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B pabGote mpoBoasTCS TPaHCHOPTHBIE PAcUEThl PabouMX PEKHUMOB NMPOEKTHPyeMoi moan¢ukannu tokamaka T-15. TpancnoprHas
Mozens kaHoHmdeckux mpoduieit (TMKII), orrecTupoBaHHas Ha SKcHepuMeHTax Ha chepuueckoMm Tokamake MAST, nmeromem
6mu3kue napameTpsl ¢ T-15, u Ha Tokamake JET, ncrnose3dyercst B JaHHOW paboTe B yIPOIIEHHOM BapuaHTE: ypaBHEHUS IS TEMIIe-
patypsl 21eKTpoHOB 7, 1 HOHOB T; M mnuddy3un ToKa pemaroTcs, a IpoQuiIb IIOTHOCTH 3a1aéTest GUKCHpOBaHHBIM. L- 1 H-pesxiMer
UMHUTHUPYIOTCS TPAHUYHBIMH YCIOBUSAMHU JUIsl TEMIEPATypPhl U TNIOTHOCTH. IIpodunb moriom€HHON MOIHOCTH ITyYKa OI[EHUBAETCS IO
MPOCTEIM (popMyiaM. Pe3ynbTaTsl MpeacTaBieHbl B BUAE I'paUKOB M TaOIHI, KOTOPHIE JIETKO HCIIONB30BATh Ui (hOPMHUPOBAHUS
HAYYHBIX NIPOTPAMM YCTAHOBKH, pa3paOOTKH AMATHOCTHK M B LEJIOM IJIS OTpPEIeNIeHHs MECTa yCTAHOBKH B COBPEMEHHBIX JKCIIEpPH-
MEHTaxX Ha TOKaMakax.

Kurouessble ciioBa: Tokamak T-15, nepeHoc, MmogenupoBaHue.

OPERATIONAL REGIMES OF THE MODIFIED T-15 TOKAMAK
Yu.N. Dnestrovskij, A.V. Danilov, A.Yu. Dnestrovskij, S.E. Lysenko, A.V. Sushkov, S.V. Cherkasov

NRC «Kurchatov Institute», Moscow, Russia

Transport calculations of the operational regimes for the constructed modified T-15 device are presented. The Canonical Profiles
Transport Model (CPTM), verified with JET and MAST tokamaks, is used in the simplified version: 7,, 7; and current density diffu-
sion equations are solved with the fixed plasma density n profile. L- and H- modes are described by the appropriate modeling of the
boundary conditions for the temperatures and plasma density, confirmed by JET experiment. The absorbed power density profile is
determined by the simple formulas. The results are presented as graphics and tables, which can be easily used in order to create the
scientific device programs, to develop diagnostics or to define the position of the device in modern tokamak experiments.
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BBEAEHUE. OCHOBHBIE TIAPAMETPbI YCTAHOBKMH T-15

HoBas ycranoBka T-15 [1] co3maeTcst kak MomuQuKaius CBepXHpoBojsmier yctanoBku T-15 [2]. He-
CKOJIBKO OCHOBHBIX OTJIMYMII HOBOW YCTaHOBKHU OT MPEABIIYIIEH:

— TEIUIbIe MEHBIE TOPOUAATBLHBIE OOMOTKH BMECTO CBEPXIPOBOISAIINX OOMOTOK;

— Kamepa, JIOMyCKarolas BHITIHYTOE MOMEPEYHOE CEUCHHUE TI1a3Mbl;

— BHEIIIHKE TOJIOUANbHBIC BUTKH, MTO3BOJISIONINE CO3/1aTh U MOJACPKUBATH B PABHOBECHUH IIIa3My C BHI-
TSAHYTBIM CEYCHUEM;

— cucTeMa ynpasjieHus (HOpMOil IIa3Mbl ¢ COXpaHESHHEM PaBHOBECHS;

— OOJIBIIION painyC, aCIEKTHOE OTHOIIIEHUE U TOPOUJATEHOE MATHUTHOE TTOJIE 3aMETHO HIDKE.

OCHOBHBIE TTPOSKTHEIE MTapaMeTpPHI TUIA3MBI B ycTaHOBKe T-15:

Tox mna3smer 7, MA . .. <2
IIpononsHoe MaruuTHOE 1ose B, T . . . <2
Bonbmmoii paguyc minasMel R, M . . . 1,5
Mauelit paguyc a, M . . . 0,67
AcnekrHoe otHomenne A = R/a . . . 2,25
BBITSHYTOCTh CEUCHHS £ . . . 1,7—1,9
TpeyroibHOCT CEYEHHUS O . . . 0,3—0,4
JnurensHOCTE paspsana, C. . . <10
Cpe/IHeX0pIoBas ITOTHOCTb TUIA3MBI /1, M ° . . . <5.10"

[Ipennonaraercs, yTo OyAyT yCTAaHOBJICHBI ABE CUCTEMBI HArpeBa: TPU MHKEKTOPA TOPSUUX HEHTPaIoB
¢ MakcuMmanbHoM »Hepruei £y = 70—80 k3B u cymmaproit MmomrHOCTEIO Ong < 6 MBT (NBI) 11 HECKONBKO TH-
potponoB, Tenepupyomux CBY-somubl ¢ wactoToit 110—112 I'T'm u cymmapuoit MomHOCThIO Oc < 8 MBT
JUIS HarpeBa Ha 3JeKTpoHHO-uKI0TpoHHOM (EC) pe3onance.
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OOmuii BUII yCTAaHOBKY IMOKa3aH Ha puc. 1.

B 3agauy Hacrosmeit paboThl BXOAUT OLIEHOYHOE
MOJIETTMPOBAHHUE MMapaMeTPOB IUIa3Mbl B PEXHUMAaX C
Majoi u OONBIION TIOTHOCTBIO IIA3MBI IIPH pas-
JUYHBIX KOMOMHALIUSAX U MOIIHOCTSX Harpesa ¢ pas-
nenenveM L- u H-tunos paspsma. s yckopeHus
pacu€ToB MBI HE IMpHBJICKaeM OOJBIIUX KOIOB JUIS
ONMCaHUs HarpeBa IUIa3Mbl ITyYKaMH TOpSYMX HeEl-
TpaJIoB, a MCIOJIb3YEM IPOCThIE U HATJSAHBIE METO-
Ibl AJIS1 ONIpeeNieHNs] MPOoQHIIeH BIOKEHHOW MOIIHO-
cti. TodHO Tak e mpocTas MOZENIb HCHOJIb3yeTCs
g onucanus EC-HarpeBa. PaccMmarpuBaroTcst Boso-

Puc. 1. O6mwwmii Bux ycranosku T-15 poIHas IuIa3Ma M BOJOPOJHBIE ITyYKH HeHTpajos. B
CETrOJHSIIHEM MPOEKTE YCTaHOBKAa HE MMEeT Omo3a-
LIUTHI CBEPXY, ITOITOMY paboTa ¢ IeiTeprueM MOKET MPUBECTH K OOJBIIUM MOTOKaM HEHTPOHOB, OTPaKEHHBIM
OT BO3yXa W MOTOJKA M OMAacHBIM JyIsl mepcoHana. [loaTomy OyzeT Bo3MOKHA padOTa JUIIb ¢ HEOOIBIIUMHU
no0aBKaMHM AeWTepus B BOJOPOAHYIO I1a3My. [lanee cTpouTcs mpocTast MOJIENb AJIsl ONMCaHUsl HarpeBa Mia3Mbl
C TIOMOIIBI0 ITydKa HeWTpanbHbIX YacTul 1 CBU-BONH COOTBETCTBEHHO, MPOBOAATCA OLIEHKH MOTIOIMIEHHOU
MOIIIHOCTH B 3aBUCUMOCTH OT peXUMa paspsaia, CTPOUTCSA MOJENb U1 ONMHCAHMS TPAHCIOPTA IUIa3Mbl B L- 1
H-pexxnmax. B koHIIE cTaTby NPUBOIATCS pE3yIbTAaThl TPAHCIOPTHBIX pacuéToB npu Harpese NBI-, EC-BomHamu
U CMEIIaHHOM HarpeBe, MUl CIy4yaeB BBICOKOM M HHM3KOW MiuoTHOCTH, L- m H-MoIbl, IpUBOAATCS pe3ynbTaThl
pacuéToB 3aBUCHUMOCTH MapaMeTPOB IUIa3Mbl OT TOKA B OMHUYECKOM PEXKHME M C HarpeBOM ITy4YKOM HEWTpallb-
HBIX aToMoB. B IlpunoxeHnn omucaHa MOAenb IPaHUYHBIX YCJIOBUH A miasmel B H-mozne, ocHOBaHHas Ha
aHaM3e UMIyJIbCcOB Tokamaka JET.

OINMCAHME 3AXBATA ILTABMOM ITYUYKA FT'OPSIUNX HEMTPAJIOB

XapakTepuCTHKHM My4Yka B miaasMe. OcTaHOBHMCS CHadaja Ha ONMMCAaHWM MHXKEKLIMU Iy4yKa M 3axBaTa
HEUTPAJIIBHBIX YacTHI IUIa3Moil. J[mHA TpaekTopuu
mydka B masMe cocrasiser 300—360 cm (puc. 2).
YpaBHEHHE 7151 UHTEHCUBHOCTH IyuKa [, BAOJIb Tpa-
€KTOPUHU UMEET BUJ

dlb/dy = —Gl’l[b, (1)

IJie ¥y — KOOpAWHATA BJIOJIb TPACKTOPHH Iy4Ka; 1 —
IUIOTHOCTh TUTa3MbI; G — TMOJHOE CEYCHHE 3aXBara
YacTHIl MydYKa B IIa3Me, BKIIOUYas Tepe3apsaiky Ha
MPOTOHAX (AEUTPOHAX), NOHHM3AIMIO AJICKTPOHAMU H
HMOHU3AINIO0 TTPOTOHAMU (neiiTpoHamu) (Tabm. 1). Xa-
paxkTepHas AJTHHA 3aTyXaHUs Mydka L paBHa

L = 1/(on). 2)
HTEHCUBHOCTE mydKa BAOJIb TPACKTOPUH CIia-
AacT 110 3aKOHY

y
I, = Iy exp(-o I ndx). 3)
0
Puc. 2. 'eomerpus mnasmel T-15, Bug cBepxy. CxeMaTH4eCcKH MOKa- [I10THOCTH 3aXBaYEHHBIX YACTHUIl (HA EIMHHILY
3aHBI TPACKTOPHH HEHTPAIIOB MydKa C JUTHHOH xopa 3 1 3,6 M JUTMHBI TPACKTOPHH ITyUYKa) OMUCHIBACTCS (OPMYJION
y
Ngse = dly/dy = Iy on exp(—cjndx). 4)
0
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3aM€TI/IM, YTO Nfast — 9TO HEMOHOTOHHAA (byHKI_II/IH, CCJIM IUNIOTHOCTH HE IIOCTOSIHHA IO paanuycCy. Ceuenne
3axBaTa IIPU PA3HbIX SHCPIrUusAX 4aCTHUL ITyYKa OITUCBIBACTCA B Tabn. 1 ¥ moka3aHa Ha puc. 3.

Tao6nuial. Ceuenne 3axBara 15T T T T T T T T T T T T
HEWTPaTBLHOr0 MyYKa
OHeprus Hell- OHeprus Hel-
. Ceuenue 3axBata G,
TPAJIOB BOZIOpPOZa | TPaJioB AeHTEpHs 102 32
Ey, xoB Ey, xaB 10k u
10 20 12,7 oy
15 30 10,7 &
[«
20 40 9,3 :5
30 60 6,4 5+ -
35 70 5,4
40 80 4,7
60 120 3,0 40 60 80 Boxopoxn
80 160 2.4 DR R SL L S B B B I B
’ 20 40 60 80 100 120 140 160 180 200
100 200 2,2 Ey, xoB eiirepuit

Puc. 3. Cedenue 3axBara HEUTPAJIOB BOJOPOJHOTO U AEUTEPUEBOTO
IIy4yKa B 3aBUCHMOCTH OT UX HEPIHU

IIponukHoOBeHHE My4YKa B miaasmy. MlaTepec nmpencTapiseT 3aTyxaHue Mmydka Ha MepBeix 40 cM TpaeKTo-
pun. C y4éToM HaKJIOHA TPACKTOPHUH IyYKa [0 OTHOIICHHIO K MEPHEHANKYIIAPY K MATHUTHONW OCH TOJIy4YaeM,
YTO TOYKA TPACKTOPHUH, OTCTOosmas Ha 0,4 M OT BXOJa B IJIa3My, OJHM3Ka K TIOJIOBUHE MAJIOTO Pajguyca IUIa3Mbl
(cMm. puc. 2). [yig XOpoIIero MpOHUKHOBEHHUS HY)KHO, YTOOBI JI0 3TOH TOYKH J00HMpaiach 3aMeTHAsl JI0JIs YaCTHIL
nmydyka. XapakTep MPOHHKHOBEHHUS CWJIBHO 3aBUCHUT OT Xapakrepa npodwis miotHoctH. B L-mone rpannuHoe
3HAQUYEHUE TUIOTHOCTH HEBEJIHMKO, YTO IOMOTaeT MPOHUKHOBEHHUIO Myuka. B H-mone mbemecTan mo IIOTHOCTH
MOJKET OBITh BEJIHK, YTO CHIILHO 3aTPYIHSACT MPOHUKHOBEHHE MTyYKa BHYTPh TIA3MEI.

[IpencraBum npoduiTs MIOTHOCTH TUTA3MbI BAOJIb TPACKTOPHH MTyYKa B BUC JTUHEUHOW (DYHKIIUU

n = ng + m(y/yo), 5)
(o= 0,4 M) u moxcrasuM (5) B (3). Torna Oynem umeTh
1,/ly = exp(—0), (6)
rie
© = 6(no + n1/2)yo = G20(n020 + n120/2)y0; @)
G20 = 6[M]10%; noag = o [M 1 -107%%; 1129 = 11107, (8)

3HAYCHHS TAPAMETPOB 7oy U Mypo A L- 1 H-MOIBI ¥ A1 MBYX pa3iMdHBIX 3HAYCHUH CpPeIHEH TIOTHOCTH
TJ1a3Mbl 72 TIPUBEACHBI B TA0I. 2.

Tabnuma 2. 1011 HHTEHCHBHOCTH BOAOPOAHOT0 myuKa Iy,/I,, nomenmias 10 NOJOBHHBI PAHyca MJIAa3MbI

Mona ILnotHOCTH No20 n120 E(), KB () Ib/IO
L-mona Huskas mioTHOCTh 0,1 0,2 60 0,24 0,79
n=2,610" m" 80 0,192 0,83

Bricokast miI0THOCTh 0,1 0,4 60 0,36 0,7

n=4,510" v 80 0,29 0,75

H-mona Huskas mioTHOCTh 0,3 0 60 0,36 0,7
n=2,6-10" M 80 0,29 0,75

BrIcokast IIIOTHOCTH 0,5 0 60 0,6 0,55

n=4,510" v 80 0,48 0,62

Ucnonp3ys 3HaueHns cedeHwid u3 Tabid. 1, HalinéM OTHOCUTENbHYI0 HHTEHCUBHOCTE ITydKa /) Ha paccTos-
HuM 0,4 M OT ero BXxoza B Ia3My. Pe3ynbTaTsl Juiss BOJOPOJHOTO My4Ka coOpaHsl B Tabia. 2. BugHo, yto mms
L-monp! mipu 3Heprum nmydka 80 k3B naxe B ciaydae O0NbIION INIOTHOCTH IO CEpelvHBI paanyca JOXOIUT 3a-
METHO OOJIbILIE TIOJIOBHHBI MOIIHOCTH ITyuka. B H-mozme cutyauus He ctons pagyxHa. B ciryuae mioTHOH mias-
MBI U OOJIBLIOTO MbexecTaa MIOTHOCTH MpH 3Heprun dactull 80 k3B 1o cepenunsl pagnyca qoOMpaeTcs JIULIb
okoso 60% nepBoHaYaILHON MOIIHOCTH ITyuKa. JlanbHeilee yBenndeHne IIOTHOCTH TUIa3Mbl IPUBEIET K 0O-
nee nepruepuitHOMY MOTJIOIICHUIO ITyYKa U, COOTBETCTBEHHO, K OOJIBIIIMM MOTEPSM 3aXBAYCHHBIX TOPSYUX HO-
HOB Ha TPAaeKTOPHSIX, BEIXOISIIINX U3 IJIa3MBbl.
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OueHuM Teneps A0 HEHTPaloB, MPOJIETEBUINX ILUIa3My HACKBO3b, ///l, Tie Iy — MHTEHCUBHOCTb ITy4yKa Ha
BBIXOJIe U3 MUIa3Mbl. J{j1st aToro Bocmonbdyemcs popmynoit (3). B L-moze cpeqHsist MIOTHOCTH MIIa3MbI HA Tpa-
eKTOPHH ITy4YKa IpuMepHO B 1,3 pasza Gonpire, yeMm xopaoBas. O003HauNM €€ I KPaTKOCTH depe3 n°. Torma
Ii/ly = exp(—y), Te Yy == on°Ly, L, — JUTHHA TPAEKTOPHH IyUKa.

Ha puc. 4 moka3aHa 3aBHCHMOCTb OTHOWIEHUs I;/ly OT XOpAOBOW IIOTHOCTH IUIA3Mbl JUIS JBYX SHEpruii
Ey =60 u 80 x3B. Eciu npuHsTh, 4TO TpOJIETaTh HACKBO3b JOJDKHO He Oonee 5—7% motrHocTH, TO ipu £y = 60 k5B
IUIOTHOCTB IIJIa3MBI JI0JKHA OBITh HE MEHEE 2,5'1019 M.

. 3 q 1 I 1 Hnsg sueprum neiitpanoB 80 k3B MuHUManpHas rpa-
[ Eo =80 1B HHIIA TUIOTHOCTH HOJHUMAETCA 10 3HAaUEHUH MOopsaKa
| | (3—32)10" M.

10 1 Ili1oTHOCTH JHEPTrUHU 00J1aKAa TOPAYUX HOHOB H
nepeiaaya HEPrud K MOHAM M JJeKTpoHaM. [lns
MIOJTyYeHHUs] PagualibHOTO pacrlpeAeNeHus] TNIOTHOCTH

MOIINHOCTH HarpeBa OT ITy4Ka HeﬁTpaJ'[OB HCIIOJIBb30-
L \ 1 BaHa prOU_IéHHaﬂ npoocaypa, coacpikaliad cCJc-

L/, %
T ™T
&
Il
(o))
(=]
~
]
™

\_\ nyromue nBa mara. [lycts P(p) — MIOTHOCTH MOIII-
: ““‘-«—-..____;'"‘"“-w | HocTH, mepenaBaeMOM mumazMe OT oOOnaka roOpsYMX
0 - ' i HMOHOB. 371eCh P — pagualibHasi KOOPAWHATA, HOPMHU-
2 4 6
Cpeasexoprosas miotsocTs 7, 101 5 pOBaHHAasl Ha €AMHULLY. MBI IPUHUMAEM, YTO
— 2 2
P(p) = Crexp(-p"2C5), €))

Puc. 4. Jlons MOUIHOCTH MydYKa, MpOIIEAIIas CKBO3b IUIa3My, B 3a-
BHCHMOCTH OT CPEJHEH IJIOTHOCTH IIJ1a3Mbl IIPU DHEPIUHM HEHTPANOB OyJeM 1moaduparh B X0J€ PacuéToB KOIPQUIIHEHT
60 (%) 1 80 x3B (o) C)|, UCXOIs U3 YCJIOBHs 3aaHHON MOJHON 3aXBayeH-
HOW MomIHOCTH, a Kodpduuuent C, — U3 YCIOBUSL
3axBara JIOJIM YacTHUIl My4dKa Ha mepBbiX 40 cM TpaeKkTopuu, UcXoas u3 Tadin. 2. BTopoil mar 3akirodaercs B
pacrpeneneHud MOIIHOCTU P(P) MeXIy HOHaMH H 3JIEKTPOHAMH. 3/1eCh MBI OTpaHUIMMCS TIpocTeiiiei hopmy-
noii B.W. TluctyHOBHMYa, OmMycKas BIMSHHE BTOPUYHOHN mepe3apsiku ropsdux uoHoB [3]. O003HAUMM HOIIO
SHEPTHH, HIYIIEH B HOHBI U DJIEKTPOHBI, Yepes 1); u .. Toraa momHOCTh P;(p) U P.(p), moriomaeMas HOHaMH
1 3JIEKTPOHAMH COOTBETCTBEHHO paBHA

Pi(p) =n.L(p); (10)
PAp) =ML(p), (11)

TIe

V3 3 (1+7) 3 NEDY

ne =1- ni- (13)
3nech st Bogopoaa A = 14,8 T,/E,, anst nevitepust A = 18,8 T,/Ej.

HAT'PEB HA 3JIEKTPOHHOM IIUKJIOTPOHHOM PE3OHAHCE

[Ipemnomnaraercs, 9To MpoQwIs ITIOTHOCTH MOITHOCTH HarpeBa EC-BomHaMuy onuckBaeTcs GpyHKIrei Buaa (9)
Prc(p) = Csexp(—p*/2Cy), (14)

rae ko3ddunuent C, = 0,15 3agaér mupuny npoduias BBOAUMONU MOITHOCTH, KO3QduiueHt C; moaoupaeTcs,
HCXOs U3 TpeOyeMOoi MOIITHOCTH.

OneHNM MakCHMalbHYIO TUIOTHOCTH, TPH KOTOpoil B T-15 MOXeT pacrnpocTpaHAThCS BTOpas rapMOHHUKA
HEOOBIKHOBEHHOH BOJHBL [1yCTh MarHUTHOE TMOJIE HATPABJICHO MO OCH Z, & BOJHA PACIPOCTPaHSIeTCsl TepIeH-
JIVWKYJISIPHO MarHUTHOMY IIOJIIO B HampasiieHHW X. JlMCIiepCHOHHOE ypaBHEHUE Uil HEOOBIKHOBEHHOW BOJIHBI
HUMEET BH]T
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eN =¢’ - ¢, (15)
e N, — BOJIHOBOE YHCIIO;
2 2
o (N0
— p . _ pB
=l e e T - (16)
B B

Moncramsist (16) B (15), Oynem uMeTh

N?= (0)(0)"' 0)3)_@?,)(0)(@_0)3)_@;2))'

X

(17

o (0 —))
3nech @) =0)[2, + O}, O — BEPXHsS TMOPUIHAS YACTOTA; (J)i = 4nne’/m; @, — TMIA3MEHHAs YacTOTa

3JIEKTPOHOB; Wz = eB/mc — LUKIOTPOHHAS YacTOTa JIEKTPOHOB; /1 — Macca 3JIEKTpoHa. B Touke oTpaskeHUs
N, =0, mosToMy 60 TIepBasi, MO0 BTopas ckoOka B unciurese (17) momkaa oOpaTuThCs B HyJIb.
PaccMoTpuM TOYKH OTpaXke€HUS BOJIHEL, IS KOTOpor ® = 2mp (BTopas EC-rapmonuka). Torma mu6o

o(® + 0p) — @, =0, (18)
6o
o(w— mg) — o) =0. (19)
[Moactasmsis B (18) u (19) ® = 205, HOTYyYUM yCIOBUSA JUISI MAKCUMATIBHBIX 3HAYCHUH MIIOTHOCTHU:
o, < 60;; (20)
W <20 1)

. 2 o
JI06aBHM CIofia elé YCIOBHE OTCYTCTBUS THOPHIHOTO PE30HAHCA O > o, + ®,, KOTOPOE Jisl BTOPOi
TapMOHHKH MPUHUMAET BUJL
2 2
O, <3w;. (22)
Bunno, uto u3 ycnosuii (20), (21), (22) Hanbomnee xéctkuMm sBnsieTcs ycnosue (21). Ero Me1 u npuHuMaeM

B Ka4eCTBE OTPaHHYCHUS Ha TUIOTHOCTH TUIa3MbI IIPH Harpese Ha BTopoii rapmonuke. [loncrasmss B (21) ompe-
JieTIEHHs 9acToOT M, U W, OyZeM UMETh

n < (1/2m) B (mc?). (23)
B wactHoct, ans T-15 marautHoe nosie paBHo B, = 2 Tn. [loacraisis 3tu 3HadeHus B (23), momydum
n<7910" m". (24)
[omto 2 Ti cooTBETCTBYET YacTOTa THPOTPOHOB (BTOopast EC-rapMonmKa)
f(T-15)=w2n=112ITn. (25)

3amerum, uto momo B, = 2,5 Tn (T-10) cootBercTBYIOT rpanuua no mwiotsoctd n(T-10)<1,33:10" M~ u
yactoTta rupoTpoHoB f(T-10) = 140 I'T.

MOJEJIMPOBAHUE YCTAHOBKH T-15

Mopneanb aas L-moabl. Pacyérsl npoBoAMIKCE ¢ TOMOILIBIO YIPOIIEHHOW TPAHCIIOPTHOM MOZAETH KaHOHH-
yeckux npoduiert (TMKII), conepxaineii ypaBHEHUs TEIIONPOBOAHOCTH ISl 3JIEKTPOHOB U MOHOB M ypaBHe-
Hue nuddysun Toka [4, 5]. Jas mmotHOCTH 11a3MBbl 3anaBaics npodwis (pasHeril nus L- u H-mon, ¢ meenecra-
noMm B H-Moze), KoTOphIii He U3MEHSUICS BO BpeMeHH. i MOTOKa Teyla UCIOJIb30BAJIOCh CTAHAAPTHOE BBIPa-
skeHue monenu TMKII B nuneitHoi Bepcuun

go=—xen [ B Ty [(E_L))_ 0% (26)
nor) U\ T 9
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rae T, — temmeparypa 3JIeKTpOHOB (k = ¢) u noHOB (k = i); T, — KaHOHWYECKHUH NMPOPUIH TEMIEPATYPHI;
. PC N . 0
H — ¢ysxmus Xesucaiina; K, — xodddunmeHT xEcTkocTH Mpoduiei TemnepaTypsl; K, — Ko3(hdUIIUeHT

TCILIONPOBOAHOCTH, 00sI3aHHBIH mnmponoeccaM, HE CBA3AHHBIM C caMoopraHmauI/Ieﬁ IJ1a3MbI:

K >> Ky (27)

I'panmuHoe ycmoBue A TeMIepatypbl JJEKTPOHOB M HMOHOB B L-Mone BBIOMpanoch Ha YypOBHE
N PC/, 0
Ti(a) ~ 0,1 x3B. O6b4HO B pacuérax K, /K; ~5—38.

Moneas aiast H-moabl. Mogaens st H-Moap! ucrionb3oBanack B auHeiHOW Bepcun TMKII [5], uro 3Haun-
TETHHO YIIPOINACT PacuEThl U JeNIaeT Pe3yIbTaThl OoJiee cTaOmIbHBIMU. [ToToK Teria coxpaustt Bun (26), oqHa-
KO BEIMYMHA TPAHUYHOTO YCJIOBHSA, IMUTHPYIOIIETO IMbEAECTall TEMIIEpaTypHhl, BEIOMpaiach Ha OCHOBE aHAIIN3a
BEITMIMH HOpMHUpOBaHHOTO (n) mbeaectana ycranoBku JET [6] (cm. [lpunmokeHne). A mMEHHO, MBI TTOJIaTaIH,
4yTO Oe3pa3MepHasi BeTUIHHA OTHOIICHUS

(L)+T() T.O)
L= 010 L) %)
Ha FpaHI/II_Ie I1J1a3MBbI paBHa
Ty(a) = 0,4—0,6 (29)

B 3aBUCHMOCTH OT TUIOTHOCTH IUIa3Mbl. B HacTosIe paboTe A TUIOTHOCTH TNIa3MBI MBI HCITONIE3YEM JIBa 3HA-

YeHUS: n = 2,6-1019 M un= 4,5-1019 M (HM3Kas W BBICOKas TUIOTHOCTH). COOTBETCTBEHHO, UIA MapaMerpa

T.(a) bl ucnonezyem 3HaueHue 0,4 s HU3KOM mOTHOCTH U 0,6 — IS BRICOKOH IIOTHOCTH. PeansHble 3Have-

HUS pa3MepHBIX TPAaHUYHBIX YCIOBHHA OYAyT MOKa3aHkI Jajiee o Mepe MPeCTaBICHUS pe3yIbTaTOB PacYETOB.
Kpurepuit L—H-niepexona, mpuHATEIH nipu ipoekTupoBannu UTOP, nmeer Bua

0> Ouw Qe = 0,70y, B** R*", (30)

31€ech 7150 — IIOTHOCTh I1IJ1a3MBbl, 10%° M’3; B — npomonsHOE MarHUTHOE 11051€, TI1; R — OOJBIIOH paauyc, M;
(O — ToJTHAS MOIITHOCTE, BIIOXKEHHAS B TU1azMy B Oy, — MOPOTOBasi MOIITHOCTH, MBT.

[Toacrapmsst B (30) MakcUMalTbHBIE TTapaMeTPhl YCTaHOBKH T-15 — npg = 0,5, B = 2, R = 1,5, nmonydaem
MIPOCTYIO OIIEHKY JIJISI TOPOTOBOI MOIITHOCTH

Our < 2 MBT. (31)
OT10 ycroBue B ycTaHOBKE T-15 J1eTko MOKET OBITh BBIITOJIHEHO KaK B PEKMME C HATPEBOM ITYIKOM HEHTpa-

JIOB, TaK ¥ B peXXHMME C HarpeBoM ruporpoHamu. Hamepén HescHo, peanusyercs nu H-moja B oMHueckoMm pe-
xume. 3 ypaBuenus (30) cnemyeT, 9TO Takast BOSMOXKHOCTb ITPH HEOOJIBIION MIIIOTHOCTH IIa3MbI CYIIECTBYET.

PE3YJIbTATBI PACUETOB 1151 BOAOPOHOM IJIA3MBI 1 BOJOPOJHOI'O ITYYKA
IIPU TOKE IIJIA3MBI I =2 MA

! [
E ] .
8 T FeOMeIpI/Iﬂ MJa3Mbl B pacuyeTax NpHUHUMAaNach (1)1/11(—

cupoBanHoii: R = 1,5, a = 0,67 m, k= 1,7, = 0,35, ToK
mnasMbl [ =2 MA, pacu€Thl NpoJ0KaIUCh 10 BBIXOAA

HI/I3Ka$I IINIOTHOCTH
n=2,6-10"m>

o | Ha cranoHap. Hurnme B Hacrosmieil pabote He MPHUBO-

g i —a { &aTca pe3yibTarhl JJid HecTaluroHapHoM ctaauu. [loj

< | MOLOIHOCTBIO Harp€Ba Ha PUCYHKaxX BE3IAC MOHUMACTCH
: / 1 mornoméHHas MoIlmHocTh. [loTepu ropsynx MOHOB Ha

5 i %‘ | «mwI0Xmx» TPaeKTOpWSAX M Ha BTOPHUHYIO Tepe3apsaKy
¢ HE YUUTHIBAIOTCSL.

1 Harpes nyukom ropsiuux Hedtpajos (NB).

0 ' 4 6 Husxas nnomnocms. Ha puc. 5 nokaszansl LeH-
Ong, MBT TpaJibHbIE TeMIepaTypbl Ty dJIEKTPOHOB U MOHOB B

Puc. 5. LlenTpanbHble TemMnepaTypbl J1€KTPOHOB U HOHOB B L H L H
L- (—) 1 H-moaax (—) L-u H-momax, 1,, T,, 7, wu 1, B 3aBucumocTH
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Pesxumbl paboTel MOANGUIIMPOBaHHOMN ycTaHOBKH T-15

OT TIOTJIOIEHHONW MOIIHOCTH HarpeBa Iy4KOM Tops-
apx HefiTpanoB Qyp HpH MWIOTHOCTH 7 = 2,6-10" M
W 3Hepruu ropsauux HeiTpanor 80 k3B. IIpennonara-
eTcs, uTo B oMuueckoM pexume (Ong = 0) H-moma He
peanusyercsi, a L—H-nepexox B ciiyyae Majoi
IIJIOTHOCTU MOXKET IMPOUCXOJUTH YIKE€ IIPHU MOITHOCTHU
Ong =1 MBT. Ha puc. 5 BunHo, 4T0 Jaxe MpH Mak-
CHUMAaJIbHOM MOIITHOCTH HarpeBa pa3HOCTb TeMIiepa-
Typ B L- u H-Monax e npesbimaer 1—1,5 x3B.

Ha puc. 6 moka3zaHbl 3Ha4€HUS YHEPTETHYECKOTO
BpeMeHH ku3Hu Tz U H-hakropa B 3aBHCUMOCTH OT
morHocTH Ong. Ilon H-pakropom (Hy) MeI noHnMaem
OTHOIIIEHUE

HUTOP

Hf: ’CE/’EE 5 (32)

HUTOP

rac Tg — CKCHJIUHT OHEPreTU4ECKOro BPEMCHU

T T T T T T T T T T T

L Huskast mioTHOCTH al
0,8

06 [
04 /

02 [

, H-daxrop

L
ToC

Ong, MBT
Puc. 6. DOneprernueckoe Bpems u3HU T U H-¢akTop mo oTHoIIe-

Hu1o K ckeinmunry UTOPgg,, 5y a1 L- (——) u H-mon (——)

JKU3HU 111 H-MOJIBI, M3BECTHBIN IT0JT IMEHEM IE(I/ITBP%(M)):

TI;ITSPE TII;‘{(HTSng(% 2)) — 0’ 0562’1109,41Q4],69 B0,15a1,97 I 0,93 Al,39k0,78M 0,19 (C)

3mecb nyj9 — XOpAOBas IUIOTHOCTH ILJIa3MBI,
10" M73; (O — nonHas NOrIoMIEHHAs MOIIHOCTh, MBT;
B — TopounanbHOe MarHuTHOE node, Ti; a — Mainbli
paauyc mna3mel, M; [ — TOK 1uasmel, MA; 4 — ac-
MICKTHOE OTHOIIEHHE; kK — BBITSIHYTOCTh CEUYCHUS
TUIa3Mbl; M — OTHOILIEHUE MAacChl HOHA K Macce Mpo-
ToHa. Ha puc. 6 BUIHO, YTO B OMHYECKOM PEKUME
H; ~ 0,3. Ilpn yBenuueHHH MOIIOMEHHON MOIIHOCTH
BesmunHa Hy Bo3pacraer, Ho mpu Ong ~ 6 MBT oHa
emé HE JOCTUracT HACHIIICHUS, HaXOOsACh B 30HE

H% ~ 0,4 o L-moppl 1 H? ~ 0,7 o H-moppl.

Ha puc. 7 mokazaHo pacmpeneieHue Iorjio-
MIEHHOW MOIIHOCTU MEXy JIEKTPOHAMHU U HOHAMU
B 3aBHUCHUMOCTH OT TOM ke MomHocTH QOng. llpu
Ons < 2 MBT, noka Temmneparypa 371€KTpOHOB HEBe-
JIMKA, MOIMHOCTh Onp pacmpeaessieTcs IpUMEpPHO Io-
POBHY MEXIy JJIEKTpOHaMH W MoHaMu. OIHAKO TpU
JambHEHIeM yBenmuueHnd (ng W COOTBETCTBYIOIIEM
yBEJIMYEHUH TEMIIEPATYPHI DIIEKTPOHOB (T1apamerpa A B
thopmyne (12)) Bc€ GobIast A0 MOITHOCTH JAOCTaeT-
cst moHam. [Ipu Ong ~ 4 MBT MOIIHOCTS, ITOTIIOIAeMast
HMOHAMH, YK€ BIIBOC OOJIBIIIE MOITHOCTH, TIOTJIONTAEMOMA
anekrpoHamd. B H-mone B 3TOH TOuke Temmeparypa
MOHOB HAUMHAET TPEBBINIATh TEMIIEPaTypy JIIEKTPO-
HOB. OJJHaKO ¢ BO3pacTaHHEM IOTJIOIMEHHONW MOIIHO-
CTH PACTyT TMOTEPH HA TETUIONPOBOIAHOCTh, MOITOMY
TEeMIIepaTypa MOHOB PacTET He OYEHb OBICTPO.

Buvicokaa nnomuocme. 1lpu BBICOKOW TIOTHOCTH
(n=4,5-10" M) moBeeHNE LEHTPATBHBIX TEMIIEPa-
Typ B 3aBUCHUMOCTU OT QOnp (pHc. 8) momo0HO moBe-

BAHT. Cep. Tepmosinepnsiii cuntes, 2013, T. 36, BoIN. 4

(33)
5 —— 7
Hwuzkas mioTHoCTh NB: ]
: )
Onei ]
3 )

Ong, MBT

=

/

0 i 1 + 1 i i 1
2 4

Ong, MBT
Puc. 7. MomHoCTH ITy4Ka, BIOXECHHBIC B DJIEKTPOHBI 1 HOHBI B
L- (——) u H-monmax (——)

. [ N o e [ B v e e o M e e e pm S o m e e

N

6 T T T i T T T T T
/. T;H p
TeH
5k Bricokast mi10THOCTH // 4
n,=4,510" M3 T*

m

(&

BC? 5

L 1 n 1 L | L 1 L 1 1 1 L
0 1 2 3 4 5 6
QNB) MBT

Puc. 8. LlentpanpHble TeMnepaTypbl HOHOB M 3I€KTPOHOB B L- (——)
n H-mMonax (——) npu BBICOKO}! TNIOTHOCTH IUIa3MBI
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10.H. TuectpoBckwuii, A.B. Jlanumnos, A.1O. {aectposckwuii, C.E. JIsicenko, A.B. Cymkos, C.B.Uepkacos

JCHUIO [IEHTPAIBHBIX TEMIIEPATYP MPH HU3KOU IUIOTHOCTH (CM. pUC. 5), 0AHAKO X aOCOJIIOTHBIC 3HAYCHUS [IPH
Ong ~ 6 MBT oxa3piBaloTCsl HUXKE OUTH Ha 2 k3B. DHepreTuyeckoe BpeMsl )KU3HU NMPU BBICOKON MIOTHOCTHU
(puc. 9) moutm B moaTOpa pasza OOJdbINE, YeM MPHU MajoH IUIOTHOCTH (cM. puc. 6). Bemmumna H-dakropa

(cM. puc. 9) Haceimaercs B L-Moae Ha ypoBHE H]Lr ~ 0,5, a B H-mozae pu Ong ~ 6 MBT moaxonut x 3Hade-

H
o H ~ 1. Poct miotHOCTH CHIDKaeT TeMIiepatypy 2JIeKTpoHOB. [109ToMy BIIIOTh 10 MouHocTd Oxg ~ 3 MBT

napiuanbHble MOITHOCTH Ong, U Onpi, HAYIIUE K 3JICKTPOHAM M HOHAM, OKa3bIBAKOTCS MMOYTH OJMHAKOBBIMU
(puc. 10). IIpu nanpHelmeM yBenudeHnn Qg J0JS MOIIHOCTH, UAYIIEH K HOHAM, Bo3pacTaeT. Ha puc. 11
MOKa3aHbl 3aBUCUMOCTH BEIUYMHBI ITbeACCTalIa TEMIIEPATYPhI JIEKTPOHOB U MOHOB B H-Moze oT MomHOCTH
Ong. OTH 3HAYEHUS COOTBETCTBYIOT Oe3pa3MepHOMY ycioBHIO (29).

T T T T T T T T T T T 5 T ¥ T g T . : : T T " T T
1.0 BrIcokast II0THOCTD HY = Bricokas mmoTHOCTH H
4 Onxsi ]
0,8 i il Oxisi
§ l/ 3 F |
> |
£ 06 - o 1 A Oks. 1
EI / / ] 2 ]
e &
5 g z 2 F -]
[_;Eu 04 /-l__....--" 1 Q) /"BH :
’ / Oxbe ]
Grmmcepng s T 1 F ]
0.2 * g . % o
Tk ) 0 F / b
0 1 1 1 1 L 1 1 L i L L 1 L L L L 1
1 2 3 4 5 6 0 2 4 6
QNB7 MBrt QNB7 MBT

Puc. 9. DHepreruueckoe Bpems XuU3HU Tp 1 H-dakTop ans
L- (——) u H-mon (—)

Puc. 10. MontHocTH mydka, BIIO)KCHHBIE B 3JICKTPOHBI I HOHBI
B L- (m, m) u H-mMoznax (am, o)

I'pann4HBIe TeMIlepaTyphbl 3JEKTPOHOB U HOHOB (ITbEAECTAJIbl), COOTBETCTBYIOIME popmyne (29), B 3aBu-
CHMOCTH OT TIOTJIOMISHHOM MOIHOCTH Ty4Ka Ipy uMutamu H-Moms! ams Huskoii (n = 2,6:10'° M) u BeIcoKoit
(n=4,5-10" M) mI0THOCTH MTA3MbI OKA3aHBI Ha puc. 11.

Harpes EC-Bosnamu. Husxas nnomnocme. Ha puc. 12 B kauecTBe puMepa 1okasaHa yJieNibHast BIOKEHHas
EC-momaocTs (14) mpu momHoM MomtHOCTH Opc = 8 MBT. Besne Mbr mpemanomnaraem, uro Bcss EC-MomrHOCTH

1,5+

1,0

T, {a), x>B
Wy

BLICOKaSI IINIOTHOCTHh
05+ / i

Puc. 11. I'paau4HBIC TEMIIEpaTypsl JIEKTPOHOB U HOHOB B H-Moze
B 3aBUCHMOCTH OT MOTIJIOUIEHHON MOLIHOCTH Iy4Ka JIsi HU3KOH

(

52

Ons, MBT

) ¥ BBICOKO# (——) IJIOTHOCTH TIJIa3MbI

0 1

i

L

0,2

0,4

0,6
p

1,0

Puic. 12. TIpodms Brimana EC-mommocta Pre(p) = Cy exp(—p*/2 Cy)
npu C, = 0,15 n nonuoit momnHoctu Qgc = § MBT
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Pesxumbl paboTel MOANGUIIMPOBaHHOMN ycTaHOBKH T-15

BKJIQJbIBACTCS B 3JIEKTpOHBI. Ha puc. 13 mokazansl eHTpaibHbIle TeMIEpaTyphl 7 3JIEKTPOHOB U HOHOB B
L- u H-mMonax B 3aBUCHMOCTH OT morioménnoi momuocTu EC-narpeBa. Bunno, uto, yxe HauuHasi ¢ MOTII-
HOoCTU (gpc ~ 2 MBT, anekTpoHHasi TeMmepaTypa OTpPBIBACTCA OT MOHHOHM, POCT MOHHOHM TeMIlepaTyphl 3a-
MemseTcs, a upu Ogc > 4 MBT Temneparypa HOHOB Jake TamacT.

Ha puc. 14 nokazans! 3aBucuMoctd Tz 1 H-hakTopa ot mornmoménnoit EC-mommuocti Qgc mutst L- u H-mo.

Bennunna H-dakropa mms L-Monpl BEIXOAUT Ha HackimeHue npu Ogc > 6 MBT Ha ypoBHE pr ~0,5. lns

H o
H-monpl H-akTop BeIXOaUT Ha HacklmeHue Ha ypoBHe H, ~ 1. BugHo, 4To npu He0O0Nb1IOH MOIIHOCTH

HarpeBa paspsabl He NMoguuHAOTCS ckeilnuury UTOPog(, 2y (popmyna (33)). Haceimenue H-daxTopa
03HAYAEeT, YTO B CKECHIIMHTE ISl SHEPIreTHIECKOTO BPEMEHH Tg ~ O MOKa3aTelb O He MOCTOSHEH, a YBe-
JUYMBAETCS MPHU pocTe MouHocTh oT o ~ 0,4 B OH-pexume no o ~ 0,7 mpu Q > 6—8 MBT. Tak paboraer
MOJIeNb, HO 3TO OTpPa)kaeT CBOICTBA peaJIbHOr0 HIKCIEPUMEHTA.

” I 1
Huskas niaoTHOCTH H-moma | 1,0 : ' 4 I;

o— e
L e - Hwuskas 9= H -

150 a g - MTOTHOCTh Hy
] = /’/‘ | 1

I o
S L-mona 1

[ opor no MowHoCTH / ]
| L—H-nepexona

0,5

N
1., ¢, H-haxrop
\ s

H-mona 1 _—
/ "'"-—--..____.__"___’H__. | i \Ho__——h_o 4
L-moza T; B . :
. a 4 TE o
0 ; I ’ 1 ) | i 1 0 : I . 1 . 1 . !
2 4 6 8 2 4 6 8
Ogc, MBT Ogc, MBT
Puc. 13. lleHTpasbHbIE TEMIIEPATYPBI MOHOB (——) U 3JIEKTPOHOB Puc. 14. DnepreTndeckoe BpeMs Ku3HH Ty U H-aktop mis
(——) B L- u H-mozmax npu EC-narpese: — — — — nopor L—H- L- (—) u H-moxn (—) npu EC-narpese

nepexona

Ha ycranoBke T-10 B 1980-x rogax ObUIO MOKa3aHO, YTO dHEpro3amnac mia3Mel W pactér npu yBenuye-

0,5
HMHM MOLIHOCTH HarpeBa Kak W ~ O [7]. A no-

1,5 T T T T T T T T
CKOJIBKY A
HI/I3Kaﬂ INIOTHOCTH

Ty = W/QECa (34) L-moma -

TO Tp ~ Qg%sn o = 0,5 nas T-10. DTo 03Hauaer, Lo

YTO MOIIHOCTH TUPOTpPOHOB Ha T-10 Opina Hemoc-

TaTO4YHA, YTOOBl MOUTH Ho0 ckeinmuHra (33), B KO-
H-mona

Q.. i» MBT

TopoM O = 0,69. o .
L] P ._.——-—'—'_'_'_

Ha puc. 15 noka3zana 3aBUCHUMOCTb MOIITHOCTH 0,5 I ! .

oOMEeHa MeXIy JJIEKTpOHAMU M HOHAMH OT IIO-

raoméHHoi MouHocTn (gc. Bumgno, uyTo Mor- I i

HOCTHh DHEPTOoOOMeHa MEXIy JJICKTPOHAMH U HO-

L 1 i 1 " 1 L 1
HaMH HCBEJIMKa W HC MPCBBIIACT OJHOTO MEra- 0 2 4 6 8

BarTa Ha (¢oHe mormomeEHHEIX 6—8 MBT, T.. B Okc, MBt
pEXUME HHU3KOW IUIOTHOCTH B OCHOBHOM TPEIOTCS  Puc. 15. MOmHOCTS 06GMEHA MEKIY DICKTPOHAMH H HOHAMH B

)

3JIEKTPOHBI. L- (——) n H-monax (
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10.H. TuectpoBckwuii, A.B. Jlanumnos, A.1O. {aectposckwuii, C.E. JIsicenko, A.B. Cymkos, C.B.Uepkacos

Buvicoxas nnomnocme. Lentpansuble Temnepatypsl npu EC-narpese B L- u H-moax nmokasansl Ha puc. 16.

Jlns1 57IeKTPOHOB TIPY MaKCUMaJbHOW MOIIHOCTH OHM TOYTH Ha 5 k3B Hmke, a 171 noHoB Ha 1,5—2 k3B
BBIIIIE, YeM TIPU HU3KOM IIOTHOCTH (cM. puc. 13). [loporosas momuocTh L—H-niepexosa, cOriiacHO KpUTe-
puto (27), ve mpeBbimaet 1,5 k3B (mynkTHp Ha puc. 16). MakcuManbHas TemnepaTypa noHoB B H-Moze mo-
cruraetcs npu Ogc ~ 6 MBT. DHepretuueckoe Bpems xu3Hu Ty 1 H-daxtop mansa L- m H-mMox mokasansr Ha
puc. 17. Buano, uyto H-dakrop BEIXOAWUT Ha HACHIIIEHHE NMPH MOMTHOCTH (Orc ~ 6 MBT. MomHoCTh 0OMeHa
SHEpruer Mex Iy dJIeKTpoHaMu U noHamu s L- u H-mon mokasana Ha puc. 18. B cimydyae BBICOKOH MIJIOTHOCTH,
Kak U B Cllydae HU3KOH, OHA HEBEJINKa U He npeBbimaeT 2 MBT.

1 5 ¥ T ¥ T T T T T I I ]
BrIcokast III0THOCTH BrIicokast II0THOCTH "

1 HY
H-moma _-* 1nl9 . -3 7
: // T, 1,OF 45107 / |
I~ e
1

' " L-mona -
10 + Hopor 1o mMouHoCTH a d| /
L—H-nepexona //__,/‘ X L
1 - / 4 3

o
g H
2 J
E | 7 H
2 : T 05- ]
e ' S
5 ] i . H-moma o . T
e — ~———
] . T R——
Tt i Lo T =l '
| o Tt 5 —
0 1 L 1 L 1 0 1 L 1
2 4 6 8 2 4 6 8
Okc, MBT Okc, MBT
Puc. 16. LleHTpasbHble TeMeparypbl HOHOB (—— ) M 3JIEKTPOHOB Puc. 17. Duepreruueckoe Bpemst xu3uu Tz u H-akrop mus
(—) B L- u H-monax: — = — — nopor L—H-niepexona L- (—) u H-monpt (—)

Ha puc. 19 moka3aHbl TpPaHUYHBIC YCJIOBUA B H-MOI[G JIA Majoil U OOIBIIOH IMJIOTHOCTHU, MOJYYCHHBIC

¢ momoIbio ycinoBus (29). BumHo, 9T0 IpU MaJIOW IJIOTHOCTH OHHM IOYTH JOCTHTAIOT 2 K3B mpum Makcwu-
ManbHOM morrHocTH EC.

: - = : . . . - 2,0 I L T S TE S T TR B S
I 2 ]
| BrIcoKas INIOTHOCTh i /
L
5 L Qe,i / | [
L-mona i 1
/ 1.5 q / ]
I U3Kast IIIOTHOCTh
n=2,6:10" v
5 ]
L M
2: o '_,_.// 2 10 BbIcoKas IIOTHOCT ]
S X H-mona I S n=4510" v
& ]
I 0.5 i
1 i I i 0l 1 1 1 1 |
0 2 4 6 8 2 4 6 8
Okc, MBT Okc, MBT

Puc. 19. I'pannunble TEMIepaTypsl 3IEKTPOHOB M HOHOB B 3aBH-

)u

Puc. 18. MomHocTs 00MeHa MEXIY JICKTPOHAMHU U HOHAMHU B

. cUMOCTH OT nornoménHoi EC-MomuocTH i1st HU3KOH (
L- (——) n H-mMogax (——) npu BBICOKOI INIOTHOCTH

BBICOKOMW (——) TNIOTHOCTH TUIa3Mbl
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Pesxumbl paboTel MOANGUIIMPOBaHHOMN ycTaHOBKH T-15

Ha puc. 20 moka3assl npoduiu 3¢hpexTuBHOMI
TETUIOTPOBOTHOCTH 3JIEKTPOHOB M MOHOB i L- u
H-mon mpu Manoill NJIOTHOCTH W MaKCUMAaJIbHOU
EC-momuoctr QOgc = 8 MBT. BugHo, 4to B rpaau-
eHTHOH 30He p > 0,6 KO’ PHUIMEHTH TEIIoNpPOo-
BoAHOCTH B H-mone 3ameTHO MeHbIne Kod3(puim-
€HTOB TEIUIOMPOBOAHOCTH B L-mome. DTOT dakt
OTpeNeNseT JIydlliee TI00aIbHOE Y/epKaHue dHEp-
ruu B H-mone, noka3zanHoe Ha puc. 17.

Cmemannsiii EC + NBI-narpes. Huskaa niom-
Hocmb, L-mo0a. lleHTpalbHBIC TEMIIEpaTyphl dIICK-
TpoHOB 7, U HOHOB 7; MOKa3aHbl Ha puc. 21 B 3aBUCH-
MOCTH OT MOIIHOCTH Ty4Ka Onp JJIS Pa3HBIX MOIIIHO-
creit EC-narpeBa Qgc. Buano, uro 7, modty He 3aBH-
CHUT OT TIOTJIONIEHHOW MOIIHOCTH Ty4YKa, YK€ HaunHast
¢ Ogc ~ 2 MBT. Ilpu Bricokoii 7, (> 5 k3B) onu npax-

x*?, Me

: QEIC =8 MB';, HU3Kas l'l[J'IOTHOCTI:l I

4 1 x> L-mona - 2
3 2
2 ]
1 4
0 0.2 0.4 06 08 )

p

Puc. 20. DddexrrBHbI KOIPPUIHMEHT TEMIONPOBOAHOCTH B L- U
H-monax npu EC-narpese Qpc = 8 MBT 1 HU3KOM IJIOTHOCTY ILIA3MbL

THYECKH HE BOCIPHUHUMAIOT MOILIHOCTB OT ITy4Ka. DTO TaloKe BUAHO Ha puc. 22, TAe IOKa3aHb! OJIHbBIE MOLIHOCTH,
BJIOKCHHBIE B 3JICKTPOHBI U MOHBI B 3aBUCHMOCTH OT MOIIHOCTH ITy4ka. [1o HaKIOHy KpHBBIX BUAHO, YTO BO BCEX
CllyJasix OT Iy4Ka OHH rojy4arot He 6onee 0,5—1 MBT. [TockoibKy OCHOBHASI 4aCTh MOIIHOCTH ITy4YKa UAET B HO-
HBI, TO 3aBUCHMOCTb TE€MIIEPATypPbl HOHOB OT MOIIHOCTH ITyYKa MajJ0 M3MEHSIETCS NIPHU YBEIWYEHHH MOIIHOCTH
EC-narpeBa. 910 xopoiro BUIHO Ha puc. 21, e Kpusble i 1; Ipy pa3HbIX Jpc O4YEHb OJIM3KH JAPYT IAPYTY.

20 T ¥ T T ¥ J T T ! T T

Hwuzkas mioTHoCTh )
Ogc = 8 MBT |

6 MBt ]

4 MBt

Opc =0, 2,4, 6,8 MBr

2 4 6
Ong, MBT

Puc. 21. 3aBucHMOCTb IEHTPATBHON TEMIIEpPAaTypsl HOHOB (= = =)

W DJIEKTPOHOB ( ) B L-Mozme oT moOrioméHHOW MONIHOCTH

ny4ka npu pazHod EC-MomHOCTH U HU3KOH IIIOTHOCTH

0,20 . — —_— T

Huskas miotHOCTH

r—Tr—r

0,15
[}

L 0,10
L I

0,05

Ong, MBT
Puc. 23. DHepreTnueckoe BpeMs XKH3HH IUIa3Mbl B L-Mozxe mpu
HU3KOH IUIOTHOCTH B 3aBUCUMOCTH OT MouHoctd NBI-Harpesa
pu pasHbix MomHocTsax EC-narpesa
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Huskast mioTHOCTh ]
QEC =8MBr - *
8 r e FEETRAe 1
—_— ]
£ \ 6MBr
2 | Sy |
3 ”//7 ©oamBr ]
BBl i oI
I o ¢ ]
- L 222 LA ]
2 MBr / d_ﬁ_a}c\—:——r;‘_’f -
2 e BT e N -
f g BT oS — 0 MBr |
0 2 4 6
Ong, MBT

Puc. 22. 3aBUCUMOCTH HOJHBIX MOITHOCTEH, BIIOXKCHHBIX B HOHEI

Q; (= = =) u snexTpons! O, (
JKEKLUHM ITy4Ka Ipy pa3Hoi EC-MOIIHOCTY U HU3KOM IIOTHOCTU

) B L-Moze, OT MOIITHOCTH HH-

Ha puc. 23 mokazaHo 3HepreTudyeckoe Bpe-
Ms SKM3HH IUIa3Mbl B L-Mome Ty npu  Malou
IJIOTHOCTH TLIa3MBl B 3aBUCHMOCTH OT MOIIHO-
ctu NB-narpeBa QOnp HpHU Pa3HBIX MOIIHOCTIX
EC-narpeBa Qgc. Bumno, 4to B oMHueckom
pexume (Owr = Qon + Onp + Orc = Qou 0pu
Qon=2 MBT, Oxg =0, Qpc = 0) umeeM T3~ 0,15 ¢, a
npu
(Qou = 0,5 MBT, Ong = 6 MBT, Qpc = 8 MBT,
Ot = 14,5 MBT) T]g~ 0,065 c. Ilpeamonaras

L —
3aBUCUMOCTh Tz~ (Qior) *, HAXOAUM CPEIHEE IO

MaKCUMaJbHOM MOITHOCTH Harpesa

BJIOKCHHOM MOIDHOCTH 3HAYCHHUEC ITIOKa3aTCs
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o = log (71/72)/In (Q/Q)) = 0,42 (35)
BMecto 0,69, cornacHo ckerinuary (33).
Ha puc. 24 nokasana 3aBucumocts H-hakropa B L-Moze OT Tex »e mapaMerpoB, Kak Ha puc. 23. Makcu-
ManbHOe 3HaueHue H-¢pakropa ~0,6 mocturaercs mpu MOITHOCTH mopsaka 14 MBT.
Buicoxas nnomnocms, L-mooa. OCHOBHBIE 3aKOHOMEPHOCTH, OTMEUEHHBIE IS TUTa3Mbl B L-MOJie ¢ Mayoi
TUIOTHOCTBIO, COXPAHSIOTCS U JUTSA TUIA3MbI ¢ OOMNBIION TIIOTHOCTHIO. Ha pric. 25 moka3aHbl 3aBUCIMOCTH IICH-
TPaJbHOM TeMIepaTyphbl 3JCKTPOHOB M HOHOB OT MOIIHOCTH My4Ka Ui pasHbiXx MoiHocTel EC-Harpesa. Bun-

0’8 T T - T ; T T T - T - T 12
Huskas mioTHOCTh

4MBr  2MBr
6 MBT |

] [
0’6 - QEC =8 MBT - . -
/{_“ _’___I_:—-: 8

L] <4
ol - o
2 Orc=0 < .
jan 4 S
0,2 il ]
0 " " 1 " " L I " M I 0 ' L i L i L 4 L i L L 1
2 4 6 2 4 6
Ongs MBT Ong, MBT
Puc. 24. H-¢akrop B L-Moze B 3aBMCHMOCTH OT MomHocTH NBI- Puc. 25. 3aBUCUMOCTD LIEHTPAILHON TEMIIEPATyphl HOHOB (= = =)
HArpesa npH pasuIx MouHocTax EC-Harpesa W SJeKTPOHOB (——) B L-Mojie OT MOIJIOMEHHONH MOIHOCTH

Imyuka npu pa3Hoil EC-MoIIHOCTY U BBICOKOH INIOTHOCTU

HO, 4TO, HECMOTPA HAa YBCIWYCHUC INNIOTHOCTHU, MOIIHOCTD ITy4Ka, NepeaaBacMasa 3JICKTPOHAM, HCBCIIHKA. 9T0
MNOATBCPIKAACTCA U HA PpUC. 26, Ha KOTOPOM IOKa3aHbI MMOJIHBIC MOIIHOCTH, MOTJIOMIEHHBIC QJICKTPOHAMHU U HO-
HaMHu. HO—HpC)KHCMy Mall 1 OOMEH MCIKAY JJICKTPOHAMU U MOHaMH, HECMOTPA Ha 60.]'[]:]11}’}0 Pa3HOCTb UX TEM-
neparyp. MaxkcuManbHbBIC 3HAYCHUS OQHEPTECTUYCCKOI0 BpECMCHHU KU3HU (pI/IC 27) JIMIIb HC HAMHOI'O BBIIIC 3HA-

0,20 — N —————
q 3 BrIcoKast IIIIOTHOCTD /* 1 3 Bbicokas mWIOTHOCTD
* 5 4
[ Orc =8 MBT */ J | 2 MBT ~ ]
01sf ¥ Qe =0 :
o | - :
-—ll_?u r A [ | 4
3 v : ] 1
0,101  A——— - :
I ] = s
- Oec=8MBT 6 MBr ! 1
r 4 MBt 1
0.05F y
0 : , ’ 0 i i i L i i " L i i i 1
2 4 6 2 4 6
Ong, MBT Ong, MBT
Puc. 26. 3aBHCUMOCTD TOJIHBIX MOLIHOCTEH, BIOKEHHLIX B HOHBI Puc. 27. DHepreruueckoe BpeMs )XKM3HU IU1a3Mbl B L-Moze npu

OOJIBIION MJIOTHOCTU B 3aBUCHMOCTH OT ITOTJIOIIEHHOM MOIIHO-
CTH Iy4Ka IpH pas3HbIXx MomHocTsax EC-narpesa

(- - -) ¥ 2NIEKTPOHHI ( ) B L-MoJ1e OT MOrIomEHHON MOIIIHOCTH

my4Ka rnpu pasHoid EC-MOIIHOCTH U BBICOKOH IUIOTHOCTH
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YEHWA ISl TUIa3MBI ¢ MaJIOl TUIOTHOCTBIO (cM. puc. 23). 3naueHus H-daxropa (puc. 28) nums Ha AeCATOK Mpo-
[EHTOB BHIIIIE, YeM IS TIJIa3MBI C MAJIOH TIOTHOCTBIO.

Huskas nromnocmos, H-mooa. Ha puc. 29 moka3aHsl 3aBUCHMOCTH IICHTPATLHON TEMIIEpaTyphl JJIEKTPOHOB
¥ MOHOB OT TIOTJIOMIEHHON MOIHOCTH ITyYKa MpH pa3Hoi mormoménnoii EC-momuocTu. BuaHo, 9To 31eKTpo-
HaM TepenaéTcss COBCeM HeOOIbIIass MOITHOCTh OT Iy4Ka, TaK Kak KpHuBbIe Ui T, MOYTH TOPU3OHTAIBHBI. Jlis

0,8 T T T T T T T T T 20 T ¥ ¥ T T T T T T T y T
O — 8 MBr 6 MBT 4 MBr : 1 Occ = 8 MBr Hu3kast I7I0THOCTb
- __‘\‘________‘ 1 ————— >0
/A//tﬁjﬂ: I s MBr e
0,6 L—-—-""""_-_-H-‘dl-—-—'——'_'_ﬁ_ﬁ_r R 7 "

e — . —

H-dakrop
=)
'S
\
\S)
=
|
1

Ong, MBT Ong, MBT

Puc. 28. H-¢akrop B L-Mo1e B 3aBHCUMOCTH OT HOTJIOLIEHHOI Puc. 29. 3aBUCHMOCTb LICHTPAIIbHOM TEMIIEPATYPbl HOHOB (- — —) U

MOIIHOCTH ITy4Ka MpH pa3HbIX MomHocTIX EC-Harpesa

ANIEKTPOHOB ( ) OT TOTJIOIIEHHOW MOIIHOCTH Iyuka B H-mone

pH pa3Hoi normomeérHoi EC-MOIHOCTH 1 HU3KO! ITOTHOCTH

MOHOB Pa3HMIIA B TIOBEJICHUH UX IIEHTPAIHLHON TeMIIepaTypsl Ipy pa3Hoi MomrHocTH EC-HarpeBa omnpenensercs
B OCHOBHOM pa3HOH BETMYMHOW MBEIECTANIOB TEMIIEpaTyp MpH pazHbIX MomHOCTIX EC. 3aBucuMOoCTh HEpre-

H
THYCCKOI'0 BPpEMCHH JKHM3HU Tz OT TEX XKC IapaMETPOB, YTO U HA PHUC. 29, IOKa3aHa Ha puc. 30.

0,25 ——— 17— — —
I Hwuskas ninoTHOCTH 1.0 i 6 MBT
L Orc=2MBr ' [Qgc =8 MBT __,j___,_._.———-——"'-_'__—_—_w
2 8 1
L n - __-_____——'-'-—-“ -
020 4 MBT ¢ yimo %L_—____. e ]
_\ 0,8 / . I-—‘-'____-—'-—_—_F -
| 7 e —
0,15 5 1 & W2 MBr ]
bl _ o r 1
3] |; ; 0,6 1
:P‘E., _ _g i 1
0,10 |- ] = i 1
3 04 N
0,05 C 1 02 F )
- [ Huskast III0THOCTH |
0 [ i i " 1 " i i 1 i F " 1 0 i i L 1 i F i 1 i i L |
2 4 6 2 4 6
Ong, MBT Ong, MBT

Puc. 30. 3aBucUMOCTh PHEPreTUUECKOIO BPEMEHHU KHU3HHU OT IO-
IJIOIIEHHONW MOILIHOCTH Iyuka B H-Mone npu pazHo# moriomén-
"ot EC-MomHoCcTH

H
MakcumanbHoe 3HaueHue Tp = 0,21 c 3peck pocruraercs npu Ong =

HON MOIIHOCTH Qi ~

Puc. 31. 3aBucumocts H-dakTopa OoT HOriIomEHHON MOIIHOCTH
myuka B H-moze npu pasnoit nornoménsoit EC-momuocTi

0 u Qgc = 2 MBT. Ilpu makcumanb-

H
14,5 MBT ono cHmxkaercs 1o 3HaueHust Ty ~ 0,12 c. Ha puc. 31 npencrapnena 3aBucu-

MocTh H-dakropa oT morionéHHOW MOIMIHOCTH Nydka npu pasHoit EC-MomHocTH. BuaHo, 4To HackIIeHHe

H-¢daxropa mpoucxoaut B mosoce H? ~0,8—1.
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Buicokas nnomnocms, H-mooa. Pe3ynbTaThl pacu€ToB 3716Ch MO OTIMYAKOTCS OT Pac4ETOB IS MO
ioTHocTH. Ha puc. 32 moka3aHa 3aBHCHMOCTD IIEHTPAIILHOW TeMIIepaTyphl SIEKTPOHOB B MOHOB B H-mMoze ot
TTOTJIOMIEHHON MOIIHOCTH TydYKa MpH pa3Hoi nortoménHoi EC-mommHocTH. BHIHO, 9TO0 MakCHMalbHEIC TEM-
repaTyphl 3JISKTPOHOB Ha puc. 32 Ha 5—6 k3B, a Temneparypsl HOHOB Ha 4—35 k3B HIwke, yeM Ha puc. 29. D10
3¢ dexT nopeImeHUs WIoTHOCTH. Ha pric. 33 mpeacTaBiIeHbl MOITHOCTH, BIIOKCHHBIC B HOHBI (J; 1 JIEKTPOHEI (.,
mipu OOJBIION TUIOTHOCTH. M 371€Ch MOIITHOCTP IMyYKa B OCHOBHOM HJIET B MOHBI. DHEPTETHIECKOE BPEMsI )KU3HH

O e s
I I I
L Opc =8 MBr . I BhICOKas ILIOTHOCTD 1
' 6 MBr s
10 .
=
r-""'_'r-‘—-‘—‘ 5
A =
£ — _ﬂ =
3 -= == -y S
S = g\: e Q
5 8§ MBT A
6 MBt
4 MBT
Orc =2 MBt
Bricokas ninotHOCTB
0 1 1 1
2 4 6
QNBa MBrt QNBs MBT
Puc. 32. 3aBUCHMOCTD LCHTPAILHON TEMIEPATYPbl HOHOB (- — —) Puc. 33. MomHocTH, BIOXXEHHbIE B HOHBI (J; U 31eKTpoHbI O,
U 3JIEKTPOHOB (——) B H-Moze 0T moryoniéHHoN MOIITHOCTH ITyd- P BBICOKOM IMJIOTHOCTH

Ka py pasHoil nornoménHoi EC-momuocTi
H . o
IU1a3Mbl Tp B 3aBUCHUMOCTH OT IIOTJIOIICHHOU MONIHOCTH ITy4Ka IIPHA Pa3sHbIX MOIMHOCTAX EC-HaneBa IIOKa3a-

o . o H
HO Ha puc. 34. [Ipu manoif morIomEHHON MOIITHOCTH OHO JAOCTHraeT 3HaueHus Tr ~ 0,3 c. Ha puc. 35 nokasa-

HO ITOBCICHHC H—(I)aKTOpa B 3aBHCUMOCTHU OT HOI‘J'IO].L[éHHOﬁ MOIMHOCTU ITy4YKa HOpPU PAa3HBIX HOI‘J'IOI_LIéHHI:IX
MOIITHOCTAX EC-HanCBa. n 34€Ch, KaK U B ClIy4dac HH3KOH INIOTHOCTH, BUAHO, YTO BCIMYHMHA H—(i)aKTOpa Ha-

CBILLIAETCSI IPUMEPHO Ha YPOBHE H;I ~ 0,9—1,1 npu nonaHo¥ MoutHOCTH, IpeBbiaromei 10 MBT.

Tz =2 = &k & =2 & F ] L5 —r
= Bericokas nmiaoTHOCTE ] L Bericokast IJ10THOCTh
073 QEC 2 MBT ] | 8 MBT
i 4 MBT ¢ MBT ] | 6 MBT
8 MBT 1 r _____{______, v
A ] e s /”A
\ ] 1 0- = " = |
0,2 _\: = 1 - L 4 MBt /-
& v 2 [ QOwe=2MBr
= 0 5’
0,1[ 1 al ]
0 s s N 1 . . . 1 s N s 1 0 I ) ) ) ; ) ) ) i ) ) ) ;
2 4 6 2 4 6
Ong, MBT Ongs MBT
Puc. 34. DHeprernueckoe BpeMs KU3HH IU1a3Mbl B H-Mone B 3aBU-
CHMOCTHU OT MOTJIONEHHON MOIIHOCTH TydKa MpH pasHbix momuo-  PHc. 35. H-dakrop B H-Moze B 3aBUCHMMOCTH OT HOIIOEHHOM
cax EC-narpesa MOIITHOCTH ITy4YKa IpH pa3HbIX MomHocTsIX EC-Harpesa

3ABUCUMOCTD ITIAPAMETPOB IIJIA3ZMbI OT TOKA

Omuueckuii pe:xkuM. Jlo cux mop MbI mpoBoauian pacdersl s Toka [ = 2 MA. Ilpu 3ToMm 3HadeHue g(a)
JIOCTaTOYHO BENMKO (Topsiika 5—~6), 1 BO3HUKAET COOJIa3H MOJHATH TOK, HE Hapyllas yCIOBHH YCTOWYMBOCTH.
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Pexwme! paboTel MoARMUITMPOBAaHHON ycTaHOBKH T-15

[IpuBenéHHBIC B 3TOM pa3zjenie pacu€Thl MO3BOJISIFOT OIIEHUTH 1EIeCO000pa3sHOCTh YBEITUYCHUS TOKA, UMes B BU-
Iy CBSI3aHHBIE C 3TUM JKCIIEPUMEHTAIBHBIC TPYIHOCTH.

B tabn. 3 mpuBeneHs! mapaMeTpbl OMHYECKOTO PEXHMMa MPU Pa3IMYHBIX TOKaX IUIA3MBI B CIIydae BBICOKOM
IJIOTHOCTH. BujHo, uTO yBenuuenue Toka B 1,5 paza — oT 2 10 3 MA yBeIMYMBAET TEMIEPaTypy AJIEKTPOHOB
Takke B 1,5 paza, a remmneparypy uoHOB oT 1,5 1m0 2,2 ¥3B. 3Hauenue g(a) npu 3ToM mamaet ot 5,6 o 3,6. Ilo-
BUIMMOMY, JaJIbHEHIIIee YBETMUeHE TOKa OTPAHNYEHO M3-32 AKCIIEPUMEHTAIBHBIX TPYJHOCTEH. B TO ske BpeMst mpu
YBEIIYEeHNH TOKa OT 2 110 3 MA sHepreTrieckoe BpeMst JKU3HH yBEITMUUBaeTCs Bcero Ha 15%.

Ta6numa3. [lapaMeTpbl OMHYECKOT0 PeKIMA

I, MA T,0, k3B T, x3B g(a) o ¢
2 2 1,5 5,6 0,16
2,5 2,5 1,7 4,2 0,17
3 3 2,2 3,6 0,19
6 T T T T T T T T T T
Harpes nyukom. Ha puc. 36 nokasana 3aBu- Bricoxas notsocts -
. 5 n=4510"wm" _ e |
CHMOCTh IICHTPAJIbHOM TeMIIEpaTyphl 3JIECKTPOHOB 1\ =25 MA/,/ 1
.. . / =R
U MOHOB OT NOTJIOIIEHHOM MOUIHOCTH Iy4Ka IMpU / g 3 |
Toke /=2 u 2,5 MA u BBICOKOH moTHOCTH. Bun- 4r T, N el i
(93 | - foa 2
HO, YTO Ja)K€ MPHU MaKCUMaJlbHOW MOILIHOCTU ITy4- W, i
Ka TeMmIepaTypa A3JEKTPOHOB M HOHOB IpPU TOKE m 3T . _--7 I=2MA
9] h -
1=2,5 MA npeBblllIaeT TEMIEPATYPy JIEKTPOHOB = i
& 2E“” <
1 HOHOB IpH Toke I = 2 MA Bcero na 0,8—1 x3B. T .
h .
Takum o0pazom, moabEM Toka 1o 2,5—3 MA maér | !
JUIIF HeOOIBIIOE TPEUMYIIIECTBO TI0 TEMITepaType
IUIa3MBl 110 cpaBHEHHUIO ¢ TokoM 2 MA. Otcrona 0 . . .
clieJlyeT BBIBOJI, YTO MOABEM TOKa Bhilie 2 MA nms 2 4 6
ycraHOBKH T-15 HemesnecooOpaszeH, Tak Kak 3TO One, MBT
. Puc. 36. llenTpanbHble TeMIIEpaTypbl HOHOB (— — =) M 3JIEKTpPO-
OylleT TMPOWCXOAWTH 3a CYET YMEHBIIEHHUS IJIH- N
HOB ( ) B 3aBUCUMOCTH OT HNOTJIOIICHHOW MOIIHOCTH ITy4YKa

TCJIBHOCTH pa3psaa. npu Toke I =2, 2,5 MA u BBICOKOH INIOTHOCTH

3AK/IIOYEHUE

HanomuuM mpexzae Bcero, 4To Mo MOLUTHOCTBIO MBI Be3/l¢ IOHUMAaeM MOMVIOMEHHY0 MOIIHOCTh, HE 00Cy-
JK71as TIPOLIECCOB 3aXBaTa YACTHUI[ B CIIy4ae HAarpeBa IMy4KOM HEUTPaJIOB MM HETIOIHOTO MOTJIOUICHHS B CIydae
HarpeBa CBU-Bomnamu. M3mydenne Takke HATIE HE IPHHUMACTCS BO BHUMaHUe. [IpHHATO cuuTaTh, 9TO B OKC-
MEepUMEHTE TToTIomaercs okoyio 80% BBeIEHHOW MOITHOCTH, M MBI CUUTAEM, YTO TOH OIEHKOH MOYKHO ITOJTh-
3oBarbcs. C M3IIyYCHHEM HE BCE TaK MPOCTO, TaK KaK XapakTep U3TydeHUs (U3 ICHTpa WK NepruQeprr) 3aBH-
CHUT OT THIIA U3IYYAIOIIUX TPUMECceHt.

B 1abn. 4 mpuBeneHbl mapaMeTphl MmIa3Mbl T-15 B oMHYeCKOM peXHMMe W MPU HECHIILHOM HarpeBe Heii-
TPaJIBHBIM IIY4KOM B pexuMmax L- u H-mox s mna3Mbl BEICOKOM M HU3KOM 1uioTHOcTH. Ilepexon B H-mony
MOJKET OCYIIECTBUTHCS YK€ MpPH BKJIaJe MOIIHOCTH B IUIa3My, mpeBbimaromeMm O, ~ 1,5—2 MBT. Bpewms
yaepkanus u senuunHa H-daxtopa B L- n H-Mozax mpu BeICOKOM MIIOTHOCTH paziuyaroTcs mpuMepHo Ha 70%.

T a6 nuuna4. Hapamerpsl i1a3msl T-15 B omnyeckom pe:xxume B L- u H-moaax ¢ HarpeBom
BOJIOpOoAHBIM MyukoM Ey = 80 k3B npu Toke miua3mel I =2 MA

Pexxum | [Tapamerp OH L-mona H-mona

Huskas ninotHoCTb, Ong, MBT 0 2 4
n=2,610"m" T, k3B 2,8 4 6
T, k3B 1,5 34 6,8

Tg, C 0,15 0,11 0,15

Hj 0,3 0,38 0,6

BrIcoKast IIIOTHOCTH T.o, k3B 2,2 3 42
n=4510"m" T, k3B 1 2,5 42

Tg, C 0,16 0,13 0,22

Hj 0,35 0,43 0,73
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MOKHO OTMETHUTb, YTO «KAa4eCTBO» yIepkaHus — BenndnHa H-daxTopa pacTéTr ¢ yBenmmueHueM BKIaIbI-
BaeMOH MOIIHOCTH M BBIXOIUT Ha Hacwimenue Hy ~ 0,8—1 npu nonxoi momuoctu O > 8 MBT. B pexume
EC-narpeBa nOHBI TIPaKTUIECKH HE TPEIOTCS M UMEIOT TeMIreparypy 3—4 k3B, Temrieparypa 3JIeKTPOHOB OTPhIBA-
€TCsl OT TeMITepaTyphl HOHOB M TIPH MOTIOMEHHON MomnTHOCTH Jpc = 8 MBT mocturaer 3nauenus 17 k3B B pe-
)KuMe Hu3KoW mroTHoctd B H-mope. Jlo6aBienne NB-HarpeBa mo3BOiSeT MOTHATH TEMIIEPATypy HOHOB IO
10 k3B npu mormoménnoi MontHOCTH ONg = 6 MBT, HE MEHSIS TIPH STOM TEMITepaTypy dJICKTPOHOB.

Taxkum oOpaszoM, maxe MpU peanu3aiid MOITHOCTH HarpeBa Ha ypoBHe 5 MBT Temmeparypa 1mia3Mbl oka-
KeTcs B Auanazone 4—6 k3B npu BpemeHu yaepkanus sHepruu nopsanaka 0,13—0,15 c. [Ipu Hanuuuu xopo-
el TUarHOCTUKA ATO OyAeT MpeKpacHBIH 00BEKT I NCCIIEOBaHMUS.

Pabota mognep:xana ['ockopriopanueit «Pocatom», rockonTpakT H.4x.44.90.13.1101.

1IPHIIO)KEHHUE
NHBAPUAHTHAS OLEHKA IIBEJECTAJIA TEMIIEPATYPbBI TOKAMAKA B H-MOJE

OcHoBHbIE coOTHOIIEeHHsI. B Mozmenn kaHOHMYecKuX mpoduiel NoTok Tema uMeeT BuA (26). Ilpu uen-
TpaJbHOM HarpeBe apryMeHT (QyHKUMH XeBHcaiia BCIoAy MONoKuTeNeH, nostoMmy H(x) = 1, a BTopsIM crarae-
MBIM B (26) MokHO npeHeOpeyb B cuity (27). [lonaras T.(0) = Ty(0), Oynem umersb

g;gg:gim(z«»j:gim(nm)n«»)za a1
. T op \Ti(p)) dp \T.(0) Ti(p)
Beeném o6o3HaueHME
T.(p)/T,(0)
=, (I2)
A SIAT
B cuny (I11), (I12)
0 1 of
—Inf=——20;, f(p)=20;, f(0)=1, (I13)
% n f T f(p A
nmoaromy df/dp = 0. Otciofa moxysaeM, 9To
flip)=1. (T14)

[Monaras ¢(p) = 1/f(p), Oynem numersb
LOITO
T.(p)/T.(0)

OueBuaHo, uto dd/dp < 0. Jln1s1 oLileHKH aObCOMIOTHOW BENMYUHBI TTbesiecTaia ciaeayet Haitu ¢(1). C aToi nenbto

12 0(p) = 15)

MBI IPOBEAEM aHAIN3 OBeAeHHs O(pP), UCTIONB3Ys B KauecTBe 1;(p) SKCIIepIMEHTaIbHBIE 3HAYECHHS TEMIIEPATYPHI.
OueHKM rPaHUYHBIX 3HAYeHUH O(P) MO IKCMEPUMEHTAIBHBIM JaHHBIM ycTaHoBKU JET. B tabnuue
MIPUBEICHBI OCHOBHBIE apaMeTpbl uMnysibcoB JET, ucnonszoanusix 11 ananu3a [8]. [lockonapky skcnepu-

OcHOBHBIC NapaMeTpPbl BLIOPAHHBIX HMITYJIbCOB JET

Nmmynbe tc T,(1) n, 10" M7 Pxg, MBT I, MA q(a)
62 093 16 0,5 4,17 14,2 2,75 2,96
62 094 16 0,4 3,23 14,5 2,75 2,94
61103 15 0,64 6,54 15 2,75 3,37
78 032 13 0,58 5,74 15,2 2,5 4,5
61 138 20 0,67 9,9 12,4 2,5 3,82
61 174 22 0,58 5,84 13,8 2,35 3
61132 25 0,35 2,33 13,1 2,35 3,18
61097 23 0,6 4,62 13 2 3,1
69 463 22,8 0,65 527 12,2 1,7 5,05
69 463 26 0,55 5 13,8 1,7 5,1
61366 26 0,72 3,04 12,4 1,5 4
61 543 23 0,64 4,84 12,9 1,5 5,46
61 526 22 0,75 2,7 11,5 1 6,4
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MEHTaJIbHBIC JaHHBIE ISl TEMIEPaTypPhl AIEKTPOHOB U MOHOB Ha Kpalo IUIa3Mbl HMEIOT OOBIYHO OOIBIIHE TT0-
TPEUTHOCTH, MBI HCIIONB3YEM Jlajiee ISl yBETNICHUS HaIEHOCTH B KadecTBe GYHKIMH O(P) HOPMAITN30BAaHHYIO
CYMMY TEMITEpaTyp AJIEKTPOHOB M NOHOB

T.(p)+ T,(p) TC(O)J (116)

=T (p)=
o(p)=T,(p) [2(0)+z(0)n(p)

HE pa3iinyasi BEJIMYMH MbEACCTAIIOB 3JICKTPOHOB U HO- ———— 1
HOB 110 oTensHocTH. B kauectse 7T, u T; MbI OyieM uc-
TIOJTE30BaTh U3MepeHHbIe Benmmuuubl 7, 7 (p) u 7,77 (p),
obpabotanusie kogoM TRANSP. B Ttabmmme Png —
TIOTJIOMIEHHAS B TIa3Me€ MOIIHOCTh, /| — TOK IIIa3MBbl,
1 — CpemHsIsI TWIOTHOCTb TUTa3MBl.

Ha puc. 111 moka3ausl npoduin GyHkuuu T,(p) &

oI Tpé€x uMIynbcoB: ummyinbca Ne 61 103 ¢
6oapmuM TOKOM [ = 2,75 MA 1 G0JBIION IUIOTHO-
CTBIO n = 6,6-1019 M73, umnyisca Ne 61 138 ¢ To-

koM /= 2,5 MA u oueHb OONBIIOW IIOTHOCTHIO 0.4 g i i i
n=9,9-10" M u ummyneca Ne 61 526 ¢ ManeIM To- 0 0.2 0.4 0.6 0.8 1,0
koM /=1 MA u Majoli INIOTHOCTEIO 1 = 2,7'1019 M. p

Puc. 1I1. DxcnepuMeHTaNbHBIE pagualbHBIC MPOQIIN CyMMapHOH

Temnepatypsl T, + T;, HOpMAIN30BaHHbIC HA KAHOHUYCCKUI TPO(UITH

Ta(1) ~0,6, ns Tpetbero Ty(1) ~0,8. TemnepaTypbl Ans TpEX nmmyascor Ne 61 103 (1), Ne 61 138 (2),
Ha puc. 2I1 moxka3aHbl 3aBUCUMOCTH (bYHKHI/II/I Ne 61 526 (3) B MoMeHTHI BpeMeHH ¢ = 15, 20 1 22 ¢ COOTBETCTBEHHO

s mepBoro W BTOPOTO W3 O3THUX HMITYJIBCOB

Tw(p, t) OoT BpeMeHH B JABYX MPOCTPAHCTBEHHBIX Toukax P =1 u p = 0,8 mua tex ke umimynascoB: Ne 61 103,
61 138 u 61 526. BuaHo, 4To OTKIOHEHHE 3TUX (YHKLUHUI OT MOCTOSHHON B TE€UEHHE OJHOM CEKyHIBI HE mpe-
BbimaeT 5—10%.

1,0

: y 1,0 T ‘ T T
JET Ne 61 103, 7=2,75 MA a | JET Ne 61 138, 71=2,5 MA 6 1o JET Ne 61 526, =1 MA 6

p_
0,8' 7 0’8- p=08 R 0’8 e /\_/ N
% 910,8 = e & \/

0,61 1 0,6f . 0,6 J
p=1
0,4 ; ! 0,4 : 0,4 x : :
14 15 19 20 21 21,0 21,5 22,0
Bpewms, ¢ Bpewms, ¢ Bpewms, ¢

Puc. 2I1. BpemeHHOe NOBeieHHE HOPMUPOBAHHON 3KCIIEPUMEHTAILHON Temmeparypsl B Toukax p = 0,8 u p = 1 (mpexecran) Juid UM-
mynscoB Ne 61 103 (a), Ne 61 138 (6) m Ne 61 526 (8)

Ha puc. 311 nokazaHsl ycpeqHEHHbIE 110 BPEMEHU L2 1
3HaueHus BenuuuH T,(1) = <Ty(p = 1, #)> mna Bcex 1,0 Pro =12 M%\TPNB =14 MBr n=99
HUMITYJIbCOB TaONHUIbI, YIOPAJOYSHHBIX 110 BEJIHMYMHE . s | n :,2’; E .'II” =48 n :,.-'5’8 n=>5,74
TOKa IUIa3Mbl. DTH K€ 3HAYEHWs NPUBEIEHBI B Tab- = ' Ga=55"9 \ | \n=23// =65
miue. YcepelHeHHe MPOBEJEHO MO BPeMEHHBIM MH- 1 0.6 [ i\ > 2
TepBajaM MacuTada OJHOU CEeKYHABI B OKPECTHOCTH SQ 04 | n=32
BPEeMEHHBIX TOYEK, TaKXKe YKa3aHHBIX B TaOiHIIE. v
Taxoxe Ha puc. 311 moka3zaHbl 3HaAUEHUS CpeIHENH XOp- 0.2 1
JIOBOM INUIOTHOCTHU ILIA3MBI 7, MOMIOMIEHHONW MOLIHO- 0 '
ctu Png 1 mapamerpa g(a). Ha pucynke BHAHO, 9TO 1.0 1’51’ MA 20 25

3HaueHusa 1, Clierka yMEHbIIAIOTCA C POCTOM TOKAa M Puc. 3I1. OTHOCHTENbHAS BEMMUMHA MbENECTANA TEMIIEPATyphI, YCpel-
3aMETHO YMEHBIIAKOTCSA ¢ YMEHBIIEHHEM ILIOTHOCTH. HEHHAsI 110 BpeMeHH, U1l UMITyJ16coB JET ¢ pasmyHbIM TOKOM ILIa3Mbl
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10.H. lnectposckuii, A.B. larnnos, A.}O. InectpoBckwii, C.E. JIpicenko, A.B. Cymkos, C.B.Uepkacos

0,8 - —_— —_— — Ha puc. 411 nmokazaHa BETMYMHA HOPMAaIM30BaHHOTO

JET nbefectana Temnepatypsl I = <T(p = 1, £)> = T(1),

06 L YCpemHEHHAs 1O BpeMEHH, NpH OOJBUIMX TOKax
’ [>2,0 MA B 3aBUCMMOCTH OT TIUIOTHOCTH ILIa3MBblI.
. Buzano, 4TO mbenecTasl MOHOTOHHO PACTET C POCTOM
g:; 0.4 - o | mmotHOCTH, ocTaBasch B mauamazoHe 0,4 < Ty(1) < 0,6.
P OTH OIEHKHA yIOOHO WCIIONB30BaTh B TPEIUKTUBHBIX
pacuérax Mo TPaHCIIOPTHBIM MOJIEIISIM.
0,2 - g Hns pacuéra mpbeaecTanoB IVIOTHOCTH HAJO0 OlLe-
HUTh DJKCIIEPUMEHTAIbHOE IIOBEJICHUE HOPMAaJIU30-
0 . . . . BAHHBIX BEIMYMH JABJICHUSA P.°, MOMOOHBIX BEIHYH-
2 4 .10 Mg 8 10 nam T
Puc. 4I1. HopmamusoBaHHas, ycpeAHEHHas IO cheMeHI/I o (1) /p(0)
BeJIMYMHA MbejecTana Temneparypbl 7,7 u gasinenus py ua JET h T m (I17)
npu GonbuoioM Toke / > 2,2 MA B 3aBHCHMOCTH OT IUIOTHOCTH ¢ v
T1a3Mbl 31€ech P, — KAHOHMYECKMH MPOQHIb JaBIEHUS.
3aBMCHMOCTD 7", OT IUIOTHOCTH IUIa3Mbl Ul TOKa
1>2 MA Takxe nokazaHa Ha puc. 411. Kpussle, mokazanusie Ha puc. 4[1, mpurogHsl u Uisl Ipyrux yCTaHOBOK,

MOCKOJIbKY HOPMUPOBAHHBIE BENMMYUHBI ] ¥ P HE 3aBUCAT OT TEOMETPUH YCTAHOBKM U BIIOKEHHOM MOIIHO-

CTH. OTH KpUBBIC MOTYT OBITh UCIIOJILE30BAHBI B TPpaHCIIOPTHBIX pacqéTax AJIA OLUCHKU IbEACCTAJIOB TEMIICPATYPhI

nIL
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JIOTHOCTU IpU JOCTATOYHO OOIBIINX TOKAX.
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