaHHsi OJHOYACHO reHepylTb i MPUCKOPHOTL ABa MMasMoign y HanpsiMKy OAMH OO0
O[HOr0 Ha BMCOKIM LUBMAKOCTI, AKi MOTIM 3iLUTOBXYIOTbCS Y LEHTPI KaMepu YTpUMaHHS i 06'egHyroThCS,
dopmytoun  cknagosy FRC. TMpm pospobui 1 ycnilwHOMY npoBeAEeHHi OgHOro 3 HambinbL
KpynHomacwTabHMx OO0 TenepiwHboro 4acy ekcrnepumeHTiB 3 FRC, 3BuyanHuin cnoci® 3iTKHeHHSs i
06'egHaHHA nokasaB, WO Jae CTinki BucokotemnepatypHi FRC 3 Benvkum 4acom XWTTS i BENUKOKO
ryCTMHOIO MOTOKY YacTUHOK (auB., Hanpuknag, M. Binderbauer, et al., Phys. Rev. Lett. 105, 045003
(2010)). 3oBCiM HegaBHO [OOCATHYTUA 3HAYHUW NPOrpec Mnpuv BUKOPUCTaHHI METOAY 3iTKHEHHS i
ob'egHaHHA B ekcnepuMeHTax 3i  30ymkyBaHow nydkamm FRC, qki paooTb  BigHOCHO
BMcokoTeMnepaTypHi nnasmu FRC npoTsarom TpuBanoro yacy (Tvnosi napameTpu nnasmu: Te~250 3B,
Ti~1 k3B, <ne>~2-3%1013 cm3, Be~1 kIc, Yac xuTTst nnasmm (30 mc) npu BuKopucTaHHi iHxekuii (NBI,
neutral-beam injection) BMCOKOEHEpPreTUYHUX MNy4kiB HenTpanbHMx YacTuHok (NB, neutral-beam) i
e(eKTMBHOro rpaHNYHOro 3milleHHs (avB., Hanpuknag, Gota, H. et al.,, Nucl. Fusion 57, 116021
(2017); Gota, H. et al., Nucl. Fusion 59, 112009 (2019); i Gota, H. et al., Bull. Am. Phys. Soc. 64,
UP10.00123 (2019)). Y Takux ekcnepumeHtax nnasmy-uinb ana NBI oTpumyloTb 3a Jonomoroto
3iTKHEHHS | 00'eaHaHHs aBox nNnasm FRC 3 BMKOpPUCTaAHHAM MeTOAY AUHaMiYHOro hopmMyBaHHSA TeTa-
niHya i3 obepHennm nonem (FRTP, field-reversed theta-pinch) (Binderbauer, Phys. Rev. Lett. 105), B
AKOMY YNOBIHOBaHUIA MarHiTHUI noTik 06'eaHaHoil FRC cnoyatky ctaHoButb ~5 MBO, o 6a3yeTbcs Ha
MoZeni XXOPCTKOro poTopa i3 30BHILWHIM MarHiTHUM nonem ~1 kl'c B yTpumyBanbHin cekuii. LLnaxom
imxekuii BucokoeHepretudHux NB noTtyxkHicTio >13 MBT (wo 36inbwyetbess o ~21 MBT wnsaxom
HanawTyBaHHsI eHeprii ny4yka nig Yac iMnynbcy) B Nnasmy-uinb, BiaOyBaeTbCA 3aXONNeHHs LWBUAKNX
YaCTMHOK 3cepeamnHm i 330BHI Big cenapaTpucy i NnepemilleHHs iIX 3cepeanHi i 330BHi Big cenapatpucu
3 BenuKkow opbiTol Ans HarpiBaHHA Hacamnepeq enekTpoHiB, a TakoX Ans 30yMKeHHA CTpymy, B
AKOMY BigOyBa€eTbCS MamxKe Kracu4yHe YTPUMaHHSA LIBMAKAUX iOHIB. LiA iHXeKLis BMCOKOEHEPreTUYHNX
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NBI He pocdranacs B )XOAHOMY iHLIOMY €KCMepUMEHTI 3 koMnakTHuMuK Topoigamu (CT) i BusBMnacs
Oy>Ke BaXKITMBOK OEMOHCTpPALLEr XUTTE3AATHOCTI KoHLUenuii 30yakyBaHux nydkammu FRC i ii TexHiYHOI
rotoBHocCTi (Gota, Nucl. Fusion 59; Gota, Bull. Am. Phys. Soc. 64).

BaxaHi BOOCKOHaneHi cuctemun, NpUCTpoi i cnocobu reHepyBaHHs LUinboBoi nnasmm FRC 3
BMCOKMM MOTOKOM i MOXINUBICTIO OCbOBOIO MOMOBHEHHS.

CYTb BUHAXOLOY

Moxnusi BapiaHTV 3[iNCHEHHSA CMCTEM, MPUCTPOIB i cnocobiB, 3anpPoOnNOHOBaHI TYT, NpPU3HAYeHi
AN reHepyBaHHSA UuinboBoi nnasmm FRC, ska mae BMCOKMM MNOTIK, 3 MOXIMBICTIO OCbOBOIO
nonoBHeHHs1 Nnasmmn FRC. LWo6 reHepyBaTy onTMmarnbHy BuXigHy UinboBy nnasmy FRC 3 Bucokum
MOTOKOM, iHXEKTOpW cdepoMakiB cepedHboro macwTtaby (Lo TakoX Has3nBaloTbCH iHXEeKTopamu
komnakTHux Topoigie (CT)) 3B'A3yt0Tb OAMH HABNPOTU OAHOIO 3 TOPLSAMU LIEHTPANbHO PO3TalLlOBaHOl
Kamepn yTpuMaHHSA nnasMmu. |HxekTopn cdepoMakiB iHXEKTYTb cdepomMakm y HanpsMky Ao
cepeaHbOoi MIOWMHN KaMepy YyTPUMaHHS, e cdepomakm 06'egHyroTbea | yTBOptotoTb nnasmy FRC B
kamepax yTpumaHHa. Ob6'egHaHHA NPOTUMEXHO CMPSIMOBaHUX ChipanbHOCTEN ABOX chepomMakiB Mae
TeHAeHUilo nopompxkyBatu nnasmu FRC 3 nigBuweHum 3axonnioBaHWM MarHiTHAM noTokom. 3
Kamepow YTPMMaHHSA TakoX MOB'A3aHa MHOXWHA iHXEKTOPIB My4kiB HENTpanbHUX YaCTUHOK AN
30ymKkeHHs | 36epexenHs nnasmu FRC.

Y MOXNuBMX BapiaHTax 34iNCHEHHS iHXEKTOpWM My4YKiB HENWTpanbHWX YacTUHOK BWKOHaHi 3
MOXIUBICTIO PErynioBaHHS Bid AEeSKOro BMUXiOHOrO PiBHS NOTYXXHOCTI A0 AESKOro nigBMLLEHOro piBHA
NOTYXXHOCTI.

Y 0onaTkoBUX MOXMMBUX BapiaHTax 34iIMCHEHHS iHXEKTOpW cdhepoMakiB BUKOHaHI 3 MOXIUBICTIO
OaraToiMnynbCHOI iHXxeKUii cdepomakiB y nnasmy FRC B3goBX reoMeTpryHOi OCi Kamepn YyTpUMaHHS
3 METOI e(PEKTUBHOrO NOMOBHEHHS | CTiKaHHS.

IHWi cuctemun, npucTtpoi, crnocobu, o3HakM i nepeBarn 3rigHoO 3 06'€KTOM BMHaxody, LWO
onncyeTbes TyT, ByayTb abo cTaHyTb o4eBUOHMMK baxiBUEBI B UiV ranysi TexHiku nicns nepernsay
HWXKYEeHaBeOEeHNX KpecrneHb i geTanbHoro onucy. NepenbayaeTbes, WO BCi Taki 4OO4ATKOBI CUCTEMU,
cnocobu, 03HakW i NepeBarn MOBWHHI BYyTU BMIWEHI B MeXaxX LbOro Onucy, 3HaxoauMTUCH B Mexax
obcary oxopoHu 3rigHO 3 06'eKTOM BMHaxogy, L0 OMUCYETbCA TYT, i 3aXMLUEHi MpuKNageHow
dopmynoto BuHaxody. O3HakM MOXMAMBUX BapiaHTIB 3A4IMCHEHHS B XXOAHOMY pa3i He Tpeba
iHTepnpeTyBaTh AK Taki, WO 0BbMeXylTb NpuknageHy opMyny BUHAXo4u, KO HEMAE KOHKPETHOro
PO3KPUTTSA TUX O3HaK Yy hopmyni BUHaxoay.

KOPOTKWIN ONMNC KPECNEHb

CynpoBigHi KpecneHHs, sKi BKMOYEHi B Len Onuc Sk MOro YacTuHa, incTpyoTbh NepeBaxHi B Len
Yac MOXIMBI BapiaHTU 34IMCHEHHS i pa3oM i3 3arafibHUM ONUCOM, HaBeOEeHMM BULLE, | AeTanbHUM
ONUCOM MOXNWBUX BapiaHTiB 34INCHEHHS, WO HaBOAUTBCA HWX4Ye, chnyXaTb [Ans MOSICHEHHS
NPUHLMMIB LLbOro BUMHaXoAy i HABYaHHS M.

®ir. 1 inoCTpye yTpMMaHHS Y4acTUHOK y npornoHoBaHin cucteMi FRC y BucokoedeKkTMBHOMY
pexumi FRC (pexum HPF, high performance FRC regime) nopieHsHO 3i 3Bu4anHum pexmmom FRC
(pexxum CR, conventional FRC regime) i nopiBHsHO 3 TpaguuinHuMu ekcnepumeHTamu 3 iHwunmn FRC.

®ir. 2 incTpye KOMNoHeHTU nponoHoBaHoi cuctemn FRC i marnitHoi Tonornorii FRC, wo
OTPUMYETBLCA B NponoHoBaHin cuctemi FRC.

®ir. 3A inocTpye 6asoBe KOMMOHYBaHHA nponoHoBaHoi cuctemu FRC Ha Burnsgi 3sepxy,
BKIMOYaKO4M NepeBaXKHe po3TallyBaHHA LeHTpanbHOI EMHOCTI ANs yTpUMaHHA, hopMyBanbHOI CekLiT,
AVBEPTOPIB, MyYKiB HENTPanbHUX YaCTUHOK, eNeKTPodiB, NMa3mMoBMX rapmat, A3epKaribHUX NpoboK i
iHXeKkTopa TabneTok.

@ir. 3B inocTpye UeHTpanbHy EMHICTb ANA YTPUMaHHA Ha BUMMsAi 3Bepxy i nokasye Myyku
HenTpanbHUX YacTUHOK, po3TalloBaHi Mig NPSMUM KYTOM [0 FOMOBHOI OCi CUMETPIl LeHTpanbHOl
E€MHOCTI ANs YyTPUMaHHS.

®ir. 3C intocTpye UeHTpanbHYy EMHICTb ONA YTPUMaHHA Ha BUIMA4i 3Bepxy i Mokasye nydku
HeWTpanbHUX YaCTMHOK, PO3TALIOBaHi MNif, MEHLMM KYTOM, HDK MPAMWA, OO FOMIOBHOI OCi CUMETPIi
LeHTpanbHOi EMHOCTI ANs YTPUMaHHS, i CIPSAMOBaHI Ha iHXEKLi0 YaCTUHOK Y HanpsIMKy OO cepeaHboi
MIOLWMHN LIEHTPAINbHOI EMHOCTI AN YTPUMaHHS.

®ir. 3D i 3E intocTpyloTb BUMMS4 3Bepxy i nmepcnektuBHe 300paxeHHs, BignosigHO, 6asoBoro
KOMMOHYBaHHA 3rigHO 3 anbTepHaTUMBHMM BapiaHTOM 3AiACHEHHS nponoHoBaHoi cuctemn FRC,
BKIMOYalo4M NepeBaXKHe po3TallyBaHHA LeHTpanbHOI EMHOCTI Ana yTpUMaHHs, popMyBanbHOT CekLil,
BHYTPILWHIX | 30BHIWLHIX AMBEPTOpPIB, My4kiB HENTpanbHUX YaCTUHOK, PO3TallOBaHMX Mif MeEHLIUM
KYTOM, HiXX MpsSiIMUA, OO0 FONOBHOI OCi CUMETPIl LeHTpanbHOi EMHOCTI ANa YTpUMaHHS, enekTposis,
nnasMoBuUX rapMarT i A3epKarnbHUX NpoGoK.

dir. 4 inlOCTpye CXeMY KOMMOHEHTIB CUCTEMU IMNYIbCHOMO XUBMEHHS A4St (hOpMYBarbHUX CEKLin.

dir. 5 intocTpye i30METpUYHE 300paXKeHHs OKpemoro ¢OpMyBarbHOrO MOAYMS  iIMMYNbCHOro
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XUBIEHHSA.

dir. 6 intocTpye isomeTpudHe 306paxeHHst Byana hopmyBarnbHUX Tpyo.

@ir. 7 inocTpye isomeTpuyHe 300paKeHHs B 4aCTKOBOMY Mepepisi CUCTEMU My4KiB HEWTparnbHUX
YACTUHOK i KIMOYOBUX KOMIMOHEHTIB.

@ir. 8 intocTpye isomeTpudHe 306pakeHHs1 3acobiB reHepyBaHHA My4kiB HENTPanbHUX YAaCTUHOK Ha
Kamepi yTpUMaHHS.

@ir. 9 intocTpye i3oMeTpnyHEe 300paxXeHHA B 4aCTKOBOMY Mepepisi NepeBaXKHOro po3TallyBaHHSA
cuctem Ti- i Li-reTepyBaHHs.

@ir. 10 intocTpye i3oMeTpuuHe 300paXkeHHs B 4acTKOBOMY nMNepepisi nnasMoBOi rapmaTty,
BCTAHOBEHOI B Kamepi avBepTopiB. TakoX MokasaHi BignoBigHa MarHiTHa O3epkanbHa npobka i
€neKTPpOoAHUIN BY30/ ANBEPTOPIB.

dir. 11 intocTpye nepeBaxHy CXeMy po3TallyBaHHS KiNbLEBOro enekTpoga 3MilleHHA Ha
OCbOBOMY TOPL|i KaMepu yTPUMaHHS.

®ir. 12 intocTpye esoniouito pagiyca noToky, WO BukovaeTbes, B cuctemi FRC, oTpumanoro,
BUXOOAYM 3 Py 3O0BHILLHIX AiaMarHiTHUX KOHTYpiB Yy OBOX (POPMyBarbHUX CEKLUiAX TeTa-niH4iB i3
obepHeHUM nonemM i MarHiTHUX 30HAIB, 3aKknajeHuUX BCepeauHi LeHTpanbHOi MeTaneBoi kamepwu
yTpumaHHs. Yac BMMIpOETECA 3 MOMEHTY obepTaHHS CMHXPOHI30BAHOrO MOMs B AXepernax Ans
PopMyBaHHS, a BiACTaHb Z 3a4aETbCSA BiAHOCHO OCbOBOI CEPeHbOI MAOLLMHN MALLUMHM.

®ir. 13A, 13B, 13C i 13D intocTpytoTb AaHi Big TUNOBOro HENIATPMMYBaHOIrO PO3psay B PEXUMI He-
HPF B nponoHoBaHin cuctemi FRC. lMokasaHi gk dyHkuii yacy: (dir. 13A) pagiyc noToky, Lo
BUKIIOYAETLCS, Ha cepegHi nnowmHi, (dir. 13B) 6 xopAa NiHINHO-IHTErpoBaHoOi rycTWHM 3
iHTepdepoMeTpa, KU 3HaXO4MTBCA B CepefHin nnowwHi, ansa Bu3HadveHHs BmicTy COgz, (dpir. 13C)
pagianbHi npodini ryctnHu, iHBepTOoBaHi 3a Abenem, 3a gaHUMK iHTepdepomeTpa Ansi BUSHAYEHHS
BmicTy COz2 i (dpir. 13D) 3aranbHa TemnepaTtypa nnasmu, BUXoasym 3 6anaHcy TUCKY.

®ir. 14 inlocTpye ocboBi NPodini MOTOKY, WO BUKMIOYAETLCS, Y BUBpaHi MOMEHTH Yacy Ans OQHOro
i TOro x po3psagy 3 nponoHoBaHoi cuctemu FRC, nokasaHoi Ha cir. 13A, 13B, 13C i 13D.

®ir. 15 inocTpye i30MeTpUYHe 300paXeHHs BiAXMITbHUX KOTYLLUOK, BCTAHOBMNEHUX 330BHI Kamepu
YTPMMaHHS.

®ir. 16A, 16B, 16C i 16D intocTpytoTb kopensuii 4acy »uTtta FRC i TpuBanocti imnynbcis
IH)KEKTOBaHUX MyYKiB HEWTpanbHUX YacTUHOK. FAK nokasaHo, Ginbl TpuBani iMNynbCU Nyyka AakTb
Oinbwwn yac xutta FRC.

@ir. 17A, 17B, 17C i 17D intocTpytoTb OKpeMi i CykyrnHi edpekTn pisHMX KOMMoHeHTiB cuctemn FRC
Ha poboui xapaktepuctuku FRC i gocarHeHHs pexumy HPF.

@ir. 18A, 18B, 18C i 18D intocTpytoTb AaHi 3 Tunosoro pexumy HPF HenigTpumysaHoro pospsay B
npornoHoBaHin cuctemi FRC. lMoka3saHi sk dyHKuii Yyacy: (dir. 18A) pagiyc noToKy, L0 BUKNOYAETLCS,
Ha cepefHin nnowmHi, (cir. 18B) 6 xopa niHiNHO-IHTErpoBaHOI rycTMHU 3 iHTepdepomeTpa, AKUN
3HaxXoAWTbCA B CcepedHi nnowwuHi, Ana BudHadeHHa BmicTy CO2, (opir. 18C) pagianbHi npodini
rycTuHu, iHBepToBaHi 3a Abenem, 3a pgaHumn iHTepdepomeTpa Ans Bu3HayveHHs BmicTy CO:z i
(cpir. 18D) 3aranbHa Temnepatypa nna3mu 3 6anaHcy TUCKY.

®ir. 19 inocTpye yTpyMaHHA NOToKy Ak dyHKuUito Temnepatypu (Te) enekTpoHis. Lle gae rpadivHe
YSBMEHHA MNpO 3HOBY BCTAHOBMNIOBaHWMA peXMM MacwTabyBaHHSA, SKUW nepesepllye Bigomi, Ans
pospsais y HPF.

@ir. 20 inoctpye yac xutta FRC, wo Bignosigae TpmMBanocTi iMMynbCy He MOXWUIMX i MOXMNUX
iIHXXEKTOBaHMX MyYKiB HEUTparnbHUX YaCTUHOK.

oir. 21A, 21B, 21C, 21D i 21E inocTpyloTb BMAMB TPMBANOCTi iMMyMNbCy MOXMMAOro Myyka
HenTpanbHUX YacTUHOK i Yacy *uTTa nnasmu FRC Ha Taki napameTpu, K pagiyc nnasmu, ryctuHa
nnasmu, Temnepatypa nnasMmu i MarHiTHUM NOTiK, WO BignNoBigaloTb TPUBAMNOCTI iMAYNbCY NOXMIIUX
IH)XKEKTOBaHMX My4yKiB HEWTparbHUX YaCTUHOK.

®ir. 22A i 22B inocTpyloTe 6a3oBe KOMMNOHYBaHHS iHXXeKTopa komnakTHux Topoigis (CT).

®ir. 23A i 23B inNOCTPYOTb LEHTparnbHy EMHICTb AN YTPMMaHHS, OEMOHCTPYOYM BCTaHOBMEHUN
Ha Hei inxekTop CT.

®ir. 24A i 24B intocTpyloTb 6asoBe KOMMOHYBaHHS 3rigHO 3 anbTepHaTUBHUM BapiaHTOM
3fincHeHHst iHxekTopa CT, WO Mae NoB'a3aHy 3 HUM gpendoBy TpyOKy.

®ir. 25 intocTpye i3omMmeTpuyHe 300paxkeHHs B nepepisi CUCTEMM NMYYKIB HENTPANbHUX YaCTUHOK i
KINIOYOBI KOMMOHEHTM HanalToOBYBaHOI BigAaBaHO! NOTY>KHOCTI MyYKiB HEUTPaNbHUX YaCTUHOK.

dir. 26 cxemaTUYHO IMOCTPYE CUCTEMY MYYKiB HEWTpanbHUX YaCTUHOK 3 HanallTOBYBaHO
BiglaBaHO MOTYXHICTIO MyYKiB HENTPanNbHUX YACTUHOK.

Ha goir. 27 npeacTtaBneHe cxeMaTUYHE 300paXKeHHs, sike iNCTPYE MexaHi3aM KepyBaHHS OCbOBUM
nonoxeHHsam nnasmm FRC B mexax eMHocTi anga ytpumanHs (CV, confining vessel).

Ha dpir. 28 npegcraBneHa 6Onok-cxema MNOCMIAOBHOCTI onepauin  anroputMy  KepyBaHHS
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OCHOBOMOMOXHUM PEXUMOM KOB3aHHS.

Ha dir. 29 npegcraBneHunn cknagoBui rpadpik NpuknagiB MoAentoBaHHS KepyBaHHS OCbOBUM
MOMNOXEHHSIM Y PEXUMI KOB3aHHS.

Ha doir. 30 npegcraBneHnn cknagoBui rpadpik NpuknagiB MoAentoBaHHS KepyBaHHS OCbOBMM
NMOMNOXEHHSIM B PEXMMi KOB3aHHS.

Ha oir. 31A i 31B npeacrtaBneHi cxemaTtudHi 300paxeHHd, Oe MOKa3aHW MOXNWBUIKA BapiaHT
34incHeHHs cuctemu yTpumaHHa FRC 3 npoTunexHumu iHxektopamm cpepomacis.

dir. 32A, 32B, 32C i 32D intocTpytoTb eTtanu B npoueci opmyBaHHs FRC 3a gonomoroto
00'egHaHHs1 cdhepoMaKkiB i3 NPOTUIEXKHO CNPSIMOBAHUMM CMiparnibHOCTAMM.

Ha dir. 33 npepgcraBneHe cxemaTuyHe 300paXKeHHsl, Oe NoKasaHui MOXNMBUIA BapiaHT
30iNCHEHHS IHXXeKTopa cdepomakis.

MoTpiOHO 3a3HauNTK, WO KpecneHHsi He OOOB'A3KOBO BUKOHaAHI B MacwTabi i WO enemeHTu
aHarnoriYHMX KOHCTPYKUi abo (pyHKUIN B 3aranbHOMY BUNAAKy No3HayYeHi OQHAKOBMMW MO3ULiSIMU Ha
BCiX KpecrneHHsiXx 3 MeToto intocTpauii. MoTpibHO TakoX 3a3Ha4YMTK, WO KPECNEeHHS NPU3HAYeHi TiNbKK
ONSA NomnerweHHss OnNucy pi3HWX BapiaHTiB 34INCHEHHA, Npo SAKi TYT naeTbcd. Ha kpecneHHax He
060B'A3KOBO OMUCYETHCA KOXHWUWA acnekT iAew, WO MPOMOHYKTLCH TYT, i KPECNEeHHS He obMexyloTb
06CAr OXOPOHW 3rigHO 3 (HOPMYIIO BUHaxXo4y

OETANBHWUM Ornunc

PaHiwe, HixX nepentn Oo getanbHOro onucy o6'ekTa UbOro BMHaxody, MOTPIGHO 3po3ymiTh, LLO
Luen BMHaxig He OOMeXyeTbCsl ONMMCYBAHUMWN KOHKPETHMMMW BapiaHTamMWn 30iNCHEHHS, a - SIK Takui -
3BUYANHO X, MOXe OyTn 3MiHeHWU. [oTPIBHO TakoX 3pPO3yMITW, O TEPMIHONOrS, SKa BXMBAETLCS
TYT, MA€ Ha METi N1LLIE ONNC KOHKPETHMX BapiaHTiB 34IACHEHHS, a He NpU3HavyeHa ANA OOMEXEHHS,
OCKiNnbKM 0BCAr OXOPOHM LbOro BuMHaxogy Oyae obmelxyBaTucsa Tinbku MpuKnageHol dopmynoto
BUHaxoay.

Kpim ubOro, TMnoBi nNpuknagn BapiaHTiB 3AINCHEHHS, WO ONUCYITbCA TYT, Aki nepegbayaroTb
BMKOPUCTaHHs BaraTtbox i3 4O0AaTKOBUX O3HaK, AKi yKa3yroTbCs, SIK pa3oMm, Tak i okpemo, Tenep 6yayTb
onncaHi 3 JOOATKOBOK AETanbHICTIO 3 MOCMMaHHSAMW Ha MpuKNageHi kpecneHHs. Llen getanbHum
ONMUC MpPU3HAYeHUN NPOCTO ANS HaBYaHHA daxiBus B LA ranysi TeXHiKM MNpakTUYHOro BTINEHHS
nepeBaXHUX AOAaTKOBMX NPWHLMMIB acrnekTiB BUHAxXody i He npuaHaveHwun ans obmexeHHsa obcary
OXOpPOHM BMHaxody. Tomy KombGiHauil O3Hak i eTaniB, WO PO3KPUBAIOTLCA B HUXYEHaBEAEHOMY
AeTanbHOMY OMNUCI, MOXYTb | HE BUSIBUTUCA HEOOXIOHMMW ONsl NPAKTUYHOrO 3[4iMCHEHHST BUHAaxo4y B
HaMLIMPLUOMY 3HA4YeHHi, a 3aMiCTb LbOro BKa3aHi nvwe Ans Toro, Wob KOHKPETHO onucaTtu TUMOBI
NpUKNaam NpuUHUMNIB LbOro BUHaxoay.

KpiMm LbOro, pi3Hi 03Hakm TUMOBUX NPUKNAAIB i 3aneXHUX MyHKTIB OOpMYyNn BUHaAXOAy MOXYTb
Oyt ob'egHaHi cnocobamu, WO He MepepaxoBYHTbCA KOHKPETHO i B SABHOMY BUMMsdi, 3 METOM
3abe3neyveHHs 0OOATKOBMX KOPWUCHMX BapiaHTiB 34iNCHEHHS MPUHUMNIB LbOro BMHAxody. Takox
04YeBMOHO, WO BCi O3HaKW, PO3KpUTI B onuci i/abo copmyni BMHaxoay, Npu3aHadeHi Ans po3KpuTTH
OKpPEMO i He3anexHo OAMH Big OOHOro 3 METOK NEPBUHHOIO PO3KPUTTS, @ TakoX 3 METOI OBMEXEHHS
ob'ekTa BUHaxony, LU0 3asABMSIETbCS, HE3aneXxHo Bif CKNafiB O3HAK y BapiaHTax 34iMCHEHHSA i/abo
dopmyni BuHaxody. TakoX OYEBMAOHO, WO BCi Aiana3oHuM 3HavyeHb abo BkasiBkM rpyn OO'exTiB
PO3KPMBalOTb KOXHE MOXIMMBE MPOMDKHE 3HA4YeHHA abo KOXHWUWA MNPOMDKHWA OB'€KT 3 MeTol
NepBUHHOTO PO3KPUTTS, a TaKOX 3 METOK 0OMeXeHHs 00'eKTa BMHaxoay, L0 3asiBNSAETbCS.

BapiaHTu 34ificCHEHHS LbOro BMHaxoAy, 3anporoHOBaHi TyT, CNPSMOBaHi Ha pPo3pobKy cUCTEM i
crnocobiB, ki nomnerwyTs OpMyBaHHs i 30epexeHHss FRC 3 4ygoBOK CTIMKICTIO, @ Takox
YTPUMaHHAM 4YacTUHOK, eHepril i noToky. [eski 3 BapiaHTiB 34INCHEHHA LbOro BUHaxoay,
3anponoHOBaHUX TYT, CMPSAMOBaHi Ha po3pobKy cucTem i cnocobiB, ki NnonerwyTb POPMYBAHHS i
36epexeHHst FRC 3 nigBuLLEeHMN eHeprisiMvM CUCTEMU i NOMIMWEHO NIATPUMKO iHXEKTOPIB My4KiB
HeWTpanbHUX YaCTMHOK 3 MOXMMBOCTAMM HamnawTOBYBaHUX €HEpPrii MyykiB B3OOBX OCi cMMeTpil
kamepwu yTpumaHHa nnasmu FRC He3anexHo Big BracTMBOCTEN OCbOBOI CTIMKOCTI piBHOBaru nnasmm
FRC.

PaHiwe, Hix 3BepHyTMCA OO0 cucTeMm i cnocobiB, sKi MOMerwyiTb reHepyBaHHS i 36epexeHHs
uineoBoi nnasmmn FRC 3 BUCOKMM MOTOKOM i OCbOBE NMOMOBHEHHsT NMriadMmu FRC 3 BUKoprcTaHHAM napu
ilxeKkTopiB cdepomakiB cepefHbOro macwrtaby (abo mapu HamarHiYeHWx KoakcianbHUX MAasMoBUKX
rapmat (MCPG, magnetized coaxial plasma gun)), o6roBopumo cuctemu i cnocobu opmMyBaHHs Ta
30epexeHHst BucokoedekTnBHnx FRC, Hagatum iM 4ygoBy CTIMKICTb, @ TakoX YyLOBe YTPUMAHHS
YaCTMHOK, eHeprii i NOTOKy NopiBHAHO 3i 3BMYariHUMKn FRC. Taki BucokoedekTuBHi FRC 3a6e3nedytoTb
LWNAX A0 LiNoi MHOXMHM 3aCTOCYBaHb, BKITHOYaOYM KOMMNAKTHI [)Kepena HeNTPOHIB (4ns BUPOOHWULTBA
i30TONIB MEAUYHOro MpU3HAYEeHHs, BiAHOBMEHHS BiANpaubOBaHOro S4epHOro nanuea, OOCHIMKEHb
MaTepianis, HEWTPOHHOI pagiorpadii i Tomorpadii), KOMNakTHi akepena OTOHIB (4ns XiMiYHOro
BMPOBHMUTBA i XiMiYHOI 06pO6KM), CMCTEMM ONSA PO3LINEHHs i30ToMiB i 36arayeHHs, a TakoX aKTUBHI
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30HU PEaKTOPIB A4S CUHTE3Y NErknx aaep 3 MeTol BUPOBNEHHsT eHeprii B ManbyTHbOMY.

Wo6 ouiHntK, um icHye pexum ytpumanHs B FRC, o nepeBepluye BigoMi, OOCHIOKEHI Pi3Hi
OOMOMiXKHI cuctemn i poboui pexumu. Li 3ycunna npuBenu A0 BaxKnMBUX HAyKOBMX BIiOKPUTTIB i
po3pobkn napagurmu BucokoedektnusHoi FRC, wo onucyetbcs TyT. BignosigHo [o uiei HoBoil
napagurmu, Ui cuctemm i cnocobu NoeaHYI0Tb MHOXMHY HOBUX igew i 3acobiB Ans pi3KOro NOminweHHs
yTpuMmaHHa 3a gonomorold FRC, gk inocTpyeTbcs Ha ir. 1, a Takox 3abe3nevyyloTb KOHTPOIb
CTinkOCTi 6e3 HeraTUBHMX NOGIYHUX edekTiB. AK AeTanbHile po3rnagaeTbCcsa HkYe, dir. 1 inocTpye
yTpyMaHHs 4YacTuHok B cuctemi 10 FRC, wo onucyetbest Hwk4e (gue. dir. 2 i 3), nig 4ac pobotun
BiANoOBiOHO A0 BUCOkoedekTnBHOro pexumy FRC (pexumy HPF) npu dbopmyBaHHi i 36epexeHHi FRC
nopiBHsIHO 3 poboToto BignoBigHO Ao 3BuM4anHoro pexumy FRC (pexumy CR) npu cdopmyBaHHi i
30epexeHHi FRC i nopiBHAHO 3 YTPUMaHHAM YacTMHOK BIiAMOBIAHO OO 3BUMYAMHUX PEXUMIB
dopmyBaHHs i niaTtpumkn FRC, WO BUKOPUCTOBYHOTLCS B iHLWIMX eKcnepumeHTax. Y ui nyonikauii
OyayTb HaBefeHi 3aranbHUM i geTanbHUA ONUC HOBMX OKPEMUX KOMMOHeHTiB cuctemn 10 FRC i
cnocobiB, a TakoX iXHi CYKYnHi eekTn.

Cuctema FRC

BakyymHa cuctema

Ha ¢ir. 2 i 3 intocTpyeTbcsa cxematmdHe 3006paxxeHHsa nponoHoBaHoi cuctemn 10 FRC. Cucrtema
10 FRC Bknitovae B cebe ueHTpanbHy emHicTe 100 Ana yTpumaHHs, OTOYeHy ABOMa AdiameTparnbHO
npoTunexHumn opmysansHumMm cekuigmmn 200 TeTa-niHYiB i3 obepHeHum nonew, i ABi kamepu 300
OMBEPTOPIB, WO 3HaxogAaTbca nos3a dopmyBanbHUMK cekuismu 200 i npuaHadeHi onst KOHTPOso
rycTMHa HemTpasibHUX YacTUHOK i 3abpyaHeHHs gomiwkamu. MNMponoHoBaHa cuctema 10 FRC Gyna
nobygoBaHa Tak, WO BOHAa MPUCTOCOBaHa [0 HAOBMCOKOrO BakyymMy i Mpautoe npu TUMOBMX
noyaTkoBmMx Tuckax 1,333x10¢ MMa (108 Top). Taki BakyyM-METPUYHI TUCKM BUMarawTb
BUKOPWUCTOBYBATM CTUKYyBasnbHi dnaHui cnapeHoi BigKkaykM MK CTMKOBAHUMW KOMMOHEHTaMMW,
MeTanesi KinbLUEBi YLNbHEHHS KPYrNoro MonepeYyHoro nepepisy, BUCOKOYUCTI BHYTPILIHI CTiHKK, a
TakoX peTerbHe novaTkoBe KOHAMLUIOHYBaHHS MOBEPXOHb YCiX AeTanen nepen 3bupaHHsaMm, Take, Sk
di3nyHe i XimidHe oYMLLEeHHS 3 noganbLUMMK BaKyyMHVM CYLWIHHAM NpoTaromM 24-x rogunH npun 250 °C i
OYMLLEHHAM TNIKOYMM PO3PALOM Y BOAHI.

®opwmysanbHi cekuii 200 TeTa-niHYiB i3 06epHeHM nonem SBNATL cCObOoK CTaHAapTHI TeTa-niHYi
i3 ob6epHeHnm nonem (FRTP), xouya i 3 BOOCKOHaneHO OpMyBasibHOK CUCTEMOI iIMMYMbCHOMO
XMBINEHHS, WO AeTanbHO 0O6roBopoeTbCs Hmk4e (amB. dir. 4-6). KoxkHa dopmyBanbHa cekuis 200
BMKOHaHa 3i CTaHOAPTHMX HEMpO30pMX KBapLOBUX TpyO NPOMWUCNOBOrO Kracy, SKi Bigpi3HATbCHA
OBOMINIMETPOBOIO BHYTPILWHBLOK YyTepiBKOW 3 Haguuctoro keapuy. Kamepa 100 yTpumaHHsA
BMKOHaHa 3 HepaBito4oi cTani ans 3abe3neyvyeHHs MHOXWHW pafianbHUX i TaHTeHUiNHUX OTBOPIB;
BOHA TaKOX CNYXWUTb sIK KOHCEPBATOP MOTOKY Yy YaCOBOMY MacLuTabi eKCNepUMEHTIB, L0 ONUCYOTbCS
HWXYe, | 0OMeXxye LIBMAKI MarHiTHi nepexigHi npouecn. Bakyym cTBoptoeTbes i 36epiraeTbca B Mexax
cuctemn 10 FRC 3a pgonomorow Habopy 6e3amacnsHux chipanbHux ¢opBakyyMHUX HacoCiB,
Typ6oMONeKynapHNX HACOCIB i KPiIOHACOCIB.

MarHiTHa cuctema

Ha oir. 2 i 3 inmocTpyeTbeca marHiTHa cuctema 400. Ha dir. 2 - cepef iHWMX KOHCTPYKTUBHUX
0cobnuBOCTEN - INOCTPYOTLCA Npodini MarHiTHOro NoToky i ryctuHn FRC (ak dyHKUii pagianbHuX i
ocboBUX koopauHat), Bnactusi FRC 450, wo crtBoproeTbea 3a gonomorow cuctemu 10 FRC. Ui
npodini BUXoAaTb METOAOM JBOBUMIPHOIO YMCENbHOIO MOAENOBAHHSA 3a JOMOMOroK pPe3vCTUBHOMO
MarHitorigpogmHamiyHoro (MHD) reHepaTtopa Xoma 3 BMKOPUCTaHHAM Kody, po3pobreHoro ans
MoJentoBaHHs cucTem i cnocobis, wo BignosigatoTb cuctemi 10 FRC, i nobpe ysrogxyroTbca 3
eKcnepuMeHTanbHMMN gaHuMn BuUMiptoBaHb. Ak BuaHo Ha dir. 2, FRC 450 cknagaetbca 3 Topa
CUMNOBMX NiHI 3aMKHYTOro nons y BHyTpiwHboMY npocTopi 453 FRC 450 3cepeaunHu Big cenapatpucu
451 i KinbLeBOro rpaHMYHoOro wapy 456 Ha He3aMKHYTUX CUNOBUX MiHiIAX 452 Nonsa TinbkW 330BHI Big
cenapaTtpucu 451. paHndHMA wap 456 cxoguTbCcsa B CTpymeHi 454 3a mexamn poxuHu FRC,
3abes3nevyoun NPUPOaHUIA ANBEPTOP.

lonoBHa marHiTHa cuctema 410 Bkmoyae B cebe pag koTywok 412, 414 i 416 kBasinocTiNHOIoO
CTPYMY, SIKi 3HaX0OATbCS B KOHKPETHMX OCbOBUX MOSIOXKEHHAX B34OBX KOMMOHEHTIB cuctemmn 10 FRC,
T06TO B3goBX kamepu 100 yTpumaHHs, dopmysanbHux cekuin 200 i gueepTopiB 300. >KuBneHHs
KOTywok 412, 414 i 416 kBasinocCTiNHOro CTPyMy 3AINCHIOETLCA 3a AOMOMOrOK iIMMYMNbCHUX AXepen
XKMBIEHHSA KBA3iMOCTINHOrO CTPYMY, Tak LLO KOTYLUKM CTBOPHOOTHL 0a30Bi MarHiTHi nons 3miweHHs 3
iHoykuieto npmbnuano 0,1 Tn B kamepi 100 yTpumaHHs, dopmyBanbHMx cekuisx 200 i guBepTopax
300. Kpim koTyLuok 412, 414 i 416 kBas3inoCTINHOro CTpyMy, rofioBHa MarHiTHa cuctema 410 Bkniovae
B cebe asepkarnbHi KOTywkn 420 KBa3inoCTiINHOMO CTpyMy (LLO XMBMATLCA 3@ AOMOMOIOK iMMYIbCHUX
[Kepen XUBMEHHs!) Mix Oyab-akum TopueM kamepu 100 yTpumaHHs i cycigHiMm dopmyBanbHUMK
cekuisgmvn 200. O3epkanbHi KoTywkm 420 KBa3inocTinHOro cTpymy 3abesnevyroTb KoedilieHTn Bigbutts
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MarHiTHoro asepkana go 5 i 3abe3nevyylTb MOXIMUBICTb He3anexHoro 30YmMKeHHs1 OIS KOHTPOJSo
HagaHHS piBHOBaXHOI hopmu. Kpim TOro, mixx KOXHUMKM 3 dhopmyBanbHux cekuii 200 i ansepTopis
300 posTtawoBaHi a3epkanbHi npobkn 440. [O3epkanbHi npobkn 440 MIiCTATbL KOMMNAKTHI O3epKanbHi
KoTywkmn 430 KBa3iNOCTINHOrO CTPyMYy i A3epkanbHi Npobkosi koTywwku 444. [l3epkanbHi koTywkn 430
KBasinoCTIMHOrO CTPyMy BKNioYaloTb B cebe Tpu KoTywkm 432, 434 i 436 (wo XumBnATbCA 3a
OOMOMOrOK  IMMYNbCHUX KEepen XUBMEHHS), SKi CTBOPIOKTb [0OATKOBI HanpsMHi nons Ans
HauinoBaHHA NOBEPXOHb 455 MarHiTHOro NOTOKY y HaNpsiMKy A0 kaHany 442 manoro giameTpa, Lo
npoxXoauTb Kpi3b [A3epkanbHi NpobkoBi KOTywku 444. [13epkanbHi NpoOKoBi KOTywkn 444, ki
00BMBaAIOTL kaHan 442 manoro giaMmeTpa i XXMBNATLCS 3a AOMOMOroK iMnynbCHUX cunoBux LC-cxem,
CTBOPIOIOTb CUMbHI NOMASA MarHiTHoro Asepkana 3 iHaykuieto o 4 Tn. MNpusHavyeHHss BCbOro LbOro
KOMMOHYBaHHS KOTYLIOK Mofsirae B TOMy, WOO LWiNbHO YB'A3yBaTW i CNpsAMOBYBaTM MNOBEpxHi 455
MarHiTHOro NoToKY i CTpyMeHi 454 nna3mu, siki TedyTb 40 Topus, y BigaaneHi kamepu 310 ansepTtopis
300. |, HapewrTi, 330BHI kamepu 100 yTpuMMaHHa po3TawoBaHui Habip "aHTeH" 460 Ha OCHOBI
BiOXMMNbHUX KOTYLIOK (AMB. cpir. 15), No OBi 3 KOXHOI CTOPOHU CepeaHbOI NNOLLMHU, AKi XMBMATLCA 3a
AONOMOTOK0 [Xepen XMBMEHHA NOCTiHOro cTpymy. KoHdirypauis aHTeH 460 Ha OCHOBI BiAXMMbHUX
KOTYLWIOK MOXe 3abesnedyBaTy KBasucTaTUyHe MarHiTHe AunonbHe abo kBagpynonbHe none 3
iHgykuieto npnbnmaHo 0,01 Tn Ans KOHTPOMK HECTINKOCTI 06epTaHHs i/abo KOHTPOM eneKTPOHHOro
cTpymMy. AHTeHn 460 Ha OCHOBI BiOXMITbHMX KOTYLLIOK MOXYTb FHYy4KO 3abesnedyyBaTu MarHiTHi nons,
wo € abo cMmeTpnyHUMK, abo aHTUCUMETPUYHUMM BIGHOCHO CepPeaHbOI NIOLUHN MALUUHW, 3anexHo
BiJ, HANPSMKY MpuKnagaHux CTpymis.

dopmyBanbHi CUCTEMM IMNYFBCHOMO XXMUBMEHHS

dopmyBanbHi cuctemmn 210 iMAYNbLCHOIO KMBAEHHS NPaUIOTbL 3a NPUHLMNOM MoAMdIiKOBaHOro
TeTa-niH4ya. € ABi cUCTEMU, KOXHA 3 SKMUX XMBUTb OAHY 3 dpopmyBanbHuX cekuin 200. Ha dir. 4-6
iNOCTPYIOTbCA FOMOBHI CKNadoBi 6M10kM i po3TawyBaHHSA hopMyBanbHUX cuctem 210. PopmyBarnbHa
cuctema 210 cknagaeTbCA 3 MOAYNbHOI KOHCTPYKLUii iMAYMNbCHOTO >XUBMEHHS, SIka CKNajaeTbcs 3
okpeMmx 6rokiB (mogynis) 220, KOXHMI 3 AKMX 30ymKye nigHabip koTywok 232 (niasicok) By3na 230
niggicky, siki 06BUTI HaBkoNo chopMyBanbHUX kBapuosux Tpyd 240. KoxHuin mogynb 220 cknagaeTbcs
3 KoHAeHcaTopis 221, iHAykTOpiB 223, WBNAKOAIKYNX CUNBHOCTPYMOBUX NepemMukadis 225 i 3B'd3aHnx
3 HUMK cxeMm 222 3anycKy i 224 ckvpaHHs 3apsgy. KoxHa dopmysanbHa cuctema 210 3anacae
€MHICHY eHeprito B giana3soHni 350-400 k[, Aka 3abesneuye go 35 BT noTyxHOCTI AnA popmMyBaHHS i
npuckopeHHss FRC. KoopanHoBaHa poboTa LUX KOMMOHEHTIB OOCAraeTbCcs 3a AOMOMOIoH BigoMOil
cuctemmn 222 i 224 3anycky i KepyBaHHsl, sika 3abesnevye CUHXPOHi3auilo Mix dopMyBanbHUMM
cuctemamm 210 Ha KOXHin dopmyBanbHin cekuii 200 i MiHIMiI3ye HeCTINKy CUHXpOHi3aLito
nepemMmuKaHHsa, obmexytoun ii gecsiTkamyu HaHocekyHn. [MepeBaroto Ui€i MOAYNbHOI KOHCTPYKUii €
rHyuka pobota: FRC MoxyTb OyTn cbopmoBaHi Ha Micui, @ MOTiIM MPUCKOPEHi W iHXeKTOBaHi (=
cTaTnyHe hopMyBaHHs), abo chopMOBaHi i NPUCKOPEHI 0gHOYACHO (= AUHaMiYHe bopMyBaHHS).

IHXeKTopK Ny4YKiB HENTPanbHMUX YaCTUHOK

Myyok 600 HenTpanbHMX aTtoMiB po3ropTatoTb Y cuctemi 10 FRC, wob 3abe3neunTtu HarpiBaHHS i
30YyMKEHHS CTPYMY, @ TakKoX PO3BMHYTU TUCK LUBMOKMX YACTMHOK. FAK nokasaHo Ha dir. 3A, 3B i 8,
OKpeMi TpakTU MyuykiB, WO MicTATb cuctemn 610 i 640 iHxekuil ny4ykiB HEWTpanbHUX aToMIB,
pO3TallOBaHi HaBKOMO LUeHTpanbHOI kamepu 100 yTpMMaHHA Ta iHXEKTYTb LUBUAKI YaCTUHKN B
nnasmy FRC TaHreHuiiHo (i nepneHaukynspHo abo nig NpsMMM KyTOM OO OCHOBHOI OCi cumeTpii
LueHTpanbHol emHocTi 100 Ans yTpuUMaHHS) 3 OesKMM napamMeTpoM MpULinNioBaHHA, Tak WO LinboBa
30Ha 3axOoMnneHHs NexnTb y Mexax cenapatpucu 451 (ame. ooir. 2). KoxxHa cuctema 610 i 640 iHxekuii
3[aTHa iHXeKTyBaT! Ny4YKU HEeUTparbHUX YacTUHOK NOTYyxHicTio Ao 1 MBT y nnasmy FRC 3 eHepriamu
YacTMHOK B giana3oHi mix 20 i 40 keB. Cuctemun 610 i 640 ocHoBaHi Ha GaraToanepTypHUX AXepenax
BUAINEHHA MO3UTMBHMX IOHIB | nepeabavaTb BUKOPUCTAHHA FEOMETPUYHOro (POKycyBaHHS,
iHEPUINHOIro OXOMOMXKYBaHHS iIOHOBUAINMbHMX PELLITOK i AndpepeHuinHol Bigkayukn. KpiM BUKOPUCTaHHS
pisHUX mkepen nnasmu, cuctemm 610 i 640 Bigpi3HAOTECS FONOBHMM YMHOM 32 BiOMNOBIOHICTO IXHBOT
i3MYHOI KOHCTPYKLUIii BiAMOBIAHMM MiCUSM X BCTAHOBIEHHS, HaJaun MOXITMBOCTI iHXeKLUiT 300Ky i
3Bepxy. TUMOBI KOMNOHEHTU LIUX iHXEKTOPIB NYYKiB HEWTparbHUX YaCTUHOK ifMOCTPYIOTHCS, 30KpeMa,
Ha cpir. 7 ansa cuctem 610 iHxekuii 300Ky. AK noka3aHo Ha qoir. 7, KoXXHa okpeMa cuctema 610 iHxekuil
ny4KiB HEMTPanbHKX YacTUHOK 300Ky Bkntoyae B cebe mxepeno 612 BucokoyactotHoi (RF) nna3mu Ha
BXiZAHOMY TOpUi (O 3aMiHIOETLCA OYroBUM JKepenom y cuctemax 640) 3 MarHiTHUM ekpaHom 614,
KU HakpuBae Uen Topeub. 3 mxkepernomM 612 nnasmu noe'd3aHui 6rnok 616, sikuiA BkNo4ae B cebe
ONTUYHEe Kepeno ioHIB i NpuckoptoBarbHi CiTkK, a 3anipHuUiA knanaH 620 posTalloBaHUA Midk 6110KOM
616, skuin BKktoYae B cebe onTUYHe OKepeno ioHiB i MpuckoptoBanbHi CiTKK, | HernTpanisaTtopom 622.
BioxunbHuin  marHit 624 i nornnHady 628 iOHIB 3HaxoOATbCA MK HenTpanizatopom 622 i
HauinoBansHUM npuctpoem 630 Ha BUXigHOMY Topui. CucTemMa 0XonoaXKyBaHHS MICTUTb ABi KpiOreHHi
xonoaunbHi MawnHu 634, Asi kpionaHeni 636 i koxyx 638 3 oxonomKyBaHHAM PiakMM a3oTom. Lis
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YHiBepcarnbHa KOHCTPYKLis 3abe3nedye pobOoTy B LUMPOKOMY Aiana3oHi napameTpie FRC.

AnbTepHaTUBHOIKO KOHpirypauieto ana iHxektopis 600 ny4ykiB HeWTpanbHUX aTomiB €
KOHbirypauis, sika 3abesnevye TaHreHuiMHy iHXekuilo WwBmaknx vactuHok y nnasmy FRC, ane nig
KyTom A meHwe 90° BifHOCHO ronoBHOT OCi cMMeTpil ueHTpanbHoi emHocTi 100 ana ytpumanHs. Li
TMNKU opieHTauii iHxekTopiB 615 nydkiB nokasani Ha ®ir. 3C. Kpim TOro, iHxektopm 615 nyykiB MOXyTb
OyTn oOpieHTOBaHi Tak, WO iHxekTopn 615 nydykiB Ha OyOb-siKii CTOPOHI cepeaHbOi MMAOLLMHU
ueHTpanbHoi emHocTi 100 gna yTpumaHHs OyayTb iHXEKTyBaTM CBOI YaCTMHKM OO0 cepefHboil
NAowWmHW. |, HapewTi, oCbOBe MNONOXEHHA uux cuctem 600 nyykiB MOXHa BuMOpaTu Onmx4ye Ao
cepegHboi  nnowwmHn. L anbTepHaTMBHI  BapiaHTM  34IMCHEHHSA  iHXeKuii  BTiNoTb  "GinbLu
LEeHTPOBaHUN" BapiaHT MOMOBHEHHS, AKUA 3abe3nevye Kpawui 3B'A30K MydkiB i Binbll BUCOKY
€(EKTMBHICTb 3aXOMNMEHHs [HXEeKTOBaHUX LWBUAKMX YacTUHOK. KpiM uUboro, 3anexHo Big KyTa i
OCbOBOrO MOJIOXEHHS, Lie po3TallyBaHHs iHXeKTopiB 615 ny4kiB 3abe3neuvye bGinblw 6e3nocepeHin i
He3aneXHU KOHTPOJIb OCbOBOMO MOAOBXKEHHS i iHWKX xapakTepuctuk FRC 450. Hanpuknag, iHxekuis
nydKiB nig Manum KyTom A BiZHOCHO FOMOBHOI OCi CMMETPIT 3ragaHoi EMHOCTI NpyBeAe A0 CTBOPEHHS
nnasmu FRC 3i 36inblieHnM OCbOBMM MOOOBXEHHSM i 3HUXKEHOK TemnepaTypolo, Todi Ak nigbip
"Ginbw npsamoro" kyta A npuBede OO0 NnasMu, sika KOPOTLIE B OCbOBOMY HanpsmKy, ane 6inbL
rapsida. Takum YmMHOM, KyT A iHXEKLii i MiCLLeNONOXeHHS iHXeKTopiB 615 ny4kiB MOXXHa ONTMMi3yBaTh
ONA pisHUX uinen. Ha gONOBHEHHA OO0 LbOro, Take perynioBaHHS KyTa YCTaHOBKM i MiCLEMOMOXEHHS
itkekTopiB 615 nyykiB Moxe 3abesneunTy MyyvoK NiABMLLEHOI eHeprii (Lo B 3aranbHOMY BUMAAKy
CNpUSATRMBILLE OIS BAMAMBY GiNbLUOK MOTYXKHICTIO 3 MEHLUMM PO3XOKEHHAM MYYKiB), siKi MOBUHHI OyTH
iH>xekToBaHi B Oinbl cnabki marHiTHI nons, Hixk 0ynu 6 HeoOXiaHi B iHWOMY BUNagKy Ans 3axoneHHst
Takux NyykiB. MNMprymHa LbOro NoB'a3aHa 3 asMMyTanbHOK CKNaZoBOK eHeprii, ska BU3Havae maclitab
OpbIT WBMAKNX iOHIB (KM BUSIBMSETLCS NMOCTYMNOBO 3MEHLUYBAHUM B Mipy 3MEHLUEHHA KyTa iHXeKuji
BiJHOCHO rOJTIOBHOi OCi CMMETPIi 3ragaHoi EMHOCTI NMpuW MOCTINHIN eHeprii ny4kiB). Kpim Toro, noxuna
iHKeKUis 0O cepedHbOi MAOWMHM i 3 OCbOBMMW MOMOXEHHAMM MyYKiB, ONM3bkMMKU OO cepenHbOi
NAOLWWHW, Noninwye 3B'A30K "ny4ok-nnasma" HasiTb To4i, konu nnasma FRC ckopoyyetbesa abo iHwnm
YMHOM CTUCKAETbCS B OCLOBOMY HanpsMKy NpOTAroM nepiogy iHxeKuil.

3sepTatoumch go oir. 3D i 3E, 3a3Havaemo, WO LWe odHa anbTepHaTUBHaA KOHAirypauis cucremum
10 FRC Bkniovae B cebe BHyTpiwHi gneeptopu 302 Ha AOMNOBHEHHSA A0 iHXekTopiB 615 noxmnmx
nydkie. BHyTpiwHi gnseptopu 302 postawoBaHi Mix dopmyBanbHumu cekuismmn 200 i kamepoto 100
YTPUMaHHS | BUKOHaHI i NpaulooTb NPaKTUYHO aHasnoriyHo 3oBHiWHIM gmBepTopam 300. BHyTpiLHI
anBepTopu 302, siki BKNOYaOTb B cebe LWBUAKI NepemMuKaroYi MarHiTHI KOTYLKK, NO CyTi, HEAaKTUBHI Nifg
yac npouecy ¢OpMyBaHHs, Wo6 [o3sonutu opmyBaneHum FRC nponTtv 4vepe3 BHYTPILLHI
ansepTtopu 302, konn dopmyBaneHi FRC nepemiwyoTecss A0 cepefHboi nnowmHu kamepu 100
yTpuMaHHs. lNMicna npoxogxeHHs opmyBansHmx FRC yepes BHyTpiWHI anBepTopm 302 B kamepy 100
YTPUMaHHSA BHYTPILLHI AMBEPTOPWU aKTUBYIOTbCA ANA poboTW, MO CyTi, aHamnoriyHo 30BHiLUHIM
AvBepTopam Ta izontotoTb kamepy 100 yTpumaHHs Big doopmyBanbHux cekuin 200.

IHxekTOp TabneTok

o6 3abe3neunTn 3acib Ans iHxeKuil HOBUX YaCTMHOK i KpaLLoro KOHTPOSO 3aranbHoi KiNbKOCTi
yactuHok FRC, B cuctemi 10 FRC BukopuctoByeTbCs 12-TUCTBOMNBHUI iHxXekTop 700 TabneTok (ams.,
Hanpuknag, |. Vinyar et al, "Pellet MxektopoB Developed at PELIN for JET, TAE, and HL-2A,"
Proceedings of the 26th Fusion Science and Technology Symposium, 09/27-10/01 (2010)). ®ir. 3
iNoCcTpye cxemy posTalwlyBaHHs iHxekTopa 700 Tabnetok y cuctemi 10 FRC. LUuniHgpuyni Tabnetku
(D~1 MM, L~1-2 mm) imxekTytoTbea B FRC 3i wBumakicTio B gianasoHi 150-250 km/c. KoxHa okpema
Tabnetka MicTUTb NpnbnnsHo 5x101° atomis BOOHIO, LLIO MOPIBHSHO i3 3aranbHO KiNbKiCTH YaCTUHOK
FRC.

Cuctemm retepyBaHHs

Hobpe BigomoO, WO HeWTpanbHWiA ranoigHui ra3 € cepro3Ho Npobrnemor y BCiXx cuctemax
yTpumaHHs. [Mpouecn oOMiHY 3apsigamu i peuumpkynsuii  (BUBIIbHEHHS XONOQHOrO MPUMICHOrO
MaTepiany 3i CTiHKM) MOXYTb 34iMCHIOBATU 3ryGHUIA BNAMB Ha YTPUMaHHA eHeprii i yacTnHok. Kpim
Toro, Oyab-gka 3Ha4yHa ryctmHa HemTpanbHOro rasy Ha mexi abo nobnmsy Hei npuBede OO LWBUOKUX
BTpaT abo LOHaNMeEHLLEe 3Ha4YHOrO CKOPOYEHHST Yacy >XUTTS iHKEKTOBaHUX YaCTUHOK BEMMKOI opbiTu
(BMCOKOi eHeprii) (TepmiH "Benmka opbiTa" CTOCYETbCA YACTMHOK, WO MakTb opbiTm B MacwTabi
Tonororii FRC abo woHanmeHLwe pagiycu opbiTy, Wwo HabaraTto nepeBuLLyoTb MacluTab xapakTepHoi
OOBXWHW rpajieHTa MarHiTHoro nons) - akT, sKkuA 3aBaae  30UTKY BCIM  eHepreTudHuM
3aCTOCYBaHHSIM Nria3mu, BKIOYAUYM CUHTES Yepes3 [0AaTKOBE HarpiBaHHS Myyka.

KoHauuioHyBaHHS NoBepXoHb € 3acoboM, 3a LOMOMOroH SIKOro MoXHa GopoTucs 3i 3ryGHUMuK
BMMMBaMy HENTPANbHOIo rasy i AOMiloK abo 3MeHwyBaTu Ui BNINBK B CUCTEMI ONSl YTPUMaHHs. 3
uieto meToto, B nponoHoBaHin TyT cucteMi 10 FRC BukopuctoBytoTbes cuctemn 810 i 822 ocapkeHHs
TUTaHy i niTito, ki NokpuBatoTe 0bepHeHi 40 Nna3mu noBepxHi kamepu 100 yTpumaHHs (abo eMHOCTI
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ana ytpumanHs) i gueeptopiB 300 nniBkamu Ti i/abo Li (TOBWMHA SIKMX CTaHOBWUTb [OECATKM
MikpoMeTpiB). Lli nokpuTTa HaHOCATLCA MeTo4amMu OcaaXeHHsi 3 napoBoi ¢a3u. Teepaun Li i/abo Ti
BMNApOBYIOTLCA i/abo cybniMyloTbCs | HAMMIMIOIOTLCA Ha CYCiOHI MOBEPXHi, YTBOPIOKOYM MOKPUTTS.
Dxepenamu € agepHi nedi 822 3 HanpsmHuMK connamu (y Bunagky Li) abo HarpiTi cdhepu TBEpaOI
peyoBMHN 3 HanpsaMHUMKU BaHpaxamu 812 (y sunagky Ti). Cuctemn ansa BunapoByBaHHA Li, sk
npaeuno, npauwloTs y 6e3nepepBHOMY pexuMi, B TOM Yac sk cybnimaTtopu Ti B BinbluocTi BUNnagkis
npawoTb Y nepepsax Mixk poboTtot 3 nnasmoto. Poboui TemnepaTypu LmMX CUCTEM NEPEBULLYIOTH
600 °C gnsa oTpUMaHHS BENUKMX LUBMOKOCTEN ocagXeHHs. LLob AOCArHyTM MPURHSATHOrO MOKPUTTS
CTiHOK, HEOOXiAHI MHOXWHHI CTpaTeriyHO floKari3oBaHi CUCTEMM BUNApPOBYBaHHS i/abo cybnimadii. Ha
dir. 9 getanbHO INOCTPYETLCA NepeBaxHe poaTawyBaHHA cuctem 810 i 820 ocagkeHHs LWNAsXom
retepyBaHHs B cuctemi 10 FRC. MNMokpuTTa gitoTb K reTepyBarnbHi MOBEPXHi | e(pekTUBHO BigKauylTb
HenTparbHi aTOMKN A aTOMapHi iOHM 3aranom, a TakoXX MONEKYNSIPHI ioHW | HernTpanbHi Monekynu (H i
D) saranom. Lli NOKpUTTS TaKoX 3HWKYOTb BMICT iHLLMX TUMOBUX AOMILLIOK, TAKMX, SIK Byrneupb i KNCEHb,
00 HEe3HaYHUX piBHIB.

[3epkanbHi Npobku

Ak ykasaHo Buwe, B cuctemi 10 FRC 3actocoByoTbCca Habopu A3epkanbHUX KoTywok 420, 430 i
444, nokasaHux Ha ir. 2 i 3. lNMepwun Habip A3epkanbHUX KOTywoK 420 3HaxXoAWTbCH Ha ABOX
ocboBUX TOopusx kamepu 100 yTpumaHHA | He3anexHo 30ymoKyeTbCA Big4 YyTpMMyBarnbHOI,
dopmMyBarnbHOI i AMBEPTOPHOI KOTYWOK 412, 414 i 416 ronosHoi MarHiTHOi cuctemun 410. MNepmn
Habip A3epkanbHUX KOTYWOK 420 Cnpusie roNoOBHMM YMHOM KEPYBaHHIO W YTPUMAaHHIO B OCbOBOMY
Hanpsimky FRC 450 nig yac o6'egHaHHs i 3abe3nevye KOHTPOSb HadaHHs piBHOBaXKHOI dbopMu nig vac
yTpuMaHHs. [epwunin Habip 420 asepkanbHUX KOTYLIOK CTBOPHOE MarHiTHi Monsi 3 HOMiHaNbHO
Oinbwoto iHoykuieto (npnbnusHo 0,4-0,5 Tn), HiXKX Yy LEHTPanbHOro YTpUMYBasrbHOrO Mons, Lo
CTBOPIETLCS LIEHTPANbHOK YTPUMYBaAnNbHOK KOTYyLWKOW 412. Opyrni Habip A3epkanbHUX KOTYLLOK
430, Ak BkNoyae B cebe Tpu KOMMaKTHi A3epkanbHi KOTywkn 432, 434 i 436 KBasinocTiMHOrO
CTpyMy, 3HaxoauTbCs MiX popmyBanbHumn cekudigmn 200 i guseptopamu 300 i 36ymxyeTbca 3a
AONOMOTOK0 3aranbHOro iMMynbCHOrO AxXepena XuBneHHs. [depkansHi koTywku 432, 434 i 436 pasom
3 BinbL KOMNAKTHUMW IMAYNbCHUMW A3epKanbHUMKU NPOOKOBMMM KOTYLIKamMu 444 (o XMBNATLCA 3a
AOMOMOrOK EMHICHOTO [Kepena >XMBMEHHA) | i3UYHUM 3BYXEHHSAM 442 yTBOPIOOTL A3epKarbHi
npobkn 440, aki 3abe3neyyloTb BY3bKUN TPaKT 3 HU3bKOK EreKTPONpPOBIOHICTIO rasy i MarHiTHUMu
nonsiMn 3 Oyxe BUCOKO iHOYKTMBHICTIO (B Aiana3oHi 2-4 Tn npu Yacax HapocTaHHsA npubnusHo 10-20
Mc). Hanbinbll komnakTHi iMNynbCHi A3epKkanbHi KOTywk/ 444 MatoTe KOMNAKTHI padianbHi po3Mipu -
po3ToyeHuin oTeip diameTpom 20 cM i aHanoriyHy JOBXMHY - MOPIBHAHO 3 NITOCKOK KOHCTPYKLE, L0
nepenbavae BUCBepASiEHi OTBOPU 3 MIIHOCOBUMU METPUYHUMU OOMYCKaMU YTPUMYBamNbHMX KOTYLLIOK
412, 414 i 416. lNMpuaHayeHHs asepkanbHux Npobok 440 6aratosHayvHe. (1) KoTywkn 432, 434, 436 |
444 wiinbHo yB'A3YI0Tb | HANPaBnATb NOBEPXHi 455 MarHiTHOro NOToKy i cTpymeHi 454 nnasmu, sKi
TeyyTb OO Topud, Yy BigaaneHi kamepu 310 ameepTopiB. Lle nepepbadvae, WO 4aCTUHKK, SKi
BUNycKkalTbCH, gocdraioTe gnseptopis 300 HanexxHUM YMHOM i WO € noBepxHi 455 6esnepepBHOro
NMOTOKY, sIKi BUXOASATb 3 LiMsIHKM HE3aMKHYTUX CUIoBUX MiHin 452 nonsa ueHtpanebHoi FRC 450 Ha
BCbOMY LWWMAXY A0 AuBepTopiB. (2) ®PisnyHi 3ByxeHHA 442 B cuctemi 10 FRC, yepes ski 3ragaHi
KoTywkn 432, 434, 436 i 444 paloTb MOXIUBICTb MPOWTM NOBEPXHAM 455 MarHiTHOro noToky i
CTpyMeHsaM 454 nnasmu, yCKNagHoTb NPOTiKaHHA HENTpPanbHOro rasdy 3 nnasmosux rapmat 350, ki
cngaTe B anseptopax 300. MoaibHuMm xe YnHOM, 3BY)XeHHA 442 3anobiratoTb 3BOPOTHOMY MPOTiKAHHIO
rasy Big dopmysanbHux cekuii 200 go agmeepTopie 300, TMM caMuMM 3MEHLUYKYM KifbKiCTb
HenTpanbHUX YacTUHOK, AKi JoBoAUTbCA BBOAMTU Y BClo cucTeMy 10 FRC Ha nouaTtky 3anycky FRC.
(3) CyBopo ocboBi A3epkana, WO YyTBOPKTLCA KoTywwKamu 432, 434, 436 i 444, 3MeHLWYIOTb OCbOBI
BTpaTM YaCTUHOK i TUM CcaMVMM 3HWXYIOTb 30aTHICTb 4YacTMHOK A0 napanenbHol audysii no
HEe3aMKHYTUX CUOBUX MiHIX Nons.

B anbTepHaTuBHIN KOHIrypauii, nokasaHin Ha dir. 3D i 3E, Habip HM3bKONPOINBbHMX 0B TUCKHUX
KOTywok 421 saBnse cobol MonoXeHHs MK BHyTpiwHiMM guBeptopamu 302 i cpopmyBanbHUMHK
cekuiamm 200.

OcboBi NnasmoBi rapmatu

Motokn nnasmu 3 rapmart 350, BcTaHoBneHux y kamepax 310 gueeptopis 300, npusHayeHi Ans
noninweHHs pobouMX XapakTEPUCTUK CTINKOCTI i My4kiB HENTpanbHMUX YaCTUHOK, SIK 300paXkeHo Ha
dir. 3110, i oTpUMaHHA Nnasmu, Lo Tede B3AO0BX He3aMKHYTUX NiHi 452 notoky B auseptop 300 iy
HanpsiMKy 0o ueHTpanbHoi kamepu 100 yTpumaHH4. Mapmaty 350 npauiooTb NpU BUCOKOTYCTOMY
rasoBoMy po3psgi B kaHani 3 nakeTy wanb i npuaHaveHi Anst reHepyBaHHA OEKINbKOX TUCAY amnep
MOBHICTIO iOHi30BaHOi nnasmu npotarom 5-10 mc. Mapmatu 350 BkntovaoTb B cebe iMnynbCHY
MarHiTHy KOTYLUKY, sika Y3rofXye BUXiOAHWIA NOTIK nnasmu 3 0axaHnmMy po3Mipamu nnasmu B Kamepi
100 yTpumaHHs. TexHivyHi napameTtpu rapmat 350 xapakTepusylTbCs KaHanoM, WO Mae 30BHiLLHIN
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piameTp 5-13 cm i BHYTpIWHIA giameTp go npubnuaHo 10 cM, i 3abesneuytoTb po3psagHun ctpym 10-15
KA npu 400-600 B 3a gomomorow BHYTPILUHBOrO MarHiTHOrO nons rapmatu, WO Mae iHAyKuilo B
nianasoHi Big 0,5 00 2,3 Tn.

MoTokn nnasmu 3 rapMaTt MOXYTb NPOHU3YBaTU MarHiTHi Nons AsepkanbHUx Npobok 440 i TekTn y
dopmyBanbHy cekuito 200 i kamepy 100 yTpumaHHsa. EdekTuBHICTb nepeHeceHHss nnasmu yepes
A3epkanbHi npobkun 440 36inbLUYETHCS 3i 3MEHLLEHHSAM BiacTaHi Mk rapmatamu 350 i npobkamu 440,
a TaKoX 3 PO3LUMPEHHSAM i yKOpoyeHHsM nNpobok 440. Y NpUAHATHMX yMOBax, KoxHa 3 rapmat 350
MOXe noctadatv npubnmsHo 1022 npoOTOHM Ha CceKyHOy 4epe3 AsepkanbHi npobku 440 3
iHOYKTMBHICTIO 2-4 Tn Npu BUCOKUX TemnepaTypax iOHiB i €NeKTPOHIB, LLO CTaHOBMATb MPUOMM3HO
150-300 eB i npubnusHo 40-50 eB, BignosigHo. Mapmatn 350 3abe3nevyoTb 3HAYHE MOMOBHEHHS
rpaHunyHoro wapy 456 FRC i noninweHe 3aranbHe yTpMMaHHs YacTUHOK 3a gonomoroto FRC.

Llo6 gopoaTkoBO MNiABULWMTW TYCTMHY nnasmu, MoxHa 6yno 6 BMKOpUCTOBYBaTM rasocenaparop
ANs BiAroHy 0o4aTkoBOro rasy B noTik nnasmu 3 rapmat 350. Llen meton 3abesneuvye 36inblUeHHS
rYCTMHM iHXXEKTOBaHOI Nna3mm B AeKinbka pasis. [azocenapaTop, BctaHoBneHun B cuctemi 10 FRC Ha
obepHeHin go ameeptopis 300 cTOpOHI A3epkanbHMX Npobok 440, noninwye NONOBHEHHS FPaHUYHOIO
wapy 456 FRC, copmysaHHs FRC 450 i niHinHe 3B'A3yBaHHA nnasmu.

3apatoumcb BciMa perynboBaHUMKM napameTpamu, PO3rfsHYTVMU BULLE, a TakoX BpaxOBYHOUM
MOXNUBICTb pobOTU nuwe 3 ofHielo abo gBoma rapMaTamu, ferko 3po3ymiTh, WO [OCTYMHWN
LLUMPOKMI CNEeKTp poboumnx pexnmis.

3miwyBanbHi enekTpoamn

EnekTtpnyHe 3MilLleHHA HE3aMKHYTMX MOBEPXOHb MOTOKY MOXe 3abesneuntn pagianbHi
noTeHuianu, ki NpMBOASATL OO0 asvmyTarnbHoOro pyxy, ExB, wo 3abesnevye mMexaHiaM KepyBaHHS,
aHarnoriyHUM NoBOPOTY PY4YKM, AN kepyBaHHS obepTaHHAM MNiHIAHOT NNasMy He3aMKHYTOro nons, a
TakoX hbakTU4HO akTMBHOK 30HON 450 FRC 3a gonomorot po3puBy LBMAKOCTI. LLlo6 gocarHyTtu
uboro kepysaHHs, B cucteMi 10 FRC 3actocoByloTbCs pisHi enektpoau, cTpaTeriyHo po3MilleHi B
Pi3HMX YacTMHax malwuHW. Pir. 3 iNOCTpye 3MillyBanbHi €neKkTpoan, po3TalloBaHi B MepeBadKHUX
MicuenonoxeHHsix y mexax cuctemmn 10 FRC.

Y npuHumni, icHytoTb 4 knacw enektpogis: (1) Todkosi enektpoan 905 B kamepi 100 yTpMMaHHs,
AKi BCTYNaKTb Y KOHTaKT 3 KOHKPETHUMMW HE3aMKHYTUMMU CMIOBMMM MiHigMn 452 nons Ha mexi FRC
450, 3abesneuvytoum nokanbHe 3apsamkaHHs; (2) kinbuesi enektpogu 900 mix kamepoto 100
yTpUMaHHA i opmyBanbHuMmmn  cekuismn 200, npuaHadeHi Ans  asumMyTanbHO-CUMETPUYHOTO
3apsifKaHHs BigganeHux Big Mexy wapiB 456 notoky; (3) nakeTy KOHUEHTpUYHUX enekTpogis 910 y
aneepTopax 300 Ang 3apagpKaHHA MHOXUHHUX KOHLEHTPUYHMX LwapiB 455 noToky (BHacnigok 4oro
BMOOPOM LLAPIiB MOXHa KepyBaTu 3a JOMOMOrOK pPerynioBaHHSA KOTYLIOK 416 3 MeTO peryrnoBaHHS
MarHiTHOro nons OMBEepTOpiB Tak, Wob 3aBepwyBaT OGaxaHi wapu 456 MOTOKY Ha HaNeXHUX
enektpogax 910); i, HapewrTi, (4) aHogn 920 (aus. ir. 10) cammx nnasmosux rapmat 350 (ski
nepexonmnioTb HE3aMKHYTI BHYTPILHI noBepxHi 455 nons 6ina cenapatpucn FRC 450). Ha oir. 10 i
11 nokasaHi gesiki TMNOBi KOHCTPYKLT AEeAKMX eNeKTPoaiB.

Y BCiX BUNagkax, Ui enekTpoau 30ymKyloTbCa 3a AONOMOrol iMnyrnbCHUX OXKepern XUBMeHHs abo
AXXepen XMBMeHHS MOCTIMHOro CTpymy npu Hanpyrax npnbnusHo go 800 B. 3anexHo Big po3mipis
ernekTpodis i Micub, Ae Ti nepepisaloTb MOBEPXHi MOTOKY, BUSABIMAETLCA MOXIMBUM CMNOXWUBAHHSA
CTPYMIB Y KinoaMnepHoMy fianasoHi.

HenigTpymyBaHa po6oTa cuctemu FRC - 3BU4anHuMiA pexum

CranpgapTtHe dopMyBaHHA nnasmu B cucteMi 10 FRC cnigye nobpe po3pobneHomy MeToay TeTa-
niH4a i3 o6epHeHnm nonem. Tunosui npouec 3anycky FRC nounHaeTbcsa 30ymKeHHSM KOTYLIOK 412,
414, 416, 420, 432, 434 i 436 KkBa3iNOCTINHOrO CTpyMy Ans poboTn B ycTaneHoMmy cTaHi. [oTim
naHurM iMnynbCHOI NOTYXHOCTI dhopmyBanbHMX cucteM 210 iMMNYNbCHOrO XWUBMEHHA, NPU3HaYEHI
ANsi  CTBOPEHHS BWCOKOYaCTOTHOI TepMiYHOi nnas3mu, 30ymoxKylTb KOTywkun 232 30ymMKEeHHS
iMMYNbCHOrO LWBMAKO 0BepTanbHOro MarHiTHOrO Monsl, CTBOPIOKYM TMMYacoBe OBOpPOTHE 3MilLleHHS
npubnuaHo -0,05 Tn y dopmyBanbHux cekuisgx 200. Y uer momeHT B ABa hopmyBanbHi 06'emu,
obmexeHi kamepamu 240 B chopmi kBapLOBKX TPyD (MiBHIYHOI i NiBOeHHOT) dhopmyBanbHuX cekuin 200,
IHKEKTYIOTb nonepeaHbO 3afaHy KinbkiCTb HewWTpanbHoro rady npu 9-20 ¢H/kB.g (PyHTIB Ha
KBagpaTHUI OI0ViM) Yepe3 MHOXMHY a3nMyTanbHO-OPIEHTOBaHNX NPOAYyBanbHUX KnanaHiB y pnaHusx,
AKi 3HAaXoOATbLCS Ha 30BHILHIX Topusax hopmyBanbHux cekuini 200. MNoTim 3 Habopy aHTEH Ha NOBEPXHI
kBapuoBux Tpyb 240 reHepyloTb MOe Ha Manux BMCOKMX 4actoTax (~ COTHI KinorepL), CTBOPHOHYM
nonepeaHo ioHi3auilo y dOopMi AiNsHOK mnoKanbHOI MNo4YaTKOBOI iOHi3auii B Mexax CToBnNiB
HeWTpanbHoro rasy. 3a Uum cnigye 3acToCyBaHHsI TETA-KiNbLEBOI MOAYNALiT 4O CTPyMY, WO 30ymKye
KOTyLKM 232 30ymKEHHS iMNYNbCHOIO LWBMAKO OOepTarlbHOro MarHiTHOro nons, Lo nNpuBoauTb OO0
OinbL 3aranbHOi NONepeaHbOI ioHI3auii cToBMiB rasdy. Ha 3akiH4eHHs, 3aXMBMNIOTL OCHOBHI iMMYIbCHI
axepena XueneHHs copmyBanbHUx cuctem 210 iMNynNbCHOrO XMBMNEHHA ONA 30YMKEHHS] KOTYLUOK
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232 30ymKeHHS iMNyNbCHOTO LWBMAKO 00epTanbHOr0 MarHiTHOro norisi, CTBOPKKYM Nose 3 NpsMum
3MilleHHAM Ta iHaykTuBHicTio Ao 0,4 Tn. Llen eTan moxHa npoBoaUTKU B Takill NOCMiAOBHOCTI y Yaci,
O MO BCi AOBXMHI kBapuoBux Tpyd 240 piBHOMIPHO reHepyeTbCsi none 3 MNpsiMUM 3MiLLEeHHAM
(cTaTnyHe opmyBaHHA) abo gocAraeTbCca NOcnigoBHa NepucTanbTUYHa Moaynsuia Nnonsa B3A0BX OCi
dopmyBanbHuXx Tpyd 240 (anHamiyHe HOpMyBaHHS).

Y BCbOMY LbOMY npoueci opMyBaHHA bakTuyHe OBepHEeHHsa nond B nna3mi BigbyBaeTbcs
LWBMOKO B Mexax npmbnuaHo 5 mkc. baratoriraBaTtHa iMnynbCHa MOTYXHICTb, WO NiBOAUTBCS A0
dopmMoBaHOi nnasmu, nerko cTeoptoe rapsidi FRC, aki noTim exekTyoTbes i3 hopMyBanbHUX CeKUin
200 3a gonomMoroto 3acTocyBaHHSA abo MOChNigOBHO 34iMCHIOBAHOI Y Yaci Mogynsuii MarHiTHoro nons B
nepegHbOMyY HaniBMpocTopi (MarHiTHa nepucTanbeTuka), abo TMMYacoBO 36inbLUIEHWX CTPYMIB B
OCTaHHiI KOTywWui 3 HabopiB 232 KOTYLIOK Binsi 0CbOBUX 30BHILLHIX TopLiB dopmyBanbHuX Tpyd 210
(dbopmyBaHHS OCbOBOTO rpagieHTa MarHiTHOro nonsi, Skui OGepHEHUn B OCbOBOMY HamnpsiMKy OO
kamepn 100 yTpumaHHs). Obuasi dpopmyBanbHi FRC (niBHiYHa i niBoeHHA), Ski cbopMOBaHi Takum
YMHOM i NpUCKOpUNUCH, NOTIM po3LnpsaTbCs B kamepy 100 yTpumaHHs, wo Mae binblivi giameTp,
Oe KOTywku 412 KBasinoCTINHOrO CTpyMy CTBOPIOKOTb Mofie 3 NPSAMUM 3MILLEHHSAM ANs KepyBaHHS
pajianbHUM PO3LUMPEHHAM i 3a6e3neyYeHHs PiBHOBaXHOrO 30BHILLHBOIO MarHiTHOrO MOTOKY.

Ak Tinbkn niBHIYHa | niBaeHHa dopmysaneHi FRC nprnbysatoTb B OKONULKO cepeaHbOoi MAOLUMHM
kamepn 100 yTpumaHHs, Ui FRC siwToBxytoTbesi. OCbOBI KiIHETUYHI eHepril Nig Yac 3iTKHEHHS NiBHIYHOI
i niBgeHHoi opmyBanbHx FRC nepeBaxHO TepmanisyioTecs, ockinekn FRC, 3pewToto,
ob'egHytoTbea B eauHy FRC 450. Y kamepi 100 yTpumMaHHS MOXIMBUIA BeNWKMA Habip MeTtoais
AiarHoCTUKM nnasmu ans BuBYeHHs piBHoBarn FRC 450. Tunosi poboui ymoBu B FRC-cuctemi 10
paoTb cknagosy FRC 3 pagiycammn cenapaTtpucu npubnmnsaHo 0,4 M i OCbOBOK MNPOTSHKHICTHO
npubnuaHo 3 M. [JoaaTKoBMMW XapakTepUCTUKaMW € 30BHILLHI MarHiTHi nons 3 iHOYKTUBHICTIO
npu6nuaHo 0,1 Tn, rycTMHM nnasmu npmuénmaHo 5x101° m3 i noBHO TemnepaTypoto nnasmm Ao 1 keB.
Bes sakoi-Hebyab nigTpumkM, TOOTO, 3a BIOCYTHOCTI HarpiBaHHa i/abo 30ymkeHHs CcTpymy 3a
OOMOMOrOK iHXeKLUii Ny4KiB HEWTPanbHUX YaCTUHOK abo iHLIMX JOMOMDKHMX 3acobiB, Yac XUTTA LuUX
FRC, 1006TO 4ac posnagy KOPIiHHOI XapaKTepPUCTMYHOI KOHirypauii, obMeXyeTbCa BENMYUHO
npmbnmaHo 1 mc.

EkcnepvmeHTanbHi gaHi HeniaTpumMyBaHOT poBOTH - 3BUMAVHUIN PEXUM

Ha dir. 12 nokasaHa TvnoBa eBonwoLUis Yy 4Yaci pagiyca rae NOTOKY, LIO BUKITHOYAETLCH, SKWN
anpoKkcUMye pagiyc rc cenapartpucu, ans inwctpauii guHamikm npouecy o6'eaHaHHs FRC 450, wo
BinbyBaeTbCca B TeTa-niHyi. ObuaBa iHAMBIAYyanbHI NNasMoign (NiBHIYHWA i NIBAEHHWUIA) CTBOPHOOTLCS
O[lHOYACHO, a MNoTiM NPUCKOPKTLCH, BUXOAAYM 3 BIgNoBigHWX dopmyBanbHMX cekuin 200 3
HaA3BYKOBOI LUBUAKICTIO Vz~250 KM/C, i 3ilUTOBXYOTbCA NO6nmM3y cepeaHboi nnowwmHu npu z=0. Mig
yac 3iTKHEHHS nnasmoign nigaalTbCAa OCbOBOMY CTUCHEHHIO, 3a AKUM cnigye LiBuAKe pafjianbHe i
OCbOBE PO3LLMPEHHS, NepLU HiX, 3pelwToto, ob'egHaTucs, yTeoptotoun ogHy FRC 450. Mpo HasiBHICTb
AK papjianbHoOi, Tak i OCbOBOI AMHAaMIKW, CBigYaTb [AeTanbHi BUMIPOBAHHSA MNpOdIinto rycTUHM i
ToMorpadgis Ha ocHoBi 6onomeTpa.

[aHi, oTpumaHi BHacnigok HeniaTpumysaHoro pospsgy, cuctemmn 10 FRC nokasaHi sk dyHKuii
yacy Ha dir. 13A, 13B, 13C i 13D. FRC iHiuitoeTbcs B MomeHT t=0. Pagiyc noToky, O BMKMOYaETLCS,
B CepefHin B34OBX OCi MMOWWHI MawwuHW nokasanum Ha dir. 13A. Ui gaHi oTpumaHi 3 matpuui
MarHiTHUX 30HAIB, SKi PO3MiLLEHi TPOXKM 3cepeamHIn Bif BUKOHAHOI 3 HEpXXaBitouol cTani CTiHKM KamMepw
YTPUMaHHS i BUMIPIOIOTE OCbOBEe MarHiTHe none. CtaneBa CTiHKa € XOpoLIMM 3acobom 36epexeHHs
NMOTOKY Yy YaCcOBUX paMKax LibOro po3psgy.

Ha ¢pir. 13B nokasaHi niHiHO iHTerpoBaHi rycCTuHu, oTpuUMaHi 3 iHTepdepomeTpa, SKUN npawtoe no
6 xopgax, Ansg Bu3HadeHHa BMicTy CO2/He-Ne, posTtawoBaHoro B z=0. 3 ypaxyBaHHAM
BepTUkanbHoro nepemitwieHHs (y) FRC, wo BumiptoeTbecsa 3a gonomoroto 601oMeTpuyHoi Tomorpadii,
iHBepcia 3a Abenem gae npodpini posnoginy ryctuHu 3rigHo 3 cir. 13C. licna geskoro ocboBOrO i
pagianeHoro konueaHHsa npotarom nepwoi 0,1 mc, BctaHoBneTbcss FRC 3 gesikum "nopoxHmuctum"
npodinem ryctuHu. Llen npodpinb € 4OCTaTHLO NMOCKUM, 3 ICTOTHOI I'YCTUHOK Ha OCi, SIK BUMararoTb
piBHOBaru B Tunosux nnockux FRC.

Ha cir. 13(D) noka3saHa noBHa TemnepaTypa nna3mu, 9ka BUBEAEHA, BUXOOAYM 3 PIBHOCTI TUCKIB,
i NOBHICTIO BiANOBIJAE PO3CIAHHIO 3@ TOMMCOHOM i CNEKTPOCKONIYHNUM BUMIPIOBAHHSIM.

AHani3 BCbOro MacuBy aHuX NOTOKY, L0 BUKMIOYAETLCS, BKa3ye Ha Te, Lo opma cenapaTpucu
FRC (wo HabnukaeTbcs 0CbOBMMM MPOiNnsagMy NoTOKY, LLO BUKMYAETLCSA) NOCTYNOBO €BOJOLIIOHYE
Bi, KOnoBOi [0 eninTuyHoi. Lla eBoniouia, nokasaHa Ha dir. 14, y3rogxXyetbCs 3 MOCTYNOBUM
MarHiTHUM nepemMukaHHsaM 3 nepexogom Big ABox FRC o opHiei. [iicHo, rpybi ouUiHKM 0O3BONAOTb
nepenbaynTi, WO B LIbOMY KOHKPETHOMY BUMAAKY Mi Yac 3iTKHEHHS nepe3amukaloTbes NpubnmnsHo
10 % marHiTHMX NoTokiB ABOX nNepBMHHMX FRC.

HoexnHa FRC MOHOTOHHO ckopouyyeTbes 3 3 M go npubnusHo 1 m npotarom vacy xutta FRC. Le
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CKOpOYEHHS, BugHe Ha dir. 14, nepenbadvae, wo npu ytpumMaHHi FRC AOMiHYOTb rONIOBHUM YMHOM
KOHBEKTMBHI BTpatu eHeprii. OCKinbkn TUCK Nna3mu 3cepeauHu Big cenapaTtpucu 3MEHLLYETbCS
wBuale, HiK MarHiTHAA TUCK 330BHi, HATArHEHHS CUITOBMX MiHiN MarHiTHOro nons B TOPLEBUX
AinsHKax NpuBOAMTb 0O 0CbOBOro cTucHeHHs FRC, BigHOBMOOUYM OCBOBY i pafianbHy pisHoBary. [ns
po3psiay, Lo po3rnsgaetbcs B 3B'A3Ky 3 dir. 13 i 14, 3a3Ha4MMO, LLO MarHiTHWA MNOTIK, 3aranbHa
KinbKicTb YacTUHOK i Tennoea eHeprist FRC (npmbnuaHo 10 mB6, 7%101° yacTuHok i 7 kX, BignosigHO)
3MEHLYIOTLCA, rpybo Kaxyyu, Ha MOPSAOK BENUUMHM 3a MepLly MinicekyHay, KONu BUSIBNSIETLCH
3HUKHEHHS piBHoBarn FRC.

MigTpumyBaHa poboTta - pexum HPF

Ha oir. 12-14 HaBegeHi npuknagun, siki xapaktepusylTb pynHyBaHHsa FRC 6e3 skoi-Hebyab
nigTpumkn. BogHouac, B cuctemi 10 FRC 3acTocoBylTbCS Aekinbka MeTOAiB Ans noganbLioro
noninweHHs ytpuMaHHa FRC (BHYTPIWHBbOI aKTUBHOI 30HW i FPAHWUYHOrO LWapy) ANns AOCArHEHHS
pexumy HPF i nigTpuMkn koHdoirypauii.

My4ok HenTpanbHUX YaCTUHOK

CnovaTKy WBWAKI HEWTpanbHi YacTuHkM (H) y BUrNaai nydkiB iHXKEKTYIOTECA 3 BOCbMU iHXEKTOPIB
600 nyykiB HeWTpanbHUX YACTUHOK MepneHAuKYNApHoO Bz. MNMyuykn WBMAOKUX HEWTPanbHUX YaCTUHOK
IHKEKTYITbCS 3 MOMeHTY o6'egHaHHs MiBHIYHOI i niBAeHHOI opmyBanbHnx FRC B kamepi 100
yTpuMmaHHsa B ogHy FRC 450. LBnaki ioHW, WO CTBOPHOKOTHCS FONOBHMM YMHOM 3a JOMOMOro 06MiHy
3apsgamu, MaTb 6etatpoHHi opbitm (3 nepBuHHMMM pagiycamm B Mexax Tononorii FRC a6o
LLOHAaMMEHLLE TakMMM, WO 3HAYHO NEPEBULLYIOTb XapakTePUCTUYHUIA MiHIMHMIA MacwTad OOBXWUHU
rpagieHTa MarHiTHOro nons), siki cnpusaTb asumyTtansHomy ctpymy FRC 450. Ticna npoxomkeHHs
AesKoi Yactkm po3psagy (4epes 0,5-0,8 mc Ha iMnynbc), AOCTAaTHBO BENUKA MONynsUia WBMOKMX iOHIB
3HAYHO MOMiMLYye BNACTUBOCTI BHYTPIWHBOI CTiKOCTI i yTpumaHHs FRC (awe., Hanpuknag, M. W.
Binderbauer and N. Rostoker, Plasma Phys. 56, part 3, 451 (1996)). Kpim Toro, 3 nepcnekTtueu
NigTPYMKN BUTIKaE, WO Ny4kn 3 iHxekTopiB 600 ny4vkiB HEMTPaAnbHUX YACTUHOK TakoX € MNEePBUHHUMMU
3acobamu 30yaKeHHs1 CTpyMy i HarpiBaHHA nnasmm FRC.

Y pexumi nnasmu cuctemm 10 FRC wBunaki ioHn CnoBINbHIOIOTLCA Hacamnepen Ha eneKkTpoHax
nnasmu. MNpoTarom paHHLOI YaCcTUHWM pO3psdy TUMOBI ycepedHeHi No opbiTax Yacu CnoBiNbHEHHS
wBmMakux ioHiB ctaHosnAte 0,3-0,5 mc, Wo npuBoanTe A0 3Ha4yHoro HarpiBaHHa FRC, Hacamnepeg,
enekTpoHamu. LLBMAKI iOHW 34iNCHIOTL BEMKWKI pagianbHi €KCKypCWu Ha30BHI Big cenapaTpucu, ToMmy
Wwo BHyTpiwHe MmarHiTHe none FRC 3a cBoeto npupogot mMae Mmany iHAykuito (B cepegHboMmy,
npmbnmaHo 0,03 Tn ansa 30BHIWHLOrO ocboBoro nons 3 iHaykuieto 0,1 Tn). Wewuaki ioHn 6ynu 6
CXWmbHi 40 BTpaT npu obmiHi 3apsgamu, sikbu rycTuHa HeMmTparnbHOro rasy 330BHi Bif cenapartpucu
Oyna gyxe Benukow. ToMy reTepoBaHi CTIHKM W iHWI meToau (Taki, Sk Ti, Wo nepegbavaloTb
BUKOPUCTaHHSA nnasmoBoi rapmaTin 350 i asepkanbHmx npobok 440, ski, KpiM BCbOro iHLWOro, pobnsTb
BHECOK Yy KOHTPOfb rasy), o BukopuctoByoTbcs B cuctemi 10 FRC, oeMoHCTpyloTb TeHAeHLilo Ao
MiHiMi3auii rpaHUYHUX HEenTpanbHMX YacTUHOK i 3abesneyyloTb HeobXigHe HapOCTaHHA CTpyMy,
3YMOBEHOIO LWBUAKUMUN iOHAMM.

IHXeKList TabneTok

Konn y mexax FRC 450 3poctae 3HayHa nonynsuis WBWAKUX iOHIB i Npy LbOMYy TemnepaTypwu
ernekTpoHiB € nigsueHumm, a vyacu xuTtsa FRC 36inbwerHummn, B FRC 450 iHXeKTYI0Tb 3aMOpOXEHi
Tabnetkn H abo D 3 iHxekTopa 700 TabneTtok, wob nigTpymatu 3aranbHy KinbkicTe YacTuHok y FRC,
HeoOxigHy anst FRC 450. MNMepenbayyBaHi Yacosi iHTepBanu abnsuii € gocTaTHbO KOPOTKUMMU, w06
3abe3neunTn OKepeno 3HayHoi KinbkocTi YacTuHok ansg FRC. Lig wBmakicTb Takox Moxe 6yTu
30inblueHa 3aBAsiKM 30iMbLUIEHHIO NOLLi MOBEPXHI iHXXEKTOBAHOMO LUMATOYKaA LUMASXOM pPO3MnaMyBaHHS
OKpeMoi TabneTkn Ha MeHLUi doparMeHTU, KON BOHU 3HaxXOA4ATbCA B CTBoNax abo iHXeKuinHnx Tpybax
ilxektopa 700 Tabnetok i 4O TOro, sik BOHW noTpannstoTe y kamepy 100 yTpyMaHHA - eTan, SKun
MOXHa BTIMUTU WNAAXOM 36inbLUeHHS TepTa MK TabneTkow i CTiHKamu iHXeKUinHOT Tpybu 3aBasiku
3MEHLUEHHIO pajiyca BUTMHY OCTaHHbOTO CErMeHTa iHXeKLUiiHOT Tpybn 6e3nocepegHbo nepes BXo4oM
B kamepy 100 yTpumaHHs. LUnsxom 3MiHM MOCNIAOBHOCTI i LWBMAKOCTI CTpinbbu 3 12 cTBOnNIB
(iHxekuinHMx Tpyb), a Takox parmMeHTauii, MoxxHa HanawTyBaTn cuctemy 700 iHxekuii TabneTok Ha
3abe3neyeHHs sikpa3 HGakaHoro piBHsS MIATPUMKKM 3ararnbHOI KiNbKOCTi YacTuUHOK. CBOE 4veproto, ue
cnpusie 36epexXeHHI0 BHYTPILHBOro KiHeTuyHoro Tnucky B FRC 450, a Takox nmigTtpumyBaHoi poboTw i
yacy xutta FRC 450.

Ak TinbKM nigaani abnsuii aTomm 3ycTpivaloTbes 3i 3Ha4YHOK KinbkicTio nnasmu B FRC 450, BoHM
CTalTb MOBHICTIO iOHi30BaHMMMU. [OTIM YacTuMHa XOMOAHOI Mfnasmu, WO BUXOAUTb B pes3ynbTarTi,
HarpiBaeTbCsl NpU 3iTKHEHHI i3 BnacHoto nnasmoto FRC. EHepris, HeobxigHa ans 36epexxeHHs 6axkaHol
TemnepaTypu FRC, 3pewTtoto, nigBoantecs iHxektopamy 600 nydkiB. Y LbOMY 3HAY€HHi, iHXeKTopu
700 Tabnetok pasom 3 iHxekropamu 600 ny4kiB HEMTpanbHMX YACTMHOK YTBOPIOKOTL CUCTEMY, fAKa
36epirae ctanun ctan FRC 450 i nigTpymye ii.
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IHxekTop CT

Ak anbTepHaTMBa iHXEKTOpPY TabneTok, NPOMOHYETbCH iHXeKTop komnakTHux Topoigis (CT), B
OCHOBHOMY, ANS MOMOBHEHHS nna3mu obepHeHux marHiTHUX kKoHdirypadin (FRC). Iwxektop 720 CT
MICTUTb HamarHivyeHy koakcianoHy nnaamoBy rapmaty (MCPG), sika, sk nokasaHo Ha dir. 22A i 22B,
BKItovae B cebe KoakcianbHi UMNIHOPWYHI BHYTPILLHIN | 30BHILWHIN enekTpoan 722 i 724, KoTywky 726
3MilLleHHs1, po3TalloBaHy BCepeavHi BHYTPILWHbLOrO enekTpoaa, i eNeKTpuyYHnin po3pmB 728 Ha KiHuj,
NpoTUNEXHoMy BuNycky iHxektopa 720 CT. a3 iHxekTyeTbcsa vepesd oTteip 730 Ans iHxekuii rasy B
NPOCTIP Mi>XK BHYTPILLUHIM | 30BHILLUHIM enekTpogamun 722 i 724, i nna3ma tuny cpepomaky reHepyeTbCs
3 HbOMO LNAXOM pPO3pAMKaHHA | BUITOBXYETbCA 3 rapmaTtu cunow JlopeHua. £k nokasaHo Ha
doir. 23A i 23B, napa imxektopiB 720 CT 3B'a3aHi 3 emHicTio 100 ansa yTpymaHHs nobnuay i no
NPOTUIEXHNX CTOPOHaxX cepedHboi nnowmHM emHocTi 100 ans ivxkekuii CT B UEHTpanbHY nnasmy
FRC B mexax nocyauHun 100 gns yTpumaHHs. BunyckHui kiHeub iHxekTopiB 720 CT cnpsiMoBaHuii o
cepeaHboi nnowuHu emHocti 100 gnsa yTpuMaHHs nig KyToM Ao NogoBXHbOI oci eMHocTi 100 ans
YTPMMaHHS, aHanoriyHo iHxekropam 615 nyykiB HeMTpanbHUX YaCTUHOK.

Y anbTepHaTUBHOMY BapiaHTi 3aiicHeHHs iHxekTop 720 CT, ak nokaszaHo Ha ®ir. 24A i 24B,
Bkrtovae B cebe apendosy Tpyby 740, ska MICTUTb BUTATHYTY UUNIHOPWYHY Tpyby, 3B'A3aHy 3
BUNYCKHWUM KiHUEeM imxekTopa 720 CT. Ak nokasaHo, apendosa Tpyba 740 Bkntovae B cebe KoTyLKn
742 gpendoBoi Tpybu, po3TalloBaHi HAaBKOMO i akCianbHO PO3HECEHI B3A0OBX Tpyou. B3gosx 4OBXMHM
Tpybu 306paxeHa MHOXMHA OiarHOCTUYHMX OTBOPIB 744.

MepeBaru imxektopa 720 CT: (1) KOHTPOMNb i perynboBaHICTb 3aranbHOI KifbKOCTi YaCTMHOK Ha
imxekToBaHun CT; (2) ocagxyeTbcsa Tenna nnasma (3amicTb KpioreHHuMx TabneTtok); (3) cuctema moxe
npauoBaT B PEXMMi 4acTOTM MOBTOPEHHSA, WoO 3abe3neuntn Oe3nepepBHE 3aBaHTaXEHHS; (4)
cucTemMa TakoXX MOXE BiQHOBMOBATU AESKUA MarHiTHMM MOTiK, OCKinbku iHxektoBaHi CT HecyTb
BObygoBaHe MarHiTHe none. Y BapiaHTi 34INCHEHHS Ans eKCNepuMMEHTaNbHOrO0 BUKOPUCTaHHS
BHYTPILUHIN AiameTp 30BHILLUHBOrO enekTpoga cTaHoBuTb 83,1 MM, a 30BHILLHIV AiaMeTp BHYTPILLHBbOMO
enektpoga crtaHoBuTb 54,0 MM. [loBepxHs BHYTPILHBLOrO enekTpoda 722 nepeBaKHO MoKpuTa
BOnb(ppamom, wobu 3MeHLNTN AOMILLIKK, SKi BUXOOSATb 3 enektpoda 722. FAk nokasaHo, KoTylka 726
3MiLLEeHHS BCTaHOBIEHa BCcepeavHi BHYTPILWHbOro enekrpoaa 722.

Y HewopaBHiX ekcnepumeHtax 6Oyna pocArHyta Hag3BykOBa  LIBMAKICTL  MOCTYNanbHOroO
nepemiweHHs CT ax go ~100 km/c. [HWMMKM TMNOBMMK NapameTpamMu NAasMu € HaCTYMHi: rycTuHa
enekTpoHiB ~5x10%1 m3, Temnepatypa enektpoHiB ~30-50 eB i 3aranbHa KinbkicTb 4YacTtuHok ~0,5-
1,0x10%°. Bucokmit kiHeTu4Hun Tuck CT [O3BONSIE iHXKEKTOBaHIN nna3mi npoHukath rmuboko B FRC i
ocafpKyBaTW YaCTUHKU 3cepeauHu Big cenapaTtpucu. Y HewodaBHIX eKCNepuMEHTax 3aBaHTaXXEHHS
yactmHok FRC pano Ttakmi pesynbtar, wo ~10-20 % 3aranbHoi kinbkocTi 4actuHok FRC, wo
3abesnevyetbcsa iHxektopamm CT, ki ycnillHO AEMOHCTPYIOTb MOMOBHEHHS, MOXe OyTn nerko
nposegeHe 6e3 nopyweHHa nnasmu FRC.

BiaxunnbHi KOTyLUKM

[nst gocarHeHHs 30yKeHHS CTPYMY B yCTaneHoMy CTaHi i 3bepexxeHHs HeoOXigHOro CTpyMy ioHIB
DaxxaHo 3anobiratv abo 3Ha4YHO 3MEHLLYBaTW CNPSIMOBaHi BropYy CMiHW €NeKTPOHIB, 3yMOBIIEHI CUITOH0
TepTa MK enekTpoHamMun N ioHaMn (Lo € pesynbTaToM NepeHeceHHs iMNYrbCy iOHHO-eNEeKTPOHHOro
3iTkHeHHs1). Cuctema 10 FRC BrkopucTOBYE iHHOBaUiiHY MeTOAMKY Anst 3abe3neyvyeHHst eneKTPOHHOro
po3pMBYy 4epe3 MnpuknagaHe 330BHI CTaTMYHE MarHiTHe aunonbHe abo kBagpynonbHe none. Lle
[OCAraeTbCs 3a AOMOMOrol 30BHILLHIX BIOXUNbHUX KOTYyLWwOK 460, 306paxkeHnx Ha ir. 15. MonepeyHo
npuknageHe pagianbHe MarHiTHe nomne Big BiAXWUNbHUX KOTYLWOK 460 iHOYKyE OCbOBE eneKkTpuyHe
none B obepTosin nna3mi FRC. Pe3ynbTyloumin 0CbOBMI CTPYM €MEKTPOHIB B3aemogi€ 3 paianbHUM
MarHiTHAM MofieM, CTBOPHOOYM a3uMyTarnbHU PO3PUBHUIA BNNNB Ha eNeKTPoHN Fe=-0Vse<|Bi|2>. Ons
Tvnoeux ymoB B cuctemi 10 FRC HeobxigHe npuknagaHe marHiTHe gunonbHe (abo kBagpynosibHe)
none BCcepeauHi nna3mu nosuHHe Oyt nuwe 6nmsbko 0,001 Tn gns 3abes3nevyeHHs ageKBaTHOrO
€rneKkTPoOHHOro po3puBy. BignosigHe 30BHiWHE none BenuyuHot npubnuaHo 0,015 Tn € gocTtatHbO
cnabkum, wWoby BMKNUKATX MNOMITHI BTpaTM LWBMAOKUX YACTMHOK abo iHWWM YUMHOM HeraTUBHO
BMMMBATU Ha YTpPUMaHHA. PakTUYHO, NpUKNagaHe MarHiTHe gunonbHe (abo kBagpynorbHe) none
CMpUSIE NPUrHIYEHHIO HECTIAKOCTi. Y KOMOiHaUii 3 TaHreHUiHOK iHXEKUIE MNy4kiB HenTpanbHUX
YaCTMHOK i OCbOBOI iHXEKLIE MnasmMu BiaxunbHi KOTywkn 460 3abe3nedvyoTb 4OAATKOBUMA PiBEHb
KOHTPOIMIO BiAHOCHO 36epeXXeHHs CTPYMY i CTilKOCTi.

[O3epkanbHi Npobkm

KoHCTpyKuis iMnynbCHMX KOTywWwoOK 444 B mexax A3epkanbHux npobok 440 gonyckae nokanbHy
reHepawito CUNbHUX MarHiTHUX nonie (Big 2 o 4 Tn) 3a gonomMorot Hesenukoi (Npmbnuano 100 k)
€MHICHOI eHeprii. [pu OpMyBaHHi MarHiTHUX MOniB, TUMOBWX ANs eKcnnyaTauii NPOMOHOBaHi
cuctemmn 10 FRC, BCi cunosi niHii nonst B mexax chopMyBanbHOro o6'eMy npoxogsaTb Yepes 3BYXKEHHS
442 6ins asepkanbHux nNpobok 440, sk ue nepeabadaeTbCs CUMOBUMU FiHIAMWM MarHiTHOro nonst Ha
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doir. 2, i KOHTaKT nna3mu 3i CTiHKO He BigdOyBaeTbes. KpiMm Toro, asepkanbHi npobku 440 cninbHO 3
AVBEPTOPHMMU MarHiTamm 416 KBasinoCTIMHOrO CTPyMy MOXYyTb OyTW BigperynboBaHi Tak, LWo6
cnpsAMOBYBaTW CUMOBI nNiHii Ha auBepTopHi enektpoan 910 abo BucTaBnNATM CUMOBI NiHii B
KOH@irypauii TopueBux BUCTYNIiB (He nokasaHa). OCcTaHHS NiaBULLYE CTIMKICTb | NPUrHiYye napanensHy
TENMonpoOBIAHICTb €NEKTPOHIB.

[3epkanbHi npobkn 440 cami No cobi TakoX CAPUAIOTb KOHTPOMIO HENTPanbHOro rasy. [3epkanbHi
npobku 440 [O3BONSAOTL Kpallle BUKOPUCTOBYBATU AeNTepiEBUN ras, Lo BAYETLCA B KBAPLIOBI Tpydu
nig 4Yac dopmyBaHHa FRC, ockinbkuM noTik rasy, sikmin tede Hasag B auBeptopu 300, 3Ha4HO
3MEHLUYETLCA 3aBAsIKM Marii 34aTHOCTI NpoOOoK Mpornyckaty ras (Wwo CTaHoBUTL CKpoMHi 500 n/c).
Benuka 4yactnHa 3anuwKoBOro rasy, LWo nNpoayBaeTbCcs BcepeaunHi oopmyBanbHux Tpyd 210, wemnako
ioHi3yeTbcA. Kpim TOro, BWMCOKOrycTa nnasma, sika npoTikae 4epe3 [fA3epkanbHi npobkn 440,
3abesnevye eheKkTUBHY iOHi3aLit0 HEMTPanbHMUX YAaCTUHOK, a OTXe - i ecbekTuBHMIA rasoBun 6ap'ep. Y
pe3ynbTarti, BiNbLWiCTb HEWTPanbHUX YaCTUHOK, peunpkynboBaHux B ameptopax 300 i3 rpaHU4YHOro
wapy 456 FRC, He noBepTaetbcs B kamepy 100 yTpumaHHs. Kpim TOro, HerWTpanbHi 4aCTUHKW,
nos'dAsaHi 3 pobototo nnasmosBux rapmat 350 (AKk obroBoprOETLCS HWx4e), ByayTb B OCHOBHOMY
yTpumysatucs B gmseptopax 300.

HapewTi, A3epkanbHi Npobkn 440 mMaTb TEHAEHLUi0 NOMiNWyBaT YTPUMaHHS rPaHWYHOro Lwapy
FRC. 3 koediuieHTamu BinbutTa A3epkana (npobka/marHiTHi nons yTpuMaHHs) B gianasoHi Big 20 go
40 i npn goBxuHi 15 M MiX NiBHIYHO | NiBAEHHOK A3epkanbHuMmK npobkamu 440, yac 1) yTpYMaHHS
YaCTMHOK FPaHMYHOro Lwapy 30inbLIyeTbCA Ha NOpPsiAOK BenuumHW. oninweHHa T nerko 36inbLiye
yTprMaHHs YacTtuHok FRC.

Mepenbayatoun, Wo 3ymoBnoBaHi pagiansHoto andysieto (D) BTpatn YacTUHOK 3 06MexXyBaHOro
cenapatpucoto ob'emy 453 ©OanaHcyloTbCA OCbOBMMM BTpaTamu (1)) 3 rpaHuyHoro wapy 456,
oTpuMyemMo (21reLe)(Dne/d) = (21reLed)(Ne/Ty), 3BigkM cnigye, WO OOBXWHY rpagieHTa rycTuHW Y
cenapatpucu MoxHa nepenucatn y Burnagi Oo=(Dt)Y2. Tyt re, Lec i nc — Ue pagiyc cenapatpucy,
OOBXMHA cenapaTpucu i rycTuHa y cenapaTpucu, BignosigHo. Yac yTtpumaHHs 4acTuHok B FRC
cTaHoBUTb TN = [TTrlle<n>)/[(2TTrele)(DNne/d)] = (<n>/nc)(ToTy) 1/2, Ae 11=a?/D i npu uboMy a=rd/4.
®i3nyHO, 30inblieHHs T Bege [0 36inblieHoro O (3MEHLWEHOro rpagieHTy rycTuHuW i napameTpy
apendpy y cenapaTtpucu), a 3Ha4YnUTb - | 4O 3MeHLLEeHNX BTpaT YacTuHok B FRC. 3aranbHe 36inbLlueHHs
napameTpa yTpuMMaHHsa 4YacTMHoK B FRC 3BMYalHO TpOXuM MeEHLUe, HiX KBagpaTuUyHe, OCKIMbKM Nc
30inbLyeTLCA pa3om 3 T.

3Ha4yHe NoninwWeHHs T) TakoX BMMarae Toro, Wob rpaHnyHui wap 456 3anvwascsa 3a BENVKUM
paxyHKOM cTinkum (TobT1o wob npu n=1 He Byno >xxonobkosoi, pykaBHoi abo iHwoi MHD-HecTinkocTi,
XapakTepHoi AN He3aMKHyTux cuctem). BukopuctanHs nnasmoBux rapmat 350 3abesnevye uto
nepeBaxHy rpaHMYHy CTIMKICTb. Y LbOMY 3Ha4YeHHi AsepkanbHi npobkn 440 i nnasvosa rapmata 350
YTBOPIOIOTb €(PEeKTUBHY CUCTEMY KOHTPOITIO MEXY.

Mnasmosi rapmaTu

Mnasmosi rapmaTi 350 noninwyoTb CTiMKiCTb cTpyMeHiB 454 FRC, wo BnxogaTb, 3a A0MNOMOror
niHiMHoro 3B'a3yBaHH4. NNasmu rapmar, WO BUNyckatoTbea i3 nnasmosux rapmaT 350, reHepyoTbes
0e3 asumyTanbHOro MOMEHTY iIMMYrbCY, WO BUABMASIETLCA KOPUCHMM AN 60poTbbu 3 obepTanbHUMKU
HecTinkoctamn FRC. Takum unHoMm, rapmatun 350 € edpekTMBHUM 3acOO0M ANs KepyBaHHS CTINKICTIO
FRC 6e3 HeobXigHOCTI BMKOpUCTaHHA 6inblw cTaporo MeToAy KBaapynonbHoi cTabinisauii. Y
pesynbTati, Nnasmosi rapmaTtn 350 0O3BONAOTL BUKOPUCTOBYBATU nepeBarn CnpuaTiMBux edekTis
LWIBKAOKMX YACTMHOK abo oTpumaTy AOCTYNn OO0 PEXMMY BOOCKOHaneHoi ribpugHoi kiHetudHoi FRC, sk
BMKNageHo B uUboMy BuHaxogi. Omxe, nnasmosi rapmatu 350 pgossonsiTs cuctemi 10 FRC
npauoBaTn 3i CTpyMaMn BiOXMITbHUX KOTYLIOK, NPUAATHUMU SIKpa3 AN eNeKTPOHHOro po3pwuBy, ane
HWXX4Ye nopory, sikuin BUKNUKaB 6u HecTilikicTb FRC i/abo npuBiB 61 o iHTEHCUBHOT Andys3ii LUBMOKNX
YaCTMHOK.

Ak 3ragyBanocsi B po3rnsiHyToMy Bulle po3gini "O3epkanbHi npobku”, skon moxHa 6yno 3Ha4yHo
36inbWKUTK T, TO Na3Ma, LWo nogaeTbes 3 rapmart, 6yna 6 nopiBHAHHOMO 3i WBKuAkicTio (~10%%/c) BTpat
YACTUHOK Yy rpaHW4HOMY Liapi. Yac xuTTa oTpumMmyBaHOl 3 rapmat nnasmu B cuctemi 10 FRC
3HaxXo4uTbCA B MinicekyHAHOMY Aiana3oHi. [ifcHo, po3rnsHeMo nnasMmy 3 rapMmart, sika Mae ryctuHy
nNe~10% cm2 i Temnepatypy ioHiB npnbnusHo 200 eB, BMilleHy MK TopueBUMU A3epKaNbHUMMU
npobkamu 440. [loexuHa L 3axonneHHs i koedilieHT R BiabutTa g3epkana ctaHOBMATb NpUGnM3Ho 15
M i 20, BignosigHo. CepefHsi AOBXWHA BiNbHOro Npobiry ioHIB 3aBASKMA KYNOHIBCBKUM 3iTKHEHHSIM
cTaHoBUTb Ai~6%10% cm, a ockinbkn AilnR/R < L, ioHW yTpumMytoTbCsi B razoguHamivyHoOMy pexumi. Yac
YTPUMaHHS NNasmm B LLbOMY PEXWMi CTAHOBUTb Teer ~ RL/2Ve ~ 2 MC, Ae V¢ - LWWBMAKICTb iOHHOTO 3BYKY.
ONsi NOpPIBHAHHSA, KMAaCUYHUA Yac YTPUMaHHS iOHIB AN UMX napameTpiB nnasmy CTaHOBUB 6w
1c~0,5Ti(INR+(INR)%®)~0,7 mc. AHoOManbHa nonepeyHa Audy3sis MoXe, B MPUHLUMMI, CKOPOTUTM 4Yac
yTpymanHs nnasmu. OgHak, sKkwo nepeadauntu, wo B cuctemi 10 FRC mae micue wenakicts andysii
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Bowma, To ouiHHMIA Yac NonepeyYHoro yTpUMaHHs A NnasMy 3 rapmaTt CTaHOBUTb T1>Teer~2 MC. OTxe,
rapmaTtn 3abesneumnu 6 3HayHe MOMOBHEHHS rpaHuMyHoro wapy 456 FRC i noninweHe 3aranbHe
yTpuMmaHHsi YacTuHok FRC.

Kpim TOro, noTokv nnasmu rapmat MOXyTb OyTu BkntodeHi npnbnusHo Ha 150-200 mikpocekyHA,
O [03BONIAE BUKOPUCTOBYBATK iX MpW 3anycky, NocTynansHOMy nepemiweHHi i o6'egHaHHi FRC B
kamepy 100 yTpumaHHs. Akwo Bknountn npnbnusHo B t~0 (iHiuitoBaHHA ocHoBHoro 6aHka FRC),
nnasma rapmart gonomoxe nigTpumyBaTh NPOMOHOBaHY AvHamiyHO cdopmoBaHy i 3nuty FRC 450.
O6'egHaHi 3aranbHi KinbKOCTi YacTUHOK i3 hopmyBanbHMx FRC i 3 rapmat 3a0BinbHi ANS 3aX0nneHHs
ny4yKiB HEUTPanNbHUX YACTMHOK, HarpiBaHHS Nnasmu i TpuBanoi NiATPUMKKU. AKWO BKAYUTU npu t B
pianasoHi Big -1 go 0 mc, nnasma rapmat MOXe 3anoBHUTM KBapuosi Tpybu 210 nnasmoto abo
iOHi3yBaTK ras, BOyTWI B KBapLOBI Tpybw, wWwo go3sonsie cpopmyBaTn FRC 3i 3MeHLWweHnm abo HaBiTb,
MOXIMBO, HYNbOBMM BAyTMM ra3oM. OcTaHHE Moxe noTpebyBaTm [OCTATHbO XONOAHOI
dopmyBarnbHOi nrasmu, wWobn 3abesneunmTu WBUAKY AUY3il0 MarHiTHOro nons 3i 3BOPOTHUM
3MilLLEHHAM. AKLWO BKMAYUTU Npu t<-2 MC, NOTOKM MfasMy MOXYTb 3anMOBHUTK O0'€M CUITOBUX iHIN
Big 1 Ao 3 m3 ginsiHok hopMyBaHHS | yTpuMaHHsA dhopMyBanbHuX cekuint 200 i kamepu 100 yTpumaHHs
3 LINbOBOK FYCTUHOK Nnasmy B Aekinbka oguHuub Ha 1013 cm3, goctaTHbOi Ans 3abesneyeHHs
HapOCTaHHSA Ny4kiB HEMTpanbHUX YacTuHok Ao npubyTta FRC. MNoTim dopmysansbHi FRC moxyTb 6yTn
copmoBaHi i NocTynanbHO nepemilleHi B pe3ynbTylody nnasMmy €MHOCTI AN yTpumaHHsA. Takum
YnHOM, NnasmoBi rapMmaTtun 350 3abe3nevyloTh LLMPOKMIN CNEKTP poboYnx YMOB i pexmmiB napameTpis.

EnekTpuyHe 3MiLleHHs

KepyBaHHsa npocpinem pagiansHOro enekTpuyHOro nons B rpaHnYHoOMy wapi 456 BUrigHo pisHUMK
cnocobamn onsa 3abesneyeHHs cTimkocTi N yTpumaHHa FRC. 3aBgskm iHHOBaUiiHUM 3MilLyBanbHUM
KOMMOHEHTaM, po3ropHyTMM Yy cuctemi 10 FRC, mMoxHa npuknagatm MHOXWHY 3aB4YacHO
NiAroTOBNEHUX PO3MOAiNiB eneKkTpUYHUX NOoTeHuianie A0 rpynyu He3amKHYTUX MOBEPXOHb MOTOKY MO
BCil MaLUWHI 3 OiINAHOK Oaneko 330BHi LEeHTparnbHOI AiNSHKU yTpuMaHHA B kamepi 100 yTpumaHHS.
TakuMm 4MHOM, pagianbHi enekTpUYHI Nonst MoXyTb OyTU 3reHepoBaHi Yepe3 rpaHuyHuin wap 456,
po3TtawoBaHuii Bigpa3dy X 3a FRC 450. Lli pagianbHi enekTpudHi nonsa noTiM MOAMQIKYIOTb
asnmyTanbHe obepTaHHSA rpaHnYHoro wapy 456 i 34iNCHIOTbL NOr0 YTPUMaHHS Yepes 3CyB LUBUAKOCTI
ExB. bygb-ake gudepeHuinHe obepTaHHa MK rpaHMyHMM wapoM 456 i aktuBHo 30Ho 453 FRC
MOXe noTiM nepegasaTucs BcepeanHy nnasmu FRC 3a gonomoroio 3cyBy. Y pesynbTaTi, KepyBaHHSA
rpaHnyHum wapom 456 GesnocepenHbo BnnmBae Ha akTtuBHy 30HY 453 FRC. Kpim Toro, ockinbku
BiNbHa eHepria npu obepTaHHi nnasmm TakoX MoXe OyTu NPUYMHOKD HECTIMKOCTI, Len MeTon
3abesnevye npAMuiA 3acid Ons KepyBaHHSA BUHMKHEHHSAM i poCcTOM HecTinkocTi. Y cuctemi 10 FRC
HanexHe rpaHU4YHe 3MillleHHs 3abe3nevye edeKTUBHE KepyBaHHS TPaHCMOPTYBaHHAM B3LOBX |
00epTaHHsIM He3aMKHYTUX CUITOBMX TiHiA Momns, a TakoX obepTaHHsaM akTuBHOi 30HM FRC.
PosTawyBaHHs i dopma pisHux nepepbavennx enektpogis 900, 905, 910 i 920 go3sonsie kepyBaTu
Pi3HUMMK rpynamMu noBepxoHb 455 MOTOKY i NpuW pi3HMX i He3anexHux noTeHuianax. TaknMm YMHOM,
MoXe ©OyTM peanisoBaHMM LUMPOKUA CNEKTP PIi3HUX KOHQirypauin  enekTpu4HuUX noniB i
HaMpy>XeHOCTEN, KOXHA 3 SKMX Mae BiOMIHHWMN XapaKTepHWUA BMAMB Ha pPoOOOYi XapaKTepuCTUKK
nnasmu.

KnouoBolo nepesaroto BCiX UMX iHHOBALiMHMX METOAIB 3MilleHHS € TOW (paKT, WO Ha MOBeAdiHKY
nnasMu akTMBHOI 30HW i MEXY MOXHa BMMMBaTK 3 Micub Aaneko 330BHI nnasmu FRC, To6To Hemae
HeoOXigHOCTI NMpMBOANTM AKi-HEDYAb (i3NYHI KOMMOHEHTU B KOHTAKT 3 LIEHTParbHOK rapsyolo
nnasmolo (Wo mano 6 ceprnosHi HacnigkM AN BTpaT eHeprii, NOTOKY i YacTuHOK). Lle mae ictoTHun
CMPUSTIIMBUIA BMAMB Ha poboYi XapaKTepUCTUKM i BCi MOTEHLiHI 3aCcTOCYBaHHS KOHLEMLUii pexumy
HPF.

EkcnepumeHTanbHi gaHi - pobota B pexxumi HPF

IHXeKUig LWBMAKMX YaCTUMHOK 3a JomnomMorow nydkie i3 rapmat 600, wWo BuMAycKawTb MNYyYKK
HeWTpanbHUX YacTUHOK, rpae BaXknuBy porib y 3abe3neyeHHi pexumy HPF. @ir. 16A, 16B, 16C i 16D
inocTpyloTh Len dakT. 306paxkeHnn Habip KpMBKX, AKi MOKa3yoTb, sik Yac xutTa FRC kopentoetbes 3
TpUBAnICTIO iMNYNbCiB Ny4KiB. Bei iHWi poboyi yMOBM NigTpMMYOTECA HE3MIHHMMM ANS BCiX po3psais,
O OXOMMoThCA UMM AocnimkeHHaM. [aHi ycepefHiooTbCcsa 3a GaratbMa imnynbcamu i TOMy
BigoGpaXkatoTb TMMOBY NOBEAIHKY. ABCOMIOTHO OYEBMAHO, WO 36inbLeHa TpmBanicTe nyykie gae FRC,
"AKi XKMBYTb AoBLUE". BUBYEHHS LbOro akTy, a TakoX iHWMWX pe3ynbTaTtiB AiarHOCTUKU MPOTAroM
LbOro AOCHIMKEHHS BUSBNSAE, WO Ny4Ykn 30iNbLUYIOTh CTIMKICTb | 3MEHLW YT BTpaTu. Kopensuis mix
TpuBanicTio iMnynbCiB Ny4kiB i YacoM xuTTs FRC He € 4OCKOHano, OCKINbKM 3aXOnfeHHs MyyKiB cTae
HeedeKTUBHMM, KONMU PO3MipU NnasMyM MeHlle BU3HA4YeHux, To0To konm isnyHi po3mipu FRC 450
CKOPOYYIOTBCS | He BCi IHXXEKTOBaHI My4kM NepexonniolTbes i 3axonnioTbcs. CKOPOYEHHST po3MipiB
FRC BigbyBaeTbcst Hacamnepep Yepes Te, WO YACTi BTpaTu eHepril (~4 MBT npnbnnsHo Ha niBLUAsxy
yepes pos3psag) i3 nnasmum FRC nig 4ac pospsgy Tpoxu Oinblie, HiK 3aranbHa NOTYXKHICTb, LWO
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nigeogutbca B FRC 3a gonomorow ny4ykiB HEWTparnbHUX 4acTMHOK (~2,5 MBT) ans KOHKPEeTHOro
eKcnepumMeHTanbHOro 3anycky. Po3TallyBaHHS Ny4kKiB Y MicCLi, WO 3HaxoanTbecst 6rmxye 0O cepeaHboi
nrowmHn emHocTi 100, MoXe nNpuBECTM A0 TEHAEHUiT 3MEHLIEeHHA LuX BTpaT i NPOAOBXEHHSA 4acy
xutTa FRC.

@ir. 17A, 17B, 17C i 17D intocTpytoTb BNAMBU Pi3HUX KOMMOHEHTIB HA JOCATHEHHST pexumy HPF.
TyT NnokasaHe CiMencTBO TUMNOBUX KPMBUX, LLO BigobpaxatoTb Yac xuTta FRC 450 sk dyHkuito vacy. Y
BCiX BuNagkax nepeadavaeTbCs, WO MOCTiHA, HEBEenuWka 3a BENMYMHOI MOTYXHICTb Ny4KiB
(npnbnunsHo 2,5 MBT) iHXEKTYeTbCS NPOTArOM BCi€l TPMBANOCTI KOXHOro po3psay. KoxHa kpvsa €
XapakTepHot Ans BigMiHHOI koMGiHaLii komnoHeHTiB. Hanpuknag, pobota cuctemun 10 FRC 6e3 akumx-
Hebyab A3epkanbHUx npobok 440, nna3moBux rapmat 350 abo reTepyBaHHs 3aBasikum cuctemam 800
reTepyBaHHs MpMBOAUTL OO LWBWAKOI MOSIBU HECTIMKOCTi obepTaHHsa i BTpatm Tononorii FRC.
BBeaeHHs Tinbkn asepkanbHUX npobok 440 3aTpymye NosiBy HECTIMKOCTEW i Moninwye yTpUMaHHS.
BukopucTaHHs cykynHocTi a3epkanbHux npobok 440 i nnasmoBoi rapmaTtn 350 0ooaTKOBO 3MEHLUYE
HecTilkocTi i 30inbwye vac xutta FRC. |, HapewwTi, BBeaeHHsi retepyBaHHs (Ti B UbOMYy BUMAAKY)
ponatkoBo go rapmaTtu 350 i npobok 440 gae Hamkpalli pesdynbTatm - B oTpumyBaHin FRC Hemae
HEeCTIKOCTEeN, | BOHaA [JAEMOHCTPYE camMe TpuBanuMm 4Yac XutTa. 3 Uuiei  ekcnepumeHTanbHoi
AEeMOHCTpaUii 3p03yMino, WO BCS CYKYMHICTb KOMMNOHEHTIB Aae Havikpawuin edekT i 3abe3neyye nyyku
3 HalKpaLmMm po3paxyHKOBMMN yMOBaMMU.

Ak nokasaHo Ha oir. 1, HoBUW BusABRNeHU pexxum HPF gemoHcTpye pisko nominweHy noBeaiHKy
npu nepeHeceHHi. dir. 1 inCTpye 3MiHy Yacy yTpumaHHs YacTuHok y cucteMi FRC npu nepexoai 3i
3BUYaNHOro pexumy B pexum HPF. Ak MmoxHa nobauntu, 3ragaHui Yac B pexumi HPF 36inblimBecs
Oinbwe Hixx B 5 pasiB. Kpim Toro, cir. 1 KOHKpeTM3ye 4Yac yTpuMaHHSA 4YacTuHoK y cuctemi 10 FRC
BiHOCHO 4acy YyTpMMaHHS 4YacTMHOK B ekcnepumeHTax 3 Bigomumm FRC. Lo cTtocyeTbcs UMX iHLLIMX
MawwuH, 1o pexum HPF y cuctemn 10 FRC mae yTpumaHHsl, KoediuieHT 30inblUeHHS SIKoro
3HaxoAuUTbCcA MK 5 i 3HadeHHaM, 6nuabkum go 20. HapewrTi - i Uue HamBaxnueiwe - npupoaa
MacluTabHoi iHBapiaHTHOCTI yTpumaHHa anst cuctemn 10 FRC B pexxumi HPF pisko BigpisHaeTbCs Big
yCix BigoMux BumiptoBaHb. [lepen BctaHoBneHHam pexumy HPF B cuctemi 10 FRC BuBogunu pisHi
€MIMipMYHi 3aKOHM MacliTabyBaHHA 3 AaHuKX, WOO CNpOrHo3yBaTh Yacu YyTPMMaHHS B eKCepUMeHTax 3
Bigomumn FRC. Bci Ti npaBuna macwtabyBaHHS 3anexaTb rofloBHUM YMHOM Bif BigHOLEHHs R2/pi,
ae R - pagiyc Hyns marHiTHoro nons (HecyBopa Mipa isndyHoro macwTaby MmawuHu), a pi -
NapMOpiBCbKMA  padiyCc ioHa, WO OUIHIOETbCA B MNpuKnagaHomy 330BHI noni (HecyBopa Mipa
npuknagaHoro MarHiTHoro nons). 3 dir. 1 3po3ymino, Wo TpusBane yTpuMaHHsa B 3BudanHin FRC
MOXIMBE NKLIe NPU BENUKUX rabaputax MawmHK i/abo cunbHOMY MarHiTHoMy noni. Pobota cucremu
10 FRC vy 3BuyanHomy pexumi FRC (pexumi CR) Bigobpakae TeHAeHUjlo crigyBaHHs 3BUYaAHUM
npaeunam, gk BkazaHo Ha dir. 1. BogHovac pexum HPF 3Ha4yHO nepeBepLuye 3ragaHuil pexuMm i
nokasye, Lo HabaraTo kpalie yTpumaHHs JocshkHe | 6e3 Benukmx rabaputiB MawnHu abo CUIbHUX
MarHiTHUX nonis. 3 cir. 1 TakoX 3po3yMmino: Baxnueiwe Te, Wwo pexum HPF nopisHsaHo 3 pexxumom CR
(3BMYAHMM pEXUMOM) MpMBOAUTL A0 BiNbLIOro Yacy yTpMMaHHs NPy CKOPOYEHUX po3Mipax nnasmu.
AHanoriyHi TeHAeHLUii NOMITHI TaKOX AN YaciB YTpMMaHHS NOTOKY i €HEeprii, Ik ONUCYETBLCS HKYe, SKi
B cuctemi 10 FRC Takox 30inbwwunuca B 3-8 pasis. OTxe, BENMKUM OCATHEHHsM pexumy HPF €
MOXIUBICTb BUKOPUCTAHHS HEBEMNWKOI MOTYXKHOCTI MyYKiB MEHLU CUMbHMX MarHiTHUX NOniB i MEeHLMX
rabaputie ans nigtpumkn i 36epexeHHsa pisHoBarm FRC B cuctemi 10 FRC i manbytHix 6GinbLu
NOTYXHUX MalmHax. LM y[OoCKOHaneHHAM CnpusiioTb MeEHLLi BUTpaTM Ha ekcnnyartauito i
CMOPYAXEHHS!, a TAKOX 3MeHLUeHa iHXeHepHa CKNaaHICTb.

[na noganbworo nopiBHsaHHSA, Ha ®ir. 18A, 18B, 18C i 18D nokasaHi AaHi 3 TMNOBOro po3psiay B
pexumi HPF B cuctemi 10 FRC sak dyHkuio yacy. ®ir. 18(A) 3obpaxae pagiyc noToky, Lo
BUKMIOYAETLCS, Ha cepeaHin nnowmHi. Ona uyux Ginbll TpMBanMx 4acoBMX MacluTabiB npoBigHa
cTaneBa CTiHka binblle He € XOpOLUMM KOHCEPBATOPOM MOTOKY, i MarHiTHi 30HAMW, BHYTPILWHI BigHOCHO
CTiHKW1, [OOMOBHIOTLCA 30HA4AMW 330BHi CTiHKM, W06 HanexHo BpaxoByBaTW AMdY3il0 MarHiTHOro
NOTOKy Yepes cTanb. [MopiBHAHO 3 TMMOBMMY POBOYMMM XapaKTePUCTUKaMMN B 3BUHANHOMY PEXUMI, K
nokasaHo Ha d¢ir. 13A, 13B, 13C i 13D, pexum poboTwu, wo Bignosigae pexumy HPF, gemoHcTpye
30inbleHnn 6inbw Hixk Ha 400 % 4ac XuTTS.

Tunosun rpadik crigy NiHIKHO IHTErpOBaHOI ryCTUHM Noka3aHui Ha oir. 18B 3 1oro iHBepTOBaHUM
3a Abenem OonoBHEHHsIM, npodpini ryctuHn - Ha dpir. 18C. MNopiBHAHO 3i 3BMYariHUM pexnmom FRC
(pexxumom CR), sik nokasaHo Ha dir. 13A, 13B, 13C i 13D, nnasma € Ginbll CTaTUYHOK MPOTSroM
BCbOrO iMMNynbCy, L0 CBIgYNTL NPO AYXKE CTiiky poboTy. B iMnynbcax HPF Takox Tpoxu Hux4e nikosa
rycTUHa - Lie Hacnigok BinbLu BMCOKOI 3aranbHOI TeMnepaTypu nnasmu (ax Ao 2 pasi), ik MoKasaHo
Ha dpir. 18D.

Ona BignosigHoro pospsay, npointoctposaHoro Ha dir. 18A, 18B, 18C i 18D, yacu yTpumaHHs
eHeprii, YacTMHOK i NoToky ctaHoBnATb 0,5 mc, 1 mc i 1 Mc, BigNOBIAHO. Y MOMEHT noyaTky Bianiky 1
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MC NPV BXOMXKEHHI B pO3psAd, akymMynbOBaHa eHepris nnasmu ctTaHoBuTb 2 KK, B TOM Yac, siK BTpaTu
CTaHoBNATb NpmMbnusHo 4 MBT, Wwo pobuTb uen UinboBun Habip napameTpiB BENbMWU NpUaaTHUM A1S
NiATPUMKUN NYYKiB HENTPanbHMUX YaCTUHOK.

Ha oir. 19 Bci nepeBaru pexumy HPF nigcymoBaHi y ¢oopmi 3HOBY BCTaHOBMOBaHOI MacliTabHol
iHBapiaHTHOCTi ekcnepuMMeHTanbHOro yTpumaHHsa notoky B HPF. Akomora nobaunTtu Ha oir. 19, Ha
OCHOBI BMMIiptOBaHb, nNpoBefeHux Ao i nicns momeHTy t=0,5 mc, To6T0 Konm t<0,5 mc i t>0,5 wmc,
MacLTabu yTpuMaHHA MOTOKY (i, aHamnoriyHO, YTPUMaHHS YacTMHOK i yTpUMaHHs eHeprii), rpybo
KaXkyyn, 3anexaTb Bif KBagpaTy Temnepatypu enektpoHiB (Te) Ans geskoro 3agaHoro pagiyca
cenapatpucu (rc). Lle cyBope macwTtabyBaHHA MO3UTMBHOK MOTYXKHICTIO Te (@ He HeraTUBHOW
MOTYXXHICTIO) MOBHICTIO MPOTUNEXHE TOMY, SKE€ [OEMOHCTPYETbCA 3BMYaWMHMMM TOKamakamu, [fe
YTPUMaHHS, SK nNpaBwuSio, 3BOPOTHO MNPOMOPLINHO AesiKiA NOTYXHOCTI 3rigHO 3 TemnepaTyporo
eneKkTpoHiB. BusiBneHHs uiei MaclitabHoi iHBapiaHTHOCTI € NpsiMim Hacnigkom ctaHy HPF i nonynsauii
iOHIB Ha opbiTax Benukux pagiyciB (Todto opbitax y macwtabi Tononorii FRC i/abo wwoHanmMeHwe
NiHiMHOMY MacwiTabi [OBXWHW rpafieHTa XapakTepUCTUYHOIO MarHiTHOro nonsi). 3a BenuKkum
paxyHKOM, Lid HOBa MacluTabHa iHBapiaHTHICTb iCTOTHO CMpUSiE BUCOKMM poboyum TemnepaTtypam i
OO03BOMSIE OTPUMATU peakTopu BiAHOCHO HEBEMUKMX PO3MIpIB.

3a HasiBHOCTI nepeBar, ski gae pexum HPF, gocsxxHa nigTpumka abo ctatuuHum ctad FRC, wo
30yKYETBCA MyvyKamMu HEUTpanbHUX YacTMHOK, O Moxe OyTu niaTpMmaHo 3a AOMOMOrOH iHXKEeKLil
HanexHux TabneTtok, a ue O03Havae, Wwo rnobanbHi NnapameTpu nnasmu, Taki, K TepMiyHa eHepris
nnasMu, CyMapHi KinbKOCTi 4YaCTMHOK, padiyCc i OOBXWHA nnasmu, a TakoX MarHiTHUA MoTik,
NiATPUMYOTbLCS Ha OOI'PYHTOBaHMX PiBHsSIX 6e3 icToTHOro cnaay. [ns nopiBHSAHHS, Ha dir. 20 nokasaHi
AaHi Ha rpaddiky A, oTpuMaHi BHacnigok po3psay B xapakrepHomy pexumi HPF B cuctemi 10 FRC sk
dyHKUiA Yacy, i Ha rpadiiky B ons npoektoBaHoro xapakrepHoro pexumy HPF B cuctemi 10 FRC sk
dyHKUis Yacy, npu uboMy FRC 450 nigTpumyeTbcs 6e3 cnagy MpOTAromMm BCbOMY iMMynbCy My4ka
HEeNTpanbHMX YacTMHOK. [ns oTpumaHHs rpaddika A, MNy4YkM HeNTparbHUX 4YaCTMHOK 3 MOBHON
MOTYXHICTIO B AianasoHi npnbnuaHo 2,5-2,9 MBT iHxektyBann B FRC 450 npu TprBanocTi akTUBHMX
iMNynbCiB Ny4kiB NpMBnM3HO 6 Mc. Yac xuTTs nnasmu SK giamarHeTvika, BigobpaxkeHu Ha rpadiky A,
CcTaHoBUB Npnbnu3Ho 5,2 mc. binblw HOBI AaHi NOKa3yloTb, WO NPW TPMBANOCTI akTUBHMX iIMNYMbCIB
Ny4KiB NPUBMN3HO 7 MC JOCSPKHUIM Yac XUTTA Nnasmm 9K diaMmarHeTuka, Wo CTaHOBUTb NPMOIn3HO 7,2
MC.

Ak 3a3Havanocs suwe B 3B'A3Ky 3 dir. 16A, 16B, 16C i 16D, kopensuis mix TpuBanicTio iMnynscis
ny4kiB i Yacom xuTTa FRC He € 4OCKOHAamo, OCKiNbKM 3axX0OnneHHs Ny4dkiB cTae HeeekTUBHUM, KONn
pO3MipV Nra3mu MeHLe BM3HayeHuX, To6To konu disnyHi poamipn FRC 450 ckopouytoTbCs i He BCi
iH)XEKTOBaHI NydkM MnepexonnoTbea | 3axonmoloTbes. CkopodeHHss poamipiB abo cnag FRC
BifOyBaeTbCA Hacamnepen 4epes Te, WO YUCTi BTpatu eHeprii (~4 MBT npmbnv3HO Ha niBLINAXY
yepes po3psag) i3 nnasmm FRC nig yac pospsgy Tpoxu Ginblue, HiX 3aranibHa MOTYXHICTb, O
nigsogutecad B FRC 3a gonomorow nyykiB HemTpanbHUX 4YacTMHOK (~2,5 MBT) Ang KOHKpeTHOro
eKkcnepmMeHTanbHoro 3anycky. Ak sasHayanocs BuLle B 3B'A3Ky 3 oir. 3C, noxuna iHxekuia 3 rapmar
600, Wo CcTpinalTb Nyykamu HenTpanbHUX YacTUHOK, OO0 cepefHbOl MMOLMHU MNOMinwWye 3B'A30K
"nyyok-nnasma" HasiTb TOAi, konn nnasma FRC ckopodyeTbcs abo iHWWMM YMHOM CTUCKYETbCS B
OCbOBOMY HanpsAMKy MNpoTsaroM nepioay iHxekuii. Kpim Toro, HanexHe nigpkuBneHHs TabneTkamu
[03BONUTL 36epertu HeobXiaHY rycTMHY nnasmu.

Ha rpadiiky B npeacrasneHui pesynbTaT eTaniB MOAENIOBaHHA, NPOBeAEHMX i3 BUKOPUCTAHHAM
TPUBAnNoCTi aKTUBHUX iMMYMbCiB Ny4KiB NPUBAM3HO 6 MC i 3aranbHOi NOTYXXHOCTI NydykiB i3 rapmat 600,
WO CTPINATb My4KaMyu HEWTpanbHUX YaCTUHOK, WO Aewo nepeBuwye npubnuaHo 10 MBT, npwu
LUbOMY My4YKM HEMTparnbHMX YacTMHOK MNpuBedyTb A0 iHxekuii wemakux (H) abo amndysinHux (D)
HeWTpanbHUX YaCcTMHOK 3 EHeprield YacTMHOK npubnuaHo 15 keB. EkBiBaneHTHUM cTpym,
iH)XEKTOBaHUM KOXHMM i3 Myu4kiB, CTaHOBUTbL NpubnuaHo 110 A. [na rpadpika B kyT iHxekuii ny4kis
BiJHOCHO OCi MpUCTpoto cTaHoBMB NpubnusHo 20°, a uinbosun pagiyc - 0,19 m. KyT iHxXekuii MoxHa
3MiHIOBaTK B Mexax giana3oHy 15°-25°. Tyyok noTpibHO cnpsiMoByBaTV B a3nMyTarlbHOMY HanpsiMKy
Tak, Wwob ctpymn 6ynu napanensHumu. PiBHogjito4a GiYHUX Cun, a TakoX pPiBHOAH0YA OCLOBUX CUI, AKi
BVMHUKaOTb BHAcCMigOK My4ykiB HEWTPanbHWX YacTUHOK 3 [EsKOW KiNbKiCTIO pyxy, OyayTb
MiHiMidyBaTuUcs. AK i npu oTpumaHHi rpadpika A, weuaki (H) HenTpanbHi YaCTUHKM iHXEKTYIOTbCA 3
ikekTopie 600 Ny4kiB HENTPaAnNbHUX YACTUHOK 3 MOMEHTY, KONW MiBHIYHA i niBAeHHa hopmyBarbHi
FRC 3nuBatotbca B kamepi 100 yTpumaHHs B ogHy FRC 450.

ETann mopentoBaHHs, WO cnyryBanum OCHOBOK And nobymoeBu rpadika B, nepepbavanu
BMKOPUCTaHHsSI GaraToMipHUX anropuMTMIiB pilleHHs1 3a OMoMOrow MarsitorigpoanHamiyHoro (MHD)
reHepaTtopa Xona and oTpuMaHHs nnasmu i piBHOBary BiAMoOBIAHO 4O BiOOMUX METOAIB, MOBHICTIO
KIHETUYHUX anropuTMmiB pilleHHs meTogom MoHTe-Kapno aons cknagoBux iHTEHCUBHUX MYYKIB i BCiX
NPOLIECIB PO3CISHHS, @ TaKoX BUKOPUCTAHHSA CUCTEMM PiBHSIHb ANS BCIX CIMEWCTB nnasmu 3 MeTOH
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MOAEMOBAHHSA iHTEPAKTMBHUX MPOLECiB BTpAT. TPaHCMOPTHI KOMMOHEHTWM €MMipU4HO KaniopoBaHi i
BiAMIiYEHi penepamu BiAHOCHO eKcrnepuMeHTanbHoi 6a3n gaHnx.

Ak nokasaHo 3a gonomoroto rpacpika B, TepMmiH cnyxbu giamarHeTukiB B yctaneHomy ctaHi FRC
450 6yne poopiBHIOBATM TPUBAOCTI iMNynbCy nyyka. BogHovac, BaXnunBo 3asHaumTH, WO KNIOYOBUM
KopensuinHui rpacik B nokasye, Lo Konu ny4ku BigknoyaTs, nnasma abo FRC nouvHae cnagatu B
Llen MOMEHT, arne He paHiwe. Ller cnag aHanoriyHmMm Tomy, LLO CNOCTepiraeTbecsa Npy po3psaax, ski He
CTUMYIIOKTLCA MyYKamu, - IMOBIPHO, MiCNsa 3aKkiHYeHHA 6nn3bKo 1 MC NiCNA MOMEHTY BiKIMHOYEHHS, - i
npocTo Bigobpaxkae xapakTepuCTUYHMI Yac crnagy nnasmu, Wwo 30yaKyeTbCsl npouecamMu BRacCHUX
BTparT.

3BepTatoumck go dir. 21B, 21C, 21D i 21E, 3as3Hadyaemo, WO pe3ynbTaTh EKCMEPUMEHTIB,
NPOINIOCTPOBaHi Ha LUMX KpecneHHsX, MokasytTb 36epexeHHs FRC abo cranumi cTaH, LWo
30YyKYETBCA Big NOXUMNX MyYKiB HENTPANbHUX YaCTUHOK, TOOTO, rmobankHi napameTpu nNnasmMu, Taki,
AK pagiyc nnasmu, rycTuHa nnasmu, Temneparypa nrasmu, a TakoX MarHiTHUM noTik, NiATPUMYTbCS
Ha MOCTIHUX piBHAX 6e3 cnagy B Kopensauil 3 TpUBanicTio iMNyNbCiB NYYKiB HENTParbHMX YaCTUHOK
(NB). Hanpuknag, Taki napameTpu nnasmu nigTpUMyloTbCs, N0 CYTi, NOCTIMHUMW NPOTAroM ~5+ McC.
Taki poboyi xapakTepucTMkU Nra3mu, BKIOYAKUM O3HAKY MiIOTPUMKW, MaOTb CUNbHY KOpensuio 3
TpuBanicTio imnynecis NB, npu ubomy piamarHetTnam 36epira€eTbCd HaBiTb MNPOTArOM AEKiNbKOX
MinicekyHa nicna 3akiH4eHHs NB 3aBasikm Hakonu4yyBaHUM LWBUOKUM iOHaMm. Ak 306paxeHo, poboui
XapakTePUCTUKN NrasMm 0OMEXYTbCA NULIe 0OMEXEHHAMIN 3 TPUBANOCTI iIMMYNbCIB, AKi BUHMKAOTh
yepes KiHUeBi akyMynbOBaHi eHeprii B NOB'A3aHMX 3 UMM OXepernax XUBMEHHS BaraTbox KPpUTUYHUX
cucTeM, Takux, sK iHxekTopu NB, a Takox B iHLLIMX KOMMOHEHTax CUCTEM.

HanawTtoByBaHi eHepril ny4yKiB, AKi OTPUMYIOTbCS 3 NMYYKiB HENTPaNbHUX YAaCTUHOK

Ak 3a3Havanocs Buule B 3B'A3ky 3 ®ir. 3A, 3B, 3C, 3D, 3E i 8, B cuctemi 10 FRC posropTatoTb
nydkn 600 HeWTpanbHUX aToMmiB, W00 3abe3neunTn HarpiBaHHSA | 30yMKEHHS CTpymy, a TaKoX
PO3BUHYTM TUCK LLUBMAOKUX YaCTUHOK. HaBkono ueHTpanbHoi kamepu 100 yTpuMMaHHA po3TalloBaHi
OKpEeMi TpaKTu NyYKiB, WO MICTATb cuctemm 600 iHXeKLii NydKiB HEMTPanbHMX aToOMIB, i - 9K NOKa3aHo
Ha ir. 3C, 3D i 3E - nepeBaxHO HaxuneHi ANS iHXeKUil WBMAKMX HEWTpanbHUX YacTMHOK A0
cepefHboi nnowmHn kamepun 100 yTpumaHHs.

o6 popaTkoBo noninwutn 36epexeHHs FRC i npogemoHcTpyBaTt posriH FRC go Bucokmx
TemnepaTyp nnasmu i nigBuLLEHNX eHeprin cuctemu, nponoHosaHa cuctema FRC 10 Bkniovae B cebe
cuctemy 600 iHxekTOpiB MyykiB HewTpanbHux 4YactuHok (NBI, neutral beam injector), ska mae
nigBuLWEHY MOTYXHICTb i 30inblieHy TpyBanicTb iMNyNbCiB, HAMPUKNaa, MOXIIMBO - NULIE 3 METOH
nigBeAeHHs1 NoTyXHOCTi 6nmabko 20+ MBT 3 TpuBanicTio imnyneciB ax go 30 mc. Cuctema 600 NBI
BKItovae B cebe MHOXMHY iHXekTopiB 615 Ha ocHOBiI No3nTuBHUX ioHiB (gue. @ir. 3D i 3E), wo mawTb
yHiBepcanbHy MOAYNbHY KOHCTPYKLUilO 3 nigHabopom iHxekTopis NBI 615, Hanpuknag - 3 yotupma (4)
3 BocbMu (8) inxektopie NBI 615, o maloTb 3g4aTHICTb HanawToBYyBaTW €Heprilo nydka nig vac
nocTpiny Big Ginbl HWM3bKOI NOYATKOBOI €HEePril MyYKiB Npy MOCTPINi 4O MiABMWLLEHOI eHeprii nyJkis,
Hanpuknag - Big npubnusHo 15 keB go npmbnusHo 40 keB npu nocTinHoMy cTpymi nyyka. Lia
3paTHicTb iHxekTopiB NBI 615 6axaHa ans Toro, wob AocArHyTM Binblw edEeKTUBHOIO PO3rOHY i
HarHiTaHHA TUCKY akTUBHOI 30HM 450 nnasmu, Wo BUTIKae 3BigcK. 30Kkpema, usa 34aTHICTb A03BOMSE
oTpMMaTu BenbMu BaxkaHe MiaBULLIEHHST pOBOYMX XapakTepUCTUK Ha NiKOBOMY pOBOYOMY piBHi eHeprii
MOPIBHAHO 3 HW3bKMM piBHEM eHeprii: Hanpuknag, (i) koediuieHT 6inbll BMCOKOI MOTYXHOCTI
HarpiBaHHs goxoauTb A0 2-X; (ii) 3HWKeHHS BTpaT Yyepes3 0bMiH 3apsgamu 6nnsbke 40 5-TUKPATHOTO; i
(iii) picT TennonpogyKTMBHOCTI ax OO ABokpaTHoro. Kpim Toro, Ge3nepepBHO 3MiHIOBaHa eHepris
nyyka, sika Bupobnsaetbcs iHxkektopamu NBI 615, 3abe3nedye onTumanbHe y3rogXeHHs opbiTanbHUx
napamMmeTpiB IHXEKTOBaHWX, a MOTIM 3axOomnsoBaHUX LWBWMAOKMX IOHIB BiQHOCHO MWUTTEBMX Mpoduinis
3Ha4yeHb MarHiTHOro TUCKY nNif 4Yac npouecy po3roHy. |, HapewTi, BUCOKi LUIBUOKOCTI 3MiHU, SKi
[03BOMNSOTb AOCATHYTU TPUBANOCTI PO3roHy, Wo cTtaHoButb 0,1-10 mMc, HapiBHi 3i wBuakow (6nmnsbko
1 Mc abo MeHLUe) HanawToBYBaHICTIO eHeprii ny4yka, a NOTYXHICTb iHxXekTopiB NBI 615 3abe3neuvye
AOAAaTKOBI edeKTUBHI "pydykn kepyBaHHA", TOOTO, KepoBaHi KOHCTPYKTMBHI eNeMeHTN ANA HagaHHSs
nnasmi opMM i aKkTUBHOIO KepyBaHHS Masmolo 3i 3BOPOTHUM 3B'A3KOM 3a [OMOMOrow mMogynsiuii
eHeprii Ny4ka i NOTYXXHOCTI.

[na 3abe3neveHHs HarpiBaHHA i HarHiTaHHA Tucky FRC 450 HeobxigHa AoCTaTHS NMOTYXHICTb, 5K
ANa NigTPUMKW, Tak i ANa po3roHy A0 BUCOKOTEMNepaTypHUX nnasm i NigBuLLLEeHNX eHeprii cuctemu. Y
NPUMYLLLEHHI AOCTaTHbO HU3bKMUX LLIBUAKOCTEN BTPAT, WBUAKICTb PO3rOHY € OYHKLIE rONOBHUM YNHOM
TOro, Hackinbku Oinblly MOTYXXHICTb MOXHa MOrMMHYTM B akTMBHIN 3oHi 450 FRC 3a gonomoroto
ilkektopie NBlI 615 B Oyab-sikui 3agaHuin MomeHT dacy. OTxke, 3aBxgn OGaxaHa nigBuLieHa
NOTYXHICTb OCHOBHOIO NMy4yka HeMTpanbHUX YaCcTUHOK Yepes NopT iHXeKU;i.

Binblwe ToOro: edekTMBHa LWIBUAKICTb HarpiBaHHs 3aBadku iHxekTtopam NBI 615 € pesynbtatom
CKNagHOI B3aeMoAil MDK XapakKTepuCTUKaMu iHXEKTOBaAHOro nyyka i nojanbluvMy  CTiKUMU
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MUTTEBUMMK MNpOinammn TemnepaTyp BCIX TUMIB YaCTUHOK, NYCTUH €MEKTPOHIB i iOHIB, KOHUEeHTpauil
HEeNTpanbHUX YAaCTMHOK, @ TAKOX MarHiTHOro nons, Lo nNpoxoauTb Yyepes3 akTuBHY 30HY 450 FRC. 3
HUX, Npodini MarHiTHOrO Nons HaBMUCHO 3MIHIOTbL Yy CyOMiIniCeKyHOHUX 4YacoBux macliTabax 3a
OOMOMOIOK CUCTEMU KEPYBAHHSA Nid Yac PO3roHy, TOAi 9K MOB'A3aHi 3 KIHETUYHUM TUCKOM MNpodini
€BOJIIOLIOHYIOTb 3aBASKM BHYTPILWLHIM 3MiHaM, WO € pe3ynbTaToM MpoueciB camoopraHisauii i
TYpOYNeHTHOCTI B Mexax MnasMu, a TaKoX eHeprii, L0 MNOrMUHAETbLCA MPOLLECOM iHXEKLil.
HanawToByBaHicTb nyuykiB 3abe3nevye 3acid Hanbinbll onTMManbHOI aganTauii 40 LMX 3MiHIOBaHUX
YMOB.

Hanpuknag, nonepeyHui nepepis obmiHy 3apsigamm, To6TO, iIMOBIPHICTE 3aXOMSIEHHS eNeKTpoHa
LWBMOKAM IOHOM 3 YTBOPEHHSIM HENTpanbHOro atoma, OyXe 3anexuTb Big eHeprii nydkiB. [Ons
piana3oHy 15-40 keB weunakictb 06MiHYy OCHOBHMMU 3apsifaMuy Pi3Ko 3MEHLLYETLCS SIK OYHKLISA eHeprii
nydka. OTxe, npu Oyab-AKOMYy 3agaHOMy PiBHI MOMs, YTPUMMaHHS eHeprii B nnasmi BUSBNSETbCSH
HaMBULLUM, KOMW iHXEKLiS YaCTMHOK Npu HambinbLUin eHeprii cymicHa 3 Taknm piBHeEM nons (cepen
iHWoro, ue Bumarae, Wob eHepria iHXEKTOBaAHMX YaCTMHOK NPUBOAMNA A0 3HAXOMKEHHSA pagiyca
opbiT 3axONNOBAHOIO iOHA B MeXax BHYTPILLUHBLOI CTIHKM CUCTEMMU ANS YTPUMaHHS).

e oavH npuknag BnnvBiB NpodiniB Ha 3aranbHy TennonpoayKTUBHICTb CTOCYETbCHA CUTyauil
NOrMMHAHHA NOTYXHOCTI. Binbll BuCOka eHepria nydkiB y TMNOBMX Bunagkax Gyge npuBoautun OO
Binbworo nornuHaHHSa eHeprii Ha nepudepii FRC nopiBHAHO 3 akTMBHOKW 30HOK. HapocTaHHs
MarHiTHOro Mons, WO CyNnPOBOMKYETLCSA MATPMMKOI Ti€T XK eHeprii Ny4kiB B HbOMY, npuseae Ao binbLu
CTUCHYTUX OpBIT 3axonntoBaHMX iOHIB i NPOMOpPUINHO BinblIOro 3B'A3KY MO MOTYXXHOCTI 3 Myas3Moto
akTnBHoi 30HM FRC. Togi ui bakTn mMaloTb TakoX CUNbHUIA BNAMB HA YTPUMaHHS eHeprii; Hanpuknag,
€Heprilo, WO NOornMHaeTbCa Ha nepudpepii, HabaraTto nerwe TpaHCNOPTyBaTU 3 CUCTEMU B3O0BX
CTPYKTYPU HE3aMKHYTUX CWUSIOBUX JiHIN nonsg, To4i SIK eHepris, WO MNOrfMHAETbCA B aKTMBHIA 30Hi,
BTPAYa€TbCHA MOPIBHAHO MOBIMbHILLE 3aBASKM MEHLUIMM YacaM nepepidy nonsi. TakuMm 4YMHoMm, DaxaHa
TiCHa KoopAMHaLiS PO3rOHY MarHiTHOro nons i HanexHux 36inbLeHb eHepril NyykiB.

Cuctema 600 ny4kiB NnpusHaveHa Ans WBUAKOI MiHIMHOT 3MiHM Hanpyru B gianasoHi 0,1-10 mc. Le
3abesnevye noTteHuian Ans 30iNblueHHs TemnepaTtyp iOHIB i enekTpoHiB 3 koediuieHTamm 2 i 10,
BiQNOBIOHO, i 34INCHEHHS UBbOro y 4acoBmx MacwTtabax, MeHLWMX, HK TUMOBIi Yacu HapOCTaHHSA
MaKpOCKOMiYHNX HecTinkocTen. Omxe, BigbyBaeTbCca pyHaaMeHTanbHe 36iMnblUeHHS CTIMKOCTI nnasmu,
AK | ekcnnyaTauiHOT HagiMHOCTI | BigTBOPIOBAHOCTI.

PisHi yacuM HapocTaHHsi Hanpyru, wo cTtaHoBnatb Big 0,05 go 1 mc, 3abesnedvyioTb 4acu
OOCTaTHbO LUBMAKOMO BiAryKy, TaK WO MyYKM MOXHA BUKOPUCTOBYBATU AK YACTUHY CUCTEMU aKTUBHOIO
3BOPOTHOrO 3B'A3KY. TakMM YMHOM, AN KepyBaHHSA MaKpo- i MIKPOCTIMKICTIO MOXHa BMKOPUCTOBYBaTU
Moaynsuito nyykis. Hanpuknag, npoBogsyM KOPOTKOYaACHUIW 3CyB pafianbHoro npodointo nornmHaHHA
NOTYXXHOCTI 3aBAsKW 3MiHi eHeprii nyykiB (i TUM camMum - 3CyBYy MoAeni pafianbHOro norfvHaHHA
€Heprii), MOXHa BMNNUHYTU Ha rpagieHTV TUCKY, SKi MOXYTb MOCAYXWUTU NPOTUBArol MNiAMHOXWHI
HecTinkux pexumis nrna3mmn. Cuctema 10 FRC, nokasana Ha opir. 3D i 3E, BUKOPUCTOBYE Lt0 34aTHICTb
HapiBHi 3i LWBWAKAM MarHiTHUM 3BOPOTHUM 3B'I3KOM AN KepyBaHHSA BHYTPILLUHIMU nepeBepTaHHAMN,
LBMOKOCTAMM 0b6epTaHHs, PO3BUTKOM ApendOBUX XBUIb, i IHLWLI cLeHapii ekcnnyaTauii.

®ir. 25 inocTpye 306paxeHHs iHxekTopa 615 NBI nponoHoBaHoi cuctemun FRC 10. IHxekTop 615
NBI nokasaHun B MOXMIMBOMY BapiaHTi 34iCHEHHS Takum, LLO BKMNtovae B cebe: 30yaHuk 650 gyru;
nnasmoBy Kamepy 651; iOHHO-ONTUYHY cuctemy 652, Wo MICTUTb yrpynyBaHHsA TpiodiB abo TeTposis
BUAINbHUX | NPUCKOPIOBaNbHUX PELUITOK; HanpsiMHy niasicky 653; HenTpanizaTtop 654, SKMN MICTUTb
OyroBi BUMNapHUKM 655, Hanpuknag, Taki, K Oyrosi BUMApPHUKU TUTaHy, KpioHacoc 656, Wwo mae
NMOBEPXHEBI CTPYKTYpW, Hanpuknag, Taki, K pebpucTi noBepxHEBi CTPYKTYpW, KOHirypauis skux
3abe3nevye iHTEHCUIKOBaHY UMPKYMALUiO KpiOreHHoi piguHW, | BigXunbHUMW MarHit 656 ans
BMAanNeHHs He HenTpanisoBaHMX iOHIB; i KoniMipyBanbHy anepTypy 658, B 4Ky BMiLLeHUA KanopumeTp
659, Wo BCTaBNSAETbCA, AN BU3HAYEHHS XapaKTepUCTWK, OiarHOCTMKM i NOBTOPHOro KamnibpyBaHHS
NyNbCYYUX NMYYKIB.

Kaxyun KOHKpeTHO i 3BepTaioumMcb A0 ir. 26, 3a3HayaeMo, WO, AK MoKasaHO TYT, BTINEHHS
HanawToBYBaHO|I CUCTEMM MYYKIB NMepeBaxHO Ga3dyeTbCcs Ha ioHoonTuyHIn cuctemi (IOS, ion optical
system) 660 TpiogHoro Tuny. 3agym nondrae B anropuTtMi MPUCKOPEHHS-CMOBINTbHEHHS. AK
306paxeHo Ha dir. 26, Ha nepuwin ciTui G1 BcTaHoBneHa Hanpyra V1, Togi sk Ha gpyrin citui G2
BCTaHOBMeHa Hanpyra V2, a Ha 3aknoyHin citui G3 BctaHoBneHa Hanpyra V3. loHu, Wo BnBoaaThCS,
crnoyaTtky npuckoproTb A0 eHeprii E1=ex(V1-V2) B npoueci nepecikaHHa npoMixky Mk G1 i G2 ("e"
TYT NO3Ha4yae enekTpuyHWin 3apss ioHa). MoTiM X CNOBINbHIOITL Y NPOMDKKY MK G2 i G3 Takum
YnHoMm, Wo E2=El+ex(V2-V3). Hanpyry B TMNOBUX BMNagkax perynwoTb Tak, wo V1>V2>V3. Ha
OCHOBI HanexHuUXx okpemux gxkepen xusneHHs PS1, PS2, PS3 Hanpyroto ciTok MoXHa perynsoBaHo
HagaBaTW MpUPOCTM MPOTArOM iMMAynbCy, WO6 3MiHUTM Buxig 662 iOHIB, WO BUNYyCKaOTLCS.
Hanpwuknag, wob 3anyctutu iMnynbC nyvyka aTOMIB BOOHIO, MOXHA peryrnioBatu pobodi Hanpyru,
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pocsratoun V1=15 kB, V2=-25 kB i V3=0 B. Togai ioH/n nepBMHHOro ny4yka OyayTb NpUCKOpIOBaTUCS
cnoyatky go 40 keB, a notim BuxogaTtb 3 IOS 3 eHeprieto 15 keB. TlisHiwe B iMnynbci MOXHa
nepeMunkaTn mxepena xueneHHsi, 3abesneuvytoun V1=40 kB, V2=-1 kB, V3=0 B. Toai cnoBinbHEHHS
ny4ykiB y gpyromy npomikky Oyaoe npakTU4HO BiOCYTHIM, AatouM BUXIA eHeprii nyykiB npmbnmsHo 40
keB. KepyBaHHA KOXHUM 3 [KEepen >XUBMEHHs 34IMCHIOITbL OKpeMo, i Le 3abesneyye HanexHy
MOOYnAUil0 Hanpyr. |OHW NEepBUMHHONO Myyka BUTATYIOTbCA 3 PIBHOMAaHITTA iOHIB CTaHAapTHOroO
ayrosoro abo pagiodactoTHoro nnasmoBoro gxepena PS. lNicna sunyckaHHa 3 10S 660 nyykn 662
iOHIB npoxoaaTb HenTpanizatop 664, Oe LWBWMAKI iOHWM NEPETBOPIOIOTBCS Y HEWTparnbHi iOHM 3a
gonomMmoroto obmiHy 3apsgamum 3 enekTpoHaMym XOMOAHOr0 HEeWTpanbHOro rasy, MNpPUCYTHBOrO B
HenTpanisaTopi 664. HanexHa umpkynsauis KpioreHHol piavHu 3anobirae BUTIKAHHIO HEWTPanbHOro
rasy 3 posTallOBaHOrO HWX4Ye 3a Tedielo OTBOPY HeuTpanizatopa 664. Ha Topui HenTpanisaTopa
TaKoX € HaneXxHW MOBOPOTHUI MarHiT 666, Ak 3abesnevye BigBeOEHHSA He HeWTpanisoBaHMX
LIBMAOKNX iOHIB 663, i NOB'A3aHNn 3 HUM NornnHa4y 668 ioHIB, NPU3HAYEeHUn NS NOMMIMHAHHA LWBUAKUX
ioHIB i TXHbOI eHeprii. My4yok 670 aTomiB, WO BUMYCKAETBLCH, NOTIM MPOMycKalTb Yepe3 npuaatHy
aneptypy 672, wwWo0 3MeHWMUTM pOo30iKHICTL nyyka i 3abesneuntn Oobpe KonimipoBaHWIA MOTIK
HenTpanbHMX aTOMIB A0 aKTUBHOI 30HM peakTopa.

Y anbTepHaTuBHoMy BapiaHTi, IOS BMKOHaHWIA HA OCHOBI TETPOOHOI KOHCTPYKLII. Y LbOMY BMNaaKy
I0S cknagaeTbcs 3 HOTUPLOX CITOK, SKi MalTb Takuii XKe OCHOBHUI BIOK MPUCKOPEHHS-CMOBINbHEHHS,
SIK TOMW, WO MOSACHIOBaBCHA AN BMNaAKy TPIOAHOI KOHCTPyKUil. PaxiBui B Ui ranysi TEXHIKM nerko
pO3Ni3HalTb aHamorik0 MiXX KOMMOHEHTaMW CUCTEMM | NpuHUMNM poboTn. BBeaeHHS 4eTBepTol CiTku
3abesnevye MOXMMBOCTI TOYHOIO HanawTyBaHHA | 3aranbHUN NIABUWEHWA eKkcnnyaTauinHui
yHiBepcaniam.

MoxnuBi BapiaHTV 34iINCHEHHS, NpeacTaBreHi TyT, Oynn onucaxi B nonepeaHin 3asBuUi Ha NaTeHT
CLUA Ne 62/414,574, sika BKNtoYeHa B Lie AOKYMEHT 3a ONOMOIOH NMOCUIaHHS.

KepyBaHHsi cTabinbHICTIO Nnas3mu i ii OCbOBMM MONOXEHHAM

3BuMyaniHi BUpilLeHHs npobnem HecTikocTen FRC B TMNoBMx Bunaakax 3abesnedytoTb CTIMKICTb B
OCbOBOMY HamnpsiIMKy 3aBOsIKM HECTINKOCTi B pagianbHOMYy HanpsiMKy, abo CTilkicTb y pagianbHoMy
HanpsIMKy 3aBASKM OCbOBI HECTIMKOCTI, @ He CTilKiCTb B 060X HanpsmKax ogHO4YacHo. Y nepLiomy
HabnwxeHHi, piBHOBara, Npu AKil NONOXEHHHA Nnas3Mu nonepeyvHo abo pagianbHo CTinke, Mae GaxaHy
BNACTUBICTb, Oyay4M BiCECMMETPUYHOI, 3aBAAKMN OCbOBI HECTINKOCTI. Y 3B'A3Ky 3 BULLEBUKNAAEHUM,
npeacTaBneHi TyT BapiaHTW 34iINCHEHHS CNPSMOBaHI Ha CTBOPEHHS CUCTEM i cnocobiB, siki CNpusioTb
ctivikocTi nnasmmn FRC, Ak B pagianbHOMY, TaK i B OCbOBOMY HaMpsIMKY, @ TakoX KepyBaHHSA OCbOBUM
nonoxeHHsam nna3mm FRC B3gosx oci cumeTpii kamepu yTpumanHa nnasmy FRC HesanexHo Big
BNACTUBOCTEN OCbOBOI CTiikocTi piBHoBarn nnasmm FRC. BopgHouyac, nepepbavaetbcsi aKTUBHE
KepyBaHHS HECTIMKICTIO OCbOBOTrO MOMOXEHHSI 32 OOMOMOrol Habopy 30BHILLHIX BiCECMMETPUYHMX
KOTYLUOK, $IKi KepylTb OCbOBMM nonoxeHHaM nna3mu FRC. [MponoHoBaHi cuctemu i crnocobu
3abe3nevyloTb 34iiCHIOBaHE 3i 3BOPOTHMM 3B'A3KOM KepyBaHHS OCbOBUM MOMOXeHHsiM nna3mmn FRC
He3anexHo Big BMNacTMBOCTEW CTIMKOCTI piBHOBarM MnasMy 3aBOsKW BNNUBY HaA Hanpyru, LWo
npyKnNagaTbCcsa OO0 HAOOPy 30BHILLIHIX KOTYLLIOK, KOHLEHTPUYHMX 3 NIa3Moto, i BUKOPUCTAHHS MeToay
HeniHINHOro KepyBaHHS.

MpencraBneHi TyT BapiaHTM 34INCHEHHSA nepenbayaloTb BUMKOPUCTAHHS akcianbHO HECTIMKUX
pieHoBar FRC, wob gobutnca pagianbHoi CTiMKoCTi, cTabinidytoun abo ycyBaroum npu LbOMYy OCbOBY
HEeCTIMKICTb. TakuM YMHOM, MOXHa OTpMMAaTK CTINKICTb, SK B OCbOBOMY, TaK i B pagianbHomMy
HanpsAMKy. [ns  4YepryBaHHS 30BHIWHBOrO abo pPiBHOBaXHOr0 MarHiTHOro nons po3pobneHa
MEeTOZOMOriA KepyBaHHS, Wo fo3sonse 3pobutn nnasmy FRC pagianbHo abo nonepeyHo CTinkot
3aBASKN Ha@HHIO OCbOBOI HECTINKOCTI, @ NOTiM BNAMBATK HA CTPYM KOTYLLKW paianbHoro nons, wob
HeBigKNagHoO NOBepHYTM nornoxeHHs nnasmu FRC po cepefHbOi MAOLWMHKU, MiHIMI3ylO4M MpU LIbOMY
nepeperynoBaHHs i/abo konvBaHHSA Bins cepeAHbOI MMOWMHM KaMepu yTpumaHHs. MepeBara uboro
PiLLEHHSI MOMnsArae B TOMYy, LIO BOHO 3HMXYE CKMNaAHICTb BUKOHABYMX MeXaHi3MiB, HeoOXigHMX Ons
KepyBaHHS. [MOPIBHSAHO 3i 3BMYAMHUMK PIiLLEHHAMW 3 AeKinbkoma CTyneHsamu ceoboam, MeToaornoris
npeacTaBneHoro TyT BapiaHTa 3AIMCHEHHS 3HWXYE CKNagHICTb, WO BHOCUTLCSA B 3afavy KepyBaHHSA
B340BX OCi 06epTaHHsa nna3mu FRC, wo mae oguH cTyniHb ceoboan.

KombiHauis ¢opm KOnMBaHb y CTPyMax KOTYLLOK, 3aBaHTaXXEHHS i MOTY)XHOCTI ny4ka HEeNTpanbHNX
YaCTMHOK, SKa NPUBOAUTL A0 akcianbHO HECTIMKOI NnasMu, BU3HAYae CLeHapi KepyBaHHSA NnasmMoto,
AKUA NepeBoauTb MnasMy B akcianbHO HeCTiMKy cuTyauito. CueHapin Moxe 6yTu nonepegHbo
3anporpamMoBaHUin 3 BUKOPUCTAHHSAM MOMEPEfHiX 3HaHb Mpo eTanu MoAentoBaHHA abo
eKcrnepumeHTun, abo kepyBaTUCs 3i 3BOPOTHUM 3B'A3KOM A1 30epeXeHHs1 piBHOBaru, sika € akcianbHo
HecTinkot. MonoXeHHAM nnas3mm NOTPIGHO KepyBaTyh M Yac pPo3psAiB He3aNeXHo Bifg BNacTUBOCTEN
CTiiKOCTi piBHOBaru, Hanpuknag, cxemMa KepyBaHHS MOBMHHA NpautoBaTt abo Ans akcianbHO CTINKOI,
abo Ana akcianbHO HECTIMKOT nnasmu, ax Ao Mexi. Hambinblu akcianbHO HecTillka nnasma, Kok
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MOXHa KepyBaTWl, Mae 4ac pocCTy, NOPIBHAHHMWI 3i CKiH-4aCOM EMHOCTI.

3BepHeMocst Tenep OO0 cucTeM i cnocobis, ski nonerwyioTb crabinizaudito nnasmm FRC gk B
pajianbHOMY, TaK i B OCbOBOMY HanpsiMKax, i KepyBaHHS OCbOBUM MonoxeHHaM nnasmu FRC B3goBx
oci cumeTpil kKamepu yTpumaHHa nnasmmn FRC. Ha dir. 27 nokasaHa cnpolleHa cxema ans inoctpadii
MOXIMBOrO BapiaHTa 34iMCHEHHs MexaHisamy 510 kepyBaHHS OCbOBMM nonoxeHHsM. ObepToBa
nnasma 520 FRC, nokasaHa B mexax kamepu 100 yTpumaHHs, mae cTpym 522 nnasmu i HanpsmMok
524 ocboBOro 3MmiweHHs. PiBHOBakHe none (He nokas3aHo) CTBOPKETbCA B Mexax kamepu 100
KOMMOHEHTaMN, $SKi CTBOPIOIOTb CUMETPUYHI CTPYMW, TaKUMKU SK, Hanpuknag, KOTywku 412
KBaginocTinHoro cTpymy (ame. dir. 2, 3A, 3D i 3E). PiBHOBaXKHe none He CTBOPOE PiBHOAIOYOI CUMn B
HanpsMKy 524 0OCbOBOro 3MmilleHHs, ane Moxe OyTu HanawToBaHe Ha CTBOpPEHHs abo
nonepeyHo/pagianbHo, abo akcianbHO CTiMkoi nnasmu. [na uinen BapiaHTa 34iACHEHHS,
npeacTaBneHoro TyT, PiBHOBaXKHe MoJfie HanawToBaHe Ha CTBOPEHHS MonepevHo/pagianbHO CTiNKOT
nnasmmn 520 FRC. Ak 3asHauanocs Buwe, Lue NpMBOAUTL OO0 OCbOBOi HECTIMKOCTI i, TaKUM YMHOM,
0CbOBOro 3MilleHHsa nnasmu 520 FRC B Hanpsamky 524 ocboBoro 3miwieHHs. Ockinekn nnasma 520
FRC nepemilaetbecs akcianbHo, BOHa iHAYKye cTpymn 514 i 516, aki € aHTUCUMeTpn4HUMMK, To6TO B
NPOTUMEXHMX HanpsMKax B CTiHkax kamepu 100 yTpMMaHHSA Ha KOXHi CTOPOHI cepeaHbOl NOLWNHN
kamepu 100 yTpumaHHs. Nnasma 520 FRC 6yae iHaykyBaTyh Ui TMNK CKNagoBuX CTPYMY SIK B EMHOCTI,
Tak i y 30BHIiWHiX KoTywkax. Li anTucumetpuyHi cknagosi 514 i 516 cTpymiB CTBOpIOIOTL pagiansHe
none, sike B3aEMOAi€ 3 TopoidanbHWM CTPyMOM 522 nnasmu, CTBOPIOKOYM CuUMy, Sika npoTugie
nepemiweHHo nnasmum 520 FRC, i pesynbTatom Ui€i cunM € Te, WO BOHA CMOBINbHIOE OCbLOBI
3MilLleHHs1 nnasmu. Y 3B'A3Ky 3 onopom kamepu 100 yTpMMaHHs, BigOyBaeTbCA MOCTYNOBE BUTIKAHHS
umx ctpymis 514 i 516 3 yacom.

KoTtywku 530 i 531 pagianbHux nons, postalwioBaHi HaBkosio kamepun 100 yTpuMaHHS Ha KOXHin
CTOPOHI cepeaHbOoi NNoLlnHK, 3abe3neyyoTb OAATKOBI CKMaAoBi pafianbHOro nons, siki 3yMoBeEHi
ctpymamm 532 i 534, iHgyKoBaHVMK B NPOTUREXHNX HanpsaMkax B koTywkax 530 i 531. KoTywkn 530 i
531 pagianbHOro Nonst MOXyTb MICTUTU Habip BiCECMMETPUYHUX KOTYLLOK, SKi MOXYTb BYTN pO3MILLEHI
BcepeauHi abo 330BHI emHocti 100 gnda ytpumanHsa. Kotywkm 530 i 531 pagianbHux nons, sk
nokasaHo, posTalloBaHi 30BHi emHocTi 100 Ans yTpumaHHs, aHanoriYyHo KoTywkam 412 (gue. dir. 2,
3A, 3D i 3E) kBasinocTinHoro ctpymy. KoxxHa 3 koTywok 530 i 531 abo HabopiB KOTYLLOK MOXe HEeCTH
HLWIMN CTPYM, HIK KOTYLIKW Ha MNPOTUIEXHIN CTOPOHI CepedHbol MIoWMHKW, ane CTpymMu €
aHTUCUMETPUYHMMN BIOHOCHO cepeaHbol nnowmHu emHocti 100 ana yTpuMaHHs | CTBOPHOOTb
CTPYKTYpY MarHiTHoro nons 3 B:#0, Bi=0 B3goBX cepegHboi nnowmHu. Kotywkm 530 i 531
pafianbHOro Mofs CTBOPKOOTL [J00aTKOBY CKMNadoBy pafianbHOro nons, sika B3aemofie 3
TopoijanbHUM CTpyMOM 522 nnasmu, CTBOpKOYM ocboBy cuny. OcboBa cuna, CBOEK 4Yeproto,
nepemillye nnasmy Hasag 4o cepefHboi nnowmnHn kamepu 100 yTpuMaHHS.

MexaHiam 510 kepyBaHHA BKIo4ae B cebe CUCTEMY KepyBaHHS, BUKOHAHY 3 MOXIMBICTIO BNIIMBY
Ha CTPYM KOTYLLOK pafianbHoro nons, wob onepaTvBHO NOBEPTATK NOMOXEHHS NNasMu 4O CepeaHboi
NAOLWUHM, MIHIMI3ylouM NpU LbOMY nepeperynioBaHHs i/abo konuBaHHa 6ins cepegHbOi MOLWMHK
MawmHn. Cnuctema kepyBaHHs BKMoyae B cebe npouecop, yHKUIOHANbHO 3B'A3aHUA 3 KOTYLUKaMu
530 i 531 papgianbHOoro nond, koTywkamu 412 KBasinOCTINHOMO CTPyMy, iXHiMW BigNOBIAHUMMU
oKepenamu XMBMAEHHS M iHWWMKM KOMMOHEHTaMu, TakuMu, SIK, Hanpuknag, MarHitTHi JaTyuky, LWo
HagalTb BUMIPIOBAHHA MOMOXEHHS NNasmu, LWBUAKOCTI NrasMuM i CTPYyMYy aKTMBHUX KOTYLLOK.
KoHcpirypauis npouecopa moxe 3abe3nedyyBaTv BMKOHAHHS OOYMCIEHb i aHanisiB, onucaHux B Uik
3agBUi, | Moxe Bkno4yatm B cebe abo OyTM KOMyHIKaTMBHO 3B'si3aHMM 3 OdHMM abo Ginblue
3anam'aToBYHOUUMU  MPUCTPOSAMM,  BKIIOHAKOUM  MaLUMHOYUTAHUK  HOCIA AN LOBroTpvMBaroro
30epiraHHa. BiH moxe Bkntoyatm B cebe cucTeMy Ha OCHOBI mpouecopa abo mikponpouecopa,
BKITHOYAOYM CUCTEMW, LLIO BMKOPUCTOBYHOTb MiKPOKOHTPOMEPU, KOMM'IOTEPU 3i CKOPOYEHMM Habopom
komaHg (RISC, reduced instruction set computer), iHTerpansHi cxemn npuknagHoi opieHTauii (ASIC,
application specific integrated circuit), noriuHi cxemun i 6ygb-AKy iHWY cxeMy abo npouecop, 30aTHUNA
BMKOHYBaTW (DYHKLUii, onucaHi TyT. BuwleHaBegeHi npyknagn € nuvwie inocTpaTMBHUMMK i, OTXKe, He
npusHayeHi ans 0bMeXeHHs1 AKMM-Hebyab YMHOM BM3HAYeHHSs i/abo 3HadeHHs TepMiHa "npouecop”
abo "komn'totep”.

®yHKUii npouecopa MOXyTb OyTW pearni3oBaHi 3 BMKOPUCTAHHAM MPOrpaMHMX nNpoueayp,
anapaTHMX KOMMOHEHTIB abo ixHiX komGiHauin. AnapaTHi KOMMOHEHTU MOXYTb OyTW peanisoBaHi 3
BUKOPUCTaAHHSAM PIi3HUX TEXHOSOriA, BKMNKOYaluKn, Hanpuknag, iHTerpanbHi cxemm abo okpemi
€reKTPOHHI KOMMNOHEHTW. [poLiecopHuiA 6NoK, ik NpaBumo, BKoYae B cebe 34MTyBaHUR/3anncyBaHni
NPUCTPIN 30epiraHHA OaHMX i, K NpaBuUMno, TaKoX BKM4Yae B cebe anapaTHe i/abo nporpamHe
3abe3neveHHs s 3anucy i/abo 34nTyBaHHsSI NPUCTPOIO 30epiraHHA gaHuX.

Mpouecop Moxe BKMYaTM B cebe obuMcrnoBanbHWUIA MNPUCTPIN, NPUCTPiI BBeAeHHs, Onok
BigobpaxeHHs i iHTepdelic, Hanpuknag, Ana goctyny Ao mepexi Internet. Komn'totep abo npouecop
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MOXe BKMtovaTn B cebe mikponpouecop. Mikponpouecop moxe 6yTu nigkniouYeHnin O WNHK 3B'A3KY.
Komn'toTep abo npouecop TakoX MOXe Bkmwoyatm B cebe 3anam'aToBYOUMI  MPUCTPIN.
3anam'aToByouM NPUCTPIN MOXe BKNoYaTh B cebe onepaTmMBHUA 3anam'saToByroumni npuctpin (RAM)
i nocTinHmi 3anam'atoBytoumi npuctpin (ROM). Komn'totep abo npouecop Takox MOXe BKMNo4aTu B
cebe npucTpin 36epiraHHA AaHuX, SKNMn Moxe ByTu KOPCTKMM ANCKOM abo 3HIMHUM HakonuyyBadem,
TakuMm, 9K OMCKOBO FHYYKMX OUCKIB, ONTUYHMIA auckoBog i T. n. lNpucTpin 36epiraHHA Takox moxe
OyTV iHWKMM aHanoriyHUM 3acoboM ANgA 3aBaHTaXXeHHS KOMM'IoTEPHMX nporpam abo iHWKMX KoMaHa y
komn'toTep abo npouecop.

Mpouecop BUMKOHYE Habip KoMaHA, sSKi 30epiraloTbcsa B ogHOMy abo Oinblie enemeHTax
30epiraHHs, onst o0pobku BXigHMX AaHux. EnemeHTn 36epiraHHsA Takox MOXyTb 36epiratu gaHi abo
iHWY iHpopmauito 3a DaxaHHAM abo 3a noTtpedu. EnemeHT 30epiraHHA Moxe OyTW BUKOHAHWUA Yy
BUrNSAI pxkepena iHgopmalii abo gisMdyHOro eneMeHTa nam'ati B Mexxax 004nMcroBarnbHOT MaLlvHU,

3agava KepyBaHHSA MOJIOXKEHHAM akcianbHO CTiKoi abo HecTinkoi KoHdirypauii FRC 3
BUKOPUCTAHHAM MPUBOAIB KOTYLIOK pafianbHOro nons BupilleHa 3 BUKOPUCTAHHAM TFinku Teopil
HEeniHINHOro KepyBaHHS, BiAOMOI SK KepyBaHHS 3 KOB3HUM pexumoM. JliHinHa dyHKUia cTaHiB cuctemu
(NoBepXHA KOB3aHHS) BWUCTYMae B pOSi cuUrHamy MOMUIKM 3 HeOoBXiOHOK acMMNTOTMYHO CTINKO
(koB3HOK) nosepfiHKow. NoBepXHA KOB3aHHA po3pobrieHa 3 BMKOpPUCTaHHAM Teopil JlanyHoBa ans
BUSIBMIEHHS ACUMMTOTUYHOI CTIMKOCTI B LUMPOKOMY Adiana3oHi AuHamiyHmx napametpis FRC.
lMponoHoBaHa cxema KepyBaHHSA MOTiIM MoXe OyTu BUKOpMCTaHa SK OMS akcianbHO CTINKOI, Tak i
HecTilkoi nnasmu 6e3 HeobOXiAHOCTI nNepeHanaliTyBaHHSA MapaMeTpiB, WO BMKOPUCTOBYIOTbCS Ha
NoBEpPXHi KOB3aHHA. Lla BNacTmMBICTb € NepeBaxHOW, OCKINbKW, SIK 3ragyBasiocsl padille, piBHoBasi,
MOXIIMBO, [OBEAETbCH 34iMCHIOBATW Mepexig MK akcianbHO CTIMKOK | HECTINKOK piBHOBArow Ha
pisHuX gpasax po3psiay FRC.

KoHgirypauisi cxemn 500 kepyBaHHSA nokasaHa Ha ir. 28. ®inbTp HWXHiX yacToT (LPF) obmexye
4YaCcTOTU NEepeMMKaHHA B MexXax HeobXigHOI LMPUHN cMyrn kepyBaHHs. MepegbadvaeTbCs HasBHICTb
LUMPOBOro KOHTYpa KepyBaHHs, WO BUMarae AWCKpeTusauii i nepegadi curHany i3 3aTpUMKOIO Ha
ogHy BuBipky. CurHan noMunku (NOBEpPXHsI KOB3aHHSA) SBMASE COOOI nNiHiMHY KOMBGiHaUilo CTpymy
KOTYLLIOK, MOSIOXKEHHSA NrasmMu i LWBUAKOCTI nnasmu. [onoxeHHs i WBuakicTe nnasmm G6epyTtbes i3
30BHILWHIX MarHiTHUX BuMMiptoBaHb. CTpyMM B CUCTEMAaX aKTMBHUX KOTYLUOK MOXYTb OyTv BUMIpSHI
cTaHgapTHUMKM cnocobamu.

CTpyMM KOTYLIOK i MOMOXEHHsI Mna3mu HeobxigHi ONna 34IMCHEHHS KepyBaHHA MOMOXEHHSIM.
Weuakicte nnasmmu noTpibHa ans noninweHHss edeKTUBHOCTI, ane BOHaA He € 00OB'SI3KOBOL.
HeniHinHa pyHKUIA LbOro curHany nOMUMKU (3aKOH KepyBaHHSA pene) reHepye AWUCKPEeTHi PpiBHi
Hanpyrn Ons KOXHOI napu JXepen >XUBMEHHS, MigKMioYeHUX A0 CUMETPUYHUX KOTYLIOK cepeaHbol
nnowmHU. CUMETPUYHI KOTYLIKM cepefHbOi NIOWMHU KUBMATLCA Hanpyrow pene OAHaKoBOI
iHTEHCMBHOCTI, ane nNpoTuUnexHoro 3Haky. Lle cTBoptoe cknagoBy pafianbHOro nons Ansg noBepHeHHs
NMOMOXEHHS NasMn A0 CepeaHbOT MMOLLMHM.

LLlobn npoaemMoHCTpyBaTh 34INCHEHHICTL CXEMU KEPYBAHHS, ANS MOAEMNOBAHHA AMHAMIKM NrasmMu
BMKOPUCTOBYETBCS MOAENb XOPCTKOI nnasmu. Mogens BUKOPUCTOBYE reomeTpilo marHita. Po3noain
CTpyMy nnasmu BignoBigae akcianbHO HECTINKi piBHOBA3i 3 4aCOM POCTY 2 MC, KONU po3rnsagalTbes
TiNbkM nnasma i emHicTb. NepenbavaeTbes, WO [LKepena XUBIMEHHA MPaulolTb i3 OUCKPETHUMMU
PiBHAMW Hanpyru, 3Bu4anHo - 3 kpokamu rno 800 B.

Ha dir. 29 nokasaHi [ekinbka eTaniB MOAEMOBaHHA KepyBaHHA Mnasmot, Sk BUAINATb
BiJHOLIEHHA MK Hanpyramu, WO NpUKNagaTbCs A0 KOTYLLOK, | YacaMu BCTAHOBMEHHS MOMOXEHHS
nnasMy, a TakoX HeoOXigHWMM MIKOBUM CTPYMOM KOTYLIOK i LUBWMOKOCTAMM MiHINHOI 3MiHK, w06
NOBEPHYTM [0 CEPEAHbOI NMOLWMHM Nnasmy, gka byna 3milleHa B 0CbOBOMY HanpsaMKy Ha 20 cm. Lli
npuKnagan MoaentoBaHHA KepyBaHHS OCbOBWM MOMOXEHHAM 3 KOB3HUM PEXUMOM BUKOHYKOTLCS NpU
0,3 Tn 3 BUKOPUCTAHHAM YOTMPbOX Map 30BHILLHIX 0OPI3HNX KOTYLWOK. [oka3aHi YoTupn BUNagKu, SKi
BiQMOBIAAIOTE MKepenam XMUBMEHHS 3 ANCKPETHUMM PiBHSAMM Hanpyru 3 kpokamu no 200 B (cyuinbHui
kBagpar), 400 B (cyuinbHe kono), 800 B (cyuinbHun TpukyTHUK) i 1600 B (mopoxHuctun kBagpar).
[ns BCiX YOTUPbOX BUMAAKIB LUMPUHA CMYTU KepyBaHHA cTaHOBUTL 16 KI'U, a YacToTa gnckpeTusauii -
32 «lu. lNokasaHi NOMOXeHHs nna3mu (BepxHin rpadik), CTPyM Yy KpaviHii 330BHi Mapi KOTYLLIOK
(cepemHin) i WBMAKICTb MiHIMHOT 3MiHW CTPYMY KOTYLIOK (HW>KHIN). 3MilLleHHI0 nnas3mu O03BOMEHO
pPOCTU HEeCTiKo, NMoknm BoHa He pocarHe 20 cMm. Ha uboMy eTani 3acTOCOBYETbCS KepyBaHHS 3i
3BOPOTHUM 3B'A3KOM.

Pe3ynbTtatv MoaentoBaHHS NoOKasyoTb, LLO:

1. WwWob6 NoBepHyTU Nna3my OO CepefHbOl MMOLWUHM NPoTAroM 5 mMc (cnigm cyuinbHUX KBagparis),
OOCTaTHbO LLBUAKOCTI pO3roHy koTyLkn B 0,5 MA/c 3 Bumoroto axepena xumeneHHs B 200 B;

2. Wobu noBepHYTU MnasMy [0 CepeAHbOi MMOWMHM npoTarom 2,3 Mc (Cnigu CyuinbHUX Kin),
AOCTaTHBO LWBMAKOCTI PO3roHy KoTywku B 1 MA/c 3 Bumoroto gxxepena »xusneHHst B 400 B;
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3. wob noBepHyTM Mnasmy A0 CepeaHboi NnnowuHM npotarom 1,3 Mc (Crign CyuinbHUX
TPUKYTHUKIB), JOCTaTHBLO LWBMAKOCTI PO3roHy KoTyLwku B 2 MA/c 3 BuMoroto mxepena xueneHHs B 800

4. Wlo6 noBepHyTM nnasMmy A0 cepefHboi nnowuHu npotarom 1,0 mc (cnigym NOPOXHUCTUX
KBagpartiB), 4OCTATHBLO LWBWUAKOCTI PO3roHy KOTywWwku B 4 MA/c 3 BUMOrotw mkepena xueneHHs B 1600
B.

MMikoBi cTpymn Ans BCiX 0OpPi3HMX KOTYLUIOK ANs TPeTbOro BUNaaKy, PO3rnsaHyTOro Bulle (BUMNagok
LWBMAKOCTI po3roHy B 2 MA/c), Takox nokasaHi Ha dir. 30 3anexHo Big NONOXEHHS 0OPi3HOT KOTYLLIKK.
Mpuknagn MoaentoBaHHA KepyBaHHA OCbOBUM MOJIOXKEHHAM i3 KOB3HUM PEXMMOM BUKOHYIOTLCA MpuU
0,3 Tn 3 BMKOPUCTAHHSIM YOTMPbLOX Map 30BHILLIHIX OOpPI3HMX KOTYLUOK 3 BMKOPUCTAHHAM [DKepena
XMBNEHHS 3 Tpboma piBHaAMM (+800 B, 0, -800 B), wupuHu cmyrn kepyBaHHs 16 kl'y i 4yacTtoTu
anckpeTtunsauii 32 kl'y. Lobn noBepHyTM Nnasmy Ao cepeaHboi niowmHu npotarom 1,3 Mc, noTpibHa
LWBMAKICTb PO3roHy koTywku 2 MA/c. TMikoBui cTpyM, HEOOXigHUI Yy BCiA napi KOTYLIOK, CTAHOBUTb
MeHwe Hix 1,5 kKA. dakTnyHa HeobxigHa 4acTtoTa nepemukaHHs (NpubnuaHo 2 ki) 3HaYHO HKKYe
LUMPUHU CMYTU CUCTEMU KEPYBAHHS.

CuncTtema KepyBaHHSA TakoX MoOXe ByTu peanizoBaHa Ha LifnbOoBil NOBEPXHI, ika € PYHKUIE TiNbKK
CTPYMY KOTYLUOK i LWUBWAKOCTI nnasmu, 6e3 NnonoXeHHsa nnasmu. Y ubOMy BUNagKy KOHTYP KepyBaHHS
OCbOBUM MOMNOXeHHAM 3abesnevye Tinbky cTabinizauilo OCbOBOI AMHaMikW, ane He kepyBaHH4. Lle
O3Hayvae, WO nnasma 3HaxoAMTbCs B METACTIMKI cuTyauil i MOxe NoBiNbHO ApendyBaTu B3A0BXK
CBOET oci. Toai kepyBaHHSA MOMOXEHHAM 3a0e3neyvyeTbCsi 3 BUKOPUCTAHHAM OOA4ATKOBOrO KOHTypa
3BOPOTHOrO 3B'SI3KY, KU KEPYE NPOMDKKaMM Nna3mMu Mk cenapaTpucoro niasMu i EMHICTIO, a OTXe -
BUKOHYE OHOYACHO KepyBaHHS hOPMOIO i MONOXKEHHSAM Mnasmu.

e ogHUM NPUCTPOEM YTPUMaHHA MNNasmu, B SKOMY BUKOPUCTOBYIOTbCHA aHanoridHi cucremmu
KepyBaHHsl, € Tokamak. [ns 36epexeHHst yTpUMaHHSA nnasMu CTpymM nnasMy B TOKamaky MOBMHEH
NigTPMMyBaTUCHA MK HWDKHBOKO i BEPXHBOK Mexamwu, ski MpubnusHo NponopuiviHi ryCTuUHI nnasmu i
TOpoiganbHOMY Moo, BiAnoBigHO. [Ans poboTn Npu BUCOKIV FyCTUHM NnasMu CTPyM Nnas3mMu NOBUHEH
OyTn 36inbweHnA. Y ToW Xe 4ac, nonoiganbHe nore MoBUHHO NiATPUMYBaATMCA skomora 6inbLu
cnabkum, wob koediuieHT q 6e3nekn ByB BULWIMM HiX q=2. Lle gocsAraetbca 3aBASKM MOAOBXEHHIO
nnasMu B3AOBX HanpsAMKy OCi MalUWHW, WO [O03BONSAE HanarogKyBaTu BENWKMI CTPym nnasmu (a
oTXe - i 3abe3neyyBaTn BUCOKY IyCTUHY nnasmu) 6e3 36inbleHHs rpaHUYHOro MarHiTHoro nons 3a
noro mexi 6eanekn. Lli nogoBxeHi nna3mm HeCTINKI B3AOBX HaMpsMKy OCi MalUMHW (BiZOMOro Ha
)KaproHi TokamakiB ik BepTUKaNbHUI HAaNpsiMoK), @ TakoX BMMaralTb MexaHiaMiB cTabinizauii nnasmu.
KepyBaHHs BepTUKanbHUM MOMOXEHHAM MMnasMym B TOKaMakax TaKoX BiOHOBMOETbCA 3
BMKOPUCTaHHSAM Habopy KOTYLLOK pafianbHOro nonsi, ToMy BOHO AyXe Haragye npobrnemy KepyBaHHS
nonoxeHHam FRC. OpgHak npuvyuHK, SKi BUMaratoTb CTikocTi B Tokamaky i FRC, pisHi. Y nnaswmi
TOoKamMaka BepTuKanbHa HEecCTiKiCTb - ue wTpad, SkMin noTpibHO 3annaTtutv, Wwob npautoBaTy Mpu
BENMMKOMY CTPyMi Mnas3mu, Ans 4oro notpibHe NOAOBXEHHA nnasmu Ans poboTn 3 CUMbHUM
TopoiganbHuM nonem. Y sunagky FRC, HecTilikicTb nna3mu - ue wrpad, Skuin noTpibHO 3annatuty,
Wwob oTpumaTh NonepeyHy CTiKiCTb. Tokamakun MaloTb TopoigarnbHe none, sike pobuTtb KoHQirypadito
CTiViKoto, TOMY M He NoTpibHa nonepeyHa CTiNKICTb.

Llen BMHaxig cnpsiMOBaHMIM Ha MOMErLIEeHHsI reHepyBaHHS | 36epexeHHs uinbosoi nnasmm FRC 3
BMCOKMM MOTOKOM i OCbOBMM MOMOBHEHHAM. Y MOXMNMBOMY BapiaHTi 3[4iINCHEHHSA NpoLec BKNOYae B
cebe dopmyBaHHa FRC 3 Benukum notokoM (8o 30 mBO) wnsxom ob6'egHaHHA OBOX cdepomakis i3
NPOTUNEXHO CNPsIMOBaHUMU chipanbHOCcTAMU. EkcnepuMeHTn 3 06'edHaHHs NpoBedeHi Ha pPi3HUX
NPUCTPOSAX ANA OOCMIAKEHHS MarHiTHOro nepemMukaHHs LWisxoM ob'eQHaHHA ofHe 3 OOHWM [OBOX
nnasmMoBmMx TOPOIAIB TUNy cdepomakiB 3aBOsKM KOHTAKTY i nepemMukaHH B3[OBX TOpoifganbHO
cnmeTpuyHoOI niHii. Cdepomak - Le nnasma cdepnyHoi abo TopoiganbHoi dopMuU, B SKIA HE CXMITbHI
no fii cun ctpymu (j*xB=0) BCTaHOBMIOOTb PIBHOBaXHY KOHQIrypauito 3anexHo Bif TOro, 4w icHye
po3pmB CTpyMy (MOTOKY) Ha ronioBHin oci. [1Ba TopoiganbHi cepomMaku, ki HeCyTb OOHaKOBWUW
TOpoidanbHWA CTPyM 3 TMM Xe caMuM abo NpOTUNEXHMM TOpoiganbHUM MONeM, MPUMYCOBO
00'eQHYIOTb, KEpPYKUM CTPyMamKU 30BHILLHIX KOTYLIOK; Ui BUNagky HasvMBalTbCs OO0'€QHAHHSM 3
OQHAKOBO CMPSAMOBaHUMK cripanbHoCTAMKU abo o6'egHaHHAM 3 NPOTUIEXHO CNPSIMOBAHMMMU
cnipanbHOCTAMM, BigNoBigHO. Ak onucaHo B nepwogxepeni Yamada, M., et al., Phys. Rev. Lett. 65,
721 (1990), ob'egHaHHA 3 MPOTUMEXKHO CMPSAMOBaAHUMM CMipanbHOCTAMW NPUBOAUTL A0 reHepyBaHHSA
nepeMmkaHHs CWUMOBMX TiHIM MarHiTHOro nons B MiCUAX NepeMuKkaHHs, Ae OdikyBanocs BenbMwu
edeKkTMBHe 3AiicHeHHa nepemukaHHs (Bhattacharjee, A., Phys. Fluids 26, 3332 (1983)).
EkcnepvmeHTanbHi  pesynbTaTv TakoX BKasanu, WO B rrnobanbHOMY 3Ha4veHHi 06'€dHaHHs 3
NPOTUNEXHO CMPSAMOBAHUMW CRipanbHOCTAIMM  AiNCHO MNpvMBENO A0 3HadyHO 6inbll  WBUAKOrO
nepemMmuKaHHs, HixX y pasi o0'edHaHHs 3 OQHAKOBO CMPSIMOBAHMMMK CMipanibHOCTSIMM, | NoganbLIOro
dopcyBaHHsa cTpykTypu FRC 3 BWCOKMM MarHiTHAM MOTOKOM (WO CKNagaeTbCsd nuwe 3
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nonoiganbHOro Monsi) Mnicna  BUKMOYEHHST MPOTUIEXHO CNPSIMOBaHUX TOpOidanbHUX MofiB
chepomakis 3aBasiku 06'eqHaHHIO.

Y MOXNuBOMY BapiaHTi 3A4iMCHEHHs npoLec BKoyae B cebe:

1. reHepyBaHHsa UuinboBoi nnasmu FRC 3 Benukum marHiTHuM notokom ($p~25-30 mB6) 3a
pornomMmoroto  ob'egHaHHs  chpepomMakiB i3 NPOTUNEXHO  CMPSIMOBaHUMMK  CRipanbHOCTAMM 3
BukopuctaHHam MCPG;

2. nocuneHHs, crabiniszauito i 3axusnioBaHHA nnasmmn FRC, npuxogsuv 0o ymoB, XxapakTepHUx
ONd nNnasmu peakropa TEPMOSAEPHOrO CUHTE3Y, LUNSXOM (DOPMYBaHHS LiNbOBOI NNasmu 3 40CTaTHIM
MarHiTHUM MNOTOKOM | iHXEKLUii My4KiB BMCOKOEHEPreTUYHUX HEeWTparbHUX 4YacTUHOK, TUM CaMuMm
34INCHIOYM Nodarnblue NepeTBOPEHHS EHEpril TUX MYYKIB Yy TEMNOBY EHEPTilo;

3. dopMyBaHHS i iHxXeKUilo gogaTkoBux GaratoimnynbCHUX cdepomakiB y nnasmy FRC ans
NMOMOBHEHHS YaCTUHOK i CTiKaHHS 3 METOI0 NIATPUMKM | NOMIMWEHHS BIaCTUBOCTEN YTPUMaHHSA nnasmm
FRC, a Takox gocsarHeHHst pexxumy ryctoi FRC 3 BUCOKMM NOTOKOM.

3BepTatoumck go dir. 31A i 31B, 3a3Ha4aemo, WO TyT iMOCTPYETbCA MOXIMBUIA BapiaHT
34incHeHHs cuctemmn ytpumanHa FRC ak Takoi, wo mae kamepy 100 yTpumaHHs i napy aneepTopis
302, 3B'a3aHux 3 kamepoto 100 yTpumaHHA Ha koxxHOMY Topui. LLlo6 reHepyBaTu onTuMarnbHy BUXIOHY
uineoBy nnasmy 453 FRC 3 BUCOKMM MOTOKOM, 3 MPOTUIIEXHUMU TOPLUAMUN PO3TALLOBAHOI MO LIEHTPY
kamepn 100 yTpumaHHS 3B'd3aHa napa iHxekTtopie 250 cdepomakiB cepegHboro macwtaby (abo
HamarHiyeHmx koakciansHum nnasmosux rapmat (MCPG)). InxekTopn 250 cdepomakiB iHXEKTYOTb
nnasmu cepomMacis 3 BUCOKMM MarHiTHUM notokom (>20 mB6) y HanpsmKy 0O cepeaHbOi NMOLWMHN
kamepn 100 yTpumaHHs, ge cdepomakm o0'egHyroTbes | yTBOptoloTb nnasamy FRC B kamepi 100
yTpumaHHs. O6'egHaHHS 3 NPOTUIEXHO CNPSIMOBaHMMU ChipanbHOCTAMU ABOX cchepomakis 3BMYaiHO
CMPUYMHSIE reHepyBaHHs LinboBoi nnasmm FRC 3 Benvkum marHiTHAM notokom (¢p~25-30 mB6), wo
Mae€ 30inbLUeHNA 3axXonneHnn MarHiTHuMiM noTik. 3 kamepoto 100 yTpMMaHHS TakoX 3B'A3aHa MHOXWHA
iHXXekTopiB 615 ny4kiB HEMTPaNbHUX YAaCTUHOK Nig AESKMM KYTOM Y HanpsMKy 0O CepeaHbOol NoLwmMHn
kamepn 100 yTprmaHHS 3 MeTO0 30ymKeHHS i 30epexxeHHs nnasmn 453 FRC. Y MoxnueBumx BapiaHTax
30INCHEHHS iHXeKTopu 615 nyykiB HEWTPanbHMX YaCTUHOK BUKOHAHI 3 MOXIIMBICTIO peryntoBaHHA Bif
BMXiOHOrO PiBHSA MOTYXXHOCTI A0 NiABULLEHOro PiBHA NOTYXXHOCTI. Y 4OAATKOBMX MOXIMBMX BapiaHTax
30iNcCHeHHsT iHxekTopn 250 cdpepomakiB BMKOHaHi 3 MOXNMBICTIO GaraToiMnynbCHOI  iHXeKLUil
chepomakie y nnasmy FRC B3goBX reomMeTpuyHOi OCi Kamepu YTPUMaHHA ONA MOMOBHEHHS i
CTiKaHHS.

MonepegHi pocnigkeHHs o6'egHaHHa cdepomakiB (auB. ir. 32A-32D) npoaeMoHCTpyBanu
XUTTE3AATHICTb | NOTEHLian TepMosAepHOI NNasmMn KOMMaKTHUX TOPOIAiB. Y KamnaHii eKCnepuMeHTiB
3 [OOCnNigKeHHs MarHiTHOro nepemMukaHHs, npoBegeHoi B 2004-2008 pp. B nabopatopii nnasmu
MpuHcToHCbkoro  yHiBepcuTeTy (CLUA), MeToamky 06'€edHaHHs MNPOTUIIEXHO  CMPSAMOBAHUX
cnipanbHOCTEN 3acTocoByBanu AN JochifkeHb (POpMyBaHHSA CTIMKOCTI i MiATPUMKMA CNIOLEHUX
FRC. MNpooeMoHCTpoBaHO, WO LUeHTpanbHUI CONeHoia OMIYHOrO HarpiBaHHs, WO BUKOPUCTOBYBaBCS
B TOKaMakax, MOXHa BUKOPWUCTOBYBaTU ANS MOCUMEHHs TopoiganbHux cTtpymiB y FRC 3 meTtoro
NiZTPUMKKM X MNPOTArOM 4acis, O NepeBuLLYIOTb Yac pe3ucTtusHoro posnagy (Gerhardt, S.P., et al.,
Phys. Mnasmn 15, 032503 (2008)). Kpim Toro, ansa kepysaHHA opmoto Mex i nogosxeHHsm FRC
BMKOPUCTOBYBaNu KOTYLLKN hopMyBanbHMX nonis. Lle 4O3BONMNO NpoBeCTU OOCNIMKEHHSA BNNBY TUX
dopmMyBarnbHMUX NOMIB Ha CTiNKICTb. EkcnepMMeHTanbsHO NPOAEMOHCTPOBAHO, Wo B cnnwLweHin FRC
MOXHa cTabinidyBaTn pexum Haxuny n=1 (n: Homep TopoiganbHoi moaun) (Gerhardt, S.P., et al., Phys.
Rev. Lett. 99, 245003 (2007)). Wenakicte pocTy y BMNagKy N2 MOA TaKOX CMOBifbHIOBanacs
CApuATAUBUM POPMOYTBOPEHHAM. Lli pesynbTaTn ganu 3HadvHi nepeBarn B po3yMiHHi gisnkn FRC 3
He3aMKHYTUMKN MexaMu. Ha OOonoBHeHHs [0 UMX pe3ynbTaTiB 3i CTIMKOCTI | BUTPUMYBaHHS, npwu
ekcnepumeHTax 3 o6'egHaHHA MPOTUNEXHO CNPSIMOBAHMX CHipanbHOCTEN CMOCTepiranocd 3HayvHe
ioHHe HarpieaHHs. OO6'egHaHHs OBOX cdepomakiB 3 OAHAKOBO CNPSIMOBAHMMMK ChipanbHOCTAMM
NpvMBOAWMNO OO rEHEPYBaHHS MEHLUIOro HarpiBaHHs, ane - 3 A0CTaTHbO BMCOKMM OeTa nnasmu
chepomacis (f~0,2-0,3). 3gaTHicTb oTpuMyBaTU 06'egHaHi NNasMu 3 He 3HEXTYBAHO Mariol iOHHOM
Temnepatypoto (Ti > 25 eB, Te = 10 eB, ne > 10 cm3) gosBonse [ocniaUTM XapakTepUCTUKU
CTIMKOCTi NNa3m 3 BUCOKMM OeTa CKnafgoBOi 3MiHHOIO TOpPOiAaribHOro Noss.

Y MOXNuBOMY BapiaHTi 30iMCHEHHS, AK iNIOCTPYyeTbes Ha aoir. 33, iHxekTop 250 chepomaki aBnse
co0O0I0 IHXEKTOp BiOHOCHO KOMMAKTHWX CEepOMakiB, O Ma€ 30BHIWHIN enekTpoq 254, BHYTPILLHIN
enekTpoq 255, nokputuii Borb(pamom, BUXiOHY KOTYLWIKY 252 3MilLleHHs, po3TalloBaHy HaBKOmo
30BHILLIHLOrO enekTpoga 254, KoTywkKy 253 3MilleHHs, WO Mae 3anisHe ocephs, posTalloBaHy B
MexXax BHYTPIWHbOro enektpoga 255, rasogyeky 256 i BMCOKOBOMbTHE axeperno 258 XuMBMNeHHS.
IHxekTop 250 cchepomakiB CTBOPHOE JOCTATHIN MarHiTHUA NOTIK 3aBAAKM BUKOPUCTAHHIO | OHOBMEHHIO
HelLodaBHO po3pobrieHoi cnctemmn 253 KOTYLWIOK 3MilLleHHs i3 3anisHuMm ocepgsam (gue. Edo, T., et al.,
Jrnl of Plasma and Fusion Res. 13, 3405062 (2018)). Y HellonaBHO NpoBeAeHUX NonepeaHix Tectax
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3aCTOCOBYBanM KOTYLUKY 3MILLEHHS, WO Mae NoBITPSHE ocepas, 3 AXKeperioM XUBMEHHSA MOCTIMHOMo
CTpyMy, Wo 3abe3neyye MarHiTHMMA NOTiK cHOpPMOBAHOro chepomaky 3 mMacTabHum koedilieHToM
(~1,67 mkB6/A, Togi ak MCPG 3 cuctemMoro KOTYLLOK 3MilLleHHs!, Lo MaloTb 3arni3He ocepas (YaByH;
MarHiTHa MPOHUKHICTb P~250), moxe aatu, rpybo kaxyum, 100-kpaTHO OinbLUMIA MarHiTHUA NOTIK Ha
amnep (Tobto, ~0,16 mBG6/A). TligTpymyrounm TyCTUHY CTPYMYy TMOCTIMHOK, MOXHA afeKBaTHO
MaclTabyBaTu po3mip iHXXeKkTopa cdpepomakiB, OTPMMYyHoUM Habarato OinbLl BUCOKUA MArHiTHUIA NOTIK
(>30 mBO0) i He Buknukatun npu UbOoMy HebaxaHi edekTn, fKi, 9K MNpaBuNo, acouillTbCca 3
enekTpoaHuMun pospsagamu. Y [oOaTKOBOMY MOXKIMBOMY BapiaHTi 34IMCHEHHS 3anisHe ocepas
opMYyIOTb, BMKOPUCTOBYOUM yncTe 3ani3o (99,9% Fe; uy>200000), ake AeMOHCTpye TeHAeHLUilo 0
AOCArHEHHS BinbLU BUCOKOro MarHiTHOrO NOTOKY 3 MPUAHATHUM CTPYMOM 3MiLLIEHHS.

Ha dir. 3D i 3E imoctpyetbea cuctema 10 ytpumanHsa nnasmm FRC 3 o6'egHaHHam CT, ska
MicTute kamepy 100 yTpumaHHsa, nepwy napy BHYTpiWwHiX aumBepTopiB 302, ski 3B'A3aHi 3
npotunexHumn Topuamm kamepu 100 yTpuMaHHA | 3Haxo4aTbCs HaBMPOTM POPMYBaNbHUX i
itkektyBanbHMx CT cuctem 200, 3B'si3aHUX Ha NepLIOMY Topui 3 BHYTpiWHiMK gmuBeptopamn 302, i
apyry napy 3oBHiwHix guseptopisa 300, 3B'A3aHMX 3 gpyrMm TopuemM dopMyBanbHUX Ta
itkektyBanbHMx CT cuctem 200. LLo6 gocarHyTtn ob'eaHaHHsa cdhepoMakiB, sik nokasaHo Ha doir. 31A,
dopmyBanbHi i iHxekTyBanbHi CT cekuii 200 i 3oBHiWwHi anBepTopn 300, nokasaHi Ha dir. 3D i 3E,
BUOaneHi i 3amiHeHi iHxektopammn 250 cdepomakiB, 3B'\3aHUMM 3 BHYTPILLHIMK OMBepTOpaMu, SK
300paxxeHo Ha oir. 31A i 31B. Imxektopn 250 cdepomakiB pos3miwaHi 6e3nocepegHbo BCepeauHi
KOHUEHTpu4Hux enektpoais 310 guBepTopis, SKi BUKOPUCTOBYIOTb AN KepyBaHHs cTinkicTio FRC 453
3a [JOMOMOrol0 rPaHUYHOro 3MilleHHs. Cuctema rpaHUYHOrO 3MilLleHHS CTBOPKE pafianbHe
€eneKkTpuYHe Nnomne Ha He3aMKHYTUX CUITOBUX NiHisIX NOMs, TUM CaMUM reHepyoUn asnuMmyTarnbHy Tevito
3a gonomorol ErxB; HaBkono cenapatpucn FRC (ginaHka 3iwkpsibyBaHoro wapy), wo crabinisye
rnobanbHi MHD pexummn CuMHepriyHO 3a JOMOMOro iHXeKuii nydkiB HewTpaneHux nydkis (NBI).
IHxekTopu 250 chepomakiB eKkcnnyaTyloTbCa | KepyloTbCs OKpemo, Wwob oTpumaTy pisHi nnasmu
chepomakie, a Takox BuxigHy FRC, wWo [o3sonsie 3MiHIOBaTM TYCTUHY BUXiOHOT Mnasmy i
3aXONIIOBaHNA MarHiTHUIM MOTiK 3 METO 3HaNTW onTuMmarnbHy UinboBy FRC ans edekTMBHOI iHXeKLUii
nyykiB HeWTpanbHUX 4YacTUHOK. [MpoTarom npouecy GOpPMYyBaHHS, MNepeHeceHHs1 i 006'egHaHHS
cdepomacis, y Cekuii yTpMaHHA NpuKknagatoTb BiGHOCHO cnabki piBHOBaXHI i A3epKanbHi nons (Be ~1
KI'c, A3epkanbHi BiAHOLWEHHS (2) 3 4ONMOMOrok BPiBHOBaXKyBalnbHWX i A3epKanbHUX KOTYLWOK 412 i 420,
BHaCNigoOK 4oro MoxHa agekBaTHo ccopmyBaTtu nnasmy 453 FRC, nicns yoro ui nons notpibHo
noctynoBo 30inbwntn (Be ax go 3 kl'c, A3epkanbHe BigHOWEHHs ~3-3,5) Ana yTpumaHHs i nigTpyMKm
nnasmu 453 FRC. lyykn HenTpanbHUX YaCTUHOK TakoX iHXeKTyTb y kamepy 100 yTpymaHHs 3
iHxeKTopiB 615 NPOTAroM BCbOro po3psay, a eHeprito Ny4kiB TakoX MOXHa 36inbLyBaTh Big A4esKOro
BUXiAHOroO A0 AEesIKOro NiABMLLEHOrO PiBHA NOTY)XHOCTI, Hanpuknag, Big ~15 keB go 40 keB, HapisHi 3
po3roHoM Be, BignosigHo. KpiM LbOro, MoXHa akTUBHO KepyBaTW CUCTEMOK MarHiTiB i iHXeKTopiB
ny4kiB HEMTpanbHMX YacTMHOK, Tak Wo cTabinidauis i 36epexeHHs nnasmm FRC 6yge Bigbysatucs B
peanbHoOMy macTabi vacy.

[ns 3ag00BiNbHOrO NMOMOBHEHHST YAaCTMHOK, @ TakoX CTikaHHA Bxe cdopmoBaHoi FRC BcepeanHy
kamepu 100 yTpumaHHs, iHxekTopn 250 cdepomakiB 3axuBIOKTb iHAMBIAYaNbHO KepOBaHUMM
axkepenamn 258 xuBneHHs. Konn 6ind cepeHbOl NIOWMHU KaMepu YTPUMaHHS BCTaHOBIOKTh
NPOTUNEXHO OpieHTOBaHi iHxektopu CT 3 GaraToiMnynbCHUMW (PYHKUIOHANBHUMU MOXITMBOCTAMM,
imkektopn CT pagianbHO iHXeKTyloTb cdepomakonogibHmin nnasmoig B FRC; iHwwumn cnosamu,
ikektoBaHoMy CT pgoBoguTbCA MpoHMKATWM B MonepevyHe MarHitTHe none (B: ~1 «klc), He
po30MBalyNCh Ha ckNagoBi abo He BHOCAYM CUITbHE MarHiTHe 36ypeHHst abo 36ypeHHs rycTuHu. Kpim
uboro, pagianeHa iHxekuis CT 6ins cepeaHbOi NMOLWMHM HEraTMBHO BMNIMBAE - OO AESKOI Mipu - Ha
YTPMMaHHS LUBUOKMX IOHIB, i cMCTEMa, SIK NPaBWIo, BUSABMSIETLCA HE MacluTaboBaHOK 3 OTPUMAHHAM
TepmosaepHoro npuctpoto. Omxe, iHxekuia CT 3 iHxekTopiB 250 cchepomakiB Ha reomMeTpu4Hin OCi
(TobT0, "ocboBa" iHxekuia KT) 3HauyHO BurigHile, Hix pagianbHa iHxekuia CT, 3 OEKiNbKOX HAyKOBUX
TOYOK 30py.

3amicTb LbOro, B MOXIMBMX BapiaHTax 34iMCHEHHSI KOHirypauilo cuctemm, npointocTpoBaHy Ha
qoir. 2, 3A, 3D i 3E, sika Bkntodae B cebe OBi giameTpanbHO npoTunexHi cekuii 200 doopmyBaHHSA TeTa-
niH4iB i3 0OOepHeHMM noneMm, MoOXHa MoAaudikyBaTW Tak, WO BOHa Oyae Bkmw4vatu B cebe
AiameTpanbHO NpoTUNeXxHi iHxektopn 250 cdepomakis, 3B'A3aHi i3 30BHiWHIMKM anBepTopamu 300,
Anga nonoBHeHHs nnasmu FRC, 1o MICTUTLCA B MeXax kKaMmepu YTPUMaHHS.

BignoeigHo 0o BapiaHTa 34JiACHEHHSI LbOro BUHaxoA4y, 3anpornoHOBaHWIA CMoci® reHepyBaHHS i
30epexeHHst MarHiTHoro nons i3 obepHeHol MarHiTHow KoHdirypadiero (FRC), wo nepenbadvae
06'egHaHHA Nnasm neplmx i gpyrux cpepomacis i popmyBaHHs FRC HaBkono o6'egHaHoi nnasmu B
Kamepi yTpumaHHs, a Takox 36epexeHHs FRC Ha piBHi MOCTiiHOro 3HayeHHs abo 6ina Hboro 6e3
crnagy 3a JOMOMOTOH IHXeKLiT MyYKiB LWBUAKUX HEUTPANbHUX aTOMIB 3 iHXXEKTOPIB My4kiB HEMTParbHUX
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YacTuHok B nnasmy FRC nig gesknm KyTom 0o cepefHbOoi NIOWUHN KaMepy YyTPUMaHHS.

BignosigHO 0O A04aTKOBOrO BapiaHTa 3A4iIMCHEHHS LbOro BMHAXOA4y, 3anpornoHOBaHWN cnociod,
AKMA Oo0AaTKOBO nepenbadae iHXeKuilo nnasm cgepomakiB 3 MPOTUNEXHUX MNEPLUOro i Apyroro
iHXXeKTopiB chepoMakiB y HaNpPsIMKy A0 cepedHbOI NIOLWMHN Kamepu | 06'eaHaHHA Nnasm cepomackis
ana oopmysaHHsa FRC.

BignosigHO 0O O0AaTKOBOrO BapiaHTa 34IMCHEHHSA LUbOro BUHAxXody, 3anporoHOBaHWA Crocio,
SKMN pgopaTtkoBo nepenbadae ob6'egHaHHs nnasm cdepomackiB, WO HaaxoasTb 3i cepomakiB i3
NPOTUMEXHO CMPSMOBaAHUMU CNIPanbHOCTAMU | IHXEKTOBaAHUX B KaMepy YTPUMaHHS 3 NepLuoro i
ApYroro iHXeKkTopiB cchepomacis.

BignoBsigHo 40 [oaaTKOBOro BapiaHTa 34IMCHEHHS LIbOro BMHAxXoAy, NEpLUni i Opyrmi iHXeKTopu
chepomakiB MiCTATb HaMarHiYeHy KoakcianbHy nsasMoBy rapmary.

BianosigHO A0 [OAAaTKOBOro BapiaHTa 34IMCHEHHS LbOro BMHaxody, NepLunn i Apyrnn iHxekTopu
chepomakiB MIiCTATb CUCTEMY KOTYLLUOK 3MiLLLEHHS i3 3ani3HUMM ocepasiMu.

BignosigHo 0O OOAaTKOBOro BapiaHTa 34iMCHEHHSA LIbOro BUMHAaxXody, CUCTEMA KOTYLLUOK 3MillleHHS
i3 3ani3HMMN OCepAaMU MICTUTb YaBYH 3 MArHiTHOK MPOHMKHICTIO NpubnnM3Ho 250.

BignosigHo 0O OoOaTKOBOro BapiaHTa 34iMCHEHHSA LbOro BUHAxXoAdy, 3arni3He ocepas cuctemu
KOTYLUOK 3MILLEHHS i3 3anisHMMn ocepasaMn MicTuTb npubnusHo 99,9 % Fe 3 MarHiTHOI NPOHUKHICTIO,
wo gopisHoe npnbnunsHo 200000 abo GinbLuoto.

BignosigHO 0O A04AaTKOBOrO BapiaHTa 34IMCHEHHS LbOro BMHAXOAy, 3anponoHOBaHMM cnocib,
KU AoOaTKoBO Nepefdavae po3aifnibHe KepyBaHHS NepLUNM | APYrUM iHXeKTopaMm cepomakis.

BignosBigHO [0 Oo4aTKOBOro BapiaHTa 34IMCHEHHS LbOro BMHaxody, nnasma cdepomacis,
€)XXEeKTOBaHa 3 NepLUoro iHXektopa cdepomakis, Biapi3HAETbCA Big nNrasmmn chepomakiB, €XXeKTOBaHOI
3 Apyroro cgepomacy.

BignoBigHO 0O A0AAaTKOBOrO BapiaHTa 34IMCHEHHS LbOro BMHAXo4y, 3amnporoHOBaHWA Crocio,
AKMM  gopgaTkoBo nepenbadvae nonoBHeHHs nnasmm FRC opHieto abo pgekinbkoma nnasmamu
chepomakis 3 0gHOro abo BinbLue 3 NepLUOro i APYroro iKXeKTopiB chepomakis y300BXK reoMeTpUYHOT
OCi Kamepu YTPUMaHHS.

BignosigHO 0O A0AAaTKOBOrO BapiaHTa 34IMCHEHHSA LUbOro BUHAxXo4y, 3anporoHOBaHWA Crocio,
AKUA OoJaTKoBO nepenbavae GaraTtoiMnynbCHY iHXEKUi ofHiei abo aekinbkox nnasm cepomakiB y
nnasmy FRC 3 ogHoro abo binbLue 3 nepLuoro i Apyroro iHxXekTopis chepomMacis.

BignoBigHoO 0O A0AAaTKOBOrO BapiaHTa 34IMCHEHHS LbOro BMHAXo4y, 3amnporoHOBaHWA Crocio,
KU AoaaTkoBO Nepeadavae opMyBaHHS i iHXeKUito 6araToimnynbcHMx ccpepomakis y nnasmy FRC.

BignosigHo 0o OogaTKoBOro BapiaHTa 34iMCHEHHS LbOro BUHAaxOA4y, 3anpornoHOBaHUM cnocib,
KM JOAaTKOBO Nepeabavae HanawTyBaHHA €HEpPrivi My4KiB MHOXMHU NMYYKiB HENTPanbHMX YACTUHOK
MK NepLUOI0 eHeprielo NyykiB i ApYro eHeprieto nNydkiB, Ae Apyra eHepria nyykiB Biapi3HAETbCA Big
nepLloi eHeprii Ny4ykiB, abo HanawTyBaHHS €HEPril Ny4KiB MHOXUHW My4KiB HEATPANbHUX YaCTUHOK
MK MepLUOl0 eHeprielo NMyykiB i ApYror eHeprieto nyykis, Ae gpyra eHepris nydykiB BiApi3HAETHCS Bif
nepLloi eHeprii NyykiB i Npy UbOMY Apyra eHepris MyykiB BULUE, HDK Meplia eHepria nydkis, abo
HanawTyBaHHA eHeprin Ny4YkiB MHOXMHU MYyYKiB HENTPanbHUX YaCTUHOK MiDK NEpLLOD eHepPrieto Nyykis
i OpYrolo eHeprieto Nydykis, Ae Apyra eHeprid nyykiB BigPI3HAETbCA Big nepLuoi eHeprii Nyykis, i npu
LbOMY MHOXWHY MYy4YKiB HEWTpanbHUX YacTUHOK MNepemMukaloTb MK MepLuol i APYrol eHepriamu
Ny4KiB NPOTArOM TPMBANOCTI IHXEKLINHOro iMnynsey.

BignosigHo 0o JogaTKoBOro BapiaHTa 34iMCHEHHS LbOro BUHaxoA4y, 3anpOornoHOBaHUA cnocib,
AKAA [oOaTkoBO nepenbavae reHepyBaHHA MarHiTHOrO MNonsi B MeXax kamepu 3 KOTyLKaMu
KBa3inocTiNHOro CTpyMy, LLIO NPOCTAratoTbCHA HABKOMO Kamepw 3 KOTYLIKaMW KBa3iNOCTINHOrO CTpyMmy,
LLIO MPOCTAraloTbCHA HAaBKOMO KamMepu.

BignosigHo 0o JogaTKoBOro BapiaHTa 34iMCHEHHS LbOro BUHaxoA4y, 3anpOornoHOBaHUA cnocib,
AKMA [00OaTKOBO nepeabayae cnpsiMyBaHHA MOBEPXOHb MarHiTHoro notoky FRC B gusepTopw,
3B'A3aHi 3 TOPUAMM Kamepn YTPUMaHHS.

BignoBigHO 0O A0QATKOBOrO BapiaHTa 34JIMCHEHHS LbOro BUHAXo4y, 3amnporoHOBaHWMA Crocio,
AKMN O0OATKOBO nepegbavae reHepyBaHHS MarHiTHOro Mons y Mexax AMBepTopiB 3a AOMOMOrow
KOTYLLIOK KBa3iNOCTIMHOro CTPYMY, LLIO MPOCTAratoTbCs HAaBKOMO (POPMYBarbHUX CEKLil i ANBepTopiIB.

BignoBigHO 0O A04ATKOBOrO BapiaHTa 34JIMCHEHHS LbOro BUHAXo4y, 3amnporoHOBaHWIA Crocio,
AKMA 0odaTKoBO nepefnbayvae reHepyBaHHsS A3epKarlbHOro MarHiTHOro nossi B Mexax MpOTUNEXHUX
TOpLiB KaMepu 3a AOMOMOrol A3epKanbHUX KOTYLLOK KBa3iNnOCTIMHOMO CTPyMY, LLO NPOCTAralTbCs
HaBKOIIO NPOTUMEXHUX TOPLIB KaMepu.

BignoeigHo 0o OogaTKoBOro BapiaHTa 34iMCHEHHS LbOro BWHaxXOA4y, 3anpornoHOBaHWIA cnocib,
AKMA [oOaTKoBO Nepefbadae reHepyBaHHsi OQHOMO 3 MarHiTHOro AUMOfbHOro Mofst i MarHiTHoro
KBaZpynonbHOro MoMsi B MeXax kaMmepu 3a JOMOMOror BiAXUINbHUX KOTYLLOK, 3B'A3aHNX 3 KaMepolto.

BignoBigHO 0O A04ATKOBOrO BapiaHTa 34JIMCHEHHS LbOro BUHAXo4y, 3amnporoHOBaHWMIA Crocio,
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AKUA [0OLaTKOBO Nepepbayae KOHAMLUIOHYBaHHS BHYTPILWLHIX MOBEPXOHb kamMepu i AMBepTOpiB 3a
AONOMOrOK CUCTEMU FreTEePYBaHHS.

BignosigHO [0 [04AaTKOBOro BapiaHTa 3AIMCHEHHA LbOro BUHAxXody, CUCTEMa reTepyBaHHs
BKItovae B cebe 04HY 3 CUCTEMU OCa[KEHHS TUTaHY | CUCTEMM OCaIXKEHHS MiTito.

BignosigHO [0 [JogaTkoBOro BapiaHTa 3A4IMCHEHHs LbOro BMHaxody, cnocib [oaaTkoBo
nepepbavae kepyBaHHS pagianbHMM MpodineM enekTpuMYHOro nons B rpaHUYHOMY Lapi nnasmm
FRC.

BignoBigHO [0 [O4aTKOBOro BapiaHTa 34IMCHEHHSA LUbOro BMHAXOAy, KepyBaHHSA pagdianibHUM
npodinem enekTpuMyHoro nons B rpaHnyHomy wapi FRC Bkntovae B cebe npuknagaHHa po3noginy
€reKTpUYHOro MoTeHuiany Ao TrpynyM He3aMKHYTMX noBepxoHb notoky FRC 3a pgonomoroto
3MiLllyBarnbHUX eNeKTpoaiB.

BignoBigHo 0O A0AATKOBOrO BapiaHTa 34JIMCHEHHS LbOro BUHAXo4y, 3amnporoHOBaHWMA Crocio,
AKUA 0OOaTKOBO nepefbadae oAHy 3 iHXeKUil nna3mu cepomMakiB 3 MepLIoro i ApYroro iHxXekTopis
chepomacki, WO MalTb MarHiTHUA noTik Binbw Hixx 20 mB6, abo iHxekuii nnasm ccepomakis 3
NepLUoro i Apyroro iHXekTopiB cpepomMakia, WO MaTb MarHiTHUM NOTIK GinbLw Hixx npnénusHo 25-30
MB0.

BignosigHo 40 4oOaTKOBOro BapiaHTa 34iMCHEHHA LbOro BUHaxony, 3anpornoHoBaHa cuctema ans
reHepyBaHHs i 36epexxeHHs MarHiTHoro nons i3 obepHeHO MmarHiTHoW KoHdirypauieto (FRC), dka
MICTUTb: Kamepy YTPUMaHHS; NepLunn i ApYruin AMBepTopu, 3B'A3aHi 3 KAMEPOKD YTPUMAHHS; NEPLUNN i
apyrmi - giameTpanbHO NPOTUNEXHi iHXekTopu cdepomakiB, 3B'dA3aHi 3 nNepwmm i Apyrum
avBepTopamu, ONs reHepyBaHHs nnasMu cdepomakiB i nepeHeceHHs nnasmu cdepomakis y
HanNpsIMKYy A0 cepefHboi MMOLWMHU Kamepu YTPUMAaHHS; MHOXMHY IHXEKTOPIB MydkiB HEeNnTpanbHUX
aToMmiB, 3B'dA3aHNX 3 KAMEPOK YTPUMAHHS i OPiEHTOBAHUX Ha iHXEKLi0 Ny4YKiB HEUTPANbHUX aTOMIB Y
HanpsIMKy [0 cepeAHbol MMOWMHU KaMepu YTPUMaHHA M4 MEHLWUM KYTOM, HDK npaMuin, 0o
NOAOBXHBOI OCi CUMETPIl KaMepwu YTPUMaHHS; MarHiTHy CUCTEMY, sika MICTUTb MHOXMWHY KOTYLLIOK
KBa3inoCTINHOMO CTPYyMy, pO3TALUOBaHWX HABKOMO KamMepw YTPUMaHHA | Mepworo i Apyroro
AVBEPTOPIB; NepPLUMA | ApyrMin Habopu A3epKarbHMX KOTYLLOK KBa3iMOCTIMHOIO CTPYMY, pO3TallOBaHUX
MiX Kamepol YTPMMaHHS i NepLloto i Apyroo hopMyBarnbHUMK CeKUiSMK; nepLuy i apyry A3epKarnbHi
npobkn, po3TalloBaHi MK KamMepow YTPMMaHHA i nepwuMm i ApyruMm AMBEpTOpaMu; CUCTEMY
reTepyBaHHs, 3B'A3aHy 3 KaMepol YTPUMaHHS i nepLumMM i Apyrum amBepTopamu; oauH abo gekinbka
3MilyBasnibHMUX eneKTpoAiB ANsl €NeKTPUYHOro 3MilleHHS] HE3aMKHYTOI MOBEPXHi NOTOKY reHepoBaHOl
FRC, npnyomy oanH abo gekinbka 3MmillyBanbHUX enekTpodiB po3TalloBaHi B Mexax ogHoro abo
OinbluUe 3 Kamepu yTpUMaHHS | MEePLUOro i ApYroro AMBepTOopIB; i ABi abo GinbLue BigXWUIbHUX KOTYLLOK,
3B'A3aHMX 3 KAMEePOoI YTPUMAHHS.

BianosigHo Ao JogaTKOBOro BapiaHTa 34iMCHEHHS LbOro BUHaxoay, 3anponoHoBaHa cuctema ans
reHepyBaHHs i 30epeXeHHs MarHiTHoro nons i3 obepHeHOW MarHiTHow koHdirypauieto (FRC), dka
MICTUTb: KaMepy YTPUMaHHS; NepLunn i Apyrun AMBepTopwn, 3B'A3aHi 3 KAMepOoo YTPUMaHHS; NepLuni i
Apyrmia - giameTpansHO MNPOTUMEXHI IHXEKTOpu cdepomakiB, 3B'A3aHi 3 nepwuMm i Apyrum
AvBepTopamu; oanH abo Jekinbka 3 MHOXMHW 3MiLLyBanbHUX €NeKTPOAIB i nepLly i Apyry A3epKanbHi
npobkn, Npuyomy oaMH abo Aekinbka 3MillyBanbHUX eneKkTPOAiB po3TalloBaHi B Mexax ogHoro abo
Oinblue 3 Kamepu YTPUMaHHS i NepLIoro i Apyroro AMBEpPTOPIB, i Npy LbOMY NepLua i Apyra A3epKarnbHi
NpobKM po3TalloBaHi MK KamMepow YTPUMaHHA | Mepwum i gpyrum OUBEpPTOpamMu; CUCTEMY
reTepyBaHHs, 3B'3aHy 3 KaMepol YTPUMaHHS i NepLInMM i ApYrMM OuBepTOpaMu; MHOXUHY IHXEKTOPIB
Ny4KiB HEMTpanbHUX aTOMIB, 3B'A3aHMX 3 KAMEPOIK YTPUMaHHS i OPIEHTOBAHMX NI KYTOM Y HanpsiMKy
00 cepefHbol MMAOWMHN KaMepu YTPUMaHHS; i MarHiTHy CUCTeMy, WO MICTUTb MHOXMWHY KOTYLLIOK
KBa3inocTiNHOro CTpyMy, pO3TallOBaHWX HaBKOMO KaMepu YTPUMaHHA | Mepworo i Apyroro
AVBEPTOPIB, i NPV LUbOMY NepLuni i Apyrun Habopu A3epkanbHUX KOTYLLIOK KBa3iMOCTINHOIO CTpymy
po3TalloBaHi B MPOMDKKY KaMepu YTPUMaAHHS; MNPUYOMY CUCTEMA BUKOHAHaA 3 MOXIMBICTIO
reHepyBaHHa FRC i 36epexeHHa FRC 6e3 cnagy npw iHXekuil My4ykiB HEMTpanbHWX YacCTMHOK B
nnasmy.

BignosigHo A0 [oAaTKOBOro BapiaHTa 34iIMCHEHHS LbOro BMHaxody, NepLunin i opyrun iHxektopu
chepomakiB BUKOHAHI 3 MOXITUBICTIO iHXeKLii Nnasm ccpepomakis y HaNpsIMKy 4O CepeaHbOi NITOLMHN
Kamepu onga o6'egHaHHs i popmyBaHHa nnasvm FRC.

BianosigHo OO AoAAaTKOBOro BapiaHTa 34IMCHEHHS LLbOro BMHaXOAy, NepLUUn i APYrnii iHXeKTopU
chepoMakiB BUKOHaHI 3 MOXMUBICTIO POPMYBaHHS | iHXeKLiT B Kamepy YTpMMaHHS nnasMm neplumx i
apyrux cdepomacis, LLLO MaloTb NPOTUMEXHO CPSMOBaHi cnipanbHOCTI.

BianosigHo OO0 AoOaTKOBOro BapiaHTa 34IMCHEHHS LIbOro BMHaxoAy, NepLUMn i APYrUi iHXeKTopur
chepoMakiB MiCTATb HamarHiyeHy koakcianbHy nnasmosy rapmaty (MCPG).

BianosigHo OO AoAaTKOBOro BapiaHTa 34IMCHEHHS LIbOro BMHaxXOAy, NepLUUn i APYrnii iHXeKTopU
cchepomakiB BKMOYaoTh B cebe CUCTEMY KOTYLLOK 3MILLEHHS i3 3anisHUMKU ocepasmMu.
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BignosigHO OO A04aTKOBOro BapiaHTa 34iIMCHEHHS LUbOro BuMHaxony, 3anisHe ocepas cuctemu
KOTYLLIOK 3MiLLEHHS i3 3ani3HUMKU ocepasMu MiCTUTb YaBYH 3 MarHiTHOK NPOHUKHICTIO NpubnnsHo 250.

BignosigHO 0O [oOAaTKOBOro BapiaHTa 34IMCHEHHSA LbOro BUMHAXOA4y, 3ani3He ocepasi CMCTEMU
KOTYLLIOK 3MILLIEHHS i3 3ani3HUMK ocepasammn MicTuTb NpubnnsHo 99,9 % Fe 3 MarHiTHOK MPOHUKHICTIO,
wo gopisHoe npmdnunano 200000 abo GinbLioto.

BionosigHoO 0O AOAATKOBOro BapiaHTa 34iIMCHEHHS LbOro BMHAXOAY, MepLUMN i OPYIUIA iHXEKTOpKU
chepomMakiB BUKOHaHi 3 MOXMMUBICTIO PO3A4iINbHOIO KepyBaHHS.

BignoBsigHo A0 [oAaTKOBOro BapiaHTa 34IMCHEHHS LIbOro BMHAxXoAy, NEpLUni i OpYrmi iHXeKTopu
chepomMakiB BMKOHaHI 3 MOXIMBICTIO BaraToiMnynbCHOI iHXeKLUii nnasm Ginble ogHoro cepomaky B
Kamepy yTpUMaHHS.

BianoBsigHo 40 4o4aTKOBOro BapiaHTa 34iMCHEHHS LibOro BMHAxXo4y, MHOXMHA NyYKiB HENTPaSbHNX
YaCTMHOK BUKOHaHa 3 MOXIMBICTIO PEryrnoBaHHS MK MEpLUOKD eHeprieto NydkiB i ApYyrow eHeprieto
nyykiB, NPMYOMY Apyra eHepria nyykis Bigpi3HAETbCA Big NepLUOi eHeprii Ny4YKIiB i Npu LLbOMY MOXMMBE
nepemMmnkaHHs eHeprii MHOXMHU NyYKiB, SIKi HAnNexaTb 40 MHOXUHW MY4YKiB HENTPanNbHMUX YaCTUHOK, MiX
NepLUOIO | APYrot0 eHepriiMy NyYKiB NPOTArOM TPUBANOCTi IHXKEKLINHOrO iMnynbey.

BignoBigHO [0 [0O4aTKOBOro BapiaHTa 34IMCHEHHS LbOro BMHAxXOAy, 3MilllyBarbHi enekrtpoau
BKITIOYaloTb B cebe oauH abo Aekinbka 3 ogHoro abo AekinbKoX TOYKOBMX eNeKTpoAiB, po3TalloBaHmX
y Mexax KamMepu YTPUMaHHSA, OMN1S KOHTAKTy 3 HE3aMKHYTMMW CUMOBUMM MiHiasMu nonsi, Habip
KiNbLEBNX €NeKTPOoAiB MK KamMepow YTPUMaHHS i MepwuvM i ApyrMMm AuBepTopamMu, i MHOXUHY
€eneKkTpoiB, KOHLUEHTPUYHO BKNageHux y CTony, po3TalloBaHMX Yy MepLlioMy i ApyroMmy AmMBepTopax,
ANA 3apamKaHHA OeKiNbKOX KOHUEHTPUYHUX LapiB MNOTOKY.

BignoBsigHo 40 4OAATKOBOro BapiaHTa 34iMCHEHHS LIbOro BMHaxoay, 3anponoHoBaHa cuctema, sika
A00aTKOBO MICTUTb Mepui i gpyri giameTpanbHO MPOTUAEXHI dopMyBanbHi Cekuii TeTa-niHviB i3
06epHeHUM MorneM, BCTaHOBMEHI MiXK MEpPLUUM | APYrM OUBEPTOPaMM | KAMEPOK YTPMMaHHS.

BignosigHo 0O AoAAaTKOBOro BapiaHTa 34iMCHEHHS LIbOrO BMHAXOAY, 3arnponoHoBaHa cuctema, sika
A0AaTKOBO MICTUTb TPETIV | YeTBEPTUI ANBEPTOPW, BCTAHOBIEHI MiXK NEepLUUM i ApYrMM diameTpansHO
NPOTUNEXHUMU POPMYBaNbHUMUN CEKLISIMU TeTa-MiHYiB i3 06epHeHMM Nonem i KaMepor yTPUMaHHS.

OpHak MOXNUBI BapiaHTW 34INCHEHHS, NpeAcTaBreHi TyT, NPu3HadeHi nuwe $K iNoCcTpaTUBHI
npvKknagn i XOAHMM YMHOM He 0BMeXYBarbHi.

Bci o3Hakn, enemeHTH, KOMMOHEHTW, dYHKUIl i eTann, onucaHi BigHOCHO Byab-sKOro BapiaHTa
3[0iICHEHHS), NpeAcTaBneHoro TyT, nNpu3HadeHi OyTuM BiNbHO KOMOIHOBaHUMMW | 3aMiHIOBAHUMMU
BiANOBIOHMMM 3 OYAb-AKOro iHWOro BapiaHTa 34iMCHEHHS. AKLLIO Oesika 03HaKa, eflEMEHT, KOMMOHEHT,
dyHKLiss abo eTan onucaHi BiOHOCHO TiNbKM OQHOrO BapiaHTa 34iACHEHHS, TO NOTPIOGHO PO3yMmiTH, Lo
Ta O3HaKa, enemMeHT, KOMMOHEHT, dOyHKL i abo eTan MOXYTb BUKOPUCTOBYBATUCS 3 OyAb-AKUM iHLLIUM
BapiaHTOM 3AiIMCHEHHS, ONWCAHUM TYT, AKWO ABHO He BkasaHo iHwe. Llen absay, Takum 4YuHOM, B
Oyab-AKWIA Yac CNyXUTb aHTEeLe4EHTHOK OCHOBOH | MMCbMOBOIO NIATPUMKOIO 41151 BBEAEHHSA (DOpMYynn
BMHaxody, sIka KOMOIHye O3Haku, €nemMeHTWU, KOMMOHEHTW, pyHKUil i eTann 3 pi3HMX BapiaHTiB
30iiCHEHHs1 ab0 3aMiHIOE O3HaKW, €NeMeHTWU, KOMMOHEHTU, (OYHKUii i eTanu 3 Of4HOro BapiaHTa
30iINCHEHHS BIAMOBIAHUMW 3 (HLWOMO, HaBiTb AKLWO HACTYMHUMA ONUC ABHO HE BKa3ye, B KOHKPETHOMY
BUMAAKY, WO Taki koMOiHauii abo 3amiHM MOXnuBi. FABHWUIA Nepernik KOXHOI MOXIMBOI KOMOGiHau,i i
3aMiHW € HagMipHO OBTSXKNMBUM, OCOBNMBO BPaxOBYKOYM, WO AOMNYCTUMICTb BCSAKOI i KOXHOI Takol
KoMOiHaUii i 3amiHn Byge nerko 3posymina daxiBusaMu B Uil ranysi TEXHIKM NO NPOYUTAHHI LbOro
onucy.

Y Garatbox Bunagkax 06'EKTM ONUCYIOTbCA TYT K MoB'A3aHi 3 iHWuMK ob'ektamu. [MoTpiGHO
3pO3yMiTW, O TEPMiHK "3B'A3aHun (-a, -e, -i)" i "3'egHaHun (-a, -e, -i)" abo Byab-sAki 3 ixHIX hopm
BXMBaOTbCHA TYT B3aEMO3aMiHHO i B 060X BMnagkax € pogosBummn ans 6e3nocepeHbLoro 3B'a3ky OBOX
06'ekTiB (0e3 sKnx-Hebyab iCTOTHMX (Hanpwknag - napasvTHUX) NPOMiIXKHUX OO'eKTIB) i HenpsaMoro
3B'A3Ky ABOX 00'eKTiB (3 ogHMM abo gekinbkoMa npoMikHUMKM ob'ekTamm). AKLOo 00'eKTM nokasaHi sk
Oe3nocepenHbO 3B'A3aHi BoeaMHO abo onucaHi sik 3B'A3aHi BOegMHO ©e3 onucy sKoro-Hebyab
NpoMikHOro o6'ekta, NOTPIGHO 3pO3yMmiTH, LLO Ui 06'EKTM TaKOX MOXYTb OyTU Ge3nocepedHbO 3B'A3aHi
BOEOMHO, AKLLO B KOHTEKCTI ABHO HE OUKTYETBLCS iHLLE.

Xoya BapiaHTM 30INCHEHHA MOXyTb ©OyTM nigAaHi BHECEHHI Pi3HWX Moaudikauii i
anbTepHaTMBHMX (POPM, iXHi KOHKPETHI MPUKNaan MoKa3aHi Ha KPEeCMEeHHsIX i onucaHi TyT AeTarnbHo.
OpHak MOBMHHO OyTW 3pO3yMino, WO Ui BapiaHTW 34INCHEHHA He OOMEXYTbCA PO3KPUTOI
KOHKpEeTHO ¢hopMOto, a HaBMNakK, Ui BapiaHTU 34iMCHEHHS1 NOTPIOHO BBaXKaTU TaKMMU, LLIO OXOMNJTHOHTb
BCi Moaudikauii, ekBiBaneHTn i anbTepHaTMBM, GKi 3HAXOOATbCA B Mexax icToTu BuHaxony. Kpim
LbOro, HaBoauTK y opmMyni BUHaxody abo BHOCUMTU B Hei MoxHa Oyab-siki o3Haku, pyHKUil, eTanu
abo enemeHTM 3rigHO 3 BapiaHTaMW 30OIACHEHHS, @ TaKoX HeraTuBHI OOMEXEeHHs, siki BM3Ha4aloTb
0o6CcAr OXOpOHWM 3rigHO 3 BMHAxXOOOM O3Hakamu, QYHKUisMM, eTanamu abo eneMeHTamu, LWO
3HaAXO4ATLCA M03a LM 06CSrom.
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SOPMVYJIA BUHAXOLOY

1. Cnocib reHepyBaHHs i 36epexeHHs nnasmn FRC, sika mae marHiTHe none 3 06epHEHO0 MarHiTHO
koHdirypauieto (FRC), sikmni Bkniovae B cebe eTanu, Ha SKUX:

iIH)XKEKTYIOTb Mnasmu nepLuoro i opyroro cpepomakis i3 NpOTUMAEXHMX MEPLUOro i APYroro iHXekTopis
chepomakiB akcianbHO y HaANPSAMKY A0 CepeaAHbOI NMOLLMHM Kamepn yTPUMaHHS,

00'egHYIOTb NNa3mu nepLuoro i gpyroro cepomackis Ta popmytotb FRC HaBkono o6'egHaHoi nnasmu
Ans reHepyBaHHs nnasmu FRC y kamepi yTpumaHHs; i

30epiratotb nnasMy FRC Ha piBHi NOCTiNHOrO 3Ha4eHHs1 abo 6ins Hboro 6e3 crnagy 3a OOMOMOroH
iHXKEeKUiT NyYKiB LWBNOKUX HEUTPANbHUX aTOMIB 3 iHXXEKTOPIB My4YKiB HENTPANbHUX YACTUHOK y nriasmy
FRC nig kyTom 0o cepeaHbOi MIOWWHN KaMepu YTPUMaHHS.

2. Cnocib 3a n. 1, 3a kMM eTan 00'egHaHHs nnasm cdepomakis i popmyBaHHs nnasmm FRC Bkntovae
B cebe 006'eaHaHHA NnNa3m cepoMakiB, SKi HAOXOAATb 3i chepomMakiB 3 NPOTUMAEXKHO CNPAMOBAHUMU
CNipanbHOCTAMM i iHKEKTOBAHNX B KaMepy YTPUMaHHS 3 NepLUoro i ApYroro iHxekTopie chepomakis.

3. Cnocib 3a nn. 1 i 2, 3a akum Nepwnin i Apyruin iHXeKTopn cdepomakiB MICTATb HamarHideHy
KoakcianbHy nnasmosy rapmaty (MCPG).

4. Cnoci6 3a nn. 1-3, 3a AKMM NepLwmrn i APYrMn iHXeKTopn cepomakis MICTATb CUCTEMY KOTYLLOK
3MiLLLEeHHS i3 3ani3HMMK ocepasMu.

5. Cnoci6 3a n. 4, 3a kMM 3ani3He ocepasl CUCTEMU KOTYLUOK 3MIilLEHHS i3 3anisHMMM ocepasmu
sIBNsie COOOI0 YaBYH 3 MarHiTHOK NPOHMKHICTIO NprbnmaHo 250.

6. Cnocid 3a n. 4, 3a kMM 3ani3He ocepas CUCTEMU KOTYLUOK 3MILLEHHS i3 3anisHMMK ocepasimu
MicTUTb NpubnuaHo 99,9 % Fe 3 MarHiTHOW MPOHMKHICTIO, WO AopiBHIOE npubnusHo 200000 abo
OinbLwoto.

7. Cnoci6 3a nn. 1-6, AKMN JOAATKOBO BKMNtoYae B cebe posdinbHe KepyBaHHS neplum i gpyrum
iHxxeKkTopamu chepomacis.

8. Cnocib 3a n. 7, 3a akMM nnasma cdepomakiB, exeKkToBaHa 3 NepLloro iHxekrtopa cdepomakis,
BiOPI3HAETLCA Big nnasmy chepomMaciB, eXXeKTOBaHOI 3 APYroro iHXekTopa cepomackis.

9. Cnocib 3a nn. 1-8, akun gopaTkoBO BkMo4yae B cebe nonoeBHeHHs nnasmu FRC opgHielo abo
Aekinbkoma nnasmamu cdepomakis 3 ogHoro abo 6Ginblwe 3 nepworo i ApYyroro iHXekTopis
chepomakis B3QOBX reOMETPUYHOI OCi Kamepun YTPUMaHHS.

10. Cnocib 3a n. 9, 3a 9kMM eTan NonoBHEHHS BKMoYae B cebe baraTtoimnynbCHy iHXeKUito ogHiei abo
AeKinbkox nnasm cpepomackis y nnasamy FRC 3 ogHoro abo Ginblue 3 nepLuoro i Apyroro iHXekTopi
chepomacis.

11. Cnocib 3a nn. 1-8, AkM gOOaTKOBO BKItoYae B cebe hopMyBaHHSA Ta iHXeKLUilo 6aratoiMnynbCcHUX
cpepomacis y nnasmy FRC.

12. Cnocib 3a nn. 1-11, 3a AkuM eTan iHXeKUii MyYKiB LWBMAKUX HENTparnbHMX aToMiB Bkrovae B cebe
OAMH 3 eTany HanawTyBaHHS eHeprii Ny4vkiB ANS MHOXWHU MY4YKiB HEWTparbHUX YaCTUHOK MiX
NnepLIoO0 eHeprielo My4kiB i OpYrolo eHeprielo nyykis, Ae Opyra eHepria nydkis BiApi3HAETbCA Bif
nepLloi eHeprii Ny4kiB, abo eTany HanawTyBaHHS €Heprin Ny4kiB ANA MHOXWUHU NYyYKiB HENTPaAnbHUX
YACTUMHOK MiX MEepLUOId0 EHEepricto NyYKiB | OPYrol eHepricto NydykiB, Ae Apyra eHepria nydykis
BiAPI3HAETLCA Bif NepLlol eHeprii NyykiB, i NpY LbOMY Apyra eHepria ny4kiB BULLE, HiX NepLua eHepria
nyykie, abo etany HanawTyBaHHA €HEpPri Ny4YkiB ANt MHOXWHWU MY4YKiB HEATPANbHMUX YACTUHOK MiXK
nepLUolo eHeprielo NydkiB i ApYrowo eHeprieto MNyykiB, Ae Opyra eHepria nydykiB BigpisHAETbCA Bif
nepLloi eHeprii NyykiB, i NPU UBLOMY MHOXMHY MY4YKiB HENTpanbHUX YaCTUHOK MEepeMUKaloTb MK
NepLUOIo | APYro eHepriaiMu NyYkiB MPOTArOM TPUBAMOCTI iHXEKUINHOro iMNyrbCy.

13. Cnoci6b 3a nn. 1-12, gkun gooaTkoBO BKNOYae B cebe reHepyBaHHA MarHiTHOro Mmosis B Mexax
Kamepw 3 KOTyLLUKaMu KBasinoCTiINHOrO CTPYMY, LLIO NPOCTAraloTbCA HABKOO KaMepu.

14. Cnoci6 3a n. 13, akuin JoOaTKOBO BKMOYae B cebe eTan CnpsiMyBaHHS MOBEPXOHb MarHiTHOro
notoky FRC B amBepTopw, 3B's3aHi 3 TOPUSAMY Kamepu YTPUMaHHS.

15. Cnocib 3a n. 14, g9kMin 0O4ATKOBO BKMoYae B cebe eTan reHepyBaHHS MarHiTHOrO nosisi B Mexax
OMBEPTOPIB  3a [JOMOMOro KOTYLLOK KBa3iNOCTIAHOrO CTPyMy, LWO MpOCTAraloTbCs HaBKOMO
dopmyBarnbHUX CeKUin i AMBepTOpIB.

16. Cnoci6 3a n. 15, akniA 4oOaTKOBO BKIoYae B cebe eTan reHepyBaHHsi A3epKasibHOTO MarHiTHoOro
nonsd B Mexax MPOTUNEXHMX TOpLIB Kamepu 3a JOMOMOrow A3epKanbHUX KOTYLIOK KBasinoCTiMHOMo
CTPYMY, LLO NPOCTAraloTbCA HAaBKOMO MPOTUNEXHUX TOPLIB KaMepW.

17. Cnocib 3a nn. 13-16, AkviA goOaTKOBO BKMtoYae B cebe eTan reHepyBaHHSA OAHOMO 3 MarHiTHOro
AMMNOMbHOrO NOMs i MarHiTHOro KBaZpyrnoribHOro nons B Mexax Kamepu 3a JO0MOMOrow BigXWUMbHUX
KOTYLLIOK, 3B'I3aHNX 3 KAMepOIo.
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18. Cnocib 3a nn. 14-17, sKMiA OOAATKOBO BKIOYAE €Tan KOHAMLIOHYBaHHS BHYTPILLHIX MOBEPXOHb
Kamepw i AMBepTOpPIB 3@ JONOMOIO CUCTEMU reTepyBaHHSI.

19. Cnocib 3a n. 18, 3a gkum cucTema retepyBaHHs BKNovae B cebe ogHy 3 CUCTEMU OCaLKEHHS
TUTaHY i CUCTEMW OCaKEHHS MiTilo.

20. Cnoci6 3a nn. 1-19, aku gogaTkoBO BKMYae B cebe eTan kepyBaHHsS pafianbHUM npodinem
€NeKTPUYHOro Nons B rpaHMyHomy wapi nnasmu FRC.

21. Cnocib 3a n. 20, 3a gkum eTan KepyBaHHS pafianbHUM npodpinem enekTpuyHoro nonsi B
rpaHnyHomy wapi FRC Bkntoyae B cebe npuknagaHHsa po3noginy enekTpyMyHoro noteHuiany go rpynm
He3aMKHyTMX NoBepXxoHb NoToky FRC 3a gonomoroto amillyBanbHUX eneKTpoaiB.

22. Cnoci6 3a nn. 1-21, gkun O0OAATKOBO BKMYae B cebe ofHe 3 iHXekuil nnasMm cdepomakiB 3
MepLUoro i Apyroro iHXeKTopiB cepomMaki, O MarTb MarHiTHUM noTik Ginbwe Hixx 20 mMB6, abo
iHXXeKUil nna3sm cgepomMakiB 3 NepLUoro i Apyroro iHxXektopis cpepomacis, WO MakOTb MarHiTHUIA NOTIK
OinbLe Hixx npnbnuaHo 25-30 mB6.

23. Cuctema pana reHepyBaHHSl | 36epexeHHss MarHiTHoro nonsi i3 0OepHEeHOK MarHiTHOH
KoHirypauieto (FRC), saka micTuTb:

Kamepy yTpUMaHHs;

nepLvmn i Apyrun anBepTopu, 3B'A3aHi 3 KaMepor YTPUMaHHS;

nepwwuvn i Apyrun giameTpanbHO NPOTUIEXHI iHXEeKTopy cdepomakis, 3B'A3aHi 3 nepwum i gpyrum
AvBepTopamu, Ans reHepyBaHHA MnasMu cepoMakiB i MepeHeceHHs nnasmm cdepomakis y
HanNpsIMKy A0 cepedHbOl NNOLWNHU KaMepu YTPUMaHHS;

MHOXWHY IHXXEKTOPIB NyYKiB HEMTPaNbHMUX aTOMIB, 3B'A3aHMX 3 KAMEPOK YTPUMaHHS | OPIEHTOBAHUX HaA
iHXKEKUil0 Ny4kiB HEWTparbHMX aToOMIB Yy HaNpAMKY A0 CepedHbol NIOWMHM Kamepu YTPUMaHHA nig
MEHLLMM KyTOM, HiXK NPSAMUIA, 40 NOAOBXHbLOT OCi KaMepu YyTPUMaHHS;

MarHiTHy cuctemy, fka MiCTUTb MHOXWHY KOTYLLIOK KBa3iMOCTINHOrO CTPyMy, pO3TalloBaHMUX HaBKOMNO
Kamepu yTpUMaHHS i NepLUOoro i Apyroro AUBEPTOpPIB, NepLuni i Apyrun Habopu A3epkanbHUX KOTYLIOK
KBasinoOCTINHOMO CTPyMy, pO3TallOBaHMX MK KamMepow YTpUMaHHA | nepwow i  Apyrow
dopmMmyBanbHMMK CeKkuisaMuK, | nepwy i Apyry A3epkanbHi npobku, pos3TawoBaHi MiX Kamepoio
YTPUMaHHS i Nepwmm i Apyrum AMeBepTopamu;

CUCTEMY reTepyBaHHs, 3B'A3aHy 3 KAMEPOK YTPUMaHHS | NepLwyMm i ApyrMMm AMBepToOpamu;

oauH abo Aekinbka 3MmillyBanbHUX €neKTPoaiB ANs eneKTPUYHOro 3MiLLeHHS HE3aMKHYTOI NMOBEepPXHI
noTtoky reHepoBaHoi FRC, npuyomy oguH abo gekinbka 3millyBanbHUX eneKkTpoAdiB po3TalloBaHi B
Mexax ogHoro abo Ginblue 3 kKaMepu YTPMMaHHS | NepLloro i Apyroro AnBepTopiB; i ABi abo Ginblie
BiOXWIbHI KOTYLLKMW, 3B'A3aHi 3 KAMEPOI YTPUMaHHS.

24. Cuctema ansi reHepyBaHHs i 36epexeHHs marHiTHoro nong i3 FRC, sika mictuthb:

Kamepy yTpUMaHHS;

nepLUnn i Apyrui AnBepTopwn, 3B'A3aHi 3 KaMepOoKo YTPUMaHHS;

nepLunn i Apyruin giaMmeTtparibHO MPOTUNEXHi iHXeKTopu cdepomakiB, 3B'A3aHi 3 nepluvm i Apyrum
AvBepTopamu;

oauH abo gekinbka 3 MHOXWHW 3MilyBanbHUX €MNeKTPOAIB i nepwy i Apyry A3epkanbHi npobku,
nprvyoMy oaunH abo Aekinbka 3millyBanbHMUX eNeKTPoAiB po3TalloBaHi B Mexax ogHOro abo AeKinbkox
3 KaMepun yTpUMaHHS i NepLloro i Apyroro AMBEpPTOPIB, i NPV LbOMY nepLua i gpyra A3epkanbHi Npobku
po3TaLlloBaHi MiXX KaMepOoK YTPUMaHHS i nepLunM i Apyrum avsepTopamu;

CUCTEMY reTepyBaHHS, 3B'si3aHy 3 KAMepOoI YTPUMaHHS | NepLwnMm i Apyrum aneepTopamu;

MHOXMWHY iHXEKTOpPIB My4KiB HEWTparnbHUX aToOMIB, 3B'A3aHUX 3 KAMEPOI YTPUMAaHHS i OpieHTOBaHMX
nig KyTOM Y HanpsiMKy A0 cepefiHboi MAOLLMHN KaMmepn YTPUMAHHS; i

MarHiTHy cucTemy, fka MiCTUTb MHOXWHY KOTYLLIOK KBa3iMOCTINHOrO CTPyMy, po3TalloBaHMX HaBKOMNO
KamMepu yTPMMaHHsSl | Mmepworo i Apyroro OMBEpTOpiB, NpW LbOMY Meplwun i apyrun Habopwm
A3epKarnbHUX KOTYLLOK KBasinoCTIMHOINO CTPyMY pO3TallOBaHi MK Kamepow YTPUMaHHS i NepLloto i
Apyroto hopMyBanbHUMK CeKL MM,

npuvyoMy cucTemMa BWKOHaHa 3 MOXNMBICTIO reHepyBaHHs FRC i 36epexeHHa FRC 6e3 cnagy npwu
iH>KEKLUIT MydKiB HEWTPanbHNX YaCTUHOK Y Nrasmy.

25. Cuctema 3a nn. 23 i 24, B AKi NepLwnii i ApYrni iHXeKTopy chepoMakiB BUKOHaHI 3 MOXITMBICTIO
imkekuil nnasm cdepomakiB y HanpsiMKy OO CepedHbOi MnowuHM Kamepu ans ob'egHaHHs i
dopmyBaHHs nnasmu FRC.

26. Cuctema 3a n. 25, B 4K nepLumnn i Apyrun iHXeKTopu cepomakiB BMKOHaAHI 3 MOXNUBICTIO
dopMyBaHHS i iHXeKUil B Kamepy yTpMMaHHS MnasMm nepwux i gpyrux cdepomakis, WO MaloTb
NPOTUNEXHO CNPSAMOBaHI CripanbHOCTI.

27. Cuctema 3a nn. 23-26, B AKi nepluvn i Apyrum iHxektopu cdepomakisa MICTATb HaMarHiyeHy
KoakcianbHy nnasmosy rapmaty (MCPG).
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28. Cnuctema 3a nn. 23-26, B sKid NepwUn i OpYyruin iHXeKTopu cdepomakiB BKo4yaoTb B cebe
CUCTEMY KOTYLLIOK 3MILLEHHS i3 3ani3HUMK ocepasaMMu.

29. Cuctema 3a n. 28, B fAkin 3anisHe ocepasd CUCTEMW KOTYLLOK 3MiLLlEeHHS i3 3anisHuMu ocepasamu
aBNsAe cobOoK0 YaBYH 3 MarHiTHOK NPOHUKHICTIO NpMbnmM3Ho 250.

30. Cuctema 3a n. 28, B ki 3anisHe ocepasa CUCTEMWU KOTYLLOK 3MiLLLEHHS i3 3anisHMMK ocepasimu
MiCTUTb NpmbnmsHo 99,9 % Fe 3 mMarHiTHOK NPOHWKHICTIO, WO AopisHioe npubnusHo 200000 abo
BinbLuoto.

31. Cuctema 3a nn. 23-26, B 9K Nepwnin i Apyrui iHxXeKkTopu cdepomMakiB BUKOHaHI 3 MOXIUBICTIO
PO3AiINbHOIO KEPYBaHHS.

32. Cuctema 3a n. 31, B sKiA Nepwunn i apyruin iHXekTopn cepomMakiB BMKOHAHI 3 MOXITUBICTHO
OaraToiMnynbCHOI iHXeKLiT Nnasm Ginblie ogHOro chepomaky B KaMmepy yTPUMaHHS.

33. Cuctema 3a nn. 23-32, B AKii MHOXWHA MYy4KiB HENTParbHUX YAaCTUHOK BUKOHAHa 3 MOXIUBICTIO
peryntoBaHHA Mibk MEpLLIOK eHeprieto NyYKiB i ApYrol eHeprieto Ny4ykis, NPUYOMY Apyra eHepris ny4kis
BiPI3HAETLCA Bif NEpPLUOi eHeprii Ny4KiB i NPy LbOMY MOXNMBE NEePEMUKAHHS eHeprii MHOXMHU NMyYKiB
HEeNTpanbHUX YAaCTUHOK MK MEPLLOIO i APYrol eHepriaMu nydkiB NpoOTAroM TPMBAMNOCTI iHXEKLIMHOMo
iMnynbCy.

34. Cuctema 3a nn. 23-33, ska [OOATKOBO MICTMTb MepLly i Apyry AiameTpanbHO NPOTUIIEXHI
dopmyBarnbHi  cekuii TeTa-niH4iB i3 OOepHeHUM nonem, BCTAHOBMEHI MK nepwum i Apyrum
OMBEPTOPaMU | KAMEPOK YTPUMAHHS.

35. Cuctema 3a n. 34, sika OOAATKOBO MICTUTb TPETiA i YeTBEPTUIN AMBEPTOPU, BCTAHOBIEHI MiX
nepLlio i Apyrow AgiameTpanbHO MPOTUAEXHUMWN  (opMyBanibHUMKU  CEKLigMM  TeTa-niHYiB i3
06epHEHUM MOMNEM | KaMEePOI YTPUMAaHHS.
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