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B Hacroseli cTaThe MOABOIATCS UTOTH OoJiee YeM MOTyBEKOBOH PabOThI MO CO3MAHHIO U HCCIEJOBAaHUIO CBOMCTB BBICOKOTEMIIEpPATYP-
HOM Ia3MBbI, HArpeToll B mpesieNnie 10 TeMIEpaTyphl 60Nlee CTa MEJUTHOHOB Tpaxycos (10% 3B) M TepMOM30IMPOBAHHOM OT CTEHOK C TIO-
MOIIBI0 MAarHUTHOTO TIOJISI. DHEPrusl CHHTE3a siiep JIETKUX 3JIEMEHTOB MOXKET OBITh HCIHONb30BaHa Ul MPOM3BOJICTBA NEKTPOSHEPTUH
WM HapaOOTKHU JIeIIIIIEerocs TOINIMBA (CO3IaHUs TePMOSIepHOro ncroynnka HeiTpoHoB — TUH). [IpuBeneHsl OCHOBHBIE pe3yIbTaThl
uccnenoanuii Ha Tokamakax B CCCP. B Tokamake SKCHeprMEHTaJIbHO OblIa MONMyYeHa HauOOobIIas CTeNeHb TEPMON30JIILIUY TIa3Mbl
Cpeny BCeX JIPYTHX THIOB YCTaHOBOK. B pesynbraTe ncciemoBaTenbcKue IPOrpaMMBl IPYTHX CTpaH ObUIN MepeopHeHTHPOBAHBI Ha TO-
kamak. [lo3qHee Ha OCHOBaHMHM aHANIM3a PE3yJbTATOB MHOTOYMCIIEHHBIX HKCIEPHMEHTOB MEKAYyHApOJHAs HaydHas OOIIECTBEHHOCTH
MOCTETICHHO CTaJla CKIOHATHCS K BBIBOAY, YTO MOXHO ITIOCTPOUTD TAaKOH TOKaMak, B KOTOPOM BesnyrHa Q (OTHOIIEHHE SAEePHON MOIIHO-
CTH K MOIIHOCTH, BBOJMMOH B IUTa3My HM3BHe) OyzxeT Ooisbmie enuHUNEL [Iporpammuas nems UTOP — nocrikenne Q = 1—10 B um-
myabce 10 1000 c. Peanuzanus 3Toit nienu He pemaeT npobieMy cTallMOHapHOH paboTel. Perenue sToit mpodiaeMsl — B HaI&XHOU pa-
60Te NepBoii CTEHKU UM TeHEepaIMU TOKa. DTO 3aJa4a CJIeJYIOLIEro 3Tama CO3/laHus TePMOsIEPHOH 31eKTPOCTaHIINHI, Ha3bIBaeMoil celiuac
«IEMO». CpaBuenne napametpoB ycraHoBok JIEMO u THH moka3sIBaet, 4TO Ha JaHHOM 3TaIle pa3BUTHS paboT mapaMeTpsl U yCIOBUS
paboTBI ITUX YCTAaHOBOK COBIIA/IAIOT.

KnroueBble cioBa: BEICOKOTEMIIepaTypHas IUIa3Ma, MarHUTHOE yJep)KaHWe, TOKaMaK, TepMOsepHbId ncTouHuk Heirponos (THUH),
3a)kuranue miasmel, UTOP.

THERMONUCLEAR POWER ENGINEERING: 60 YEARS OF INVESTIGATIONS.

WHAT NEXT?

V.S. Strelkov
NRC «Kurchatov Institute», Moscow, Russia

The paper describes the progress resulted from more than half-century efforts aimed at the creation and investigation of high-
temperature plasmas, up to one hundred million degrees (104 eV), which is thermally isolated from a wall by magnetic field. The
energy of light elements fusion can be used for production of electricity or for breeding of fissionable isotopes (development of a
fusion neutron source (FNS). The main results achieved at the Soviet tokamaks, where the best thermal insulation of plasma has
been obtained in comparison with other types of devices, are described. As a result, research programs of other countries were
reoriented to tokamaks. Basing on the analysis of experimental data from many tokamaks, the international fusion community
came to conclusion that it is possible to construct a tokamak (ITER) with Q > 1, where Q is ratio of the fusion power to external
power input into the plasma. The ITER program goal is achievement of Q = 1—10 in a discharge lasting up to 1000 s. However,
the realization of this goal does not solve the problem of steady-state device operation. Solving of this problem requires availabil-
ity of the reliable first wall and effective current drive. It is expected that they will become available under the development of the
next generation of fusion devices, called as DEMO. Comparison of DEMO and FNS shows that (at the modern stage of designing)
the parameters and operating conditions in these devices coincide.
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[Toutn 60 jeT Ha3zax YeIOBEYECTBO BIIEPBBIE YCIBIIIAIO O BO3MOXXHOCTH NMPOU3BOJCTBA DHEPTUHU 3a
cuét peakunu cnusHus n€rkux saep. K 1953 r. B CCCP u CIIA 6piiu nosy4eHbl SKCIIEpUMEHTaIbHBIE J10-
Ka3aTeabCTBa BO3MOXKHOCTH TaKOTO Crioco0a MpOM3BOACTBA SHEPTUHU B BHJIE B3PHIBOB TEPMOSIIEPHBIX O0OMO
UM ycTpoiicTB. OQHAKO CETOJHS, CIycTs Oojiee MoJjBeKa IMOCie Hadana HCCIeIOBaHUM, TepMOSAEPHOU
9JEKTPOCTAHIUN WIIM Jlake ICKU3HOTO MPOEKTa €€ CO3AaHMus HE CYIecTByeT. TeM He MEHee MHTEHCHUBHBIC
MOTIBITKH TTOJIYYCHHS TOpSYEH TEpMOSICPHON IIIa3Mbl M HCCeoBaHUs €€ (U3MKM aKTHBHO BEIYTCS BO
MHOTHX cTpaHax. O0emanue NodyYuTh MOJOXKHUTEIbHBIN BBIXOJ SHEPTHH 3BYYalo M3 YCT Pa3lIUYHBIX y4é-
HBIX C MHTEpBaJlaM{d MPUMEPHO B ABAALATH JIET, U, OOBIYHO, B KAYECTBE CPOKA PEIIeHUs MPOOIEeMBbl TOXKE
Ha3piBaniach nudpa 20 ser. Haunbosee numioMaTHYHBINA M, CJIEIOBATENIbHO, HAaHOOJEe MPAaBUIbHBIA OTBET
Obu1 naH akagemukoMm JILA. ApuumoBuuem: «TepmosiaepHblii peakTop Oyaer Torna, Korjia OH JEHCTBU-
TEeNbHO OyNeT HyXeH denoBeuecTBy». CeromHs peakrtopa HET, U OH, JACHCTBUTENbHO, HE OYECHb HYXEH 4e-
JIOBEUYECTBY.

ICrarns sBnsteTcs nepeneuatkoit us xyprana «[Ipupoxa» 2015 r. Ne 8 ¢ paspelenus peaKoJUIETMH 3TOTO KypHAa.
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Urak, uto Takoe peakiuu cuHTe3a (CIUSHU), KaK HAYMHATUCH TepMosiaepHbie uccienoBanns B CCCP u
OCTaJbHOM MHpE, KaKhe pe3ylbTaThl YK€ IMONy9eHb MHPOBBIM COOOIIECTBOM W YTO eml€ HYKHO CHeTaTh,
TIPEXKIC YEM CTaBUTh BOMPOC 00 IKOHOMHUYECKOH 11eJIeCO00pa3HOCTH CTPOUTEIHCTBA TEPMOSICPHBIX PEAKTOPOB,
MIPOU3BOISIINX IEKTPOIHEPTHUIO 33 CUET IHEPTUN CHHTE3A JIETKUX SIIEP.

BepositTHOCTH peakiuii CausHAS AAep JETKUX 3JIEMEHTOB (M30TOIOB BOJIOPO/IA M TENHS) PACTYT C POCTOM
OTHOCHUTENLHOU CKOpOCTH dacTul]l. OOBIYHO OCHOBHOE BHUMAHHE YJIEISICTCS PEAKIMU CIIUSHUS SACp TPUTHUS H
JleuTepus:

D+T— “He +n+ 17,6 MaB. 1)

[Tpu oTMHAKOBBIX OTHOCUTEIBHBIX CKOPOCTSAX YacTHIl ceueHHe 3Tou peakiuu moutu B 100 pa3 Beliie, uem
CEUCHUS CIUSHIS SIIep TCUTEPHS.

D + D — *He + n + 3,27 MsB; )
D+D—>T+H+4M>sB. 3

Peakmus (1) umeer mout B 100 pa3 Gonee BHICOKYIO BEPOSTHOCTD, a TaKkKe OoJiee BHICOKHI BBIXO] dHEP-
THH Ha KOKIBIH akT peakuui. KpoMe Toro, ocHOBHaS J0JIsl SHEPTHU BBIHOCUTCS U3 00bEMa PEeaKu OBICTPBIMHU
(14,1 M»aB) HeiiTpoHaMH, KOTOPBIE TIOYTH HE BIMSIOT Ha TEIUIOBYIO HArpy3Ky Ha CTCHKY KaMephbl. B peakiusx
Ha JeWTepuu SHEPrusl B OJHOM aKTe€ B HECKOJBKO pa3 HUXKE, OCHOBHAS JIOJISl SHEPTMM CHHTE3a BbIIEISAETCS B
3apsDKEHHBIX YacTUlax. B cranuoHapHo padoTaroleM peakTope TeIio, BEIACICHHOE B 3apsDKEHHBIX YacTHIAX,
JOJDKHO OBITH CHATO Yepe3 CTEHKY KaMephl, YTO 3HAYUTENBHO YCIOXKHSET ycIoBUs paboTh! epBoii creHku. He-
KOTOpO€E BpeMsl TOMY Ha3a[l pealu3alus peakuu

D +°3He —» T + “He + 18,3 M»B 4)

paccMmaTpuBanach Kak BO3MOYKHOCTh CO3JaHHsI TEPMOSIEPHOTO peakTopa ¢ Majoil 10301 HEUTPOHOB U, ClIE0-
BaTeNbHO, C MAJIOW HaBENIEHHOH paqroakTHBHOCTHIO [1]. OnHako B 50%-Holi cMecu Aeitepus U renusi-3 HeHTpoH-
HBII MTOTOK B pe3ynbrare D + D-peaknwmii mumib B 4 paza MeHbIIe, YeM Npu padote Ha yucTtoM aeirepun. K to-
My Ke Tenus-3 Ha 3eMJie B IPOMBIIUIEHHOM MacinTade moka He 00Hapy»KeHO.

B a3T0i1 cTaThe MBI pacCMOTPUM COBPEMEHHOE COCTOSIHHE PaboT 1O CO3/aHUI0 TEPMOSAEPHOTO PeaKTopa,
PacCUYNTaHHOTO Ha MTPOU3BOCTBO ANEKTPOIHEPTHH 32 CUET TEILTIOBOTO NUKJIIA. BeIIBUTaeMbIe B MOCIIEHEE Bpe-
Ml TIPE/ITIOKEHHUST 00 UCTIONIB30BAHUH OBICTPBIX TEPMOSIICPHBIX HEUTPOHOB JIJIsl HAPAOOTKHU AETISIINXCS MaTepu-
QJIOB ¥ TPAHCMYTAIIUH PAIMOAKTUBHBIX O0TX0/10B [2—3] 37€Ch MOYTH HE pacCMaTpUBAIOTCSL.

B 1951 r. nosiBunacek cepus 3akprIThix pabot: n18e U.E. Tamma u ogna A.J[. CaxapoBa, MocBsIIEHHbIE O
HOI TeMe — TeopuHu TepMosiiepHoro peakropa [4—~6]. TTo3anee 3T paboThl cTanu 00IEAOCTYTHBL. TpHu ocC-
HOBHBIE HJIEH COCTABIISLTH COIeP)KaHUE ITHX paboT:

— peanm3aLys peaKluy CUHTE3a JUIS MOJTy9eHUs SHEPIUHU WK HapaOoTku 23U,

— TEPMOU3OIIALINS TOPSIUEH IIa3Mbl MATHUTHBIM TIOJIEM C 3aMKHYTBIMHU CHJIOBBIMU JIMHUSMH;

— HarpeB IUIa3Mbl TOKOM U CO3JIaHHE MAarHUTHOM KOH(HUTypaluu ¢ BpallaTelbHBIM PeoOdpa3oBaHueM s
KOMITCHCAIIMU TOPOWIAIBHOTO Jipelida MpH CI0KEHUH MAarHUTHOTO TOJIsi TOKa C TOPOMIAILHBIM MarHUTHBIM
MOJIEM.

Wrak, mis peanu3aiiud TEPMOSIEPHOTO CHHTE3a HEOOXOIMMO HarpeTh W yaepxatsk D + T-mmasmy. D10
rJIaBHasl 11eJb, K KOTOPOH JOJKHBI CTPEMHTHCS MccieqoBaTenu. B cepeanne mpouuioro Beka B paboTax ObuI
0003HAYCH OJIMH U3 ITyTEH TOCTHKCHUS ITOH TSN,

UYepes HEKOTOpOE BpeMsi B OJHOM M3 OTAeNoB Oynymiero Mucturyta aromuoit sHepruu (MAD) Obumu
HayvaThl TIEpBbIe DKCIIEPUMEHTHI C TOPOUAANBHBIMU paspsaamMu. B 1954 r. 3akoH4YMIOCH COOpyKeHHE ycTa-
HOBKHM C CHIIbHBIM MarHuTHBIM mosieM (TMII). YcranoBka Obuta moctpoena no nannnatuse M.H. ['onosuna u
H.A. SABnunckoro na ocuose uaeit U.E. Tamma u A.Jl. Caxaposa [7]. [Ina3ma B 3Toil ycTaHOBKE CO37aBajach
3a CuéT MOHHM3ALIMY W Harpesa rasa (BOAOPOJ WIM ASHTEpHil) B TOP OMIANBHON KepaMUYeCcKO KaMmepe Buxpe-
BBIM 3JIEKTPUYECKHUM IoJIeM. BHYTpH TopougaiapHOW KaMepsl HaXOAMIACh CIUPab U3 HEPHKABEIOMICH CTalH.
W3meHeHne BeMMUYMHBI TOKa B OOMOTKE BO3OYKIOCHHS paspsia CO3JaBAIO BHUXPEBOE 3JIEKTPUUYECKOE MOJeE.
DIIEKTPUIECKOE T0JIC MMPUBOIMIIO K MOHU3AINH Ta3a, oym3koi Kk 100%, 1 MOSBICHHUIO TOKA B IIa3Me, KOTO-
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PBIN SIBISUICA, TIO CYILIECTBY, BTOPUYHBIM BUTKOM TpaHcopmaropa. ToponaaabHas 0OMOTKA, pacOI0XKECHHAS
CHapy>kKu KaMephbl, Co3/1aBaja cTaOMIN3UpYIollee BHEIIHee MarHuTHoe nosie. Ha 3Toil ycTaHOBKe M3ydanuch
3aKUTaHWE U YCTOWYMBOCTH CHIBHOTOYHOTI'O TOPOHMIAIBHOTO paspsna (qo 250 kA) B CHIBHOM MarHUTHOM
noste (o 1,5 Tm). Ilo3nHee B 9KCieprMEHTax Ha ATOW yCTAaHOBKE OBIIIO OOHAPYKEHO KECTKOE PEHTT€HOBCKOE
U3Iy4YeHHE, BOSHUKAIOIEE, KOIIa 3JCKTPOHbI, YCKOPEHHbIE BUXPEBBIM 3JIEKTPUUECKUM I10JIEM, TOPMO3HIIUCH
B cTeHKe Kamepbl. OleHKa SHepruM H3TydeHHs] CBHIETELCTBOBAIA O XOPOLIEM YAEP)KaHWU YCKOPEHHBIX
AIEKTPOHOB — 00JIee HECKOIBKUX THICSY 000pOTOB BAOIH Topa [8]. Takoil THI yCTaHOBOK MO3/THEE TTOTYIHIT
Ha3BaHUE «TOKaMaK».

Hoxnan, koropsiit U.B. KypuatoB B 1956 1. cienan B Xapyaie — aTOMHOM LEHTpe AHTIUH, OBLT TIO-
CBSAIMIEH UCCIICAOBAHUAM CHJIBHOTOYHBIX 3JICKTPOTHBIX pa3psnoB (muHuel) B oTaene JI.A. ApuumoBuyua. OH
03HaAaMEHOBAJl HAYaJl0 MPOLEcca pacceKpeUnBaHms TEPMOSIIEPHBIX HcciaenoBaHuil Bo Bcém mupe [9]. [o3a-
Hee (1969 r.) anrnmiickue KOJUIETH, MPUHUMABIINE YYacTHE B COBMECTHOM JKCIIEPUMEHTE HAa YCTAaHOBKE
Tokamak T-3a, pacckaspiBanu HaM, uTo aokiaan M.B. KypuaToBa He BbI3Ban HM OJHOTI'O BOMNpPOCA: aHTIUM-
CKHe y4YEHBle HE CMENH IOKa3aTh CBOI «OCBEIOMIIEHHOCTB». A B 3TO BpeMsi B Xapydiie YCTaHOBKa
ZETA — TopouaanpHBIM MUHY CO CAa0BIM MOJeM — OblIa OJIM3Ka K OKOHYaHUIO coopyxeHus. [locne mo-
knaga M.B. KypuatoBa mosBuinch MyOnMKanuy paboT MO MCCIIEAOBAHUIO TOPSYCH TUIa3Mbl, HAa4Yalcs oOMeH
nHpopManuerd Mexny YUEHBIMU pa3HbIX cTpaH. OOBIYHBIM SBICHUEM CTAJIU PEryJIpHBIE MEXKIYyHAPOIHBIE
KOH()EpEHINHN U B3aUMHBIC BU3UTHI YU€HBIX. [locTeneHHO POCI0 YMCI0 CTPaH, MPOBOIALINX HCCIEAOBAHUS
(M3HKY TUIa3MBbl B CBSI3U C TEPMOSACPHON POOIEMOIA.

B pesynbrare oOMeHa nHpOpMaIe 0Ka3aiock, YTO «Mbl HE OMUHOKH B 3TOM MHpPE», IIOAXOIbI K pobie-
Me HarpeBa ¥ TEPMOM3OJISIIIMN TOpsUei T1a3Mbl OKa3aIuCh MPAKTHYECKH OAMHAKOBBIMH 110 00€ CTOPOHBI «Ke-
ne3Horo 3aHaBecay. B CHIA uccnenoBaHusM Ha TOKaMake MPOTUBOMOCTABIISUINCH HATPEB U YIEPKAHUE I1Ia3Mbl
B 3aMKHYTOH CHUCTEME «CTEJUIapaTop», Ie BpalareibHOe IpeoOpa3oBaHne JOCTUTAIOCh 3a CUET TOKOB, TEKY-
IIMX BO BHEHIHMX 0OMOTKax. Ha mepBhIX mopax cpaBHEHUE PE3yJIbTATOB HE MO3BOJISIIO CIENIaTh BHIOOD B MOJb-
3y cTeJulapaTopa WM TOKamaka. B TedeHue mocieayromux JIeT UCCIeJOBaHus I1a3Mbl B TOKaMake IpoJIoJDKa-
suck Tosibko B CCCP. 3a 15 nieT paboTh! OBLIO YCTAaHOBJICHO, UTO:

— IUTa3MEHHBIH [IHYP MAaKPOCKOIMYECKH YCTOWYMB MpH 3anace ycroidunBoctr ( > 1 (puc. 1). Dto o3Hava-
JI0, YTO TOK B IIa3M€ HE JOJDKEH MNPEBBIIATh HEKOHW KPUTHYECKOH BEJIMYHUHBI, ONpPENeNIieMON YCIOBHEM
Kpyckama—IIladpanosa [10, 11];

— B MAaKpOCKONHUYECKH YCTOWYHUBOM 0,4 L L L e e S S —
IIJJa3MEHHOM IIHYpE aHOMaJbHO OOJjblINe | |
MOTEPH TEIIa U3 IJIa3Mbl OBIIIM CBA3aHBI HE §
C MOTEpel YacTull, a C TOTeped KBaHTOB, 2 0,3 [ .
T.€. C paJuallMOHHBIMU TTOTepsiMu [12]; \i

— 0Kas3aloCh, YTO IOCTOSHHBIC HMIH | |
MEJIJIEHHO MEHSIOIIMECS BO BPEMEHM Clla- % 02 .
Oble MarHWTHBIE TIOJS, TIEPICHIUKYISIPHbIC %

OCHOBHOMY TOpPOUAAIbHOMY MarHUTHOMY ; I |
TOJII0, TIPUBOJIAT K CMELIEHUIO paBHOBECHO- & o4 | .
ro MOJIOKEHUS IIHypa OTHOCUTEIBHO IIEH-

Tpa KaMepel M POCTY IOTEPh SHEPIHUU H3 | ]
mna3mel [13]; 0 i a

1 2 3 4 5 6

— B OTJIMYMC OT OIIBITOB Ha CTEIIaparo- 3anac yeroitunBoctH

pax TCPMONSOILILAS IITIASMBL B TOKAMAKE POCTIA  poo 1 Cppkenne JOJIM TOKa, TEKyIero Ha auadparMy, ¢ pocToM 3amaca

C POCTOM TEMIIEPATYPBI SIIEKTPOHOB [ 14—16]; YCTOHYMBOCTH (] Ha ycTaHOBKe T-1: X, O — JIsl pa3HBIX Pa3psIoB
— TeMmIepaTypa 3JIEKTPOHOB B LEHTPE

IIHypa B ToKaMake mnpesbimiana 1 k3B [17], nonor — 0,4 k3B [18, 19]. ®dakT cyliecTBOBaHUs BBICOKOM
(BeImIe 1 K3B) Temmepatyphl SIEKTPOHOB OBLT MOATBEPKAEH B COBMECTHOM aHTIIO-COBETCKOM JKCIIEPHMEH-
T€ IT0 TOMCOHOBCKOMY paccestHuto Ha yctanoBke T-3a [20];
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— B OTBITax c JeiTeprueM Ha Tokamake T-3a ObLIH 3aperHCTPHUPOBAHBI MEPBBIE TEPMOSAEPHBIE HEUTPOHBI,

T.C. HOHHAad TEMIIEpaTypa U IJIOTHOCTH IIJIa3Mbl B TOKaMaKE OKa3aJIuChb

MOCTATOYHBIMH I POKICHUS B

D + D-peakiinu A€TEKTHPYEMOT0 MMOTOKA HEUTPOHOB (puc. 2 1 3).

120 |

< 80
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Puc. 2. OnvH U3 IepBBIX pa3psIoB Ha Tokamake T-3a, B KOTOpOM
HaOJII0ANICh HEHTPOHBI: @ — OCLMIUIOrPaMMa TOKa, 6 — CHTHA
GOpHOTO CUETUNKA, PETUCTPUPYIONIEro HEWTPOHH! (1), CUTHAN CLMH-
THJUISLIHOHHOTO CYETYHKA, PETHCTPHUPYIOIIETO Y-U3ITyueHue (2)

Jlumis k Havamy 1970-X rogoB 3THU Pe3yJIbTAThI
OBLIM 3aMEYEHbl U OICHEHbI HaYyYHBIM MUpOM. Mup
OCO3HAJ, YTO B TOKaMaKe JKCIEPHUMEHTAIBHO IOJTY-
4yeHa HauOOIbIIasi CTEIeHb TEPMOU3OIISINN TIIa3MBbI
CpeIu BCeX CYIIECTBOBABIIMX B TO BpPEeMsS MHOTHX
UAEH W YCTAaHOBOK JIJISl TIONYYCHUS TOPSUYEH IIa3MBlL.
Havamoce OypHOE CTpPOWTENBCTBO YCTAaHOBOK. B
1990-x romax wWcciaemoBaHUA HAa TOKAMakax CTaId
OCHOBHBIM HAITPABJICHUEM TIPOTPaMM BO BCEX CTpa-
Hax TepMOsZIepHOro coobmiecTBa. HamBricme mocTu-
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paTypbl U BpEMEHH yep:KaHus NTTg, MOTyYECHHBIC HA Pa3IMIHBIX

TOKaMakax, u HHaHI/IpyeMoe 3HAYCHHUC HapaMeTpa nTTE 1L CTpO-

smelics ycranoBku UTOP
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Puc. 3. 3meHenne kBagpara CpeiHell IUIOTHOCTH IUIa3MBI CO Bpe-
MeHeM Ha Tokamake T-3a (a), n3MeHeHne HHTEHCUBHOCTH HEHTPOH-
HOTO u3nyueHus (0), HOHHASI TeMIIepaTypa, ONpeIeIEHHas M0 CIeK-
Tpam HeitrpanoB nepe3apsaky (CX) U 0 HHTEHCHBHOCTH HEHTPOH-
HOTO M3Jy4YeHHs B MPEINOJIoKeHnn ogHopoaHoro (Const) u mapa-
Gosueckoro (Par) pacnpenenenus remeparypbl U IUIOTHOCTH (8)

XKEeHHs 1o napameTpy N7t TOJydeHHbIE Ha pa3iIny-
HBIX YCTaHOBKaxX TOKaMaK II0 MEpE CTPOMUTEIHCTBA
HOBBIX YCTaHOBOK W Peas3alli HOBBIX HJIEH, PUBE-
neHsl Ha puc. 4. OxHOM M3 3THX WA OBUIO MpesIo-
xkeane JI.A. Apummosuda u B.J[. llladbpanoBa o co-
3IaHUU  HEKpyriod (opMbl CcedeHus IUIa3MEHHOTO
mHypa [21]. BeITSHYTHII IO BEpTHKAIN TIa3MEHHBIN
ITHYp IO3BOJISIET MMETh OoJjiee BBICOKYIO 3(peKxTnB-
HYIO TUIOTHOCTh TOKa B IUIa3Me NMPH (HUKCUPOBAHHOM
TopouAanbHOM Tojie. KpoMe Toro, uuest pacTATHBaHH
[IJIJA3MEHHOTO TOKa C MOMOIIBI0 TOKOB, TEKYIIUX IIa-
pajyieTbHO BO BHEUNIHHUX OOMOTKax CBEpPXy M CHH3Y
IIHypa, YJA4HO CcoueTalach C WJAeeH AMBepTOpa,
npemioxkennon JI. Croutuepom [22]. B pesymnbrare
0O0JIBIIMHCTBO MOCTPOEHHBIX K KOHILY IPOILIOrO CTO-
JEeTHS YCTaHOBOK HMMEJI0 JUBEPTOPHYIO KOH(HUTypa-
LU0 M HEKPYTJIOE CEUEHHUE TUIa3MEHHOTO LIHYpa.
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JuBeprop mo3BossgeT MyTEM MPOMYCKaHUS TOKOB B CHEIHATBHBIX JOMOIHUTEIBHBIX 0OMOTKAaX U3MEHUTH
MarHUTHYIO KOH(QUTYPAIUIO B IPUCTEHOYHOH 001aCTH U CO37aTh KOH(PHUTYpAIIHIO, B KOTOPOW 00JIACTh B3aUMO-
JEHCTBHS 3apsKCHHBIX YaCTHUI] C MATEPUAIIBHON CTEHKOM HECKOJIBKO OTJAJIEHA OT OCHOBHOM IUIa3MBI.

C pocToM BIIEKTPOHHOM TeMIepaTyphl AIIEKTPUUECKOe COMPOTHBICHUE IIa3Mbl MajgaeT. Benmndmaa Toka
OTpaHWYEeHA YCIOBUSMH YCTOMYMBOCTH, MOITOMY C POCTOM TEMIEpaTyphl IMajaeT MOIIHOCTh OMHYECKOTO
HarpeBa. /{5 manmpHeimero nogpémMa TemnepaTypsl HeoOXoauMa pa3paboTKa APYrHuX METOJOB HarpeBa InIas-
MBI, JIOTIONHUTENFHBIX K OMHYEeCKOMY. B KauecTBe TakWX METONOB OBUTH MPEMIOKEHBI WHIKEKIHS OBICTPHIX
aTOMOB BOJOpoJa WU AedTepus [23] U MHOTOYHCIICHHBIE METOJbl HarpeBa IUIa3Mbl 3a CUET MOTJIOUICHUS B
paIuoBOJIHAX BBICOKOW WM CBEPXBBICOKON yacToThl [24]. Mcmonp30BaHMe JONMONHUTEILHOTO HArpeBa mo3Bo-
JISUTO B pasbl YBEIIMYUTH MOIIHOCTD, BIIOKEHHYIO B TJIa3MYy, YTO POXKAAI0 HaJESK/bl HA COOTBETCTBYIOIIHMA POCT
NpeaenbHON TeMIIepaTyphl IUIa3Mbl, OJHAKO Ha MEPBBIX MOpaxX 3TH HaASKIbl HE ONpaBaanCh. Brmouenue no-
MOJTHUTEILHOTO HArpeBa, HE3aBHCHMO OT Crocoba HarpeBa, BBI3BIBAIO POCT IUIA3MEHHBIX MOTEpPh, U MPHUPOCT
TeMIeparypsl oKazaics Huke oxumaemoro. Habmomaemsiii addext momyunn tepmun L-moma (low, mmoxas
Moja). B monHo# Mepe MexaHu3M mosiBieHus L-Moabl ocTasncs HesicHBIM. Bekope WHTEpec K 3TOMY SIBJICHHIO
ocnad, tak kak Ha ycranoBke ASDEX [25] Obuta oTkpeiTa Tak HaszeiBaemas H-moma (high, Beicokas mona).
YcranoBka ASDEX umerna HEKpyriioe cedeHHe IJIa3MEHHOIO ITHypa M TOPOUAAIBHBIA quBepTOop. B ompene-
NEHHBIX PEKUMAX MPH YBEJINYCHUH MOIIHOCTH JOMOJHUTEIBHOTO HArpeBa MPOUCXOJIUII CIIOHTAHHBIA Mepexo]
B PEXUM ymyuiieHHoro yaepxkanus (H-mona). [TozaHee 3TOT pexkuM SKCIEPUMEHTATOPBI HAYYHITUCH TTOTy4YaTh
MOYTH Ha Bcex Tokamakax. KoagdunmeHT pocra Bpemenu yaepxkanus (H-dakTop) Ha pa3HBIX ycTaHOBKaxX CO-
cTaBsul 1,5—2. YAydleHnIo yaepKaHus ClIOCOOCTBOBAIM SKCIIEPUMEHTAIbHO 0OHAPYKEHHBIC BHYTPEHHHE U
Hapy>KHBIH TPaHCIIOPTHBIC OapbephI.

I'ne-to B cepenune 1980-x rogoB MexxayHapoaHast HAyqHast OOIIECTBEHHOCTh HA OCHOBAHMM aHAITN3a Pe3yJib-
TaTOB MHOTOYHCIICHHBIX SKCIIEPHUMEHTOB MTOCTETICHHO CTajla CKJIOHSTHCS K BBIBOAY, YTO MOKHO MOCTPOUTH TaKOH
TOKaMak, B koTopoM BenuurHa Q (Q — oTHomIeHue simepHOi MOITHOCTHU (Phyct) K MOIIIHOCTH, BBOAUMOM B ILIA3My
u3BHE (Pheat + Peur. drive)) OY/IET B CTAIMOHAPHOM PEKUME OOJIBIIIE €AUHMIIBI, T.€. TEPMOSIAEPHAS MOIIHOCTD Pyl B
BHUJIe OBICTPBIX HEWTPOHOB M ajib(pa-uacTHIl MPEBLICUT MOIITHOCTh, 3aTPAYMBAEMYIO Ha MOJICpPKAHUE TEMIIepaTy-
pol 1 Toka B D—T-m1a3me. A B JanmbHENIeM MOKHO TTOJTyYHTh 32)KUTaHHE, T.€. 00ECIIEYNTh TaKyI0 TePMON30IIs-
MO TUIA3MBI, KOTJIa TIOTEPH TEIUIA U3 TUIa3MbI ¢ TeMmeparypoii 6osiee 10 k3B KoMIeHCHpYIOTCS IPUTOKOM SHEp-
THH OT ab(}ha-JacTull, pOXKIEHHBIX B peakiusix D—T-cuHTe3a, a sHeprust ObICTPBIX HEHTPOHOB MOXKET OBIThH HC-
MOJIb30BaHa IS IPOM3BOCTBA 3JIEKTPOIHEPTUH WITH HApAOOTKH JEISIIErocs TOIUTHBA.

C 11enbI0 IEMOHCTPAIMH TTOTYIeHUSI HHTEHCHBHOTO ITOTOKA OBICTPBIX HEHTPOHOB, KOTOPHIN BIIOCIIEICTBHH
MOJKET OBITh NIPEBPAILEH B TEIUIO, a 3aT€M H B neKTposHepruto, B EBpone u CLIA na ycranoBkax JET u TFTR
B 1991—1997 rr. ObuM MPOBEIEHBI SKCIIEPUMEHTHI ¢ TpUTHEM (pHUC. 5). MOITHOCTE MOTOKA OBICTPHIX HEUTpPO-
HOB | ajb(a-4acTHIl B ITHX dKCIIepUMeHTax gocturana 16 MBT u cocraBisiiia 3HAYUTEIBHYIO JOJTFO MOITHOCTH,
3aTpadyeHHON Ha HarpeB IUTa3Mbl. BemmuuHa Q B THX
SKCIIEPUMEHTaX HE JOCTHTaJla EJIWHUWIBI, HO Oblla
Onm3ka K Helt [26]. 15

Yr1BepxkmaeTcs, 4To BO BceineHHO# Oonbinas
4acTh MaTe€pUU CYIIECTBYET B BHIE IUIA3MBI, T.C.
WOHU30BAHHOTO ra3a, OJAHAKO TEPMOSIEPHOM IuIa3-
MBI, yIepKMBaeMOW MarHUTHBIM IIOJIeM, Ha 3emJie
HeT. YuéHble CaMU JOJKHBI CO3/1aTh OOBEKT HcClie-
JOBaHUU, U3YYUTh MOJYUYEHHYIO IJa3My, CPaBHUTH
pe3yabTaThl C MpeACKa3aHUsIMH TEOPUU W PEUINTD,
KakoHW JoJpKHa OBITH cleaylolas yCTaHOBKa Ha IIy- |
TH K TEPMOSACPHOMY CHHTE3y. 3a NpoLIeAlne - IFVIIII
60 er Teopus mia3Mbl, 0COOCHHO IJIa3Mbl C Mar- 1991 T, II \

HUTHBIM yJep>KaHHEeM, MOXKET ITOXBAacCTaTh MHOIUMH L L L
KpYIHBIMU NOCTHKEHHUSIMH, HO IOBEICHHUE IIJIa3MBI 0 1,0 2,0 B 3.0 4,0 50 6.0
B TOKaMaKe HACTOJIBKO MHOTOOOpPA3HO, YTO €IMHOM  pyc 5 Tepmosepnas Momﬂociiid};’egepﬂpywaﬂ B D—T-sKcre-
TECOPpUU, ONMMCBHIBAIOIICH HATPEB U YACPKAHUE TUIA3-  pumenrax Ha Tokamakax JET u TFTR

JET, 1997 r.

TFTR, 1994 1.
10 B |'( \||

[ ) JET, 1997 r.

TepmosinepHast MoiHOCT, MBT
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MBI B TOKaMake, euié He cymectByer. [loaToMy co3zaTensiM ciielyIouero noKoJIeHusl yCTaHOBOK IPUXO-
IUTCS, ONUPAsCh HAa TEOPHUIO, AHAIU3UPOBATH SMIIUPHUYECKHE 3aBUCHMOCTH (CKEMJIMHIH) HapaMeTpoB
IJ1a3Mbl OT BHEIIHMUX MapaMeTPOB Ha JAHHOH yCTAaHOBKE, CPAaBHHUBATh PE3YJIbTAThl C PA3HBIX YCTAHOBOK M
HaXOIHUTh OOIIKE 3aKOHOMEPHOCTH. DKCTPAIOIAINN HAIEHHOTO CKeHINHTa B 00JIaCTh KeJaeMBbIX, Oojee
BBICOKHX MapaMeTPOB IUIa3Mbl (YTO, BOOOIIE rOBOPsI, HEKOPPEKTHO) MO3BOJISIET HAlITH mapaMeTpbl HOBOM
YCTaHOBKH.

Ota nmponenypa 1 Obula UCHOJIB30BaHA IJIS1 HAXOXKICHUS NapaMeTPOB KPYIHOM MEXIYHapOIHONH YCTaHOB-
KM, B KOTOPOH TepMOsZIepHasi MOIIHOCTh B HECKOJIBKO pa3 MPEBBICUT MOIIHOCTb, BIOKEHHYIO B miasMmy. Ilep-
BOHAYaJbHO Uaes co3fanus Takod ycraHoBku MTOP (ITER — ab6peBuarypa oT anrnmiickoro International
Thermonuclear Experimental Reactor) 6puta BeigBHHYTa 1 moaaepxana yuéubiMu EBpocorosa, Kopen, Kuras,
Poccun, CIJA u SInonnn. AHaTM3UPOBAINCH 3KCIIEPUMEHTAIbHBIE JaHHbIE, TIOJTYYEHHbIE HA Pa3HbIX YCTaHOB-
Kax, BCE OHH OTHOCHJIMCH K SKCIIEPUMEHTAM ¢ TU1a3MOW HEKPYTJIOro ceueHus u auBepropoM. UTOPa ne Ob10, a
3TH pe3ynbTarhl Obutk mpu3Hanbl UTOP-nmono0HpIMU. bblla cienaHa monbITka HAWTH BRIPAXKECHUE I BPEMCHH
yIIep)KaHHsl SHEPTHH B OTUX OIBITAX B BUJC MPOU3BEICHUS CTENICHHBIX (QYHKUIMI Pa3MUUHBIX apaMETPOB JKC-
nepuMenTa. [lokazaTenu creneHu UiS KaKAOH (QYHKUUM M3MEHSUIMCH TaK, YTOOBI 00eCIeunuTh MUHUMAIbHOE
PacxoKIeHUE HANWJEHHOTO CKEHIIMHIA CO BCEH COBOKYITHOCTBIO 3KCIIEPUMEHTAIbHBIX JaHHBIX. BeIpaskeHue it
ckeiimuara UTOP, momydyeHHOTO TakuM 00pa3oM, MOKET OBITh IPEICTABICHO B BUJIC

TE — O, 0562 J 0,93 BO,lSr—IlOQAl P%),GQ Rl,97KO,7880,58 M 0,19 , (5)

IJIe T, — BpeMs yJepiKaHus SHEPruu B miasme, C; J — 1ok, MA; B — marauthoe none, Ti; Nig — MIOTHOCTS,
10 M3 R — GosbIioii paauyc Topa, M; P — MomrHoCTh Harpera ia3mbl, MBT; M — aTOMHBIN COCTaB IIa3-
MBI, aT. €]l.; K — BBITAHYTOCTb; € — TOPOUJIATBHOCTbD.
10 CpaBHEHHE pe3yIbTAaTOB BBIYMCICHHM MO CKEHIHH-
ry (5) ¢ numeromieiics 0a30i IKCIEPUMEHTAITBHBIX JIaH-
HBIX [TOKa3aHo Ha puc. 6. Buano, uro ckeitnuur UTOPa
onucsiBaeT B mpenenax 20%-HoW OMMOKM 3KCHEepH-
A MEHTaJbHbIE JaHHBIC, ITOJIyYCHHbIE Ha Pa3HBIX TOKa-
2 Makax B Pa3HbIX CTPaHaX. DKCTPANOJIALUS CKEHIMHIa
i B 00JIaCTb BpeMEeHH ynepxaHus 4—6 ¢, HeoOX0IUMO-
ro UTOPy, no3BonseT onpeaenuTs mapaMeTpsl ycTa-

HoBKH UTOP.
B 1992 r. OBUIO IIOAIIKMCAHO COTJIALLIEHWE IO WH-
3 _ xkeHepHoMy mpoektupoBanuto UTOPa. CoBMmecTHas
C " paboTa TO CO3MaHWIO yCTaHOBKM Havanack. MTOP
JNOJDKEH — MPOAEMOHCTPUPOBATH  KPaTKOBPEMEHHOE
L (mmurenpHOCTH MMITYIIbCa 10 1000 ¢) mocTikeHue Be-
: mnanHbl Q B npeaenax 5—10. Harpes mna3mel 3a cuér
T T T TOPMOXKEHHUSI ab(a-4yacTUI] B 3TOM BBIPRKEHUH HE
0,01 01 1 10 yyureBaercs. Ilpu 3axuranun Q crpemMuTcs K 6ecko-
T, PACHET, € HeyHOCTH. CeromHsLIHUI ONBIT TPOSKTUPOBAHUS M

Puc. 6. CpaBHEeHHE IKCHEPHMEHTAJIBHOTO YHEPreTHYECKOTO Bpe-

coopyxxeansa MTOPa, a Taxke pe3ynbTaThl dKCIIEPH-

LA

o
=

Tg, OKCHIEPUMEHT, C
T
*

0,01

'_Jl.l'

MEHHM JKH3HUM C PAacCUMTaHHbIM Mo ckeitnmuary UTOP: m —
ASDEX; ¢ — DIII-D; & — JET; o — JFT-2M; PBX-M; o —
PDX; m — AUG; — C-MOD; v — COMPASS-D; ¢ — JT-60U;
 —ITER

MEHTOB, TIPOBEJIEHHBIX 33 3TO BPEMsl Ha CYIIECTBYIO-
IIMX YCTaHOBKaX, HE JAI0T OCHOBAHUS JIJISI COMHEHUH
B TOM, YTO 3asiBJIeHHAsA mporpammHas nemnp UTOPa —
npoctmkenne Q = 5—10 — MoxkeT OBITH BBITOJIHEHA.
Ecmu B 6ynymem, B 2030—2040 rr., B sxcniepumenTax Ha UTOPe ¢ tputrem OyayT momydeHsl 3HavyeHUs Q
6ompiie 5—10, To 3T0 OyIET 03HAYATH, UTO TOCTABIICHHAS B CEpeIMHE MPOIIIOTO BeKa 3aJada HarpeTh U yaep-
JKaTh — BBITIOJIHEHA.

Ecnu He KacaTbcs BOIPOCOB 9KOHOMHYECKOW PEHTAOEIBHOCTH TEPMOSIEPHON SHEPTreTHUKH, TO IOCIe Je-
moucTpanuu Ha UTOPe noctmkenuns Q = 5—10 octa€rcst He pEIIeHHOM TONBKO OJIHA, IO CYLISCTBY, HHKEHEP-
HO-TEXHOJIOTHUYECKas MmpobiemMa cTalnoHapHOH! (T.€. HEPEPHIBHON B TEUECHHE MECSIIeB) paboOThHI peakTopa. bes
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Pa3BUTHSA METOJIOB CO3JIaHMS IIOCTOSTHHOTO TOKA B IIJIa3M€ AJMTENbHOCThI0 3—10 ThIC. 4 M HaAEKHOH paboThI
NIEPBOM CTEHKH B TEUCHHE 3TOTO BPEMEHHU FOBOPUTH O CO3AAHUHM TEPMOSICPHOIO peakTopa Ha 0a3ze ToKamaka
0eCcCMBICIICHHO.

B Tokamake cymiecTBOBaHHE TOKA B IUIA3ME UIPAeT BaXKHYIO POJIb HE TOJIBKO HA HAa4albHOM cTaguu oOpa-
30BaHMS M Harpesa IUIa3Mbl, HO M B TEUCHUE BCETO Ipolecca. MarHuTHOE 1ojie TOKa MpU CI0KEHUH C TOPOU-
JAJIBHBIM TI0JIEM CO34aéT MarHUTHYIO KOH(UIypalMio ¢ BpallaTesIbHBIM IpeoOpa3zoBaHueM. B crannoHapHBIX
YCIIOBUSIX HYKHBI ApyrHe (He HHAYKTUBHBIE) METO/IbI TeHepaluy Toka. OKa3anock, 4TO B 3TOM BOIIPOCE IIPHUPO-
Jia TIOIIJTa HABCTpedy YUYEHBIM U UHXKeHepaM. TeopeTHYecKH U SKCIIEPUMEHTaIBLHO ObITO MOKa3aHo, YTO B TOKa-
Make paguaibHas AudQys3us TpUBOAUT K BO30YKICHHIO TOKA B TJIa3Me, TEKYILEro B TOPOUIANEHOM HaIpaBiie-
HUH. DTO TaK Has3bIBaeMblil OyTcTpen-Tok [27, 28]. Benmuuuna 3TOro Toka Moxket coctaBisiTh 10 70% oT Toka
mna3Mbl. OcTanbHas 10Jsl TOKa JOJKHA CO3/1aBaThCs BHEITHEH CHCTEMOH.

B craumonapueix ycnoBusix D—T-peakTopa (mpu MOCTOSHHON TeMmIeparype Ijia3Mmbl) Ha CTEHKY OyIeT
BCETJ]a BBIACTATHCS MOIITHOCTh Pwal HE MEHBIE, YeM CyMMa MOIIHOCTH, BBIICTICHHOW B aib(a-dyacTumax (e€
noss coctaiseT 3,5/17,7 OT MOIHOM MOIIHOCTH peakTopa), ¥ MOIIHOCTH CHCTEMbI OAICPIKAHUS TOKa Peyr, drive.
31ech MBI YUUTBIBAEM, YTO OBICTPhIE HEUTPOHBI MPOXOAT Yepe3 MEPBYIO0 CTCHKY MPaKTHYECKH Oe3 MmorJolie-
HUS, a CTEHKa JO0JDKHA BOCIPUHSTH U MEpeaTh KaKOMY-TO TETNIOHOCHUTEIIO TOJIBKO MOITHOCTH, BBIICTICHHYIO B
a3Me anba-4yacTUIlaMU U CUCTEMOM Moiep>KaHus Toka. EctecTBeHHO, uTO 3P (PeKTHBHOCTh HAarpeBa MIa3Mbl
anb(a-yacTuiaMu JODKHA ObITh MakcuManbHOH. [IpsaMoe monaganue anbga-yacTull Ha CTEHKY BEAET K MOTepe
SHEPTUU U Pa3pyLICHHIO CTEHKH. J{J1st 3TOro A anb(a-4acTHIl JOKHO OBITh BBIIOJIHEHO YCIOBUE MarHUTHOTO
yaepxkanus I << a, T.e. TapMOPOBCKHH paauyc anb(pa-4acTULb! I| JOIKEH OBITh MHOTO MEHBILIE Pa3MEPOB
IIa3MBbl 8. [l 4ero MarHUTHOE MOJIE ¥ pa3Mep ILIa3Mbl JOJDKHBI OBITh MAaKCMMaIbHO Benuku. Chepuueckue
TOKaMaKH WJIM KOMIIAKTHBIE TOPBI CMOTYT YAOBJIETBOPHTH 3TOMY YCIOBHUIO TOJBKO 32 CUET YBEITUUEHHS Majoro
panuyca mHypa.

B UTDPe B pexuMe 3aKUraHus CPEHSs TEMIOBAs Harpys3ka OyeT cOCTaBIATh Beero okoso 0,2 MBT/M2,
B peakTope 3Ta BenmmuuHa OYyJET pacTd MPOMOPIMOHATFHO MOIIHOCTH PEakTopa M MajaTh B COOTBETCTBUH C
POCTOM MOBEPXHOCTH CTEHKH. Kpome Toro, HosBisieTcsl HeKasl JIOTIOTHUTENbHAs TEeTUIoBasi Harpy3ka Ha CTEHKY
3a CYET MOITHOCTH JUIsI TIOAJIEPKaHUsS TOKA Peur. grive. BaskHO, 9TO B cyMMe 3TO He O4YeHb OoJblliasi BeluunHa. B
00BIYHOM JIBUTATEIIE BHYTPEHHETO CTOPAaHUs CPETHIE TEIUIOBBIC HATPY3KH BHIIIIE.

Wrak, ecnu OTBJIEULCS OT SKOHOMHUKH, TO mocie goctmwkenus B UTOPe Q = 5—10 tonbko nBe (uszmko-
TEXHUYECKUE 33Ja4ll OCTAIOTCS B TMEPCHEKTHBE PadoOT
M0 TEPMOSJICPHOMY YHEPTETHIECKOMY PEaKTopy:

— pa3paboTka MeTon0B 3 (HEKTUBHON TeHepaluu
TOKA B TEUEHHE THICSIY YaCOB,;

— mnpobnema mepBoii cTeHkH. Pemienue crienyer
WCKaTh HE CTOJIKO B BHIOOpE TIOAXOJIAIIET0 MaTepuaa,
CKOJIbKO B CO3/IaHUM TAKOTO PEKUMa PadOTHl TOKaMaka,
KOTJ]a JIOCTHTaeTCss MaKCUMallbHOe YCpEeJHEHHE BO
BPEMEHU M MIPOCTPAHCTBE MOTOKOB SHEPTUH U3 TJIa3MBbl.
B cpemHeM B TepMOsIZIEpHOM peakTope MOTOKH Terlia
Ha NEepBYIO CTEHKY HE BeJMKH. [lpyroe neno — croi-
KOCTh MaTepualla CTeHKM M BCEeH KOHCTPYKLUHMH IOX
neiicrBueM motoka ObicTpbix (14,1 M»sB) HelTpoHOB.
CyMMapHBId TOTOK OBICTPHIX HEHTPOHOB, MOTJIOIIEH-
HBIX B KaKOM-HHOYIb y3Jie¢ KOHCTPYKIUH ((IIrOeHC),
omnpenenseT BpeMst padoThI 3TOro y3ia.

Ha pemenune 3tux aByx 3amay (TeHepauusi TOKa U
nepBasi CTE€HKa), 10 MOEMY MHEHHIO, JOJDKHA OBITH
OpHEHTUPOBaHA MpOrpaMMa HCCIICOBaHUNA Ha MoOJep-

Puc. 7. Mopepuusupyemast  ycranoBka T-15. Pa3mepsi:
HU3UPOBAHHOU poccuiickoll ycTaHoBKe T-15. OCHOB- R=148wm, a=0,67 M, mone B =2 Tx, Tok mmasmsr J <2 MA,
HBIC MTPOSKTHBIC MAPaMETPhl 3TOW YCTAHOBKU MpPUBENE- BbiTaHyrocth k<19, MomHocts Harpea Png <6 MBr,
HbI Ha puc. 7 [29]. Pec <7 MBr, Bpewmst ynepskanus sHepruu 1€ < 0,2 €
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Ha 25-it MexayHapoaHoi KoH(pepeHIuH 10 (U3MKE IJIa3Mbl M YIPABIAEMOMY TEPMOSIICPHOMY CHHTE3Y
(Canxkr-IlerepOypr, 2014 r.) 6bUT IpeACTaBICH PA AOKIAI0B, CBI3aHHBIX C ATHMH IpodieMaMu. B wacTHOCTH,
Ha amepukaHckoi ycraHoBke DIII-D Tok B miasme BenwmunHON 1 Meraamiiep mojepKUBaICS B TeUeHHE 2 C C
HyneBbIM BUXpeBbIM HanpspkerneM (£0,02 B) 3a cuér nmkekmun 10 MBT HelitpansHOTO ITydka u 3 MBT mydka
OUP (puc. 8). ABTOpHI 00pamaroT BHIMaHUE Ha TO, YTO JIUTEIHLHOCTH CYIIECTBOBAHHS ATOTO pexuma (Hyie-
BOE HaNPsDKEHKE) OMPEACISUIach UTUTEIbHOCTRIO pabOThl HHXKEKTOpa HelTpasios [30].

Ha Toif xe xoH(pepeHmmm coodmanock, 4to Ha creyuaparope LHD mmurensHOCTH CyliecTBOBaHMS IDIa3MBI C
CTAIMIOHAPHON TEMIIEpPaTypol MOHOB U JJICKTPOHOB, paBHOM 2 k3B, nocruranma 48 mun (3 ThIC. ¢) [31]. Cpemnss
TUIOTHOCTH refiieBol 11a3Mel ¢ 10%-Hol 100aBKoi Bosiopoia Obuia 1,2-10% m 3. Boicokas TeMIIEpaTypa IJIa3Msbl JI0-
CTUTAJIACh BBEJICHUEM B 00BEM IITa3Mbl B TeUCHHUE Beero AToro Bpemenu 0,9 MBT BEICOKOYACTOTHOM MOIITHOCTH HOH-
HO-IMKJIOTPOHHOTO 1 0,3 MBT 311eKTpOHHO-IIMKIIOTPOHHOTO

Harpesa (puc. 9). YcranoBka LHD — sto cremmaparop co 2,5 No 124579
CBEPXIIPOBOAIIMMU 0OMOTKaMH, TIOCTPOCHHBIH Oornee 15 met 7 20 =
ToMy Haszaj B fAnonuu. CremyeTr 3aMeTUTh, YTO B CTEUIapaTo- gz 15 E
pe B OT/IMuUMe OT TOKaMaKa JUIsl yJepyKaHus [1a3Mbl He Tpedy- 5 10 3
o 3
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Bpewms, ¢ Puc. 9. Mnynbc IIMTENBHOCThIO 48 MHUH Ha cTesjiapa-
Puc. 8. Be3pinaykiuonusiii pa3psa Ha Tokamake DII-D: ¢ — Tox TOpe LHD [31]: @ — motHOCTb Ne ~ 1,2:10%° M3 6 —
paspsima lp; 6 — momHOCcTh HarpeBa (Py,) IydKoM OblcTppix TEMIIEpaTypa Te ~ Ti 2 k3B; 6 — MOIIHOCTb pajHaLll-

OHHBIX MOTePb Prad = 0,2 MBT u cBeuenne nmunun C(I11);
2 — Wll-narpes 0,9 MBt + 3Ol]-narpes 0,3 MBT; pa6o-
yuii ra3 renuii + 10% Bomopona

Heiirpanos Pns 1 CBU-Bonnamu Pec; 6 — HOPMUpPOBaHHOE JaBIICHUE
wiasmel 3; ¢ — H-dgakTop M MHHHMMANBHBIM 1O CEYEHHIO 3amac
YCTOHYHMBOCTH (min; 0 — HampspkeHne 06xoaa Vsurf, 011M3K0€ K HYJIIO

3AKJIIOYEHUE

Pa3ButHe sKCrieprMEHTATFHBIX MCCIEI0BAaHUM 110 MPOTPaMMe YIIPABIIEMOTO CHHTE3a B KOHIIE MPOILIOTO
CTOJICTHS 3aMeJUTUIIOCH B Okuannu pe3ynbratoB M TOPa. Ha puc. 10 mokazano GoTo CTpOUTENEHON TUIOMIAIKH
WUTEPa B mauane 2015 r.

VYcnenHoe BbinojiHeHUE mporpammHuoin 1enu MTOPa ocraBiseT HepeméHHOW MPOoOJieMy CTallMOHAPHON
paboThl peakTopa — 3TO MpodieMa MepBOi CTEHKH U TeHepaliy Toka. Perrenue 3Tol mpodiaeMbl — OCHOBHAs
3a/a4a CJCeIyOIIero 3Tama, Ha3siBaeMoro ceiyac omHuM ciioBoM «JIEMOy. Cozmanue JJEMO — neno Oymy-
IIMX TTOKOJIEHUI UCCieioBaTeNieil, UMEHHO MOKOJICHUM. Sl He yBEpPEH B TOM, UTO MbI B CO3JIaHUM TEPMOSAEPHOMN
JIEKTPOCTAHITUH YK€ MPOILTH IaXe TTOJIOBUHY ITyTH.
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TepmosinepHas sHepretuka: 60 net uccnenoBanuit. Yro nansme?

&5 PO
Puc. 10. O6mwmii Bux crpoutenbHoi iomanku MTOPa. 2015 .

Mo>kHO 111 OBIIIO IPOWTH 3TY MOJOBUHY ObIcTpee. OrysiabIBasCh Ha3al, MOXKHO CKa3aTh, YTO ObLIIO MOXKHO. [lys
3TOr0 HyXHO ObLTO cTpouTh nBa UTOPa. CopeBHOBaHNE MEXIy HUMU YCKOPHJIO ObI PEIICHHE KaK TeXHHUYECKHX,
Tak amMUuHUCTpaTUBHBIX npobieM. Benomuure C.I1. Koponesa, koTopsiii Hanucan «JlyHa TBEpaas» u JlyHOXO
ObUI. A 4TO OB OBIJIO, €cJTH OBI TOT BOIPOC PelIajics Ha Psjie MeXITYHAPOAHBIX CUMIIO3UYMOB U KOMUCCHIA?

Buauane pazpabotku npoekra MTOPa ObUIO /1Ba OCHOBHBIX KOHKYPHUPYIOIIUX MPEIOKESHUS 10 MECTY CO-
opyxenusi: EBpona u fInonus. IlpennoureHns Mexay y4acTHHKaMH MPOEKTA PA3ACIIMINCH POBHO IIOPOBHY:
Espomna, Poccusi, KHP u Slnonus, CIIA, Kopest. Eciin Obl perieHre 0 nmapajuiesibHOM COOPY)KEHUH JIBYX yCTa-
HOBOK OBLIO MPHHSTO, TO, 51 AyMaro, 4TO MepBasi MIa3Ma CEerojHs yxe Oblia Obl, 1o KpaifHel Mepe, B OIHOW H3
3THX JIByX yCTaHOBOK. [IpaBna, BEposiTHO IpH 3TOM, HaJl ATIaHTUKOM JeTasio Obl Ha Mapy MEHBIIE CTpaTeruye-
CKHX OOMOApIIUPOBIIUKOB C KKAOH M3 CTOPOH, U caMoe XYJIIee, YTO MOTJIO CIyYUThCS, YTO 3TH OoMOapau-
POBIIMKH ObUIM OBl HE CAMO¥ MOCIEAHEH MOIU(BUKAIINY.

Uro kacaercsi BTOpPOM BO3MOXKHOCTH TPAKTUYECKOTO MPHIIOKEHHS PEeaKkIui CHHTE3a, TO IepBOHAYAIbHASA
uzies CO37aHusl UCTOUHUKA TepMosaepHbIX HelTpoHoB (TUH) cocrosiiia B ToM, 4T0OBI CO37aTh STOT UCTOUHHUK 3a
CUE€T peakifii CHHTE3a, UCTIONIB3YyS MYYKH OBICTPHIX aTOMOB U TUIA3MY C AJIEKTPOHHOM TeMIlepaTypoi B HECKOJILKO
COTEH DIIEKTPOHBOJILT B KauecTBE MUIIIEHH. Takoi MUILICHBIO MOTJIa OBITh IIa3Ma TOKaMaka ¢ TeMIlepaTypoil Hu-
ke Tepmosiieproit (1—2 k3B), 0/]HaKO HHTEHCUBHOCTh TIOTOKA HEHTPOHOB B TAKOW yCTAaHOBKE ObLIa Obl HE OYCHb
Benuka. [1o orleHke aBTOPOB WjeH, /sl HapabOTKH 3aMETHBIX KOJIMYECTB JICISIIET0Cs MaTepraia Ui aTOMHBIX
anekrpoctanimii (2000—2500 kr B roa) HEOOXOAMMO MOCTPOUTH YCTAHOBKY C MOIIHOCTBIO TEPMOSIECPHBIX
HeiitpoHoB 1 I'Bt, paboratomryto 80% BpemeHH B Te4deHHE roja. DTH OIICHKH COOTBETCTBYIOT IMapaMeTpam
JEMO, u, Takum 00pa3oM, Ha TaHHOM 3Tare Pa3BUTHS MPOrpaMMbl TOKaMaka MapaMeTphl CIICAYIOIIEro miara B
CO3/IaHnU TepMosaepHoi anekTpoctaniini 1 THHa coBnanarot.

B 3aBepiienre xo4y BBIPa3UTh TITyOOKYIO OJaroJlapHOCTh BCEM MOHMM KOJUIEraM W TOBapHIaM 10 padoTe 3a
MHOTOUYHCIIEHHBIE 00CY>KACHUsI ¥ TOMOIIIb B pabote. Ocobas OnaromapHocts B.C. MyxoBaroy u C.E. JIsiceHko.
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