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1. BBenenne

B ucropuu yesoBeyecTBa 10 Hayaja paboT IO ympaslisie-
MoMy TepmosiiepHomy cuHTe3y (YTC), no-euaumomy, He
OBbLIIO TEXHMYECKOW 3aJlayil, KOTOpasl, SBJSSICh HACYIIHOM,
noTpedoBaia ObI 1JIsI CBOEro pemienus 6oiee 20 jgeT. DToMy
"ucropudeckomy" MpaBUIy COOTBETCTBYET M3BECTHOE 3a-
aBjeHue unauiickoro ¢uszuka Xomu baba B 1955 r. Ha
JKeneBckoil KOH(pEpeHIIUU MO0 MHPHOMY HCHOJIb30BAHUIO

9.A. A3u30B. HanmoHaIbHBII HCCIIEI0BATEILCKUI IEHTDP
"Kypuarosckuit uactutyT",

1. Akagemuka Kypuarosa 1, 123182 Mocksa, Poccuiickast @enieparust
E-mail: azizov@nfi.kiae.ru

Cmamvsa nocmynuaa 9 cenmsaopsa 2011 a.

aToMHoI sHepruun: "SI Gepy Ha ceGs CMENOCTh NPEICKa3aTh,
4TO METOJI OCBOOOXICHUSI JHEPTUM CHHTE3a KOHTPOJUpPYe-
MBIM cIOCOOOM Oy/eT HaiiieH B OJvkaifime aBa JecsTuie-
Tus".

Ha JKeneBckoii konpepernmu 1958 r. anramiickuii hpu3uk
I1.C. TonemanH 3asBUJI, YTO «OTBET HA BOMPOC O BO3MOX-
HOCTHU T€HEPALNH JICKTPUIECKOM SHEPTUU TIPU UCIIOIb30Ba-
HUM JIETKUX 3JIEMEHTOB OYIET MOJIyYeH TOJBKO B CIICAYIO-
LIEM JECATUIIETHH, K ecid oTBeT OymeT "na", To emg mecsatob
JIET TOHAAOOSTCS AJIs1 OTBETA HA BOMPOC 00 SKOHOMHYECKOU
3(hGEKTUBHOCTH WCHOJIB30OBAHUSI ITOTO HMCTOYHHUKA JHEP-
THID».

Ha xondepeniu 1961 r. B 3anpudypre M.H. Pozen6tor
(CIIA) B UTOroBOM JAOKJaJe O JOCTHXKECHHSIX B TEOPUU
mwIasMbl ckazai: "XoTs, K COXaJICHUIO, BEPHO, YTO TEOpe-
THKH HE MOTYT OOBSICHUTH IKCIIEPUMEHTATOPAM, KaK IMEHHO
CJIeTyeT CTPOUTD TePMOSIIEPHYIO MAIIIMHY, HO TaKXKe BEPHO
7 TO, YTO MBI B TEUCHHUE MHOTHX JIET CTAPATEILHO MBITAJINChH
HaliTH (QyHIAMEHTAJbHYIO HPUYHHY, ITOYEMY IJIa3MEHHBIH
TEPMOSIICPHBIN PEakTOp HE MOXKET OBITH MOCTPOCH, — U HE
Hauu Takoi npuunnsl”. Jlanee on nodasui: "...s Bepro, 4TO
[IAHC ISl YeJIOBEYECTBA PEIIUTh MPODJIEMY YIIPABISIEMOTO
TEPMOSJICPHOTO CHHTE3a MPUMEPHO 3a IBA/IIATH JIET OUYCHb
BEJIMK, €CJIN TOJbKO OHO HE MOTEPIUT MOpa)keHue B Ooiee
TPYAHOI 60pBOE ¢ HEyNIpaBISEMBIM CHUHTE30M" .

Ceiivac, cnycts 60 JieT mocJie Havaia MCCIIeIOBAHMIA IO
yIOPaBISIEMOMY TEPMOSIEPHOMY CHHTE3Y, MbI MOXEM
3aKJIFOYHTD, YTO CJIOKHOCTD MPOOJIEMbI CHIIBHO HETOOTICHH-
BaJIaCch HA HAYAJIbHOM 3Tare paboT, 0OCOOEHHO €CIIN YYeCTbh,
4TO KOHEYHAs [1eJ1b, 8 UMEHHO IEMOHCTPAIUS TPOU3BOCTBA
3JIEKTPOIHEPIUM HA TEPMOSACPHON 3IJIEKTPOCTAHLIUH, OT-
CTOWT IO BPEMEHHU OT CErOHSIIIHEI0 MOMEHTA Ha HECKOJIb-
KO IECATUIICTHN.

© D.A. Azuzos 2012
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B nanHOI#1 cTaTbe qaH KpaTkuii 0030p pa3BUTHUS KOHIIEH-
UM MAaTHATHOM TEPMOU3OJISINH TIa3MBbl, IPEIJIOKEHHON B
1950 r. A. . CaxaposeiM u M.E. TaMMOM © TIpHUHSTON 3a
OCHOBY B IIpOeKTe MexXTyHapOIHOTO TEPMOSIIEPHOT O IKCIIe-
pumMenTaabHOTO peaktopa — UTIP (International Thermo-
nuclear Experimental Reactor, ITER), peamusyemoro B
HacTosiiee BpeMst BO PpaHIMU COBMECTHBIMHU YCUIIHSIMU
EBpomneiickoro Coroza, Nammu, Kurtas, Kopeu, Poccun,
CIIA u Snonun.

2. KoHuenuusi MarHUTHOH TepPMOU30JISILIHM
n1a3Mbl. VIarHUTHBI TepMOsIIEPHbIN peakTop

B 1950 r. mpowm3onuio Majgo3aMeTHOEe COOBITHE, pacckas o
KOTOPOM HU3BECTHBIN (PU3UK-TEOPETHK, OYAYIIMN aKaJIeMUK
PAH Buranuit JImutpuesud llladgpanoB HauMHaJI CJIOBAMHU:

Iocaywaiime, pedama, ucmopuro cgoio,

Bcé nauaaocw ¢ condama, cayscusuwe2o ¢ cmpoio.
Peun 3mece maét o cayxuBmem Ha CaxajuHe CepKaHTE
Onmnere Anexcannposmude JIaBpeHTbeBe, KOTOPHIA B MUCHME B
LlenTpanbabiii komMuTeT BCecoro3HON KOMMYHUCTHYECKOU
naptun (6osbiieBukoB) (LK BKII(0)) ot 22 urons 1950 r.
MPEJIOKIIL:

1) ucnosb30oBaTh B BOJAOPOJHON OombOe meiiteput
JIUTHUSA-6 BMECTO CKMKEHHOTO JEUTEpHsl U TPUTHS,

2) co3MaTh CUCTEMY C JIEKTPOCTATHICCKAM YIePKaHUEM
ropsiuei TTa3MBbl JJ1s1 OCYIIECTBIICHUS YIPABIISIEMOTO TEPMO-
SIIEPHOTO CUHTE3A.

Bckope 3TO mMcbMO TONagaeT Ha OT3BIB KaHIUAATY
¢u3nKo-MaTeMaTHYeCKuX Hayk AHIOpero JIMHUTpUeBHIY
CaxapoBy (¢ 1953 r. — mokTop (pU3UKO-MaTEMAaTUYECKUX
Hayk, neiicrsurenbHblil wied AH CCCP), paborasiiemy B TO
BpeMsi B ceKkpeTHOM ropojie Apsamac-16 (r. CapoB) Hapg
co3zmanueM BojopoaHoir 6omoObl. TTozguee A.J]. Caxapor
TaK BCIIOMUHAJ 00 9TOM 3MU30/I€:

Jemom 1950 200a na 06vexm npuwia0 NPUCAAHHOE U3 CEK-
pemapuama bBepuu nucbmo ¢ npedaoxcenuem MoA00020
cepacanma Oaeza Jlaspenmoesga, cayacusuieeo na Caxaaute.
Bo 6600n0ii yacmu agmop nucaa o 8ancHOCMu npoodaeMbl
VIPABAAE MOTL MePMOA0ePHOU pearyuu 049 SHepeemuKu 0y0y-
weeo...

...B c60ém om3wige a1 nanucan, umo vi0gueaeMas agMopom
uoes ynpagasemot mepmoA0epHoil peakyuu A6A9emcsa O4eHb

gasxncnoii... ITo cywecmsy xonkpemmoii cxemoi Jlagpenmuesa A
HAnuca, 4mo oHa npeocmagAsaemcsa MHe Heocyujecmeumoil,
maxk KaKk 6 Heti He UCKAIOUEH KOHMAKM 20pAadeil nAd3muvl ¢
cemkamu... Bo epema umenus cmamvu y MeHA G03HUKAU
nepebvle HeACHbIE eWé MbICAU 0 MAHUMHOU MEePMOU3ONAYUU. ..

B nauane aseycma 1950 200a uz Mockewl sepryaca Heops
Eseenvesuu (Tamm)... OH ¢ 02pOMHBIM UHIMEPECOM OMHECC K
MOUM PA3MBIUACHUAM — 6CE OaabHeliuiee pazgumue uoeu
MACHUMHOT  MEPMOUOAAYUU  OCYWECMBATAAOC, HAMU COB-
mecmuo. Braao U.E. 6vi4 0cobenHO 6eauk 80 6cex pacuémax
U OYEHKAX U 8 PACCMOMPEHUU OCHOBHBIX (PUUUECKUX KOHYeN-
yuil — MA2HUMHO20 Opetifha, MACHUMHbBIX NOGepXHOCmell u
Hekomopwix Opyeux [1].

K oktsa6pro 1950 r. A.d. CaxapoB u W.E. Tamm
MOATOTOBUJIM IIPEIBAPUTEIHLHOE TEOPETHIECKOe 0OOCHOBA-
HHUEe MarHuTHOro tepmosiaepHoro peakropa (MTP) u cne-
JIaJIi TEepBble OLEHKH ero napamerpoB. B sHBape 1951 r.
N.B. KypuatoB opranuszoBajl 00CyXACHHE MPOEKTA C BEJIY-
MU GU3UKAMH, BOBJICYEHHBIMH B ATOMHBIA HPOEKT.
Cosgemnranue nojjaepxajio pasputue pabor mo MTP, u B
despane 1951 r. U.B. Kypuaros manpasun JI.I1. Bepun'
npoexT IlocranoBnenus IIpaButenbcTBa 00 OpraHu3anuu
pabor mo MTP. 5 mas 1951 r. nox IlocraHoBiieHHEM
nocrasmwi noanuck M.B. Cramun. CoriacHo Ilocranosite-
muto CoBeTa MUHHUCTPOB, pa3paboTka mpobrembr MTP
nopyvanace JlabopaTopunm U3MEPHUTENBHBIX NPUOOPOB
(JIUTTAH, B HacTosIee Bpems — HalmoHaIbHBIA HCCIIET0-
Batesbekuit nenTp "Kypuatosckmii mHcTHTYT"). OTBET-
CTBEHHBIM pyKOBOJuUTeeM ObL1 HazHaueH JILA. Apuumo-
BHY, PYKOBOJIMTEJIEM TeopeTrueckux pabotr — M.A. Jleon-
toBu4. ABTOpHI peaioxenus A.Jl. Caxapos u U.E. Tamm
MPHUBJIEKAJIUCH B KAYECTBE MOCTOSIHHBIX KOHCYJIbTAHTOB.

B otuére A.[l. Caxaposa [2] ObLIO IPEIIIOKEHO YACPKH-
BaTh TOPSYYIO IJIa3MY B TOPOMIAJIBLHOM KaMepe ¢ CUIIbHBIM
MPONOJBHBIM MArHUTHBIM moJieM. /Jisi KOMIeHcaluu
TOPOMIAIBHOTO JApeiida 3apsDKeHHBIX YACTHIL Hpejiara-
JIOCh, HApSy C TOPOUIATHLHBIM MArHUTHBIM IIOJIEM, CO3-
JIaTh TOJIOMIAJIbHOe MAarHUTHOE TMoJje, JIMOO MpoIycKas

! JLII. Bepust Bosruasisn Crnenuasbabiii komuteT npu [ocynapeTsen-
oM komutete 06oponst CCCP, coznaunnbiii B 1945 r. "mist pykosoacTea
BCEMH pabOTaMHU 10 UCIIOJIb30BAHUIO BHYTPUATOMHOMN 3Hepruu ypaHa'.

.A. JlaBpeHThEB
(07.07.1926—10.02.2011)

A.Jl. CaxapoB

\

(21.05.1921-14.12.1989)

N.E. Tamm
(08.07.1895—-2.04.1971)

Munnmatops! HCCIIeIOBAHMH 1O YIPABIIEMOMY TEPMOSIEPHOMY CUHTE3Y.
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Ta6auua 1. [MTapamerps! "Goabmon moaeu" MTP

Bonboii paguyc Topa R 12m
Mautblii pajinyc IJIA3MEHHOTO LIIHYypa  a 2Mm
TopounnajibHOe MarHUTHOE T0JIe By 5Tn
TTpoosbHBIA TOK B IJ1a3Me I 0,2 MA
T10THOCTD JCHTOHOB HA OCH TIITa3MBl 1 3% 1020 M3
Temnepatypa Ha OCH ILTa3MbI To 100 x»B
TepmosiiepHas MOIITHOCTD Ppp 880 MBT
HapaboTka Tputus Nt 100 r (B cyTKHM)

9JIEKTPUYECKUI TOK O KOJIBIIEBOMY TPOBOTHHUKY, TOMEIIEH-
HOMY BHYTPb IUIa3MBbl, JTMOO0 BO30YK1asl IPOIOJIbHBIN TOK B
caMoil TIa3Me C MOMOIIIBIO TOJIOUIAILHOH OOMOTKH, pac-
MOJIOXKEHHOHN CHApYXH BaKyyMHOU kamephl. /st cozmanus
paBHOBecust o Gosbimomy pammycy A.Jl. CaxapoB mpen-
JIOKHUJT KCTIOJTb30BATh MEHBIN KOXKYX.

Pacuéter A.Jl. CaxapoBa, OCHOBAaHHBIC Ha KJIACCHYECKHX
ko3¢ umenTax mnepeHoca 6e3 yuéTa KpUBHU3HBI CUCTEMBI,
npuBed K napamerpaMm "Gosbmoi moxenu" MTP, mpen-
CTaBJICHHBIM B Ta0J1. 1 [2].

N.E. Tamwm [3, 4] npenyoxus oOImme MeTOIbI PEIIeHUS
KHHETHYECKOTO YPABHEHHUS JJIsl TOPOUAATHHON TIa3Mbl TIPH
HaJIMYUM CTAaOMJIM3UPYIOLIETO0 TOKA M MOKa3aj, YTO TEIJIo-
MPOBOJHOCTL IUIa3Mbl B TOPE MOXET OBITh 3HAYUTEJBHO
BBIIIIE, Y€M B TPSIMOM IUJIMHJPE MPU OJUHAKOBBIX BEJIHUH-
HaxX MPOJOJIHHOIO MATHUTHOTO TOJISI M MAarHUTHOTO IIOJIS
Toka. [IpumepHo B TO xe Bpems ['.U. Bymkep [5] oOpaTui
BHUMAaHHE Ha OCOOCHHOCTH TOBEICHHSI YaCTHUI[ C MAaJIOi
OTHOCHUTEIBLHOU MPOJOJBbHOM CKOPOCTbIO, KOTOpBIE HO0JI-
JKHBI OBICTPO TEPATHCS U3 TIIA3MBL.

K coxanenmto, 93TH OCHOBONOJIATAIOIIHAE PAOOTHI
N.E. Tamma u T'.'. Byakepa He ObUIM NPOIOJDKEHBI U
Bckope Obumm 3a0bIThl. VX pe3yiabTaThl BHOBb ObLIN
OTKPBITHI U TOJYYUJIN JajbHENIIee pa3BUTHE CIYCTsl OoJiee
necsitu jiet B paborax 1. [Ipupiia u A. llrorepa (1962) [6],
B.[. llagpanosa (1965) [7] u B pabote A.A. T'aneeBa u
P.3. Carpeesa (1967) [8].

3. Dkcnepumentsl 1955-1969 rr.

[TepBast ToponganbHas yCTAHOBKA C CHIIbHBIM MTPOIOJIBLHBIM
MAarHUTHBIM T10JIeM, OCHOBaHHas Ha ujesx A.J[. Caxaposa u
N.E. Tamma, u3BectHas kak TMII (Top ¢ MarHUTHBIM
nojiemM) (puc. 1) [9], 6pu1a noctpoena B JIMITAHe B 1955 1.
nox pykoBoactBoM M.H. Tonouna u H.A. SBiauHCKOTO.
VcranoBka umena ciaenyromue mnapameTrpsl: R = 0,8 M,
a=0,13Mm, Bi=15Tn, I=026 MA. OO6bEM IIa3MBHI,
¥ =0,27 M°, 6611 mpumepro B 3500 pa3 MeHblle, yeM B
npoekte MTP, obcyxnaBmemcs B pasmeie 2. ®aphopoBas
paspsigHas kKamepa OblIa OKPYXKEHAa MEIHBIM KOXYXOM C
paspe3aMu, BHYTPU KaMepbl BOJIU3M CTEHKH pa3Mellajiach
CHUpaJIb U3 HEPKABEIOLLEH CTaNM [JIsS YMEHBIICHHS] KOH-
Takta miasmel ¢ dapdopom. TemmepaTypa 3JIEKTPOHOB
6p1a HU3ko0# (< 10 3B), yTO OBLIO CBSA3AHO C BBICOKUM
YPOBHEM paIUAIMOHHBIX MOTEPb YHEPTUH.

IMocrenyroiye YCTAHOBKY 3TOTO TUIIA TIOJYYHJIN Ha3Ba-
HHE TOKaMakK (110 KOMOMHAIINY HAYAJbHBIX CJIOTOB B CJIOBO-
couetanuu "mopouaanbuas kaMepa maeauTHasn", rae OykBar
B KOHIIe HA3BaHUS LTSI 0J1ar03BY4uMs 3aMeHeHa OykBoii k) [10].

| |
=
Pl

Puc. 1. CxeMmaTnueckoe n300paxeHIe TOPOUAAILHOM KaMephl ¢ 0OMOT-
Kamu: | — okHO Ui GoTorpadupoBanus; 2 — OOMOTKA MPOJOILHOIO
MarHuTHOTO HOJISL.

3a necstuierue, 1955—1965 rr., B KypuaToBckoM HHCTH-
TyTe OBLIO MOCTPOECHO BOCEMb YCTAHOBOK 3Toro tumna (TMIT,
T-1,T-2,T-3,T-5,TM-1, TM-21u TM-3), T.€. B Cpe/IHEM ITOYTH
KaXXIBIA TOJl COOPYXKATACh HOBASI YCTAHOBKA. DTO 00YCIIOBH-
JIO OTHOCUTENIBHO OBICTPBIA IPOTPECC B OIPENCICHUN H
JkBuganun " neTckux 6ose3Heil" TokaMaka, TAKUX KaK 4pes-
MepHOE MOCTYIJICHUE TpUMeceil B II1a3My U BLICOKHIA YPOBEHb
"paccestHHBIX" MATHUTHBIX [IOJIEH OT BHEILHUX KOHTYPOB.

Ha ycranoske T-1 (R = 0,62 Mm,a = 0,13 M, By = 1,0 T,
I=0,04 MA) [11] BepBbIe OBLIO MOKA3aHO, YTO BBITIOJIHE-
HUE YCIOBUS ¢, = 5a’B/RI > 1, u3BeCTHOr0O KaK KpUTEPHit
IMadpanoBa— Kpyckana, roe g, — Tak Ha3bIBaEMbIN 3arac
YCTOMYUBOCTH, SIBJISIETCS HEOOXOIUMBIM ISl YJIyYIIEHUs
MaKpOCKOIIMYECKON YCTONYMBOCTHU ILIa3MBbl. BbplIO mokaza-
HO TakXke, 4YTO ¥ B YCTAHOBKE C METAJIMYECKOH, HO HEMpOo-
rpeBaeMoii kamepoir 80—90 % sHeprum TepsieTcs niaa3Moun
MOCPEICTBOM U3JIyYEHUS] ATOMOB IIpUMeECeH.

VeranoBka T-2, 6amu3kast o mapameTpam K YCTaHOBKE
T-1, umena nporpesaemyro a0 400-450°C cuinbhoHOBYHO
BaKyyMHYIO KamMepy U3 HEP)KaBEIOIIEH CTaJIu C yCTAHOBJICH-
HOU BHyTpu nuadparmoii [12, 13]. B pe3yiabraTe nmporpesa
KaMepbl J0JIsI PaJMAMOHHBIX TOTEPh JHEPTUU ILIa3MBbl
cHu3miach 00 ~ 30 %. B 3Tux skcnepumeHTax oOHAPYXKH-
nack mocieansis u3 "gerckux Gosesneir” Tokamaka. Okasa-
JIOCh, YTO TUJIA3MEHHBIA ILIHYp HepeMellaeTcsi BHYTPU Ka-
MepbI Ha TOpa3fao OOJBIINE PACCTOSIHUS, Y€M MOYXHO OBLIO
0KHJATH UCXOMs U3 U3MEHEHUH apaMeTpOB IIa3Mbl. Bblto
YCTAHOBJICHO, YTO MEPEMEIICHNUS BbI3bIBAJIUCH MONEPEUHON
KOMIIOHEHTOW PACCETHHOI0 MATHUTHOTO TOJIs, KOTOpOe
BCJIEJICTBHE HEUACATHLHOCTH MPOBOISIIEIO KOXYyXa MPOHH-
KaJo BHYTpb Kamepbl. Ilocie 3TUX 3KCIEpUMEHTOB BCE
COOpyXKaeMble YCTAHOBKU CHAOXKAJIMCH CIIEIMAILHBIMA KOP-
PEKTUPYIOIIUMHU H YHOPABISIOMUAMHA OOMOTKAMH, C TIO-
MOIILIO KOTOPBIX MPOU3BOAMIACH KOMIICHCAIIMSI PACCESH-
HBIX MAarHUTHBIX MOJIEH U OCYLIECTBJISJIOCH YIPABJICHUE
MOJIOXKEHHEM IIJIA3MEHHOTO IIHYPA.

JeTanpHble HCCIIEIOBAHUS PABHOBECHS IJIA3Mbl BHYTPHU
MPOBOJISIIIIETO KOXKYXa M CpaBHEHME MOJIYYSHHBIX Pe3yJIbTa-
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. Kypuatos

H.A. SIBnunCckuit B.[. Madpanos

W.H. T'onosun

M.A. JleconToBHY

B.b. Kagomues E.IT. BeiuxoB

PykxoBonuTenn TepMosiiepHOi nporpaMmel B KypuaToOBCKOM HHCTHUTYTE.

TOB C TEOPETUUECKUMHU OBLIU MPOBEJICHBI HA yCTaHOBKE T-5
(R=0,625M, a=02M, B;=12Tn [=0,045MA) B
19611964 rr. B 1965 1. 3Ta ycTaHOBKa ObLiIa TepeMeIcHa
B ®msuko-rexumueckuit THCTUTYT (PTU) um. A.®. Nodde
(Jlenunrpan), rae nosryuusia HazBanue OT-1.

B 1960 r. 6pu1a coopyxeHa Oojiee KpynHasi yCTAaHOBKA,
T-3(R=1,0m,a=0,06m, B; =4,0 Tn, I = 0,06 MA), xo-
TOpas BCKope ObLiIa YCOBEPILICHCTBOBAHA M MIOJTyYHJIa Ha3Ba-
aue T-3A (R=1,0 M, a=0,15 M, B, = 3,8 T, I=0,14 MA).

B 1962 r. na ycranoBke TM-2 (R=0,4 M, a = 0,08 M,
B =22 Tn I=0,02 MA) E.IIl. T'opbynoBsim u K.A. Pazy-
MOBOM NIPH JOBOJILHO OOJIBLLION BeJIMYMHE 3amaca yCTOHuM-
BOCTH, (¢, ~ 5, BIEpPBBIE MOJIyUY€H pa3psd, COXPAHSIOLINN
MAaKPOCKOITNYECKYIO YCTOHYMBOCTH B TEUCHUE BCET'O UMITYJIb-
ca TOKa, U NICHTH(PHUIUPOBAHA HANOOJIee OMacHasl HeyCTOM-
YUBOCTH B TOKaMake — HEYCTOWYMBOCTH CpbiBa [14].

CHuxeHHe paJiualliOHHbIX TOTEPb SHEPTUU U TOJTyYeHHEe
YCTOMYUBBIX PEXKUMOB IIOCTABUJIN HA IOBECTKY JHS BOIIPOC O
BeJIMYMHE TPAHCIIOPTHOTO SHEPTETUUECKOTO BPEMEHU KU3HU
wia3mbl g = W/(Pheat — Prad — dW/dt), tne W — 3amac
KMHETUYECKON 3HEPTUU IIa3Mbl, Ppeyy — MOIIHOCTH HArpe-
Ba, Py, — MOIIHOCTh PAAUAIMOHHBIX ITOTEPh. DTU HCCIIe-
JIOBaHMS TMPOBOJIUIIUCHL B OCHOBHOM Ha ycTaHOBKax TM-2
(TM-3 nociie momepHu3amuu 1966 r.) u T-3 (T-3A mnocine
MopaepHuzauu 1967 r.). YepennénHas 1Mo CEYCHHUIO IITHypa
CyMMa 3JIeKTPOHHOI 1 noHHOo# Temuepatyp (7. + Ti) B 3TUX
9KCHEPUMEHTAX OIPEeIsIach M0 pe3yJibTaTaM U3MEpeHUN
muamarautHoro curHana (K.A. PasymoBa nHa TM-2,
C.B. MuphoB Ha T-3A) u MHOrOKaHaJIbHBIX HHTEp(DhEepoMeT-
puveckux u3MepeHui wiotHoctu 3aekTpoHoB (E.IT. T'opOy-
HOB). Ha ocHOBaHMH 3THX MAHHBIX TIOJY4YeH IEPBBIA B
HACTOPUU TOKAMAKOB 3aKOH MOAOOUS JJIsl SJHEPTeTHYECKOTO
BPEMEHH JKU3HH ILIA3MbI, U3BECTHBIN kak I MC-ckeiinunr 2
umi ckednamHr MupHoBa [15], Gosiee mo3gHsIA penaxius

2 TMC-CKeJIMHT — COKpAILEHHE, COCTABJIEHHOE IO MEPBBIM OyKBaM
(amuImit Bcex aBTOpOB cTaThH [15].

koToporo mmeeT Bui vy = (0,05 — 0,15) fralx®® (fL ~ 1
st L-moapt u fi ~ 2 aist H-moer). DTOT CKEHJIMHT € TOY-
HOCTBIO =~ 50 % mpeacka3bIBaeT BEJIMYUHEI TE U B CETOTHSIII-
HUX TOoKaMakaX. [IpoBOIMIIOCH Takke CpaBHEHHE BEJIMUHH
Tg, MIOJYYEHHBIX B 9THX IKCMEPHUMEHTAX, C TAK HA3bIBAEMBIM
GOMOBCKMM BpemeHeM 1p = 8a’(eB/kT.), XapakTepHBIM
s TypOyJieHTHO#W 1iasmbl. Kak ObUlo  OOBSIBJICHO
JILA. ApuumoBuueM Ha BTopoit koHdpepeHmu MexayHa-
poaHOrO areHTcTBa Mo atomHoi sHeprun (MATATD) B
Kamame (1965 1.) [16], BeIMYMHBI T B TOKaMaKaX OKa3aJIucCh
BTPOE BBbIIIIe GOMOBCKHMX 3HAYCHUIA, HAOTFOAaBIIMXCS TOT/1a B
OOJBIIMHCTBE JKCrepuMeHToB. B 1967 1. B mokiane
B.C. CtpesnkoBa Ha 2-M COBEILIAHUHU TI0 yIEPKAHUEO TIJIa3MBbl
(IMpuncton, CIIA) ObUIM TpENCTAaBICHBI PE3YJIbTATHI C
BeJIMYMHAMHY Tg B TOKamMakax, 70 10 pa3 mpeBBIIIArOIMI
Tg, TOTJIA KakK M3MepeHms Ha cremtapatope-"C"? nasamm
Xopolllee corjacue ¢ 00MOBCKUM BpemeHeM [17]. U3mepenust
9HEPIreTUYECKOr0 CIEKTpPa OBICTPHIX HEHTPAJIbHBIX ATOMOB
Ha ycTaHoBKe T-3 yka3pIBaJin HA MaKCBEJIJIOBCKUH XapakTep
CHEKTpa W JaBaJii 3HAUECHWs] HOHHON TeMIepaTyphl B HECKO-
JIbKO COTEH JJISKTPOHBOJILT JUJISI NEHTPAJbHBIX OOJacTei
mwra3zmenHoro muaypa (M.I1. ITetpos).

T'on criycrst Ha koHpepernnuu MATATD B HoBocubup-
cke (1968 r.) ObLIM peAcTaBIeHbI PE3YJIbTATHI TaJIbHEHIITNX
JKCIEPUMEHTOB Ha T-3A ¢ BeJIMYMHAMM Tg, MPEBBIIIAIO-
muMu 6omoBckoe Bpems 1o 50 pas [18]. VuacTHuk aTHX
akcriepuMeHToB C.B. MUpHOB Tak ONUCHIBACT MOCIIEIOBAB-
e coObitus [19]: «Cmoav eaxncuwiii pesyavmam mpedosai
muwamenvHoti nposepxu. Tam xce, 6 Hosocubupcke, meancoy
pykosooumenem Kaasmcekoii aabopamopuu (Auneaus) b. Iu-
3om u JI.A. Apyumosurem 6v1.10 0CMULHYMO OKOHUAMEAbHOEC
cozaauienue 0 NPOBEOeHUU COBMECIMHO20 CO8EMCKO-aH2 AUl

3 Crequlapatop — TOpomaabHasi GECTOKOBAS MATHUTHAS JIOBYIUKA, B
KOTOpoi Tpebyemast s yAepiKaHus II1a3Mbl MATHATHASI KOH(Urypanus,
B OTJINYHE OT TaKOBOIl B TOKamake, CO34Aa€TCS TOKAMH BO BHEIIHHX
TIPOBOJTHUKAX.
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Puc. 2. AHrimiickas anmapatypa (yKa3zaHa CTPENIKON) A U3MEpeHHs
9JIEKTPOHHOH TeMnepaTypsl B T-3A MeTOI0M TOMCOHOBCKOTO PACCESIHHS
cBeTa Jlazepa (1968 —1969 rr.).

CK020 IKCNEPUMEHMA 1o AA3ePHOMY 30H0uposanuio na T-3A.
Becnor 1969 2. usz Kaama na T-3A npubdviaa epynna
aKcnepumenmamopog 6o eaage ¢ H. ITuxoxom emecme ¢
IKCNnepuMeHmaavHoli annapamypoii. K Hum npucoeounuaucy:
compyouux  Kaadma, padomagwuii no oomeny na T-3A,
M. Poouncon u om cogemckoii cmoponvl B.B. Cannukos.
Hwmenno um, JI. Pobuncony u B.B. Cannuxosy, yoaiocv
urone 1969 2., nepecmpous aueAuiickuii aazep 6 pedcum
"eueanmekozo umny.avca", enepsvie npopeamvcA uepes wymo-
80il (hOH NAA3MbL U 3APeUCTIPUPOBAMb CUSHAA PACCEANHO20
AA3ePHO20 U3AYUCHUA, UINO 0DECNedul0 YCnex IKCNepUMeHmay
(puc. 2). IsMmepeHHbIe paauaibHble TPO(UIN JIeKTPOHHON
TEeMIEepaTypbl HOKA3aJI1, YTO TEMIIEPATYPa OCHOBHON MacCChl
9JIEKTPOHOB B IEHTPE IUIA3MEHHOrO IIHypa JOCTUTaeT
~ | x3B. DT pe3yabTaThl, 10J0XEHHbIE HA 2-M MexayHa-
POAHOM CUMIIO3MYME MO yJIePKAHHIO MJIA3Mbl B TOPOUIAb-
HBIX CHCTeMax oceHbio 1969 1. B [[yOHe, MOYTH COBNAJH C
muaMarHuTHeiME [20, 21]. Tem caMbIM ObLTH pa3BesTHBI
COMHEHHUSI CKEeNTHKOB B NPABUJIBbHOCTU HHTEPIIPETALNN
9KCIIEPUMEHTAJIbHBIX JAHHBIX, IOJYyYeHHbIX HA TOKaMaKax,
U TyOHEHCKHI CUMIIO3UYM TPOIIET MO/ 3HAKOM IOJHOTO
TpuymM(pa TOKaMaKoB.

IMapainenpbHo € J1a3epHBIMH H3MEPEHUSIMH TeMIlepa-
TYpBI 3JIEKTPOHOB Ha T-3A MpOBOINIIMCH U3MEPEHUST HHTEH-
CHUBHOCTU HEWTPOHHOI'O H3JIy4eHMs] B IKCIIEPUMEHTax Ha
neiirepun. AOCOJIIOTHAs BEJMYMHA IOTOKAa HEHTPOHOB U
XapaxkTep ero M3MEHEHUs BO BPEMEHH ITO3BOJIAIIN CIIEIATh
BBIBOJT O TOM, uTO B 1969 . Ha Tokamaxke T-3A BriepBbIe ObLTa
rmoJiydeHa (puzmueckas TepMosiiepHast peaknus [22].

4. Dxcnepumentsl 1970 -1990 rr.

ITociie QyOHEHCKOro CHMIIO3MyMa B MHpPE HadvaJics '"Toka-
maunbiit" 6ym. Ecim 10 1969 r. Bue CCCP 6bLia mocTpoeHa
TOJILKO OJTHA yCTaHOBKa Tuma tokamak — LT-3 B KanGeppe
(ABcTpanusi) ¢ IOBOJIbHO CKPOMHBIMH TMapaMeTpaMu
(R=04wMm, a=0,1m, Bi=1Tn u I=0,033 MA), T0 B
MOCJIeYIOIIUE TOAbl TOKAMAaKU OBLIM COOPYXEHBbI B 29
crpanax, Bkirouasi CIIA, Snonuto, 60JIBIITMHCTBO €BPOIICH-
ckux cTtpas, a Ttakke Kanmamy, Unmuro, Kurait, FOxnyto
Kopeto, Upan, JIusuto, Eruner u ap. B 1970 r. B [Ipuncrone
(CHIA) crennapatop C nepenenbiBator B Tokamak ST. Beero
B MHUpE JI0 HACTOSIIIIET0 BPEMEHH ObLIO TocTpoeHo 6otee 200
TokamMakoB, B ToM uucie 31 8 CCCP u Poccun, 30 B CIIIA, 32
B EBpomne u 27 B Anmonun [23].

B 1970 r. B KypuaTOBCKOM MHCTUTYTE ObLIa MOCTPOCHA
ycranoBka T-6 (R=0,7wm, a=025m, B =15Tn,
1=0,27 MA). B aT0if ycTaHOBKE MEIHBI KOXYX pa3zme-
IIAJICsl BHYTPH CHIIb(OHOBOM BAKYYMHO# KaMephbl U3 HepKa-
Berollei cranu. Ha BHYTPEeHHIOIO TOBEPXHOCTh KOXKYXa ObLIT
HANBUIEH CJIOHN 30JI0Ta AJIs CHIKEHUS IPUTOKA MpUMeceil B
maasmy. Beuto mokaszaHo, 4TO yMEHBIIEHUE 3a30pa MEXIY
IJIa3MO# ¥ IPOBOISIINM KOXKYXOM ITOBBIIIIAET MATHUTOTU/I-
pomuHammyeckyro (MT' 1) ycroitumBocTh mia3mel. Tak, npu
d/la<12-13 (d — paauyc cedeHus: Koxyxa) Obuia mpo-
JIEMOHCTPUPOBAHA BO3MOXKHOCTD IOJIYYeHUsI pa3psiaoB Oe3
HEYCTOMYMBOCTH CpBIBA TIpHU ¢, ~ 1,2—1,3, mpaBnaa, ¢ yxya-
LIEHHBIM 9HEPIeTUYECKUM BpeMeHeM XHU3HH I1a3Mbl. M3me-
peHHs BO3MYIIIEHWI MTOJIOUJATFHOTO MATHUTHOTO TIOJISI BHE
IJIa3Mbl C BBICOKAM NPOCTPAHCTBEHHBIM (~ 15°) m Bpe-
MEHHEM (~ 1 MKC) pa3pelieHueM nokasaiu (BIepBbIe), 4TO
HEYCTOMYUBOCTb CpbIBa (OOJIBILION CpBHIB) HAYMHAETCS C
HAapacTaHUsl BUHTOBOU TapMOHUKH C M = 2, KOTOPYIO CMe-
HSIFOT OBICTPO HapacTarollMe FApMOHMKM C m =3 u m = 4
[24]. B T-6 TopouiaibHBIA COJIEHOU COCTOST U3 32 KaTy-
IIIeK, YTO 00ECIeUYnBaIo HU3KUI YPOBEHb TOGOPUPOBKH Mar-
HuTHOrO moJist. OKa3zajaoch, YTO HPU HU3KOM HA4YaJIbHOM
JIaBJICHUM ra3za TOK B IJIa3Me MEPEHOCUJICS YOeraroluMu
anekTpoHamu ¢ 3Heprueit 10— 500 k3B, Torma kak Temmepa-
Typa OCHOBHOM IJTA3MBI OCTaBaJIACh HU3KOH, T, ~ Ti~ 10 3B
[25]. TIpenbroHn3anus ra3a WM CO3/IaHKUE JIOKAJIbHOU mar-
HUTHOU MPOOKH C aMIUTUTY 104 ~ 2 % nepeBOInIIN pa3psl B
HOPMAaJIbHOE COCTOSIHHE.

B 1971 r. B KypuaTOoBCKOM MHCTUTYTE ObLIa MOCTPOECHA
camasi MolmHass B To BpeMsi ycrtaHoBka T-4 (R=09 m,
a=0,16 M, Bp=5,0Tn, I =0,25 MA), koTopas 3aMeHuUIa
ycranoBky T-3A. Ha T-4 BmepBble OBUI HCIOJIB30BaH
YIJAepOAHbIN JuMuTep. biarogapsi yBeJMYEHHIO TOKa H
MarHdTHOTO TOJISI ¥ UCIIOJIb30BAHUIO YIJIEPOJAHOTO JIMMHU-
Tepa Ha 9TOH YCTaHOBKE OBUIM JOCTUTHYTHI BEJMYUHBI
3JIEKTPOHHOM TemnepaTypbl ~ 3 k3B u noHHOI Temmepa-
TyphI =~ 0,65 x3B.

B 1971 r. B ®TU um. A.®. Nodde (Cankr-IleTepOypr)
Obu1  coopyxkéH Tokamak TYMAH-2 (R=040mMm,
a=008m™m, Bi=12Tn I=0,08 MA) c kpyrjibIM ceue-
HUEM, OTpaHUYEeHHBIM Tuadparmoii. Ha ycranoske ucciemo-
BAJICSl HATPEB IUIA3MBI C TOMOIINBIO €€ annabaTHIecCKoro
CKAaTHSl HAPACTAIONIMM  TOPOUAATBHBIM  MATHUTHBIM
nosieM. B 1976 r. mociyie peKOHCTPYKIMK YCTAaHOBKH TOPOU-
JTaJIbHOE MarHUTHOE I0JIE ¥ TOK B IJIa3Me ObLIIN YBEJINYEHBI
1o 1,5 T u 0,012 MA coOoTBETCTBEHHO. DKCIIEPUMEHTHI 110
amnabaTHIeCKOMy CXATHIO OBUIM TPOJOJDKEHBI, M yCTa-
HOBKa mnoJtyunsa Ha3Banue TYMAH-2A.

B 1972 r. na ycranoBke TM-3 (R=10,4 M, a = 0,08 M,
B, =2,5Tnul=0,1 MA) Gbut1 pOBE/ICHBI MEPBBIE IKCIIE-
PUMEHTBI 11O HArpeBy IUIa3Mbl ¢ MMOMOIIbIO 3JIEKTPOHHOTO
IUKIOTpOHHOTO pe3oHaHca (DLLP) [26].

B 1972 r. 6p11a 3anmymena ycranoBka TO-1 (R = 0,6 ™,
a=0,13w™m, B, =1,5Tn, I=0,07 MA), nHa koTOpOii BIIep-
Bble Oblla TPUMEHEHA CHCTeMa OOpATHBIX CBSI3e IS
CcTabWIM3alUyU TOJIOKEHUs TJIa3MEHHOTO IIIHYypa Mo 00Jib-
momy paamycy [27]. B 1976 r. Obuna BBeleHa B CTpoOu
ycraHoBka TO-2 ¢ 1ByMsI TOPOUAATIBHBIMU IUBEPTOPAMH U
C CHCTeMOl HarpeBa IUIa3Mbl U TEHEPAIUU TOKA WOHHBIMU
OEepHINTEHHOBCKAMHY BOJTHAMU.

B 1972 r. JI.A. Apuumosuy u B. /1. llagpanos nokazaimy,
YTO B TOKAMaKaX ¢ BBLITSHYTHIM MO BEPTUKAIM MOHNEPEUHBIM
CeYeHNEM HEOKJIACCHYecKasi MOHHAS TEIJIONPOBOTHOCTD 10J1-
JKHA OBITH HIXKE, YeM B TOKaMaKax ¢ KPYTJIbIM ceueHueM [28].
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DKcIepUMEHTAJIbHbIE UCCIIEAOBAHMSI BIUSHUS (POPMBI Tome-
pPEYHOT 0 CeUeHUsI TUTa3Mbl HA XapAKTEPUCTHKH pa3psiia ObLIn
mpoBeaeHbl B KypuaToBCKOM MHCTUTYTE Ha TOokamakax T-8
(1973—-1978 rr.) u T-9 (1973 —-1976 rr.).

B ycranoske T-8 (R =0,28 M, a = 0,05 M, B, = 0,9 T,
1=0,024 MA) [29] popma mia3mbl 3a/1aBajlaCb COBMECT-
HBIM BJIMSTHUEM MPOBOJSAIIETO KOXYXa C JJUIMITHYECKUM
MOTIEPEYHBIM CEUE€HNEM, JIUMUTEPA U TOKOB B KBAJIPYMOJIb-
HBIX OOMOTKAX, YIIPABJISIEMBIX CHCTEMON OOPATHBIX CBSI3EH.
MakcuMaibHasi BEJIMYMHA JJUTUNTHYHOCTH TJIa3MBbI, MOJY-
YeHHAs B 3TUX IKCIIEPUMEHTAX, COCTABIISIA Kmax = 1,6. [Ipu
YBEJIMYCHUH JJUIMOTUYHOCTU HAOJIOJAJIOCh BO3PACTAHUE
BPEMEHH YAEPKaHUs DHEPTUH B IIa3Me, IPUMEPHO MPOIOP-
rmoHaeHOe k2. Ha yeraroske T-9 (R = 0,36 M, a = 0,07 M,
B, =1,0 T, I = 0,04 MA) [30] ObL1a TPOJIEMOHCTPUPOBAHA
BO3MOXHOCTb MOJYUYCHHS YCTONYMBBIX PEKUMOB C Kmax A2
~ 2,0 B jaumutepHoil KoH(purypammu. YcraHoka T-12,
coopyx€HHas Ha Oaze T-9, Obuta 00OpPYyHOBAHA ABYXHYJIE-
BBIM TMOJIOUJAIBHBIM OuBepTOpoM. Ha 3To#l ycTtanoBke, a
Takke Ha e€ panbpHedmmx Momupurammsax (T-13, TB
(Toxamak BBITSHYTBII C J{UBEPTOPOM)), HCCIEAOBAIACH
YCTOHYMBOCTD IJIA3MEHHOI'O IIHYpa OTHOCUTEJIBHO CMeLLle-
HUSI IO BEPTUKAJIU U pa3pabaThIBAINCh METOIbI YIPABIICHUS
MIOJIOKEHUEM LIHYPA.

B 1975 r. ycranoBka T-6 6buta peobpazoBana B T-11:
YHCJIO MAaTHUTHBIX KATYIIEK ObLTO YMEHBIIIEHO 10 24 s
obecrieueHrs BO3MOXHOCTH TAHTCHIMAJILHOW HWHKESKIIUU
MyYKOB OBICTPBIX HEUTpaJbHBIX aTOMOB. Ha BHyTpeHHel
TIOBEPXHOCTU MEHOTO KOXyXa ObLJI CMOHTUPOBAH MOJIHO-
JIEHOBBIN JIaliHep. BHawane mpoBoaMIachk Aera3zamus CUcTe-
MBI TIOCPEICTBOM €€ mporpeBa mnpu Temmepatype 400—
450°C, 3aTeM JaiiHep moaBeprayicss oOpabOTKe TJICIOITUM
paspsiioM (BIepBble Ha TOKaMakax) CHayajia B KPHIITOHE,
3ateM B resmmd. [Tocne Takoir 06paboTku BeamuuHa 3pdek-
THBHOTO 3apsiia HMOHOB Zgf B OMHYECKHX pa3psaax B
NeUTepuy COCTaBlsla OKoJio emnwHUNBL. [lo pesynbTatam
HCCIIEIOBAHUI TEPMOM3OJISIIIAY TUIa3Mbl B PEXKUMAaxX OMUYe-
CKOT'0 HarpeBa ObLII MPEJIOKEH CKEHIIMHT JJIs1 SJIEKTPOHHOU
TEIUIONPOBOIHOCTH, U3BECTHBIM Kak CKEHIMHT MepexkuHa —
MyxoBatoBa wim ckeinuuar T-11. B 1976 r. na yctanoBke
T-11 Buepeoie B CCCP 6bu1H IPOBEJACHBI S3KCIIEPUMEHTHI 110
HArpeBy IUIa3Mbl HEHTPAJIBHON HWHXKEKIUEH MOITHOCTHIO
~ 0,6 MBT [31]. B 1983 1. B CBsI3U C HAYAJIOM COOPYXKCHUS
ycraHoBku T-15 ycranoBky T-11 mepemectwiu B ®unman
uHCTUTYTA aToMHOI 3Heprun (PMAD) um. U.B. Kypuatosa
(upiHe TpounKWii HHCTUTYT MHHOBAMOHHBIX U TEPMOSIIEP-
sbix uccienoBanuii (TPUHUTN), r. Tpowutik), rjie oHa mocie
pPEKOHCTpYKIMHU moJiyymia Ha3zBanue T-11M. B mocnennue
TOJIbl HA 3TOW YCTAaHOBKE BEIIYTCS MCCIICTOBAHUS JIUTHEBBIX
TEXHOJIOTHI [JIs1 OCJIa0JIeHUs] B3aUMOJCHUCTBUS MJIa3MBbl CO
CTEHKaMU KaMepbl U JIMMUTEPOM [32].

B 1975 r. B KypuaTOBCKOM WHCTHUTYTE OBLI 3amyIineH
kpynHbIid Tokamak T-10 (puc. 3) ¢ mapamerpamm: R=1,5 M,
a=0,39 M, Bi=4,0 Ti, I = 600 xA [33]. Ha T-10 O6b11 ycTa-
HOBJICH TUPOTPOHHBIN KOMILIEKC MOIITHOCTBEO 710 2 M BT miist
OLP-narpesa mina3msl. [1pu S1P-narpese B T-10 BnepBbie
ObLTa MOJIyYeHa IJIa3Ma C HEeHTPATbHOM 3JICKTPOHHOU TEM-
nepatypoir = 10 k3B, koTopas numbL BIBOE HUXE TOM,
KOTOpasi OKHIAeTCsl B TEPMOSIIEPHOM peakTope. Brepsrie
ObLIa TPOJIEMOHCTPUPOBAHA BO3MOXKHOCTh TEHEPAIIUU TOKA
¢ nomotbro D1P u 661 U3yueH psia GU3NUYECKUX SIBJICHUN B
njia3me, ONpeaessIoIuX e€ yaepKaHue.

IMpakTtuuecku ognoBpemenHo ¢ T-10 B CIIIA co3nmarotcs
nBe ycranoBku: PLT (Prinston Large Torus) [34], moutn

Puc. 3. Toxamak T-10 cpasy nocse cbopku (1975 r.).

TaKuxX *e pasmepos, kak T-10, u "Alcator" [35] MeHbIIHX
pa3sMepoB, HO ¢ OoJiee CUJIbHBIM NMPOAOJbHBIM MAarHUTHBIM
nosieM, B < 10 Tin. B 1978 r. va PLT ocymiecTBi€én Harpes
HMOHOB C IIOMOIIBIO WHXKEKIIMU MYYKOB HEUTPATIHHBIX ATOMOB
U TIOJTyYeHa noHHas TeMnepatypa 1 ~ 5 k3B.

B 1976 r. B ®TU 6bu1 coopyxén Tokamak TYMAH-3
(R=0,55M,a=023w™m, Bi=1,0Txn, I=0,15 MA) c Bo3-
MO’KHOCTBIO aTMa0aTHYECKOTO CKATHHUS TIIa3MBbI U BBICOKO-
YaCTOTHOTO HATPEBA.

Vcranoska TMI' (R=0,4 M, a = 0,078 M, By = 3,2 T,
I=0,082 MA) [36], co3manHas Ha ocHOBe TM-3, sBUIach
MEPBBIM TOKAMAKOM C I'pa(UTOBOI MEpBOii CTEHKOU. BbLIo
MOKa3aHo, YTO ONTUMAaJIbHASI TeMIepaTypa pa3psaHoi Ka-
Mepbl U3 rpaduTa coctaiseT ~ 350 °C, korj1a XUMHYECKOe
pacHblIeHne HeCyIIeCTBeHHO. [Ipm 3THX yciIoBHAX mapa-
METpHI TIa3Mbl Ha yctaHoBke TMIT oka3anuch OJIM3KUMU K
MOJIYYCHHBIM B TOKaMakax C METAJUIMYECKOW pas3psIHON
KaMepoil.

B 1979 r. B HNuctutyre um. U.B. KypuatoBa ObLia
MOCTpoeHa ycTaHoBKa T-7 — NepBbIif TOKAMaK C TOPOHUIAIIb-
HOM MAarHuUTHOW OOMOTKOW w3 cBepxmpoBogauka NbTI
(R=12™M, a=03w™m, Bp=3Tn =03 MA). T-7 ObL1
OCHALUEH 3JIEKTPOHHO-IIMKJIOTPOHHBIM U HUKHETUOPUIHBIM
METOJIaMH Harpesa.

B 1982 r. ma tokamake ASDEX (Axially Symmetric
Divertor EXperiment) B Muctutyte Makca I[Tnanka (r. Tap-
XWHT, ['epMaHus) B JUBEPTOPHOM PEXHUME MPHU JOCTATOYHO
BBICOKOM MOIIHOCTU [OIOJIHUTEJILHOIO HarpeBa BIIEPBBIE
MOJIyYEH TEpexo] pa3psla B PEXUM TaKk Ha3bIBAaeMOM
H-monwt (High mode) ¢ yydiiieHHbIM BpeMEHEM yIepIKAHUS
3HEPruu 3a cYéT 00pa30BaHMS TPAHCIOPTHOTO Oapbepa Ha
rpaHwuIle mia3mel [37].

CTpouTeIbcTBO BCE 00JIee KPYIMHBIX YCTAHOBOK MPOJIOJI-
xanoce B CHIA, Epone, Snonuun u CCCP. B 1983 r.
BBesieHbl B cTpoit TFTR (Tokamak Fussion Test Reactor) B
IMpuncrore (CIOA) u JET (Joint European Torus) B Kaiame
(AHramst). DTH yCTAHOBKM WM HEUTPOHHYIO 3alluTy,
KOTOpasi 03BOJIslIa paboTaTh C MHTCHCUBHBIMU JIeHTepuii-
tputueBbiMu (DT) peakiusimu. CamMble KpYIHbIE TOKAMaKU
— 9710 JET u snonckuii Tokamak JT-60, nmociequsiss MoIu-
¢ukamus xoroporo, JT-60U, Beaena B crpoii B 1991 r. OGe
YCTAaHOBKH HUMEIOT BBITSHYTOE IO BEPTHUKAIM IIOMEPETHOE
CeYeHUe TUTa3Mbl U OJTHOHYJIEBOU UBEPTOP (puC. 4).

B 1986 r. B CIIA (Can [luero) BBOIMTCS B CTpPOW
tokamak DIII-D (R=1,66 M, a=0,67m, B =22Tn,
I =3MA), KOTOpBIif MOXeT paboTaTh KaK C OJIHOHYJIEBBIM,
TaK ¥ ¢ JBYXHYJIEBBIM AUBEPTOPOM. YCTAaHOBKA OCHAIIIEHA
JBAIATHIO TOJOUIATILHBIMI OOMOTKAMH C HE3aBHCHMBIM
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Puc. 4. Tpu kpynHeimux Tokamaka ¢ Té€mibiMu oomotkamu: (a) TFTR
(1983-2002 rr.), R=24™M,a=08 ™M, B, =6Tn, I =3 MA, Picru =
= 11 MBT, Pnpr =39 MBTt; (6) JET (mocne 1992 r.), R=296wm,
a/b = 0,96/2,1 M, a = 0,96 M, B[ =4 TJ'[, I=6 MA, PICRH =12 MBT,
Pnpr =24 MBt, Py =7 MBT; (8) JT-60U (1991-2010 rr.), R=
= 3,4 M, a= 1 M, B[ = 472 TJ'I, I1=5 MA, PECRH =4 MBT, PICRH =
=10 MBT, Pnpr = (40 + 10) MBT, PLy = (8—12) MBr) [22]: (ICRH
— Jon Cyclotron Resonance Heating; ECRH — Electron Cyclotron
Resonance Heating, NBI — Neutral Beam Injection Heating, LH —
Low Hybrid Heating).

MUTAHUEM, YTO MO3BOJISIET ONTHUMHU3UPOBATH (hopMy ToIe-
PEYHOTO CeveHus IIHypa (JUIMHITUYHOCTD, TPEYTrOJbHOCTb,
KBaJIpATHYHOCTh) M CTAOMJIM3UPOBATH HEYCTONYUBOCTD,

JIOKAJIM30BaHHYIO Ha IpaHuue miasMbl. CymmMapHas MOLI-
HOCTb CHCTEM [OIOJIHUTEJIBHOTO HarpeBa COCTABIISET
~ 30 MBT. Ha 3101 ycTaHOBKE ObLIIA JOCTUTHYTA PEKOPIHO
BBICOKAasl ISl OOBIYHBIX TOKAMAaKOB BEJIMYMHA TapameTpa
B =8n(p)/B?=12,5%. Ha ycranoske nposoaurcs 00-
IUpHAsi mporpamMma (QU3MYECKUX HCCIEOOBAHUNA B IMOA-
nepxky UTOP [38]. DTa ycraHOBKA SIBJISIETCS B HACTOSIICE
BpeMsI CAMBIM KPYIHBIM TokamakoM B CIITA.

B 1988 . 3aBepinieHo coopyxkeHNe MBYX KPYHMHBIX ycTa-
HOBOK CO CBEPXIPOBOJSIIMMA MAarHATHBIMH KaTYIIKAMIL:
"Tore-Supra" ¢ karymkamu u3 NbTi (R=2,25 M, a=0,7 M,
B, =4)5Tn, =2 MA) B Kanapame (®pannus) u T-15 ¢
katymkamu u3 Nb3Sn (R=24 M, a=0,7wm, B, = 3,6 Tn,
I=1MA) B Unacturyre mm. U.B. KypuatoBa. B astux
YCTaHOBKAX KPYTJIO€ MONEePEeYHOe CeUYCHNUE IIIHYPa OTPAHIYH-
Basioch nquadparmMami (puc. 5).

B 1989 r. nHa ycranoBke TYMAH-3 Obuia mosyueHa
H-Mmona B pexxume omuueckoro Harpesa. [lepexon 8 H-mony
MHUINAUPOBAJICS MOAAYEH IJIEKTPUYECKOro MOTEHIHala Ha
nepudepuitapiii 3084. [lepexom B H-mMomy MoxHO ObLIO
TaKXe MHUIIMAPOBATh KOPOTKUM MMITYJILCOM IMOIyBa rasa,
OBICTPBIM MOKATUEM IIJIA3MBI IO MAJIOMy DaaMyCy WJIU
MHXEKIMeH nesuieTsl. MakcumalbHas BeJunuuHa tg B H-mo-
Jle OKa3aJIach Ha TIOPSIIOK BBILE, Y€M B OOBIYHOM OMHYECKOM
pexume [39]. 3aBucumoctu tg OT B, I W n. oka3ajuch
OM3KUMH K HAOJIIOJaeMbIM Ha KPYIHBIX YCTaHOBKAaX B
H-Mone npu MOMOJIHUTEILHOM HarpeBe OOJIBIIONW MOIII-
HOCTH B OTCYTCTBUE HEYCTOWYMBOCTH, JIOKAJIM3OBAHHOW Ha
IrpaHule MJIa3Mbl. ABTOPBI CBSI3BIBAIOT 3TU PE3YJIbTATHI C
00pa30BaHUEM TPAHCIOPTHBIX 0AphEepOB HA T'PAHHUIIE TLIA3-
MBI ¥ BO BHyTpeHHeill 30He B obacth, rae dg/dr ~ 0.

5. IIporpecc B 3KCIIEPUMEHTATBHBIX
HCCJIeIOBAHUSIX HA TOKaMaKax
B nocjeaaue 20 et

Haunbonee BreuaTJISIONIMM COOBITHEM SIBUJIOCH IMOJIYYSHHE
3HAYUTEJILHON TEPMOSAEPHON MOIIHOCTU B 9KCIEPUMEHTAX
c JelTepui-tputHeBoi miasmMoil Ha Tokamakax TFTR
(11 MBT, 1994 1.) u JET (16 MBT, 1997 1.) (puc. 6) [40].
MaxkcumasnbHast BemurHa Q = Prys/ Payx, JOCTUTHYTas Ha
ycranoBke JET, cocraBmia ~ 0,65. DT pe3ysbTaThl ObLIN
3apPErUCTPUPOBAHBI B PEXUMAX C TOPSYMMHU HOHAMHU,
Ti > T., XOTOpbIE HE TUIIMYHBI JJIS peakTopa. B peakTopHO-
nogoonom H-pexume Ha ycraHoBke JET ¢ Ti= T, B
IUIIMTEIbHOM HMITyJIbce (R 5 ¢) MOJIyueHa TepMOsaepHas
MOIIHOCTh Prs = 3—5 MBT. AHajoruvHbie pe3yJibTaThl
nojrydeHbl Ha ycranoBke JT-60U B neiiTepueBbIX pazpsaax:
paccuntanHas miss DT-nia3smbl 3KBUBaJICHTHAS! BEJIMYUHA

Puc. 5. TokaMaku co CBEpXIPOBOIAIIIMMI 0OMOTKamu: (a) cOOpKa CBEPXIPOBOASIIUX 06MOTOK Tokamaka T-7, (6) T-15, (8) "Tore-supra' [23].
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Puc. 6. TepmosinepHas MOLIHOCTb, OJTyueHHast B DT- skcniepumeHTax Ha
yeranoBkax TFTR (ITpuncron, CIIA) n JET (Kanom, Anrims) [40]. !
1975 1985 1995

Qeqv BocTHTraNa = 1,25 B KopoTKoM uMnybce npu 1; > T u
=~ (),5 B KBa3UCTAIIMOHAPHOM pexume [41].

Ha pucynke 7 mnoka3aHbl 3HaueHus Qakropa M =
=n;(0) 7;(0) g B 3aBucumoctu ot 7;(0), mosryueHHble B
JKCIIEpUMEHTAX Ha psifie TOKaMakoB [42]. 3amTpuxoBaHHbBIE
ob6racTu 3HaueHUN M Ha pUCYHKE COOTBETCTBYIOT pacuér-
HbIM 3HaueHussM Q = 0,1, 1,0 u oo g1t DT-mia3msel. Eciiu B
COOTBETCTBHU CO CKa3aHHBIM BbIIIE UCKIFOUUTH AaHHble JET
u TFTR ¢ T; > T. u ydectb, yTo pexuM 3axuranuss DT-
peakimu nipu T;(0) ~ 30 k3B Tpebyet 3nauenus M ~ 100, To
W3 pUCYHKA BUIHO, YTO AWCTAHIMs B eguHUNax AM ot
PeXHUMOB C JIyYIIIMMHU KBa3UCTAIMOHAPHBIMH pa3psigaMH B
ycranoBkax JET u JT-60U no pexuma c 3axuranueM DT-
peaxuuu coctaisieT 20— 30.

Ha pucynke 8 mokazana mMakcuMalibHasE TEpMOSIEpHAs
MOIIIHOCTh, u3MepeHHas B DT-pa3psigax, uim 3KBUBaJICHT-
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TemmnepaTypa B 1ieHTpe, k3B

Puc. 7. DxcnepuMeHTanbHble 3HaYeHUst nTTE B 3aBUCHMOCTH OT IICHT-
panbHON MOHHOH TemmepaTypbl. Iloka3zaHbl 30HBI ¢ BeauuuHaMu Q =
= Prys/Paux = 0,1, 1,0 1 00 [42].

Puc. 8. lunamuka pocTa MOIIHOCTH TEPMOSIIEPHOTO CHHTE3a, IPOU3Be-
NEHHOTO B PAa3JIMYHBIX KCIEPUMEHTAIBHBIX YCTAHOBKAX Ha MPOTSHKCHAN
20 net (1975—-1995 rr.) [19].

Has MOIIIHOCTB, paccuyuTaHHas o mapamerpam DD-mna3zmer
B Pa3JINYHBIX TOKaMakax, P, kak GpyHKIMs KaJeHAapHOr O
BpeMeHu B uHTepBajie ¢ 1975 . o 1995 r. [19]. Buano, yro 3a
aBamuath et PP ypemmumiacs B 10° pas. Dto GbuIO
JIOCTUTHYTO OJ1arojapsi COOpYKEHUIO HOBBIX, OoJiee KpyIi-
HBIX YCTAHOBOK M X OCHAIIIEHHUIO 00JIee MOIIHBIM JTOTIOJTHH-
TeIbHBIM HarpeBoM. Ilocie mosydeHus! peKOpIHO BBICOKUX
10 MOIIHOCTUA UMNyJjibcoB Ha yctaHoBkax JET u JT-60U
JanpHeliero pospactanus PRi* me mpousomno. Hosele
CBEPXNPOBOASIINE YCTAHOBKH, COOPYXEHHBIE B TEUCHHE
MOCJIETHETO ECSATHIIETHS, KOTOPBhIE UMEIOT MEHBIIHNE Pa3-
Mepsl 110 cpaBHeHHto ¢ pasMepamu JET u JT-60U, opuen-
TUPOBAHBI HE HA JOCTIDKEHUE BLICOKHMX 3HaueHui P, a Ha
MOJIYYCHHE U WCCIICAOBAHME CTAIMOHAPHBIX DPa3psIoB.
Hanbueiiinee noppiieHre Beanuunbl Pt (B 30— 50 pas mo
cpaBaenuto ¢ gocturnytoit B JET u TFTR) momxHO mpo-
n3oiiTu nociie Bbixoga MTOP Ha mpoekTHBIE TapaMeTphI, T.¢.
okoJio 2027 r.

BaxxapiMu 3agavamu B mociiegaue 20 et ObuIH yIIyy-
LLIEHUE U aHAJIM3 MEXIYHApOAHbIX 0a3 9KCIEePUMEHTAIbHBIX
JAaHHBIX MO PA3JIMYHLIM pazjenaM (U3UKA TOKAMAaKoB U
MOJIyYeHHe Ha WX OCHOBE OMIHMPUYECKUX CKEHIIMHIOB,
HCTONB3YEMBIX ISl KaJIUOPOBKH TEOPETHYECKUX MOJesen
7 TIpeJICKa3aHus TapaMeTPOB IIa3Mbl B OYAYIIMX YCTAHOB-
Kax.

B xadecTBe mpumepa Ha puc. 9 moxaszaHa 3aBUCHMOCTb
9HEPreTHYECKOr0 BPEMEHH XKU3HY I1a3Mbl Ty 1u1s1 H-pesku-
MOB B 14 pa3IMYHBIX YCTAHOBKAaX OT BPEMEHU XKU3HHU, TPe-
cKa3blBaeMoro smmupudeckuM ckeimmarom IPBHO8(y,2),

OCHOBAaHHOM Ha aHaJIM3¢ JaHHBIX C BOCbMU YCTaHOBOK [40]:

H98(y.2 — ,
2 (»:2) =0,0562]0'93BO’151/10"41 P 0,69R l,97KO,7880,58Mi0,19 ,

rae ¥ = V/2n’Ra?, ¢ = a/R, g u3Mepsercs B CeKyHJax,
eqununel m3Mepenns 1 — [MA], B — [Tn], n — [10"° m73],
P— [MBrT1], M; — [a.e.M.].

BuiHO TOCTATOYHO XOPOILIEE COTIACHE IKCTICPHUMEHTAITb-
HBIX BEJIMYAH Tg | C IPEACKA3AHUAMHE CKEHIIMHIa IPH H3MEHe-
Hud Ty T npumepHo B 400 pas. [TokasaHa Takxke BETMYMHA
g = 3,4 ¢, HeOxonumast B UTOP nnsa nonyuenus Q ~ 10 B
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Puc. 9. CpaBHEHNE BPEMEHH yIEPKAHUS TEIUIOBOM SHEPTHY IUTA3MBI Tp B
p p yaep: p E
H-pexume ais 14 TokaMakoB, yKa3aHHBIX HA PUCYHKE, C SMIIUPUYECKUM

o HO8(y,2
CKEHJIMHTOM Tg 0:2)

WHIYKTUBHOM peXHuMe Ipu Toke B iasme 15 MA u tepmo-
snepHoit MomHocTH =~ 500 MBT.

[Iponomkain coopyKaTbCsi HOBBIE SKCIIEPUMEHTAIbHBIE
ycraHoBkd. B 1991 r. B 'epmanuu (r. [apxuHnr) ObL1 coopy-
xk€H TokamMak ASDEX upgrade (R=1,6 M, a = 0,5-0,8 ™,
B =39 Tn, =2 MA) ¢ D-06pa3HbIM ceYeHUEM U OJTHO-
HYJICBBIM TUBepTOpOoM. Ha 3TOl ycTaHOBKE BIEPBBIE MOJTY-
YyeHa yiayuineHHas H-mMoma ¢ BHYTpEHHMM TPAaHCHOPTHBIM
6abepoM. B 2009 r. Ha Hell MPOAEMOHCTPUPOBAHA BO3MOXK-
HOCTb TOJIy4eHHsI IJIa3MbI C BLICOKUMH NMAapMETpaMH B Ka-
Mepe ¢ BOJIb(PpaMOBOW CTEHKOHN NMPHU HATPEBE ILIA3MEI Iyd-
KaM# OBICTPBIX HEUTpaIbHBIX aTOMOB [43]. OOGHapyXeHbI
TPYIHOCTU C TIOJyYeHHEM YCTONYMBBIX pa3psiioB B TaKOMH
KaMepe U3-3a2 BBICOKOT'O MPUTOKA aTOMOB BojbdpaMa Npu
WCIOJIb30BAHUY HOHHO-IIMKJIOTPOHHOT O HATPEBA IIa3MBI.

B 1991 r. B Anrsnu (Kasam) ObLT COOpY)REH HEOOIBITION
tokamak START [44] (R=0,3m, R/a=1,25, B, =0,5 T,
I=0,3 MA) ¢ 10BOJIbHO MOIIHBIM MHXEKIIMOHHBIM Harpe-
BoM (=~ | MBt1). Ha Hell Obuta AOCTUTHYTA pEKOpAHAS
BesmanHa f§ = 8n(p)/B2 ~ 40 %. DTOT yCTAHOBKA OTHO-
CHTCSI K KJIACCY TaK Ha3bIBAEMBIX CHEPUUECKUX TOKAMAKOB.
B 1999 r. ObLH 3amyineHbl TpU 00Jiee KPYMHBIX chepruueckux
tokamaka: MAST (R/a=14, R=0,.85m, Br =04 Tux,
I=14MA) B Aurmus (r. Kamm), NSTX (R/a=14,
R=0,85wm, Br =038 Tn, I = 1,4 MA) B CIIA (r. I[Tpusn-
cron) u "T'nmo6yc-M" (R/a = 1,5, R = 0,36 m, By = 0,38 T,
I1=0,25MA, b/a no 1,8) 8 ®TU (Canxr-Iletepbypr) [45].

naBHBIE MapamMeTp, OTIMYAIOLINN chepruueckue ToKa-
MakKd OT OOBIYHBIX TOKAMAaKOB, — CYIIIECTBCHHO MEHBIIICE
acriektHoe oTHomeHne (R/a =1,3—1,8). C aTuM CBsI3aHbI
OCHOBHbBIE IPUBJICKATEIbHbIE CBOWCTBA C(HEPUUECKUX TOKa-
MaKOB — KOMIIAKTHOCTh, 00Jiee BBICOKMU Tpenaes Mo ff u
0oJtee MsTKasI HEYCTOWIMBOCTD CpbIBa. OTHAKO YMEHBIIICHHE
ACTMEKTHOTO OTHOIICHHS TMPHUBOJUT K JOIOJHHUTEIHLHBIM
TEXHUYECKUM TPYAHOCTSIM IO CPABHEHHIO C OOBIYHBIMHU
TokamMakamMu. K HHM OTHOCHTCS OTCYTCTBHE MeCTa IS
pa3MelleHuss HEUTPOHHOW 3alUTHI B LEHTPAJIbHOU 30HE
YCTAHOBKH, CJIEIOBATEIbHO, HEBO3ZMOXHOCTH HCIOJIb30Ba-
HUSl CBEPXIPOBOJIHUKOB [IJI1 TOPOHUIALHOTO COJICHOUIA U

HEHTPAJILHOTO TOJOMIAJBHOTO KOHTypa NpH paboTe ¢
DT-nna3moit. M3-3a majoro 3amaca BOJbT-CEKYHI B LIEHT-
paJIbHOM COJICHOUE BOSHUKAIOT TPYIHOCTH C HHAYKTUBHBIM
CTapTOM paspsiia.

B HacTosiIIIee Bpems H3ydaeTcsl BO3SMOKHOCTh Oe3bIH/TyK-
THBHOTO CTapTa pa3psija U CTAIMOHAPHOTO MOJJICPKAHUS
TOKa B cepHuecKux TOKaMaKax, B YAaCTHOCTHU, AHAJIMU3M-
PYIOTCS HEPCTIEKTUBBI 3aMBIKAHHS TOKOB B KATYIIKaX TOPOH-
JAJIbHOTO COJICHOMA BIIOJb BEPTHUKAJIBHON OCH CHCTEMEI C
MOMOIIBIO CTPYH JKUAKOTO MeTaJUIa WM TJIa3MEHHOTO
cTosba, cozmaBaemMoro Z-nuHYoM. [IpomosmkaroTcs mccie-
JIOBAHUS MOBENEHUSI IUIa3Mbl B CPepHUecKUX TOKamMakax U
00cyXaaroTcs JOCTOMHCTBA M HETOCTATKU MX MCIOJIb30Ba-
HUS B KaYeCTBE TEPMOSIIEPHOTO peakTopa U/WJIH B KaUecTBe
TEPMOSIIEPHOTO NCTOYHUKA HEHTPOHOB.

B TeuyeHme mociieHETO MECATHIICTHS COOPYXEHBI TPHU
CBEPXIPOBOSIINX TOKamaka ¢ D-ob0pa3Hoit popmoii ceve-
HUS IJIa3Mbl U AUBEPTOPOM, NpeIHA3HAUCHHBIE JJIS UCCe-
JIOBaHUS pa3psioB MIUTEIbHOCTRIO 10 300—1000 c: EAST
— Experimental Advanced Superconducting Tokamak
(R=1,7m, a=04™Mm, B =3,5Tn I=1MA) B Kurae
(r. Xedoit) [46]; KSTAR — Korea Superconducting Toka-
mak Advance Research (R=1,8m,a=0,5wm, By =3,5Tn,
I=2MA) B HOxnoii Kopee (r. Haemxon) [47]; SST-1
(R=11m, a=02m, Bp=3Tn, I=0,22 MA) B Uanuu
(r. Tanpxunarap) [48]. B SAnonun (r. Haxa) coopyxaercs
KpynHblid cBepxnpoBoasinmii Tokamak JT-60SA (R=3,16 M,
a=102w™m, B =27Tn, I=55MA) c ABYXHYJCBbIM
JIUBEPTOPOM U JUIMTEIBHOCTBIO IJIOLIAJKU TOKA B IIa3Me
~ 100 ¢ (coBmectHslit mpoekT EBpocoroza u Smonun) [49].
DKCIepUMEHTHI Ha 9TUX YCTAaHOBKaX OYIyT choKycHpoOBaHbBI
Ha TOJyYeHUH (PU3MUYECKON W TEXHOJIOTHYeCKoi mHpopMma-
UK, HEOOXOIUMOM ISl ONTUMHU3ANUHN ¥ KOHTPOJIS CTAIUO-
Hapubix paspsgoB B UTOP u JEMO (DEMOnstration
Power Plant, DEMO).

Hdpyrue BaxkHble Pe3yJbTATHI, MOJIyYeHHbIE B TEUCHHE
MOCJIETHUX JIECSITUIETUH, BKIIFOYAIOT:

1. O6uapysxenue "THOPUIHOTO" pEXUMA C YIIYUIICHHBIM
YIEP)KAaHHEM OSHEPrUM IO CPAaBHEHHIO C TAKOBBIMHU IIpU
crangapTtHod H-moze, Ha KOTOpPYIO paccyUTaH HUMITYJIbC-
HbIl pexuMm pabotel UTOP. VaydineHHbId TUOPUAHBIN
PEeXUM, ecyu ero yaactes peanuzoBats B U'TOP, no3Boiut
MOJIYYUTh MPOEKTHBIE MapaMeTPhl MJIA3MBbI MPH MEHbIIEM
TOKE B IUIa3Me U NMOJAEPXKUBATH UX B TEUEHUE HECKOJIbKUX
TBICSIY CEKYHI.

2. I1oBblllIeHNE MPENEIbHOIO 1aBJICHUS IJIa3Mbl U, Clle-
JIOBATEJIbHO, IPEAEIIbHON TEPMOSIACPHOM MOIIIHOCTH B pEAK-
Tope Oyrarogapsi CTaOMIIM3alMd HEOKJIACCHYECKON THUPUHT-
HEYCTOWYHUBOCTH C TOMOINBIO CHOKYCHPOBAHHOTO ITyUKa
MHKPOBOJIHOBOTO U3JIyYEHUs, KOPPEKTUPYIOLIEro npoduis
TOKa B IJIa3Me, U N10JIaBJICHUIO HEYCTOMYMBOCTH, CBSI3aHHOMN
C KOHEYHBIM COMIPOTHUBJIEHNEM CTEHKH, C IOMOIIIBIO KOMITCH-
calil PACCesTHHBIX MArHUTHBIX TOJIEH W CO3MaHus Tepe-
MEHHOTO MarHUTHOTO TI0JIs 33 JAHHOW KOH(PUTYypaLUH, YIpa-
BJISIEMOT'O CHCTEMO# ¢ 0OPAaTHOM CBSI3BIO.

3. OGHapyxeHUue pEXUMOB C TepuepUiHBIM TpaHC-
MOPTHBIM OapbepoM 0e3 BCIBIINIEK HEYCTOHYMBOCTH Ha
rpanune wiazMel (ELM-free Quiescent H-mode) u nemon-
CTpanus IOJABIICHHAS 9TON HEYCTOWYMBOCTH TOCPEACTBOM
PE30HAHCHBIX BO3MYIIICHUN MAarHUTHOTO MOJIs U €€ ociadJie-
HUS C IOMOLBIO HHXXEKIIMH BOAOPOAHBIX TAOJIETOK.

4. 3HauuTeIbHBIC YCIIEXH B pa3paboTKe METOJOB paH-
HEeTrO OIOBEILCHHS O Pa3BUTUH HEYCTOWYMBOCTH CpbIBA B
TOKaMaKe ¥ METOJIOB CMSITUEHHUSI €€ TIOCTIeICTBUIA.
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B Poccuu B mocnennue 10—15 neT skcnepuMeHTHI MPO-
BOJMJMCh Ha Iectu Tokamakax: T-10 B KypuaTtoBckom
uncruryte, T-11M B TPMHUTU u Ha ycranoskax "I'io-
oyc-M", TYMAH-3M, ®T-1 (10 2006 r.) u ®T2 B ®TU.
Campblii KpynHBbIN poccuiickuil Tokamak T-15, coopykEHHBIN
B KypuatoBckom uHctutyTe B 1988 T., OBLI 3aKOHCEPBUPO-
BaH B 1995 r. u3-3a HE1IOCTATOYHOTO (PUHAHCUPOBAHUSI.

6. Pa3Burne TeopuM IUIa3Mbl B TOKaMaKax

C 1951 r. TeopeTHYeCKMMU MCCIICIOBAHUSIMH T10 YIIpaBJIsie-
MoMy TepMosiiepHoMy cuHTe3y B JIMITAHe pykoBoaui
M.A. JleontoBuu. OcHoBanHast M.A. JIeoHTOBUYEM Teope-
THYECKasl IIKOJIA CTAJIA JIUJAEPOM B TEOPHH BBICOKOTEMIIEPA-
TYPHOH IJIa3MBbl Ha TOJITHAE TOJIBI.

Poccuiickumu  y9€HBIMH CO3/TaHBI TEOPUU PABHOBECHS,
IPOLIECCOB NMEPEHOCA, MATHUTOTUAPOIUHAMUYECKUX U KUHE-
TUYECKHUX HEYCTOMYMBOCTEH IIIa3MBbl, TEOPHsI TYPOYJICHTHBIX
MPOLIECCOB B IIa3Me, TEOPUSI ATOMHBIX ITPOLIECCOB U U3IIyYe-
HUSl, 3aJI0KEHBI TEOPETUYECKHE OCHOBBI METOJIOB HATpeBa
mia3Mbel 1 reHepanuu Toka. b.b. Kagomues 3amoxun
OCHOBBI TEOPUHU SIBJIEHUI nepeHoca (AudQy3uu 1 TerIonpo-
BOJIHOCTH) B TypOyienTtHoi miaszme. B.J. Iadpanon
SIBJISIETCSL aBTOPOM PabOT MO TEOPHH PABHOBECHUSI M yCTOM-
YABOCTH ILJIa3Mbl B MArHUTHBIX MOJISIX Tokamaka. OH
TOJIYYUJI YpaBHEHHWE PABHOBECHUS IJIA3Mbl B JIBYX)KHKOCT-
HOW Miasmocratuke (ypaBHenue I 'pama-—Illadpanosa),
CTaBllieeé OCHOBOI TEOPUU PABHOBECHS IJIA3MBI B OCECHM-
METPUYHBIX MArHUTHBIX KOH(GHUTypaUsIX, U BBIBEJ KPUTEPUi
YCTONYMBOCTH IJIA3MEHHOTO IIIHYpa ¢ TOKOM B MarHUTHOM
oJie, M3BeCTHBIN kak kputepuit Kpyckana — Mladgpanosa.

B 1967 r. A.A. I'aneeBrim 1 P.3. CarmeeBbiM [8] cozmana
TaKk HasbiBaeMas '"Heokiaccuueckas" TEOpUS HEPEHOCOB,
YUUTBIBAIOIIASl HAJIMYME B MJIa3Me OCOOOI TPYyMIbl YacTHUIl,
3alePThIX MEX/1y YUaCTKaMH CUJIOBBIX JIMHUM C YCUIICHHBIM
BCJIEJICTBHE TOPOUJATHLHOCTH MATHUTHBIM TOJIeM. BbL1o
MOKa3aHO, YTO B PAa3peXEHHON BBICOKOTEMIIEPATYPHON
JIa3Me 3amnepThie YaCTHIIBI HTPAOT OTMPEACISIONIYIO POJIb B
CTOJIKHOBUTEJIBHBIX IIpOLiEcCaX MEPEHOCA TEIUIA U YACTHIL.

Pe3ysbTaThl TEOPETUUECKUX MCCIICOBAHMN IyOJIMKOBA-
JIUCh B cOOpHUKax Bonpocvl meopuu naasmul. Becero ¢ 1963 1.
0 HACTOSIIEee BpeMsi ObLI0 BhITyIIeHO 24 Toma. [1epBhie 18
TOMOB H3/IaBAJINCh HA PYCCKOM W AHTJIMICKOM SI3BIKaX, a
MocJIeJHUE 5 TOMOB — TOJIBKO Ha aHrjmiickoM. HegaBHo
MPUHSTO pelieHne nepeu3gath coopHuku (¢ 19-ro mo 24-i
ToM) Ha pycckoM si3bike B HULL "KypuaTosckuii uncturyT",
a TOCJeAyIoIIMEe TOMa H3JaBaTh HA PYCCKOM SI3BIKE C
MOCJIETYIOIIMM TIePeBOJIOM Ha AHTJIMUCKUIA MMOJ PYKOBOI-
ctBoM akagemuka E.I1. BexuxoBa.

B Hacrosiiiee Bpemst pa3paboTka TEOpUU U PACUETHO-
TEOPETUYECKOE MOJEIMPOBAHME BEAYTCS MO BCEM KJIFOUE-
BBIM ITPo0OIeMaM (pU3UKH TOKAMAKOB, B TOM YHCJIE B PAMKAX
noaAepkku nporpamMmsl UTOP, Bkirouast HarpaBiIeHUs:

— HavaJbHas CTAJIUS Pa3psa;

— yAep)KaHUE U TPAHCIOPTHBIE MPOIIECCHI;

— ycroiunBoctb (MT' I, TypOyJI€HTHOCTB);

— HEYCTOWYMBOCTh CpbIBAa, pa3paboTka MeTOHOB €&
MIO/TaBJICHUS] I MUHUMU3AINU BPEIHBIX TOCIIEACTBHIA;

— (pusmKa MPUCTEHOYHOH MIA3MBlI;

— (Qu3uka ynpasiseMoro paspsiia (MHTEIPUPOBAHHbBIC
CIIEHApUM, MHOIONApaMETPUYECKOE YIPABJIEHUE IIa3MOH,
(pu3MKa SHEPTUYHBIX YACTHUI] U T.1.);

— cnocoObl HarpeBa U MOAAEPKaHUs TOKA IUIA3MBbI;

— HHTETPUPOBAHHOE MO/ICINPOBAHNE PA3PSIOB.

7. Ilpoexktnl T-20 u UHTOP

K 1975 r. B8 CCCP ObL1 MOATOTOBJIEH 3CKU3HBIA MPOEKT
yCTaHOBKHM peakTopHoro macmraba T-20 (R = 5,0 m,
a=2wM, B =35Tn I=6MA, n=0,5x10%° M3,
T =10 x3B, Pps = 0,5 BT, ¢ = 2,3), KOTOpYIO IJIAaHUPOBA-
noch BBecTH B cTtpoit B 1985 r. T-20 mpeamosaranoch
pa3mectutsh B r. CocHoBelil bop, Heganeko ot Jlenunrpan-
CKOW aTOMHOM 3JIGKTPOCTAHIIMU, B HOBOM IIEHTDE JJIs
WCTIBITAHUIA 3KCIEPUMEHTAIBHBIX TEPMOSIIEPHBIX PEaKTO-
poB 'MCTP (I'ocynapcTBeHHasi UCHBITATENIbHAS CTAHIMS
TepmosiiepHbIXx peakTopoB) [10]. Ha coopyxenue T-20 u
crpoutenbctBo [ UICTP miianupoBaiock 3aTpaTUTh CYMMY,
9KkBUBaJIHTHYIO 2 MuipA nosutapoB CIHA. OmHako mo3mHee
IJ1aHbI ObLTH TiepecMOoTpeHbL, 1 BMecTo T-20 u TUCTP 6bu10
pelIEeHO MOCTPOUTH OKOJIO JIECSITH MEHee aMOMIIMO3HBIX
TEPMOSIEPHBIX OOBEKTOB, TaKUX Kak Tokamaku T-15 u
TCIT u nosymiku JOJI (niuMHHAS OTKpBITAas JIOBYIIKA) U
I'OJI (roppupoBanHasi OTKPBITAS JIOBYIIKA).

B 1979 r. no nHUIIMATUBE COBETCKNX YU€HBIX B MATATD
ObLTa co3maHa MeXAyHapoAHas pabouasi rpymnra C LEeIbIo
M3YYEHUs BO3MOXHOCTH CO3JAHUSI TEPMOSAECPHOTO DEaK-
TOpa Ha OCHOBE CHCTEMBbI ToKaMak. I pymma nospkHa Oblia
OTpeACTINTh MPOrPAMMHBIE U TEXHUYECKHE IIEJIHM, a TaKXe
mapaMeTpbl YCTAHOBKH M OLIEHUTH CYIIECTBYIOIIUIA HAYTHO-
TeXHUYECKUHA Oa3uc I8 CO3[aHUS Ha MEXyHapOJHOU
OCHOBE TEPMOSIIEPHOTO PEaKTOpa, KOTOPBIN JTOJIKEH IpPOo-
JIEMOHCTPUPOBATH TEXHUYECKYIO BO3MOXXHOCTb MOJIyYECHUS
9HEPIUU OT TEPMOSIAEPHOTO CUHTE3a U KOTOPBIH SBJISIICS OBl
HanOoJIee pa3yMHBIM IIATOM BCJIE] 38 CO3JaHIEM YCTAHOBOK
T-15 B CCCP, JT-60 B Anonun, JET B EBpone u TFTR B
CIIA. Vyactauku tpymnel u3 CCCP, CHIA, Snonun u
EBporeiickoro coobiecTBa nmoAroTOBUIN OTYET MO OIIEHKE
HAyYHO-TEXHUYECKOT0 Oa3nca U MPHILIIA K BBIBOAY, YTO 9TOT
0a3uc IOCTAaTOYEH IJIsl MPOEKTUPOBAHMS U COOPYKEHHS B
JIeCATUIIETHUHM cpoK MeXayHapOoIHOTO TOKaMaKa-peakTopa
MHTOP (INternational TOkamak Reactor, INTOR).
OCHOBHBIE XapaKTEPUCTUKU ITOTO peakTtopa: R =152 M,
a=13wm, b/a=1,6, B <55Tn, I<6MA, (n,) =14x
x10" ecm3 u T =10 x3B. B ormmume ot T-20, UHTOP
JIOJDKEH OBLT UMETh AMBEPTOP M BLITSHYTOE MO BEPTHUKAJIN
TIOTNIEPEYHOE CEUEHHE NIa3MBbl.

IIpoext MHTOP He ObuT peaym3oBaH, HO PE3YJIbTATHI
noytd 10-1eTHe paboOThl yYaCTHUKOB IIPOEKTA ChIrPAJIU
BaXKHYIO POJIb IpU pazpadoTke npoekta UTOP.

8. UTDP u JIEMO

B Hos16pe 1985 1. E.IT. Bentuxos ot umenn CCCP nipeayioxui
co3/1aTh ToKamMak HoBoro mnoxojenust ¢ yuactuemM CCCP,
EBponsl, CIIA u Snonuu. B 1986 r. B JKenere ObLIO
JIOCTUTHYTO COTJIAIIIEHHE O COBMECTHOM MPOEKTUPOBAHHUU
YCTaHOBKH, KOTOpasl MOJDKHA MPOAEMOHCTPHPOBATH HAyd-
HYIO U TEXHOJIOTHYECKYIO OCYIIECTBUMOCTD MCIOJIb30BaHUS
TEPMOSJICPHBIX PEaKIMii B MUPHBIX TeJIIX. B TeueHue Tpeéx
net, ¢ 1988 r. mo 1990 r., cunamMu COBETCKUX, AMEPUKAHCKHUX,
SITOHCKUX W €BPOMEHUCKHUX YUEHBIX M MHXKEHEPOB ObLia
MPOBE/IeHa KOHIENTYaIbHAsl MPOpPaboTKa MPOEKTa TEPMO-
SIIEPHOTO peakTopa, mojyuuBirero HaszBanue UTIOP
(puc. 10). IIpoekT ObLI OPUEHTUPOBAH HAa JOCTHXKEHUE
CaMOTIOIICPKUBAIOIICHCS  TEPMOSIACPHOU  peakiuu
(Q =) B DT-nnazme ¢ Pps~ 1 BT B MHAYKTUBHOM
pexume u monyuenue Q ~ 7 npu Prs ~ 0,75 I'Bt B crammo-
HapHOM pexume [50].
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Puc. 10. IToonnaneHeii paszpes peakropa UTIP. [{is oneHKH pa3MepoB
WTDOP B HMKHEl yacTH prCyHKa H300paKEH CHITYIT YeJIOBEKaA.

B wmrone 1992 r. ObUTO MOAIMMCAHO YETHIPEXCTOPOHHEE
(EC, Poccus, CIIA, Snonus) coriamieHue o pa3paboTke
nnxeHepHoro npoekta MUTOP. MHxeHepHBI IPOEKT ObLI
3aBepmiH B 1998 r. B mporecce paboThl HajJ MPOEKTOM

HEKOTOpbIe MapaMeTpbl YCTAHOBKM ObUIM H3MEHEHBI II0
CPaBHEHHUIO C MPHUHSITHIMA B KOHIENTYaJlbHOM HpoekTe. B
YACTHOCTH, JABYXHYJICBOW HAUBEPTOP OBLT 3aMEHEH OIHO-
HYJIEBBIM, 00BEM IUTa3Mbl W TEPMOSIIEPHAS MOIIHOCTHL B
WHJIYKTUBHOM pexume Oblmu yBeiauueHsl B 2 u 1,4 pasa
COOTBETCTBEHHO IPU MPAKTHYECKU HEM3MEHHBIX BEJIMYMHAX
MAarHUTHOTO TOJIS ¥ TOKa B IIa3Me.

B saBape 1999 r. CIIA no pemrennro Konrpecca BoIum
n3 mpoekta UTOP. Konrpecc CIIA moTuBHpOBal 3TO
pEIlIeHue CIIMIIIKOM BBICOKOH cTonMocThIo mipoekTa [10]. EC,
Poccust u Anonust nmpoAoJpKuiaM paboTy Haa MPOEKTOM C
LIEJIbI0 CHUXKeHHUsI ero croumoctu. B 2001 r. BTOpoi, yMeHb-
IIEHHBIA ¥ TPUMEPHO BIBOE OoJiee ACIIEBBIN, BAPUAHT TEX-
HUYecKoro mpoekrta O0but 3aBepiiéH. B 2003 r. CIIA BHOBB
CTaJIl y9acTBOBATH B IpoekTe. K MpoeKkTy MoIKIF0oYNINCh
taxxke Kurait u FOxnas Kopes, a B 2005 r. — Nunus. B mae
2006 r. B Bproccesne y4acTHHKM KOHCOPIIMYMa IOANHCAJIN
COTJIALIICHUE O HavaJie MPaKTUIECKON pean3aluy IPOeKTa B
2007 r. I1epBblii 3Tan CTPOUTEILCTBA JOJKEH 3aBEPILIUTHCS
k 2018 r. IlepByro mnasmy B UTOP nanupyercs noayuuTsb
B koHue 2019 r. ITomHOMaciiTaOHBIE S3KCHEPUMEHTHI C
DT-mia3moit npeanosiaraercs Hauath B 2027 1.

OxonuaTtenbHblil BapuanT UTOP paccuntan Ha momyyde-
are DT-mma3mel ¢ Py = 400—500 MBt u Q > 10 B unIyK-
THUBHOM DEXUME C JUIUTEJIbHOCTBIO UMITyJIbca 0KoJio 500 c.
JomxHa OBITh TaKXKe MCCIeI0BaHa BO3MOXHOCTD JTIOCTHXKe-
Hus "koHTpoNMpyeMoro roperns” DT-miasmel, T.e. pexu-
MoB ¢ Q > 30. Baxxnoii 3anaueit U'TOP ocrarores axcnepu-

Tabamna 2. CpaBHeHue npoekTHbIX napamerpo UTOP [S51] u ognoro u3 Bapuantos JJEMO [52]

UTOP JEMO
ITapameTp CTauuoHapHBII peXUM
WHAyKTUBHBIN pexuM CTanmoHapHBII pexXuM (= 10° ¢)
(=3x10%¢)
Toxk B masme I, MA 15 9 15
MarnuTHOeE 1oJjie Ha OCH ia3mbl By, Ti 5,3 5,18 6,8
MakcuMaJibHOE 10JIE Ha CBEPXIIPOBOTHUKE Biyax, T1 11,8 11,8 14,6
Mautblii painyc ia3Mel d, M 2 1,85 2,1
Boubioii paauyc miasmel R, M 6,2 6,35 6,5
TemnepaTtypa noHoB Ha ocu wiasmsl 7;(0), kaB 23 25 45
3amac MI'[I-ycToitunBocTH ¢9s Ha panuyce 1 = 0,95a 3,0 52 53
OrtHotuenne (ne) k npeaeiy I'punBanbaa, (n.)/ng 0,85 0,75 1,0
@axrop yiyunieHus ynepxanus Hyog(y,2) 1.0 1.4 1.3
Pn = P(100aB/I) 1,8 3,0 3.9
Houst 6yTcTpan-Toka fas 0,15 0,5 0,79
Be3bIHAyKTUBHAS T0JISI TOKA N1 0,21 1 1
Tepmosinepnast MotHocTs Py, MBT 400 350 3000
MoruHoCTh HarpeBa miIa3Mbl Ppey = Py + Pyyx, MBT 120 140 654
Tennosas sueprus wiazmer Wy,, MJIx 320 290 1215
JoJ1st paJiMaiOHHBIX TOTEPb SHEPTUH frad = Prad/ Pheat 0,5 0,57 0,86
Q = Pus/Paux 10 5 54
YacroTa cpbIBOB fdisruption ~ 0,1 (3a UMIyJIBbC) ~ 0,1 (32 UMIyJIbC) < 1(Bron)
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MEHTBI ¢ O€3BIHAYKTUBHBIM MOIEPKAHUEM TOKAa B KBA3H-
CTAIMOHAPHOM DEXHME C UINTEIBHOCTBIO HMITYJIbCA
~ 3000 c mpu Q > 5, nmpeacrapsiroe OOJBIIONR HHTEPEC
I TIPOCKTHPOBAHUSI TEPBON OMBITHON TepMOSIEpHON
anextpoctanmuu — JEMO. Jpyroii BaxHOW 3amaueit
NUTOP saBnsieTcss NpPOBEJECHUE SIIEPHO-TEXHOJIOTMUECKUX
WCIBITAHUHN, HEOOXOMUMBIX sl poekTupoBanus JEMO.
NTOP nomkeH mpoIeMOHCTPUPOBATH COBMECTHYIO padboTy
BCEX TEXHOJIOTHIECKHMX CUCTEM, HeOOXoquMbIX 11t JIEMO, n
UCTBITATh MOAYJIM IJIs HapaboTku Tputus. [lapameTpsl
NTOPa B UHAYKTUBHOM M CTAallMOHAPHOM DEXHUMax H
onHoro u3 BapuantoB JJEMO c Py = 3 T'BT npuBesieHbI B
Tabu. 2 [51, 52].

V IMBUTENBHO, 9TO 00BEM maa3mMel (950 M) 1 HaIpKEH-
HOCTb TPOJOJIBHOTO MarauTHoro moust (5 Ti) B mpoekte
CaxapoBa (cM. TabJ1. 1) mpakTHUYeCKH COBNAJIM C aHAJIOTUY-
HLIMH apaMeTpamu npoekta UTIP (831 M u 5,3 Tn). B To
JKe BpeMsl Ipyrue napaMeTphl ITHX IPOEKTOB CYIIECTBEHHO
pasmmuarotrcs. Hampumep, BeIMYMHA MPOAOJBHOTO TOKA B
npoekte CaxapoBa B 75 pa3 Hmxke, 4yeM B npoekte UTOP.
CeroJtHsl MbI 3HaeM, YTO BeJIMUYMHA TOKa B IpoekTe Caxaposa
MorJia Obl ObITH yBenuueHa a0 ~ 2,8 MA 0e3 HapylieHus
TUIPOMArHUTHONH yCTONYMBOCTU IIIa3Mbl NPU 3HAYCHUHU
koa(Quuuenta 3anaca ¢, = 5Bia’/(IR) ~ 3, IPUHATOM B
npoekte UTOP. dns Toro 4ToOnl n3bexaTh HEyCTONYMBO-
CTH CpPBIBA 110 MPeIeIbHON MIIOTHOCTH, CPEAHSISI IIIOTHOCTh
IJIa3Mbl JOJDKHA YJOBJIETBOPSTH IMITUPUIECCKOMY CKeil-
qaunry pusBanbaa n [10%° m~3] < I[MA]/(ra?) [M?], u3
KOTOpPOTO CJIEAYeT, 4YTO Jaxe NPU CKOPPEKTHPOBAHHOM
Toke [ =2,8 MA IMJIOTHOCTh IJIa3Mbl JIOJIKHA OBITH TPH-
MEpHO Ha MOPSAOK HIDKe, yeM B mpoekTe Caxaposa. Coot-
BETCTBEHHO MPHMEPHO HA JIBa MOPSIKA TPU HEU3MEHHON
TeMIepaType JOJUKHA CHU3UTBCS MOIIHOCTb TEePMOSIIEp-
HOT'0 3HEeproBulAesieHus. TakuM 00pa3oM, HU O KaKOi caMo-
oaiepKuBaroleiics: repmosiaepuoit DD-peaknuu B nanHoit
cucTeMe He MOXKeT OBITh U PeUd, OTHAKO MPH UCTIOJIH30BAHUN
DT-cMmecn sTa cucteMa TpeAcTaBisiia Obl 3HAYUATETHHBIN
WHTEpEC, XOTs W He CToJib Oosbiioit, kak UTOP, BBuay
HEONTUMAJILHON (OPMBI MOIEPEYHOr0 CEYEHUs IIa3Mbl U
OTCYTCTBUS JUBEPTOPA. DTOT KOMMEHTAPUHN HILTIOCTPUPYET
WCIOJB30BAHME 3HAHUI, JOOBITBIX TEPMOSACPHBIM COOOIIIE-
CTBOM Ha TEPHUCTOM TIyTH, ykazaHHOM A.J[. CaxapoBbIM 1
N.E. Tammowm 60 siet Ha3an.

9. HoBblii 3Tan B pa3BuTun pador
no tokamakam B Poccun

IToteps Bemymux mo3unuii B GU3NKe U TEXHOJIOTUN TOKAMa-
KOB CYIIIECTBEHHO CHUXAeT BO3MOXKXHOCTH Poccum B ocBoe-
HUM TEPMOSIAEPHON 3HepreTuku. BoccTaHOBIEHUIO 3THX
MO3UIUN OYJeT criocoOCTBOBATH MPUHSTHINA B pamkax dene-
paJIbHOW 1eJI€BOM MPOrpaMMBbl IUIAH CO3/IaHUSI COBPEMEH-
HOTO TUBEPTOPHOTO TOKAMaKa Ha OCHOBE MOJIEPHU3AINU
xomruiekca T-15 (tab6u. 3). BBoa B neficteue B 2015 1. HOBOTO
TOKaMaka TMO3BOJIUT HE TOJBKO MPOBOJHUTH aKTyallbHbIC
WCCIICIOBAHUS B MOJJEPXKKY nporpammbl UTOP, HO u
MOCIY)KUT BaKHBIM IIIArOM Ha MYTH CO3JAHUSI MCTOYHHKA
TEPMOSIJICPHBIX HEUTPOHOB JIJIsI THOPHUTHBIX CHCTEM.

OKcHnepUMeHTaJIbHAsl MpOrpaMMa HOBOTO TOKaMaka
OylleT OXBaThIBATh IIUPOKUN JUAINA30H WUCCJIEJOBAHUN,
BKJIFOYAsl PELLIEHUE CIEAYIOIIUX 3aaY.

e duznyeckoe U TEXHOJIOTUIECKOE 0OOCHOBAHME AEMOH-
CTPAIlMOHHOTO TEPMOSIIEPHOTO HCTOYHHKA HEHTPOHOB
(TUH).

Ta6mmua 3. OcHOBHBIE MapamMeTpbl MOJCPHU3UPOBAHHOIO TOoKamMaka
T-15

AcCHeKTHOE OTHOIIIEHHE 2,2
Tok ma3smer Ip, MA 2,0
Bounbiioii panuyc Topa R, Mm 1,48
BrITSHYTOCTE CeueHns IIa3MBl, K 1.9
TpeyroJbHOCTD IIA3MEIL, & 0,3-0,5
Kondurypanus miazmsl SN
JmTeabHOCTh paspsiaa, ¢ 5-10
TopounanbHOE 10JIe HA OcH MIasMbl By, Ti 2,0
3amnac motoka B cojienousie A¥cs, B6 6
MoI1HoCTb HHXEKIUN HelTpasioB, MBT 9
MommHocTh cBepxBbIcOkoUacToTHOTO (CBY) Harpesa, MBT 6
MorusocTh HOHHO-IMKI0TpoHHOTO (ML) Harpesa, MBT 6
Momnocts HIKHernopuaaoro (HI') marpesa, MBT 4

e JlocTrxeHHe BBICOKMX 3Ha4YeHMH [y Kak MyTh K yie-
IIEBJIEHUIO TEPMOSIIEPHBIX PEAKTOPOB MPH OTHOBPEMEHHOM
00eCreueHIN BBICOKOW TUIOTHOCTH ¥ TEMITEPATYPBI.

e VrpasyieHue npoduieM TOKa U JaBJEHUS Kak MyThb K
YBEJIMYCHUIO 5y M BpEMEHHU YAECPKAHUS TE.

e Peanmzanusi peXMMOB YIIYUYIIEHHOTO YIepXKaHHUS C
BHYTPEHHUAM U BHEIIIHUM TPAHCIIOPTHBIMH Oapbepami.

e V3yyeHne BO3MOXHOCTH pEAJIM3ALUU PEKUMOB C
BBICOKAMH 3HAYCHUSIMHU [} U He B YCIOBUSIX CTAIMOHAPHOTO
paspsia ¢ MOJIHOCTHIO HEMHAYKIIMOHHBIM TOKOM.

e OnTuMH3anusl IUBEPTOPA U HCCIEIOBAHUE BIIMSHUS
nepuepuiiHON TUTa3Mbl HA TJI00aJIbHbIE XapaKTEPHUCTUKU
IJIA3MEHHOT'0 pa3psiia.

e OcymiecTBiieHue KOHTPOJISI HAJl yCTOWYUBOCTBIO, paB-
HOBECHEM, HAarPEBOM U YIEP>)KAHUEM BBICOKOTEMIIEPATYPHOM
MJIA3MBbI B PEXXHUME PEaJIbHOTO BPEMEHHU.

e VccienoBanue B3aMMOJEHCTBUSL IUIa3Mbl C pasjny-
HBIMH MaTepuallaMu, BKJIoUast rpaduT, BOJIbGpaM 1 JTUTHIA.

e Vlcrionp30BaHMe HOBOTO TOKaMaka KakK CTEHJa, Ha
KOTOPOM OyAyT oOTpabaThlBaTbCs TaKHe CHUCTEMBI, Kak
CTAllMOHAPHBIE HHXXEKTOPbl HEUTPajoB, CTALMOHAPHBIE
CHUCTEMBI BBICOKOYACTOTHOTO, CBEPXBBICOKOYACTOTHOTO H
HIDKHETHOPUIHOTO HATPeBa IJIA3Mbl, UCTIBITHIBATBCS MaTe-
pUaIbl M TEXHOJIOTHHU MIEPBOM CTEHKHU U JIMBEPTOPA U JIP.

B HacTos1ee BpeMst IpOEKT HOBOT'O TOKaMaKa Ha OCHOBE
MoaepHu3anuu komruiekca T-15 yxe pazpadotan, uc 2012 r.
Ha4YHETCS ero u3rorosieHue (puc. 11).

N3zBectHO, uto A.Jl. Caxapos u U.E. TamMm paccMmaTtpu-
Basit MTP B xauecTBe MOIITHOTO UCTOYHUKA HEUTPOHOB JIJISI
HapaOOTKH HMCKYCCTBEHHOT'O JEJISIIErocsl BellecTBa. JTa
ujest Bo3poamsiach B 70-X rojax mpoIIoro Beka B BIJE TaK
HAa3bIBAEMbBIX THOPUIHBIX PEAKTOPOB, pa3pabOTKa KOHIIEI-
LMY KOTOPBIX IpOoBoAWIACk 1o pykoBoacTBom E.I1. Bemnu-
xoBa, I.H. T'onoBuna u B.B. Opnosa. OnHako no paznnd-
HBIM IpUIAHAM paboThI 1o THOpUIHEIM pekTopaM B CCCP n
CIIA 06U OCTAaHOBJICHBI.

B HacTosimee BpeMsi UHTEpeC K FTMOPUAHBIM CUCTEMAM, B
TOM uyHcie Ha 0a3e TOKaMakoB, BHOBb BO3poawicsi. B
COOTBETCTBHU C Pa3pabOTaHHBIMHU M MPHUHATHIMH TUIAHAMU
pabot no YTC B Poccun, kpome yuactus B npoekte U'TOP, B
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4324 MM
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Puc. 11. [Tonepeunoe ceyeHue (a) U pa3MeLICHHE MOJIEPHU3UPOBAHHOTO
Tokamaka T-15 B akcriepuMeHTaIbHOM 3ae (0).

TeyeHune 15-20 et mosmkeH OBITH pa3paboTaH M CO3JaH
MPOMBIIIIJICHHBI UCTOYHUK TEPMOSIIEPHBIX HEHTPOHOB Ha
OCHOBE TOKaMaka Kak ISl HapaOOTKH TOIUIMBA U TpaHC-
MYTAllUd BBICOKOAKTUBHBIX MPOIYKTOB SICPHBIX PEaKITHiA,
TaKk M JUIsI HAyYHBIX M TEXHOJIOTMYECKHX weJieil. HoBblid
TokaMak B KypuyaTOBCKOM HHCTHTYTE MOXHO DPacCMaTpH-
BaTh KaK BOJOPOIHBINA MPOTOTUI HEUTPOHHOT'O HCTOYHHUKA.

Takxum 06pa3om, Ha OCHOBE OTPOMHOTO 00BEMA pe3yJIb-
TATOB IKCIIEPUMEHTAJIBHBIX W TEOPETHYESCKUX HCCIIETOBAHUN
TOKAMaKOB M CBSI3aHHBIX TEXHOJIOTHYECKUX pPa3paboTOK
(bu3uKy 1 MHX)XEHepbl B Poccny BO3BpaliaroTcs K nepBoHava-
JbHBIM HessM ALJl. CaxapoBa.

10. 3akarouenue

HccnenoBanusi MAarHUTHOW TEPMOU3OJISLUM TJIa3Mbl, UHU-
nuupoBannsle 60 nmet Hazan? A.Jl. CaxapoBbIM H
N.E. TamMmowm, nocTuryim ypoBHsI, TO3BOJIUBIIIETO B TEUCHHE
1990-2010 rr. cnpoekTUpOBaTh Ha OCHOBE TOKamaka Hu
MPUCTYIIUTH K COOPYKEHUIO MeXAyHAPOTHOTO TePMOSIIep-
HOTo 3KcrnepuMeHTanbHoro peakropa (UTIP). Ipeamnoina-
raercs, uto UTOP BeIiAeT HA NPOEKTHBIC MapaMeTphbl B
UHAYKTUBHOM pexume ¢ Pps =04—-05TBtru Q> 10 B
2027 r. Jlaymee MOJKHO TMOCIEA0OBATH MOJIyYeHUE U UCCIIEI0-
BaHHME PEXKHUMOB Oo0JbIIONW quuTesbHOCTH (= 3000 ¢) ¢
Q > 5, npeacTaBIISIOMINX OOJIBIION HHTEPEC ISl IKCTPAIo-
Jsiiait k JIEMO.

4 PaHHSIA UCTOPHS HCCIIEOBAHUN II0 YIIPABIISIEMOMY TEPMOSIEPHOMY
curTe3y (YTC) npeacrasiena u onybiankoBana B paborax [53—61].

Poccuiickas ®enepanus BXOAUT B YHUCIO CEMU CTPaH-
y4yacTHUI MexX1yHapoAHOTO COTJIALLEHUS 110 COOPYKEHUIO
WTDOP. OHa y4yacTByeT B MIPOCKTUPOBAHUU U U3TOTOBJICHUU
JleTajieidl W y3J0B YCTAHOBKH, pa3pabOTKe M M3TOTOBJICHUU
JIMATHOCTUYECKMX CUCTEM U CUCTEM KOHTPOJIS, B pa3paboTke
CIIEHApHeB pas3psiga U B MOACIUPOBAHUU (HUBUYECKUX NPO-
neccos B mazsme UTOPa.

Co3pganne B KypyaTOBCKOM HMHCTUTYTE€ COBPEMEHHOTO
TOKaMaka ¢ JUBEPTOPOM Ha OCHOBE MOJECPHU3MPOBAHHOTO
komriekca T-15 TO3BOJIMUT NPOBOAUTH IMIUPOKUM KpyT
uccnenoBanuii B nomnepxkky UTOPa, pazpabaTeiBaTh BOJI0-
pOIHBIE IPOTOTUIIBI TEPMOSIAEPHOIO UCTOYHUKA HEUTPOHOB
Y TOTOBUTH CHELUAIMCTOB B 00JIaCTH YIIPABIISIEMOTI'O TEPMO-
SIZIGPHOTO CHUHTE3a.

Baarogapuoctn. ABTOp BBIpaxkaeT OJlarogapHOCTH 3a
nomMomb B moarotopke cratbu B.C. MyxoBaToBy,
K.A. Pazymosoii, B.C. Ctpenkoy u JI.K. Ky3Herooii.

Crnmcok JMTepaTypbl

1. Caxapos A [ Bocnomunanus 4. 1 (M.: Anbdpa—xnura, 2011) I'n. 9

2. CaxapoB A /I, B ¢0. Qusuka naazmol u npooiema ynpagiiemvix
peaxyuii T. 1 (OtB. pen. M A Jleonrosuu) (M.: U3n-so AH CCCP,
1958) c. 20 [Sakharov A D, in Plasma Physics and the Problem of
Controlled Thermonuclear Reactions Vol. 1 (Ed. M A Leontovich)
(New York: Pergamon Press, 1961)]; Caxapos A 1 YO@H 93 564
(1967)

3. Tamm U E, B c6. Qusura naazmwl u npob.iema ynpagiie Mol X peakiyuti
T.1(OtB. pen. M A Jleontosnu) (M.: U3g-8o AH CCCP, 1958) c. 3
[Tamm I E, in Plasma Physics and the Problem of Controlled
Thermonuclear Reactions Vol. 1 (Ed. M A Leontovich) (New
York: Pergamon Press, 1961)]

4.  TamMm U E, B 6. Qusuxa niazmvl u npobd.aema ynpagiaemvlX peaxiyuti
T.1(Ot1B. pen. M A Jleoutosuu) (M.: U3n-8o AH CCCP, 1958) c. 31
[Tamm I E, in Plasma Physics and the Problem of Controlled
Thermonuclear Reactions Vol. 1 (Ed. M A Leontovich) (New
York: Pergamon Press, 1961)]

5. Bynkep I' U, B ¢6. Qusuxa naaszmvl u npobiema ynpasiiemvix
peaxyuti (O1B. pen. M A Jleontosuu) T. 1 (M.: U3n-80 AH
CCCP, 1958) c. 68 [Budker G I, in Plasma Physics and the Problem
of Controlled Thermonuclear Reactions Vol. 1 (Ed. M A Leontovich)
(New York: Pergamon Press, 1961)]

6. Pfirsch D, Schliiter A, Report PI/PA/7/62 (Munich: Max-Plank
Institute, 1962)

7. ladppanoB B [ Amom. suepeus 19 (2) 120 (1965) [Shafranov V D
Atom. Energy 19 1008 (1965)]

8. TameeB A A, CarmeeB P 3 JKOT® 53 348 (1967) [Galeev A A,
Sagdeev R Z Sov. Phys. JETP 26 233 (1968)]

9. besbatuenko A JI u Ap., B ¢6. Qusuxa naazmvl u npodiema
ynpasasemvix peaxyuti (OtB. pen. M A Jleontosuu) T. 4 (M.:
Usn-Bo AH CCCP, 1958) c. 116 [Bezbatchenko A L, in Plasma
Physics and the Problem of Controlled Thermonuclear Reactions
Vol. 4 (Ed. M A Leontovich) (New York: Pergamon Press, 1961)]

10. TonybuukoB JI ' UTOP. Pewarowuii waz (M.: MUDU, 2004)

11.  Honros-Casenwes I I' u ap., B 6. Tpyost 2-it MeacoyHapoo. KoHgp.
N0 MUPHOMY UCNOAB30BAHUINO AMOMHOU dHepeuu, Kenesa, 1958.
Hokaadvsl cosemckux yuenvix (M.: Atomuzaat, 1959) c. 85

12. Bacunesckuii B C u ap. JKT® 30 1137 (1960)

13.  Homaros-CasenseB I' I' mw gp. JKOT® 38 394 (1960) [Dolgov-
Savel’ev G G Sov. Phys. JETP 11 287 (1960)]

14. Top6ynos E II, PazymoBa K A Amom. suepeus 15 (5) 363 (1963)
[Gorbunov E P, Razumova K A Arom. Energy 15 1105 (1964)]

15.  Gorbunov E P, Mirnov S V, Strelkov V S Nucl. Fusion 10 43 (1970)

16.  Artsimovich L A, in Plasma Physics and Controlled Nuclear Fusion
Research, Intern. Conf. Vol. 2 (Vienna: IAEA, 1966) p. 595

17.  Apummosuu JI A u ap. Amom. suepeus 22 259 (1967) [Artsimo-
vich L A et al. Atom. Energy 22 325 (1967)]

18.  Artsimovich L A, in Plasma Physics and Controlled Nuclear Fusion
Research, Intern. Conf. Vol. 1 (Vienna: IAEA, 1969) p. 157



T. 182, Ne 2] TOKAMAKMU OT A.JI. CAXAPOBA /10 HAIIUX OHENM (60 JET TOKAMAKAM) 215

19. MupuoB C B Dwuepeus uz 600sr (M.: Tposant, 2008); http:// 45. Tyces BKu ap. KT® 69 (9) 58 (1999) [Gusev V K et al. Tech. Phys.
www.triniti.ru/Art/Mirnov1.pdf 44 1054 (1999)]

20. Peacock N J et al. Nature 224 488 (1969) 46. Wan B et al. (for the EAST and HT-7 Teams and Intern. Collab.)

21.  Amnamua A M u ap. KOT® 602092 (1971) [Anashin A M et al. Sov. Nucl. Fusion 49 104011 (2009)

Phys. JETP 33 1127 (1971)] 47. Park Y Setal. Nucl. Fusion 51 053001 (2011)

22.  AprumoBud JI A u np. KOT® 61 575 (1971) [Artsimovich L A et al. 48. Pradhan S and SST-1 Team 20th IAEA Fusion Energy Conf. (1—6)
Sov. Phys. JETP 34 306 (1972)] FT3-4Rb (2004)

23.  All-the-World’s Tokamaks, http://www.tokamak.info 49. Kamada Y et al. Nucl. Fusion 51 073011 (2011)

24. BuacenkoB B C u np., in Plasma Physics and Controlled Nuclear ~ 50. ITER Physics, ITER Documentation Series No. 21 (Vienna: IAEA,
Fusion Research, Intern. Conf. Vol. 1 (Vienna: IAEA, 1975) p. 33 1991)

25.  Vlasenkov V Set al. Nucl. Fusion 13 509 (1973) 51.  Mukhovatov V et al. Nucl. Fusion 47 S404 (2007)

26.  AmukaeB BBu ap. [Tucvma 6 KOTD 1541 (1972) [Alikaev V Vet al. 52.  Tobita K et al. Fusion Eng. Design 81 1151 (2006)

JETP Lert. 15 27 (1972)] 53. Kauxomues B B "Or MTP no UTDP" V@H 166 449 (1996)

27. Artemenkov L I et al,. in 6th Eur. Conf. on Controlled Fusion and [Kadomtsev B B "From MTR to ITER" Phys. Usp. 39 419 (1996)]
Plasma Physics, Moscow, USSR, July 30— August 4, 1973 Vol. 1 54. Illappanos B J1 "IepBblii nepuo/ HCTOPUHE TEPMOSIIEPHBIX HCCIIE-
(Dubna: JINR, 1973) p. 153 nosauuit B Kypuatosckom uncturyte" YVOH 171 877 (2001)

28.  Apmumosnu JI A, ladppanos B 1 [Tucvma ¢ ZKOTD 15 72 (1972) [Shafranov V D "The initial period in the history of nuclear fusion
[Artsimovich L A, Shafranov V D JETP Lett. 15 51 (1972)] research at the Kurchatov Institute" Phys. Usp. 44 835 (2001)]

29.  Ho6poxotos E U u np. Hucvma ¢ KIOTP 31 663 (1980) [Dobro- 55. Iadpano B I Henayunvie mpyowr (M.: PHII "KypuaToBckuii
khotov E I et al. JETP Lett. 31 625 (1980)] unctutyt", uzn-so "Tposaut", 2009)

30. Bortnikov A V et al.,, in 6th Eur. Conf. on Controlled Fusion and 56. Boumapenko b [T "Posb O.A. JlaBpeHTbeBa B IOCTAHOBKE BOIPOCa
Plasma Physics, Moscow, USSR, July 30— August 4, 1973 Vol. 1 UUHUIMAPOBAHUH WCCIIEIOBAHUIA 110 YIPABISIEMOMY TepMOSACp-
(Dubna: JINR, 1973) p. 165 nomy cuntesy B CCCP" Y@ H 171 886 (2001) [Bondarenko B D

31. Vlasenkov V S et al., in Plasma Physics and Controlled Nuclear "Role played by O A Lavrent’ev in the formulation of the problem
Fusion Research, Proc. 7th Intern. Conf., Innsbruck, 1978 Vol. 1 and the initiation of research into controlled nuclear fusion in the
(Vienna: IAEA, 1979) p. 211 USSR" Phys. Usp. 44 844 (2001)]

32.  Mirnov S Vet al. Nucl. Fusion 51 073043 (2011) 57. TonuapoB I' A "K nsTuaecsTHUJICTUIO HAyalla MCCIICJOBAHUI B

33.  Berlizov A Vet al., in Plasma Physics and Controlled Nuclear Fusion CCCP BO3MOXHOCTH CO3JaHUs TepMosaepHoro peakropa" YO H
Research, Proc. 6th Intern. Conf., Berchtesgaden, 1976 Vol. 1 171 894 (2001) [Goncharov G A "The 50th anniversary of the
(Vienna: IAEA, 1977) p. 3 beginning of research in the USSR on the potential creation of a

34.  Grove D et al.,, in Plasma Physics and Controlled Nuclear Fusion nuclear fusion reactor" Phys. Usp. 44 851 (2001)]

Research, Proc. 6th Intern. Conf., Berchtesgaden, 1976 Vol. 1 58. Tomuapos I' A "U3 Apxusa [Ipesunenta Poccuiickoit ®enepannu'
(Vienna: IAEA, 1977) p. 21 VY@H 171 902 (2001) [Goncharov G A "From the Archive of the

35. Apgar E et al,, in Plasma Physics and Controlled Nuclear Fusion President, Russian Federation (USSR Council of Ministers Resolu-
Research, Proc. 6th Intern. Conf., Berchtesgaden, 1976 Vol. 1 tion)" Phys. Usp. 44 859 (2001)]

(Vienna: IAEA, 1977) p. 247 59. Caxapos A ] "Ot13eiB A.Jl. Caxaposa Ha pa6oty O.A. JIaBpeHTbe-

36. Dobrokhotov E Jet al., in 11th Eur. Conf. on Controlled Fusion and Ba" Y@H 171 908 (2001) [Sakharov A D "A D Sakharov’s referee
Plasma Physics, Aachen, 5—9 September 1983 Vol. 1 (Geneva: report on O A Lavrent’ev’s paper" Phys. Usp. 44 865 (2001)]
European Physical Society, Plasma Physics Division, 1983) p. 369 60. Mupuos C B "Axkanemuk B.B. Kagomies 1 VHTepHAIMOHAIBHBIH

37. Wagner F et al. Phys. Rev. Lett. 49 1408 (1982) TEPMOSIEPHBIN KCIEPUMEHTAbHBIA peakTop UTOP" YOH 179

38. Doyle E J et al Nucl. Fusion 50 075005 (2010) 767 (2009) [Mirnov S V "Academician B B Kadomtsev and the

39.  Andrejko M V et al. Plasma Phys. Control. Fusion 36 A165 (1994) International Thermonuclear Experimental Reactor (ITER)" Phys.

40. ITER Physics Basis Editors Nucl. Fusion 39 2137 (1999) p. 2143 Usp. 52725 (2009)]

41. Kamada Y et al. Fusion Sci. Technol. 42 185 (2002) 61. Tlyrsunckuii C B "Bo3moxHa ju Oyyias MUpOBasi SHEpreTuyec-

42.  Unterberg B, Samm U Trans. Fusion Sci. Technol. 41 415 (2006) Kas cucrema 0e3 smepHoro cuuTe3a?' VOH 168 1235 (1998)

43.  Gruber O et al. Nucl. Fusion 49 115014 (2009) [Putvinskii S V "Can the future world energy system befree of

44. Sykes A et al. Plasma Phys. Control. Fusion 39 B247 (1997) nuclear fusion?" Phys. Usp. 41 1127 (1998)]

Tokamaks: from A.D. Sakharov to nowadays (the 60 year tokamak history)

E.A. Azizov
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pl. Akademika Kurchatova 1, 123182 Moscow, Russian Federation
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The paper is prepared on the basis of the report presented at the Session of Physical Division of RAS in the P.N. Lebedev Physical
Institute of the Russian Academy of Sciences, 25 May 2011, devoted to the 90-year jubilee of Academician Andrei D. Sakharov — the
initiator of the controlled nuclear fusion research work in the USSR. The 60-year history of plasma research work in toroidal devices
with a longitudinal magnetic field suggested by Andrei D. Sakharov and Igor E. Tamm in 1950 for confinement of fusion plasma and
known at present as tokamaks is described in brief. The recent (2006) agreement between Russia, the EU, the USA, Japan, China, Korea
and India on the joint construction of the International thermonuclear reactor (ITER) in France on the basis of tokamak concept is
discussed. Prospects for the tokamak as a thermonuclear (14 MeV) neutron source are examined.
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