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Abstrakt
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LI NI YSGNBOKS yIFLINN{fFR Gfl1dz LINY O2Q0yNK2 LI} &ydz
L2 dzOA G SY 1 LJA&a20dz LlopSazd dkfvané HaGidbénizackijs et ARAT SOA G2 ¢
a2dz6t a0 N Tl yNKgIPRdz| azKo@pdz2a NI QBRI G1dz Fg1 yNOK
SKAaAaG2NAN ©@egdgz22S LINRoftSYFGAL® nNISysS (GSN¥z22I RS
YFE3ySGiAO] SK2 dzRNIOSYSYy NOKT ¥ iSitgeSw 83 B S 1 EF ajNR Sy NS
dochdzelo BELISNAYSYyGAYd 5+ S 2&a2dz 1 LINF 0284t gt yI I LINB
FtT A Qgeoz22S LINRPAGNSRYAOGIONYR avOA A S Xdz R RIARD dzy NInjR
y6Iadgl @dSy N LI Nituy(fak pdcoviShe IpignNinteBzita elektrického a magnetického
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Yt NG 2 Ok & (25@ 1y W faZet ldvidovit@ienizace2§ 3 YI 1= A2YyAT I 6yN R20 |

Abstract

The start-up phaseof a discharge is the most important part of an experiment. It determines its
success or failure. Effective generation if plasma in tokamak devices can be dependable on various
parameters, e.g. woikg gas pressure, intensity of toroidal magnetic field or type of preionization.
Optimization of the Avalanche ionization phase is therefore an important part of fusion research.
This work summarises the principles of nuclear fusion reactions along wih history of
development of controlled nuclear fusion. Afterwards, principles of a magnetic confinement of
plasma in tokamak devices are described, together with the descriptid@QifEM tokamak, where

the experiments were performed. In following parts,ta@ahat characterize the staip phase of
discharge are examined and presented, related to the type of preionization and values of discharge
parameters (working gas pressure, intensity of electric and magnetic field). Short separate part is
dedicated to mteresting results using ECRH preionization (electron cyclotron resonance heating).

Key words:start-up phase of discharge, avalanche ionization phase, tokamak, ionisation time, ECRH
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2. Termojaderna fuze
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2.3. Historie
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SELX 2R20I t I £2{ {N\E@ o %H ISV &F i &a RRI2 NRI @2 dpbc o> | F
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vyzkumu termojaderné faze se obj@N Yy I L3226+t (1dz LI RSat GedkK € Si |
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fal § @enSOAG ySR21tT It I | 61 QUK daldyf R MinjSY{RtyA 224 Y
ToX {{{w0X cn YAftA2Yy&a YSt@Ayomdry> t[¢z {10
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sekund vyboje (2003, Tore Supra, Francief 2/dz6 I ay 2484 GA X L2 §galLISOKdz (21
VLINE @21 dz 2R NRB{dz mipyoX 2R@GSRf @St1é 1dza LINI OS
G21FYF1SY | 2112 2SRAYRALRIONCGES agpat RS2AN SWARS &
T FnNT SYN L ¢ 9GadarachezR 2 O NSERI POAA D

24, bl RS2S 0dzR2dz0y 2a il A

¢21FYlF]l L¢9w Yt o6éeid LkRatSRyN @éelldzyye NBFG2N Ly
fazni elektrarny. Na obrazkd je znd 2 Ny Sy 2 a0KSYlF OSt SK2 LINRA&G2NYz
vakuova komoraRA GSNI 2 NBY @S &LRRYN 6t aGAX OSYyaNt £ yN N
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Rt ONK2 Oyd&e® ONKR PRINSA O OGSt {récdzloFB8Apojeky doyaptavefitaNR 6 Y 2
LINjSLINI O2 @t NEOSoanomf LINjBRaAGE Syl &1 NRBYYS2ON GSNJ §
2A0 YSLINSRLR1ttRtI yAOYSYS |yA yS Gryfpazmerg,Su T | LY ¢
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1tFairxolt ON@1FXT 1GSNY G@2nN LINAYI NYN GAydziNT &S
LX FaYlr &aryY2dySe® bl LINAY!I NYN @AydziN 2SS LIhjA@BSRSy
LINE Y Sy y ér Onled yaAS/iRalr] Bnfilde Yiea@iS @i yA 1t G2NBARIEYN St S
LINAYH NYN GAydziN Yt Yy2KSY ONOS 1T+ @oAiG4x o6dzRS L
(njt R20330"! 0 (1 GSNE Qe i gt nN LRt 2AR fpgnaty I Iy SGAO1 S L

31. hKnS@ LXITYlGdz
31.1h KYA Ol & 2KnS@

t NBdzZR LINPOKt T S2NON LA FTYFGSY T F2A00dz2S GFH{1S 1t
2KYAO]lSY 2IKnjiSIoMz (add RA aALlz2S @Gelz2ysx |11+ dostaucie ylI 2
teplotou klesa a tim padem neli2z Oy'S LJ2dd S 2KYA Ol éeY 2KnS@SY R24&t K\
LI T YEFGdzd | 2NN -3 MiHighih Kelin. PEEON vodivBst plasmata natolik velka,

NBaLIS1GABS 2RLIEZNI LXFTYFGdz yrdz2tal YlIftexr OS as
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termojt RSNy e OK GSLX 24 2SS GnSol R2Rt @Fd SYySNHAA R2RI
YySdziN} £t yYNOK 6+ a0GA0 ySo02 NI RAZ2TNB| &5 yBEHNYZ 2 KNS AISSy
YENY ON yI o TH{1fFRYN LINRIOGACGYRKD (S LIONIAY O RLAEHHET yYN ¢
LInjS@t OyS @S GARAGSt yISINA G SKaAzI NS KRG 2 2808 d& NAD I
Foe Gedz2 TGN Ge oeft2 &O0K2LlYS 1y20dz 0&a2Nb20I
sneutralnimi atomy a poklesXo & dzRyNHONSFYENG a2 NON (S LX 2 (2 dAInjS RO E R 2 B
elektronu neutralniho atomu horkému jadru plazmatu. Jadro se timto zneutralizuje a unikne

zYlFAySGA01S LIHaGdAz 6NYO LI LFTYE LINAOKHTN 2 SySNHA

Radio Frequency Heating

""""" Ohmic Heating
# Neutral Beam Injection

Obr. 6Y ®%lJA&a206e 2KnS@dz LXITYFGdzy hKYAOlé& 2KnSg@g:x
NI RAZFNB|1 @Iy 6yN 2KnSgod

312h KnS@® ySdziN} t yYNYA ao@liie

hKnS@® Gaidnil120tyNY ySdziNl f yNOK &agFHi1 14 &aLk2éNGt
deuteria) svelkou kinetickoru eB NHA N® / St é LINRPOSa 2S5 12YLIX A]120ye
urychlit¢ LIN2 12 &S yS2LINBS @eNl oN Az2yideée LI tAGFES 1 GSN
GaidzZlSY R2 12Y2NE ySdziNlIftAT 20t yed 9y SNEdE agdlhi|
T YSye @StAal12air dNEROKYSSIOSNON YINLIDRS LIhGEBY 2 DEN &
OSy (i NHz LI T YFGdzd {YSNI GaidnAil20tyN 28 @SG0OAy2dz
1 G§SNRdz I (2 Yiagrkérh certrii plagrhagiN &
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3.1.3.RadiofS{ ISY 6y N 2KnSg

Wl RA2FNB1BSYS6yN 2KnSP @edzONDGt YNBVSUVADPEEN ERBL DS
FTNB|{OSYONOK LXFTYF LRKfOd2S St S{ONRYIAySGAd]2dz
YI 1AySGA012dz SySNEHERe 0HSOK HSBIGADdz0I bl ok digz 6+ &
r(‘x—o Vtokamaku klesa magnetickd indukce se

BT RHESy2aiN 2R %cb’;nj\@éﬂzzy[l-zyvéé\lﬁmmdz yladt ot @GORe
konstantnimay SGAO1S AyRdzl 0S:E 020 dzv20zdz2e$S G(Syi2 2KnSg
t N2PG20S 28 Oe1t20iNRyyN FTNB1OSyOS ySLINY2 ¢gYSNYt
(cca 100 GHz) a ionty (desitky MHZLIMfNLIF RS A2y (4 @dnatklakhgdhaiami njt R2 3
NI RA2g0eOK FTNB]1OSYON:Z LINRG2 a8 G(SyidG2 11JAaz20 2061 &

32, al3ySiA01S dRNDSYN 618320 @ 1

Y2t SY R212ftF 12Y2NRI (2fY2 ylI 2&ddz 62NRARdzZZ 2a&2dz
elektricky N2 dzR® ¢ &2 ON@1 e 3ISYySNuHzN (2NRARtEYN YI3IyS
12Y2NE | ySR2@2fN yloAdey &1t akKokdoN.YProudf tekbuxil G dz LJ
LX FTYIFGSY @Geddt nfN LRt2ARIT YN YI 3pazhatORS 41HIBHRSE Xz | |
TFINABSYN 12Y2NER (G211 YF1dz @01 @1 yAlt 3INFXRASY
driftové pohyby plazmatu M3 YOA {1 2Y2NE® ¢Syiz2z 2808 2S5 Y20yS 6
magnetickych civek na komoru, tim pomoci poloiddldz Y I 3y SGA O] SYdz LIR2tA | 1
dZRNOSYN LI FTYFddz YAY2 1 2 YoBrAKm5, (ybicivky Isd rdmhazeiindg 1 S
12Y2nS | 2&a2dz (92nSyS yS12tAll Tt @Ade dzyNaGSyey
komék2 88 (2 N AdEad® IR dz2YONO 20 S NI A | H1E2yY\e npSlick 58 R dz Day 8B v
202SYdz NBI{1G2NY¥z yS2a2dz dd | njSyS GOSOKye airf 27 njh
12Y2NE L2 61F&aS yFENITNYS yI yS{TGSNB:Z 1aR§NH na 3 &
R2&aily2dz RAFGIN 0OAT yNOSO 242dz a0NKydzie | ylay
2ad2dz YIAySGiAaAOlS aAiatz2inAigdle dd | dnSysz asS yILieéeogt
LIN1 &3S RAGSNIZ2NBY ySNBY RnNDEA OK 202RZ0 N1 & 1t iYIAZN

magnetického pole syklotronni frekvenci g =
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i ‘oh
i | Limiter Qparatio Diverlar Operatlon

Vertzal heigl m

Targal platse |

i
AF antenna £

|
RF &nienng -

S T . L L ] \ S H |
4] 1.a 24 &0 4.0 & - 1.2 24 ' 2.0 4.4

Major radius m Majcr radiuse m

Obr7y aSié2Re& dzalGly2@8SyN 2{1{Nra2S8S L} I TYlIidxz @tS@2 A
konfigurace plazmatu z tokamaku JE9).

+S RYSOYNOK 1 I njNT Sy N Qdpecihlimj Sogfijuraiet madrigticzénd fiope, kier§ @ S NIi 2 |
AA0S 2LINRPGA fAYAGSNHz {2yadNHzi6yS at20AGi820N | N
LX yS gegdgl OdzeNed | &aA0SY

1. hRRIFfdz2S 206t &ad AydSNI10S LIXITYI{GdS aéAr &aliisSyed
plazmatu.

2.1 Y20zdz2S gelylyvyye LR1tSa GSLxz2a& YSIT A aSLI NI
kontaktu splazmatem.

3. Na okraji plazmatu sedzNB A i @ OK LINjNLI RSOK @ed @t njfN (1T g
LR Gt 6Sye planEudit23y20SLR2dt I 6SyN @SRS 1S 1 0e0Sy
LX FTYIFGdzz 020 28 1t N623S LINE 0dzR2dzON 2y (A ydz

t 2RNROYS2A 2S5 (O tkamakudzsicBydeh Gulobrd2d aMSt 2RIANERS GA RS G
AAf 261 NE Qgeaf SRYSK2 ¥PRHz SMAO\ISSK 26 + LA2IEASTS  ylidSNS/ & 2
ONR dzo 2 A OS> " KS¢ 2S2A0K ad2dzd yigl IOKIFNED ( $ RO
YF3ySGiaAO] SK2 LRfS LIAOKtT SaN 6taida0S 2 2SRSy ai
AAf 21 nNABS] IOKNER (VMBSBIAIOK| 202Kve oy AaS GSRe Rt LrRLAING R
LIA6SYO 26S LIR2RESKI2N alEgStft20a1SYdz NRT RSt SyNd
gel ylLy GF 17T @3NS NI NYRWNHYR dIRLe - didoRdn&/afrdkRediog, B0 S
magneticka indukce, qy't 0 2 2 64 RKAYI2AIQ/S2za Gy 61 A0 A OS @

Uy OUy
. R W
VLINA GO SKdz LI2Keéodz YFE3IySiaodliey LRrtSY as$ 6+aiaaod0S aNnN
I NHzZK2 3SK2 LI2Keodzp ¢Syid2 LINE OS aagretkyd polengd dza 8§ A &5 2
aS VYt K2RYS LRadzydzZNYlIAYSENCNGY d] 21IXSND {YNBYS (2
chaotického pohybu, seldf 1 YI (idz deaieddz2S A OStt njl R §dz2ND
geNITyey 1 @geOSYyNY LRKeyfAONAGA SMISNBXISGdz 16t BOa OB

1o
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VLIN[NLI RS LIjNf A O a0GNXSK2 3INIRASyldz G4SLX 20 ¢eiz
LINE OSa4z LINRP(G20S &ayAalddz2eN &Gl oAfAlddz LI T YFGdz 1 &
principyl 1T KN}y dz2N 20NRJalt Yy2O0aioN 6+ a0GA00 t NRG2 ¢
pro jejich studium jsou nezbytné rozsahlé experimenty.

Felativaly Constant Electric Current

Constant Toroidal Field
Transient
Paoloidal
Finld
—dua 1o

Resultant

Transient Fiald

Toroidal Fiald Trangien
Component Paloddal
Fiald

Obr8 al 3ySGAO1t LR{E6] Y 12Y2nS G21F Y] dzo
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4. Tokamak GOLEM
4.1. Otokamaku

¢21F Y]l Dh[9aX RnNGJS, je/tokdmbkh vz AGERWR YISNEmMST SY LI | 1
byl zkonstruovan @ 2 8 1 S LR 6+t 01 SY cnd SG MMNIANCK 2 T dniRd |
G21FYlI14 HNROSOBRDEP @aéf RINROLY ° Dy tp@uzuBadch | & LI |
1977Hnnc® t20S o0ef 2CR&F2RINPOFZAEGIHARYS SYy2HSK2 G271
doby se nachdzi’¥ dzR2 S CIl 1 dzf & 2F RSNYyS | FelAalttyS AyO0S,
af 2dzON WP EOSYI 1 (G2 2 |Fyzkd aZeBryka fermdjddefr® riBe/ Mk i
TFTKNYASYNOK ®DAAzR S viz2 § & daAY pl B BB 2 @B ldAX A Odze Bt 2R (i 2
dzy Na G SysS t+FK@S &8 &aidtlr6Syey @2RN1SY || KStASyo
YNaAGYy23aGAZ ryRBdergéiodygro nRghetckés elektrické pole.

Obr.9: Tokamak Golef@qQ]

Od roku 1985 méa novou vakuovou komorid§t 1 @Y LIt FYSINBY Y | YIFfeéy L
a=001mWV 2Y2nS a8 yIOKtT N RAGSNI2NE (3GSNE BR1ftt YN
keSa2aNYdz L2 O1 21 SyNs | (SRé& dzNBdz2S Yl tée LIRf2YSN LIX

YFIySGAO1S LRtS &f 2dzON 1 2yRSyItG2NROBS o6FGSNRS 2
OSt 1SY ny ONGDILIRYIAZ AdRY N &/UNSYY 68YIAS MAZARDIK Y2 Yavry T+ A G4
AYRdzZl 6y2ai 2SS wXy YI | @éeatSRyYyS YIFI3IySiadlsS LI
sYFEAYHEYN K2Ry2(G2dz nZn ¢od %RNR2SY LINE (G2NRAR}f
baterie skapacitou 11,3 mF, které @A OUdz2N LINRdzR LI I T YFGSY O wm |
pohybujewmjt Rdz YAf A4S 1 dzyRZ R2&l OF RYN YIFEAYdzZY YI K2Ry2
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L2 dzOA G @2RN{1 ySo02 KSfAdzyd 2SNLY y N turbotndekéni T | 2A O

ge gSLaR BT Sy2dz NRUI 6y N 2f S2202dnpPBRBOR28SRYSUIEN W
Cely proces obsluhy ma konzolové rozhrani, které vice vyhovuje individualnimu nastaveni

experimentu S @Sy G dz2d €t yYNYA YSYS &aidlyRFENRYNYA Kz2uRyé& (G YA |
goSte oeft2 geid2nSy2 A 3ANIFAOLS NRBITKNIYyNI @S G
20ttt REYN 28 AyldAGAOyS200d wWEK2 HBEKRE YN 25S OGX |
T20NIT Sye 1tN620S LIWRI ¥F3AdNEESCR2DAKD( A KNILIBPDY FK 2
2S LihjNaldzlyS A LinjSa AyGSNySiz GSReé LR1dzRR 2S5 dz

dz6SRS R2 OK2Rdz | (12yiNRfdz2cS LINAOGSK SELISNAYSy
zkteréhokolivmistah & @S (S LINE & G njSRy A OLIPNII2 anfesdgdld 2% Yy SK2 1 | nj
Predionizace

Obvod pro generaci
toroidédinfho magnetického pole B,

™
Y
Obvod pro generaci “™ ~ i
Napoustén( toroid4intho elektgckého pole E
pracovnfho 3¢ > AAA—
plynu J- I
Coo
O ﬁp'lz 11.3mF-|- ( §UCD T
i L Y

Obr.10Y ¢21FYlF]1 Dh[9aX &aOKSYIl LIN® 2064af dzKkdz LInjSa 6So2
42. t NAOSK SELISNAYSyYdz

tNSRLRSESINY SELSNAYSyiddz 28 yIF (G21FYlF]1dz Dh[9a LJ
geo22SY || 2S8S2NY GeLiS1tyNYd ¢SYAG2 LR&aGdzakre 2S5 Y2
Gt 142 {GSNB 2&2dz LIN2 SELISNAYSY(l GeK2RYyS2ON® t njs
z12Y2NEZ O 4SS 2BR2BEBEHAYS 28RV EHSIONTONAK dLInNILE RYRY S
vypékan komoryna teplotu 15€¢ / @ @ LJS1+t YN {1 2Y2NE dz2ftyN Y2f S{d
ai0Syt OK @I 1d23S yt R268& | dzY20yN 2S8S2A0K 2R6SNLY v
dzg2t z20F 0 R2 LY I 1T KRGdEA adigYi©O va S |t ONTdz2B R26yeyY T L
doutnavého vyboje.Doutnavy vyboj je klasicky vyboppN R SY LI F T Y I G dzZ' PdanjA Gf -
YIELSGN yIE 12Y2nS m 1+ 68T LRdzOAGN G(G2NRPARIf YNK?2
slalS I adSyl @I 1d2@dS 12Y2NE 2SS 02Y0lFNR2Gt Yyl @St ] é
212 @eLIS1tyN 12Y2NRI 2RaGN}zdz2eN Y2t S|dAf e 2AyeldK
2SS Y20yS LINP Ot REBAdzBRAAN Y | G2 RPE2ES a2 KSE Al @
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4.3. Instalované diagnostiky

t N2 T fSLIOSYN LRRYNYS]T LINEB LINANIT LIER®GIVI G HA 2ER
LINjSRA2y AT I OSY StS10iNRy20S (GNerale | T RNR2 YAINROD
2SRY2RdzOS 6 Pt FAY Bazs 1 | IOSINBAFS LIHiSR2 TAKE 2SSy NY  SE LIS
emituje elektrony. Tyto elektrony jsou pak po sepnuti toroidalniho elektrického pole urychleny a
YINIT & R2 Y2tS81dzA LN O20yNR2ALEBNOA T 2HAEO PS 218K
dzYyNa G Syt &aliNI&1S2 Ry2N\v2 NE RNHzZKt yI K2NYyN &a0NIyS
NEFfAT 28t yl TRNRB2SY Tt nSyN 2 magiefckd®® paid indukcnn DI 1
875Y¢ NROYIl NBI2ylFyS8yN StS{TGUNRy2@S O ljéipnizdtR y 23S
LN} O2 @y NK2 LI e&ydzp hoftlad NBT2yly0S &S yIgGNO LRK
sLtl21t8asSYy YIFI3aySGiA0O1S AyRdzl 0Ss 020 Rt tS yILRYt K}

aST A TH{1ftFRYN RAIF3Iy2aidale LI GdnN YSnSyNY
9 yFELSOGN yI T+ @A

9 toroidalniho magnetického pole

=

proudu plazmatem
T £l n2dtyN LI ITYIGdz

bFELISGN yIF T4+ @GAG LES Tyl 084 MY Rd4) 8288 4 §SP2dz YI Iy Si
GNF yaT2NXt G2NRgeyY 2t RNBYD aSimNWR A8t 285RYNYY I NHZA dz
12Y2nS® aSnSyN @i&inikd neagnétitkéhd poe delrédlfovan@ pdinoci malé civky
dzYNaGSysS I o621dz yI GyS2ON &GNl yS 12Y2NED ¢+ G2 ON
002 nfd %%t 1fFRSY YSnSyNRAAS SRY BAz]LIN® YBE W WMSKR & Iy Sia
toku-CF NI RIF@&4@ 1112y t nffBRYRARND RN EYSANKRE 2GNFRDOYE
YSYN Y20yS LRdzONG LINFBy Wl UShi3 e akaRW2EYYHNASG SK:
t NB (0Syid2 ¢g6St oef2 GnSol LINRIZSANON I LLIAIGTNY OGS YU S
LINEAGnSRYAOGIONY w232¢6a]1SK2 L* ajldzd WRS 2 ONGI dz
splazmatem. Zavity této civkyW!l 3y SGAO1 SY LRt A LINRPOKIT N YIF3ySiAaod
a8 aLRENGt@®LRZRRES @1 0 Kdz

B=¢ o QY (8)
nelLl26SG T+ OAGA ONOI é%agpfdtigkéaréhﬁ(@éaar[&)qmmajid? Svikdu@eiement
1nAdl1e 206SLINYI 2NON Sddferhdntydlochy jedRdbo ZEVNIHZEMEAGR SIBOSA (0 R Y
Ampérova zakonay njA @1 2 @SY Ay (i SrBNITTHddALAN 28 GREy T NANRHAZR dzZ  LIN
w2326481SK2 L*aldz I T2AaiNYSE OS yISKSi NINPdIRSNE | &
jim prochazi.

- .0
Yeo= ' ©)

> ¢ permeabilita vakua, qLJ2 6 SG T+ GA G A ONG4pbchyjednaBdzRWiecivky.dz RSt { &3
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tnjA G2Yd2 1 LIAA&20dz YSnjS¢oct@ili&omorot takgnapuii + o+ YS A LIN
Qo= Ruao * Quia (10)

t NEdzR {2Y2NRdzya3SrSdeNlb N RLIZ NHz 1 2 Y2NER ow@SaasSt I wmn
podle vztahu

ian = (11)

Yoaia
KRALF3Jy2aGA0S @elln28tyN LIELFTYlIldz 2S5 LBoliAliz 02
GARAGSE ySK2 &LISTGNF LI 1 F202RAZR®G AC2iRARAY2RIdz 3§
s6l a2@deyY NRBTfAOSYNY mMn Yaod tnAloSRFSYAOBER @ei dd B ¥
2Ayeéed . 2f2YSGENE | &ALS10INEYDODNN 2BEdrdid2z RNRoy S2A LR
YNRBYS @eéeOScamERSElY SK21 | YI 1dz Dh[9a Ayaualf2gtye RIf

1 Hallovy sondy

1 Mirnovovy civky

1 bolometry

T RAF3Ay2aidA1l GONRSK2 we¢D Tt nSyN

1 IP kamery

1 Spektrometr
I ff208 42YyRELICERYEIN2BIAZONOY IVREF2 RGPS K2dARLNYST IS C
d2yR NROY2YSNYyS NRI YNaGSyeOK L2 12Y2nS 1S T2ra
LINE T LISGYy20F1T SoyN maeiddy NONIH 185 NINY ytzedid ya A NJR2R20 Yy S|
kolemkomorywJ2 £ 2 ARt f Y W€ 443 BRNMz l2Sl2A OK Y SnjSidefnigobry T 2 A &
@S ainSRdz 12Y2NR® aSnSyN o02f 2YSiNEtokarakud Rjurs + a G N
PNR A G NfSRYAOQUONY &S YSnN SySNHAS 1Tt nSyN @eill n2dly
elektrického odporu V + GA af 2aGA VyYH2e8XK2 LIGSLE RES@S+1T YSy I ¢

I 6&2NLION R2LI}I RF2NONK2  SkbrfbinaciNBONISHWERG A0 8K E 2 33 KES
sgeaz12dz TNB1OSYyON 1S R2at Ky2dzi R2a0GlI G6S6ySK2 6

turbulentni jevy WLJt I T YFGdz I OSt120S NIYRAFS6YN TONYGeod { LI
spektrometrem HR2000+ od Ocean Optics, kterscuje woblasti 200¢ 1100 nm. Jeho optické
NETftAOSYN 28 O nZnop yY | 61 &a20S NRItAOSYN O w

44. +traty2a8d0A Geoz224 yI G21F Yl {c

{2dz6F ayS @eéol @3SyN G21FYlF1dz Dh[9a dz¥20zdz$S LINE O
1t N62@dé OK LI NI Y SdfaNdidukce Yokoidiniie magmetickél®o Rpgle je rovna 0,8 T,

LINEdzR LI FTYFGSY 28 2YST Sy K2Ry2(2dz y zavislostina NA Y S Ny
yIEadl gSyN 2aGF Gy NOK LI MravcB1i8m#E 4SS YA OS LINRRf 2 dzOA i
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Golem shot No:13705
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Obr1ly 21 a2 0%t IINA RYRNOK YSnSyeOK @St AS6AY LA @eéeoz2ae;
Na obrazkull A RNYS 61 a2@eé LINAOGSK T+ 1fFRYNQ@K I XSy &/dK
Tt @AGS AYyRdzl OA G2NRPARtfYNK2 YIFIySGAO|ISK2 LkfSz
se 0 Jé 4 #1306, dINjSRA2YAT I ON &LRRYN St S{ dNmyaken? dz ( NB .
2148mPa.. 8f 2 R2al OSy2 ¢&aLISONSK2dz LINAM2 4 I1dz dJt Y& & | G1ddl &N.
magnetické pole byly nabity na 800 V, pro toroidalnim elektrické pola man = ® t njS NHzO2 @I
2KNI yAddz2N REDUEZY R LOIgNEZR NG BdzLE vy Y2 Mk dzZ2 NONY Yy I
LI GNyeée LR12BBYGALASGRT yA 1 dz LI F T YEFddzd WS T F LINfNG A
LINjSOK2Rdz R2 LJX I T YI (AN K22 (&S | LdpdRdd 21 f 2yihopniiil 2 sy $ K O
magnetického pole mé sinusovy charaktevesmi dlouhou periodou, vzhledemdélce trvani vyboje.

VANI Fdz Tyt T 2NEddZZNONY ANALISKNILANREIPRAE SLdi & 1 1vi MESaYY a &

T LJA&y208SLInjSay2dz AydiSaANION aAiadytfdz w2326a]1SK2 LU
proudu, ke kterému dochdziR4 &t SR1dz I GAYy20AGS A2yAl | OS Y2t 8]
plazmatu.
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5t 26t S6YyN Ft1 S @géeozeSs

t 26+t 6S6YN Ft1S QeoB2RKBASYyEAHBSYIELWDEIBYNY (I §RAE 2Rt
BT yA1SY LIXLFTYFGdzd hogelft RgloRdz YBA A ai@fshedy (R2 | 2 |
LIN} GRSLIZR206y2aiA Geid2nSyN LXIFTYIFIi&i2aS20® NEIDHNZY S}
282NYdz kR2eEQSK2NBHIY N 2 LIGAYHE YNOK K2Ry28G 2adl GdyNOK
G21FYlF1dz Yt R@S Ft+1S3 13G4SNB aS tAON FelA{itftyNYA
20SYl FtINYO®

5.1. Lavinova faze

t SR @éo22SY &S 1 2Y2 Ny N2 LK ely|Sdr oy It 1BdzsSi Ne SLING-SG 26 @
G21FYl1dz YIf2dz 12yOSyidNrOAr StS{TGNRPy&dd ¢eiGz2z StS
YIIySGAO]I SK2 LRfSd LYyRdzZ120FyS (2NRBARIEYN St ST 0N
v toroidalinimd Y S NXz®

¢C2NRPARtEYN SEtSTUNRO1S LRES a8 dzNBdz2S 1T yILISGNE
12Y2nS G21FYlF1dzd 2T 0FK YST A AyRdgI2 O¥ gy die NRIAIRS
na zavit W, je

Qé'l: en (12)

2°Y,
kdeR2S @St1eée Lkf2YSNI {2 NHzo

tedLIA Ol e 61 az2gdeée LINdyjeadanptimaditnyodght tradsfor@idtaiiu tokamaku,
je ukdzan na obr.2l
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vyboje provyboj #89% | Yy I LISGN vy I #1393@vekilovyL Iftidjc 2 NIRR LINjSRA 2y Al
tryska, pi2C 9,93 mPa, L) 800V, Wy 600V T LI2 RSN ¢
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t21dzR SYySNHAS St S1TGNRPYA LinjSat KyS dmodc S+ o6AZYyAl
LINF O2 Oy NK2 LX eéydz I 2S2A0K LI 6&ponerSidinidauy S MBA b ézy S
G2NRBARt f YNK2 LINRdzRdzZ ({ GSNE &S LINPOXR de 232 303NPS K@é 4 it
ukazan na obrl3
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Obr13Y 2+ d2@é LINAGSK LINRdzRdz LI boj#£39%.SY 0SKSY LIR2Gt G 8

.SKSY I @Ay20S Ft1S 28 LWHFIYF atFroS A2yAl 201LyS
LIN} O2 @y NK2 LI &ydzd bl NAAGH yFLSGN yIF T4+H@AGE TFaGN
I g8 0dz2 S Ligaddhr&kuYPNY & LI G NY' S H oddl. Zetleh PS5 OKt BB & RE & LIAR
OLJ Gy S AyidSIragodskéhodpasky. tDiubdy, 6 aS T3Xp Yaz 28 vyt aft
12yRSyTt G2NA LINE {2 NBbkaRbu B yhdji YedySot pdvidéjibiNy@kRalsi pdziii S & v
RFEGE O 2R 6| Eeoofakt serpiomitn®i dmobrazkdi® R2 6 82 SK2 LINAOG S
plazmatu9 f ST GNRBye& &S dz2NBEOKf dz2N LINRPaGnSRyAOlGegnNY St S|
AAE 26t NI YAD ¢l G2 aArdGdza OS GNPt R2 Y208y RBodeho { Reé &
d2&al OSYyN LINRO6SKYyS LInjSOK2R R2 [/ 2dA 2Y06A01S Ft+1S8=
al TNR&12LIAO1e 28 GlLraG2 TYSYl AYRAL 2 Q0tiglktentjpltdzR] é Y
TLJAa20Sy &ayNOSYNY 2RLIERNYHz LI 1T Yl {dz
Yy = ,,5” (13)

t NA @dpdtu plazmatu je ukazan na ohis.
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Obr.14Y 21 a2@é LINAOGSK 2RLIZ2NHz LX [ #13Bidz 6 SKSY LI26t (1S6
V6 4820SY LINAOSKdz LINRPdzRdz 4S5 OFESYHBSYNRMNGNZROAILE ¥ § YV
LR 6tSRWENRAYSyildz 68 G20A0 YSt G(S2NRIAAOYE (SKRLYNGI S
Ot Ryé LINRdzZRIINE 0B R @&zOBINB&R & LX I 1 YI 6SY 2062S8S@dz2N &1
2RLINI LX FTYlFddz aS T 20N T dz2S 2 | #néd mlgvBcKyzaRdy 2WIS]E  LIN
odpor plazmatu roste, WNOK2f dz YST A RS@t G2dz I RSat i2dz YAf A&
211 YOA1dz 2A0 vyt af SRdz2N & LINY O ybporu pl&tByi & 03 S AhiS R L
hodnoty vLINA 6 SKdz f | @AYy 2 GIATISN TR 4 By 2 (08 R2LIWM yIA YLIZ  LINA NI |

52. 1 dzad2aGlF LXFT YIFddzZ A2yATFSYN F

Ct1S t1OAYy28A0GS A2yAT I OS 28 OKINIY{TGSNARAT 20ty SEL
bt NA&AG KdzadGz2de LI IFTYlIiddz 25 OKIFNI1USNAT 2e00dy @St A
Bl yArAldz 6t aiGAOR yR2z &8 &N A DINBSKENFO A dnfizR F WY 2 Jt Yy N LI
d2dza i nffjSRAG LINSRSOONY yI (L @Ay208AiG2dz FtTA A2yAT I
zavit. Plazma je této fazi charakterizovandJnNjSRSOONY a @22 N Kdzdpoul 2 dzzZ
LI T Y Gdz WAool INOSK/2N 1t £ 0203S 3S2YSGHINASD® hRLERN 28
Yy = "o 2 (.;_(0 (14)
"o-YSNYy & 2RLIRZ2 NI afQdaB®@S Ybtlél,eRikd2>y G8F 1 & LI2f 2 YSND

aSNyeée 2RLENI &t 0SS A2yAT 20 ySK2 LXFTYlIGdz S Rt @@

k-
" = 5555 0103é—Q (19
- Q

E =% - toroidalni elektrické pole, N hustota plazmatug g, - koncentrace molekul pracovniho
plynu[24].
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Koncentrace molekul pracovniho plynu isawa jeho tlaku vztahem

€q = 2,651 31070, (16
Vysledny vztah pro hustotu plazmatu méa po dosaxzetihu(14) a (16) do vztahu(15)alJ2 6 Na St ySY
gea2t RnNSYN LI2R20dz
t0= 631 31015@
L ~ } . n
Uoop QY I LIS U N g +tlakprac@viitiodplynu, R odpor plazmatu.

(17

bl G211 YlF1dz Dh[9a 28 AyadlNRGIyYyt YBNY¥BSn8tydzi e |
YSnSyN (flF{1dz 92RN1dz 2S5 @GnSol T NaljlyS Kz2Ryz2ideé yt &
l dza G241 L FT Y (dzZSBLI2Y 8BXOAbEYR nRESFE=I YT S 24 L
o
) ) 0 =¢odn o o (18 ,
Y2yalEYydliSNY OKINF{TGSNART dz2S SELRYSYyOAtfyN NARAAGZ
10SNE dzo0 SKYS 2R @1 yA{ dz ngdtré@ini ind@ekuldz>d GLANDAS (Rjef NBS R\ 2
ionizeci. Na obr. 15 2S5 1 | OKeé OSyoj hustaly? glazmatd & @yboje #13935
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Tlsl
Obr15Y 2l az2@é LINAOSESKEA(RMSE! WEHEY M Gtd ST géoz22 | mo
%S ANROYt YN LINAOGSKA yI LISGENI LINRdzZRdzZ 2 RLI2Z NMz I Kdz
patrny zobdobi okolo devéaté milisekundy, je shodny$ NA & 1 SY LINR dzZRdz LINR OKt T S2
¢k G2 aldaziSey2aid 28 1 0SSt TagSavaesddiapr ONE § Pd2 S K dza/
LINjNG 2 YYBKR2n® G211 YlF1dz I GdzRNO 48 1 @0e80dz2S K2Ryz21(l
v2 1 YOAldz L2t SadaNZRIIZNMGNLIKIdAYiRE®&dz a8 | g& O0dzeS Y
roste vodivost plazmatu. B2 1 f S& 2 RLIZ2NHz LX T Yl dGdz 88 211 YOAGS LN
G§SRe aLla2Al2a0 NAAalGdz Kdzali26& aR OKPf SH#A0 ¥ K HIS & Nz& 8 ¢
fT1ST LINRt20SYNY SEMRYyFSgzOX St gt | & @ANE { FRINGHINT AKGNRIYI2 R
Ttoratz2ald ylI GOSOK @2t SyeOK LI NI YSGUONBOK geoz22So
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6t NI {GAOLt 61 &

VLINF {GAO1S 6+ aiGA oleLodea 21019\ Q geqittiyl By? &b aiginmidtériem

LINE PeoSN) geainStad OK2RyeOK LINBRR2YONIF ODEMI 02 BY N N
LINfSRAZ2YATEFSYN GNRBATF | YAl MBFRYWSIK2 LIPER X 2\iNRIYQ 8 S
5FGF LINB @GOSOKye @G&»2mSt eRlIaeol | SNDetayimSi & G211
I LINF O2 @t v prograNB{ 0CRAKSE ! 2+ AR @ %S T YSnjflageaK KR REE N YINE bz
a8 GeLR6NGFE 2 RLII2 Nlpade vi IYKIE) d417) I 2ISKRS K& (i@K2 Ryt 6
6 a2 3SK2 LINAOSKdz Yy I FA {18 @kkérypardntetr? WrpS/FOk( 1 grgee ST dig/t] S
A2YyATF6YN R20dzd ! BSRSyS @geéeat SR1e& 2&2dz NRBT RSt Sy S
porovnanit njA LJ2 dzOA G N OXKNloRdF e@Ke lgranpdaeSy TR o NI | Syé o6 2R
gasSe61l & LiidinZinSa na@ntéi hadnotou.

6.1. VybopsLJ2 dzZOAGNY K2NY N LIjSRAZ2Yy AT

VNI YOA (KENYNA LIjSRAZ2Y AT I 6y N 166NEbdA 2182500412809 | y I £ &1
zZRFGEFEOHTS G21FYF{1dz Dh[9a®d tniA GOSOK (SOKiG2 @geoze
Na obréazku @jsou vyneseny hodibeé A 2y AT | 6 y NI2RIZOAE 2ddz KENYNA LInjSRA 2y
Tle&k pracovniho plynu bylakoli 29mPa.
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ObrieY +é0622S & K2NYN LINSRAZ2YyATI6YyN (NRB&]2dzZ T1 OAa
magnetickémLJ2 t A X ALRE SEy@mPaldr N YSGUNI GfF{1 du o

ZAN) Fdz 28 GARSGZ OS IO yI yS1 2t Adpby golaykdvalyynea O N O K
Man >G@> a®PEnt 2dzONY YIE3IySiadley LRESY &8 KRARY2OD8y N\
linearni zavislosti jsem ziskal regresni rovnici ve tvaru

t= 64265+ 173 (19)
Podobnouda A G dzZ OA 1S @AKRSHRS 33 @eoyNIaAQyek T+ dAaf2ai
Y6IEadl @22@FySY LI NI YSGNHzZ yI K2Ry24GS yFLSGN yb+ 12
Zpracovavany jsou stejné vyboje jakowlalnj]S ROKt T S2NONY LInjNLI RS o
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Rdz o0& YSt o0eéed sbsiijakeRadbbrizka6J2IRE M LER OK | |

230 AZ0PIOKIRIREGA O] SY TLp2aR2k06 NBINBay N |
t= 0127+ 215 (20)

t NfN6AYdz (12K2032 eBEé&zo AQEYSYYyRANR] @A BS] YIF Iy Siac

hodnotou maAy SGAO1S AYyRdzZ1 OS NR&AGS Oel1ft2GNRByYy20t FNBJC

L2 f 2YSNE LPRIRE S NROYAOS

no
a

Oy Go

==Y (21)

) ] 1o no . i i
1RS Y 1yl 6 MticeKoyjgjilngdjaRihodhdtu magnetické indukco NE OKE 2ad 6+ al A
AYSNYz 1 2MitvagYsijpol1ey aArAt21nAgltyYed ¢Fid2 NRBOKE2al
i1 ge020t yN AYyRdz1 OS YI3ySGAO1SK2 L1tS (GSReé& 6t aiGA0s
R2 YSYONK2 LINERA&IG2NHz & 20 SYR SyAd A2 | snPAGEBN &S | ad NN RS R
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=022+ 24 (22)

bAOYSYyS 3f26ttyS R2&FKdz2S A2yAl Ll 68YyN R26l yAOONO
vrozmezil00> & O wmySal @80 dz2 NONYA &S KRRYR (RYAobIgNRIBihE S Ky
>a | ®adTtn

Obrazek 191 | OK& Odz2S 1T+ @A &t Bakii prakonfhd plynd. yOstatnR Bastavovayié
LI N} YSGNB o6é&fé dz GSi2 &aldaahyé @eoz224 (2020ySz vy
K2Ry2i0dz cnn =X yYILSGN yI 12yRSyTt+ti2NBOK St ST GNXC
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hodnota U = 600 V, hodnota {4= 400 V.
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Vgrafujepatrnéd S ON 1T KdzOG SY NY0oR2RRALIWA KRRYREB ea $inK2Ry 208 A
mezi 80a200> 3 @Peé2AYS6YyS R241 KHZ8BN .OBPONDEK G &2 Ry R {idz LINI C
asS K2Ryz2Geé A2yA]jdkdhobndtard,2ak gejich rézptidepi@hybofaly se wozmezi

nnn O Tnn >&3 F612tA0 Tt NR@Sz: LA yS{TGiSNBOK SE
t NEf20SYNY tAYSENYN T+@Aratz2aGAa T NaitvysS NBINBayN

t=10zR 40 (23)
6.2. VybojesLJ2 dzZOA G NY aLRRYN LIjSRAZ2YAI

Pro zpracovani byly vybrany vybojezmezi 1366@ 13920 zdatabdze GOLEM&alebyly zpracovany

1 OSt | WHOWRSIRSARS Kiz NEB T RAKIER dz/ lyISiRpeatl OB yIN - LI F T Y Gdz
LINjSRAZ2YyAT I OS o

Vyboje zobrazené naobrazk0 ¥ 2N & LR f S6y 2dz K2 Ry 2 htea sé pohypbuge LINI O2
VN2 T YST SmRaoHotnGty H LISGN &S YSyAfte a121290S L2 mnn o
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kondenzatorech toroidalniho elektrickéhd2 f S> &Ll f S6 Yy emPRILMBBOWS G NJ Gt 1 Y+

Ve zkourh Yy SY NERT al BdznB&Y Nt IRy 2 Ge A2y A BN R2PRI ded
regresni rovnice

t=  001z"¥,+ 334 (24)
¢dz TNaltVYS LINRt20SYNY K2Ry2( fAYSINYN Tt @Aratzai
K2Ry2G& A2y Al 6rozpahur@os @ OLIP K{ebri=Ry N K2 Ry 2ié& 4S5 RN
rovni 350> aP@p hodnotu =400 VA S NRT LJi&f K2Ry 20 1 @& Oadaeognid { G njSF
350> &>A OYSYy S 20285 adze¢ti 16058 KRRy @R O

Naobrazku22S T 206 NI T Syl T+ @ratz2aid A2yAT I 6yN R208& LINE
YIoN2SONY yILSGIN 12yRSyTHG2NA G2NRBARIE YNK2 YI 3y
GfF{1dz LIjAot AOYS wn Ytl | yI 6NeStigké pole tddSahigualo] 2 Yy RSy
400 V.
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hodnoty 600 V, na kondenzatoreabrbidalniho elektrického pole 400 V.
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ySOYHh &S5 1k tofptylip@@&avange® hodnot. N2 f 2 OSY NY Ay SHNYN 11 ¢
regresni rovnici tvaru

t=22h+ 112 (26)

Na obrazku22$ Tyt 1 2NySyl 1+ @raatz2ad A2yAl I 6YyN R2o0& YI

pgeoz224 oeft2 @2tSy2 yILSIN yI 12yRSyIt (y2rNBIIKN Gy2IN
kondenzéatorech toroiddiimo elektrického pold00 V.
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regresni rovnici tvaru

t=3720 424 (27)

5248l K20y S K2Rge&éf §0 Ndbikd @opN& (IS@ A S23&8 OON NRI |
hodnoty voblasti tlaku 23 mPaZhodnotvokoli 200> &4 &S R2a Gt g1 2Na 103 &Hn g N ¢
Naobrazku22$S Tyt T 2NySyl 1Tt @dratz2aiGd A2yATlFI6YyN R2o0é yI
pgeoz2284 oeftz2 @2tSy2 yIFILSGN yI 12y RSyIt Gy2rNBKN Gy2IN
kondenztorech toroidahiho elektrického pol&00 V.
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3003 1 S2YSyl LINEB if !l | é2D0ségoblasthinjsS ait & y@@z Wt Indn n+
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I 2Ry 201 yILSGN yI 1 2 ynBgBefitkéhd poIyleknastadodbBaAnga 1800 YN K 2
6SYdz0O 2RLIRGNRt K2Ryz2mtn YY@y §Ob Rasi MyyeRdzl 2 y RSy T |
G2NRARIEYNK2 St STONRO|ISK2I LRSS @Si ISWS t 8E 193 2N &
hodnoty 400 W S0 2 ¢ nn  map hotinBty RleBafdcs charaktear. N2 £ 2 OSYNY f Ay St Ny
YA&O0SYS T N&a{rd NBINBayN NRJOYAOA D Nz

t= 0452 g+ 528 (29)
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vANI Fdz yI OK} T N @St YA NRI 12Be INRWY | K 2H)ED F & D y{RER RSB N
NET f20S¢¥& 2@ >y nn

~

6.3. VybojesYA I NR@f yy2dz LINNSRA2Y AT I ON

Pro zpracovani byly zvoleny vybojetitasti 13480; 13660. Zéto oblasti nebyly zpracovany zdaleka
BOSOKye& @eoz22S8S2 LINRPG2OSSOYBNRONZYRI dnj8RAZYAN O
Ziz2K2iG2 KftSRA&1lF Of2 LInSOhGRI2¢AINT @S 29k VSR BIEVISW
T RNR2SY S$1OSY@A 20 FMNd DI T | @fy2@02RSYS ({GSNE &S
12Y2NEO® WS @edzONGt y2 LINR Yy OA Lidz NEBEkiedcf lieyiéfiBovasal S G NB
vztahem (2L Pokud se &2 dzi2 FTNB]1OSYyON GeNROyt FNH,| Sy O0S
LInjA OKt T SZ2NONK2 NBd 22 YDONRS t RR22RE dPOAG2dz FNB1 FSy OA
v2 1l YOAldzZ 1 Ré (2NRARIYRY)] RRAYEYSOUNY RAAIOS @71 3p
polemavd | E B NI 2 y A O b\elmiLdNdhauPétiodou, verovnani R2 6 2dz SELISNA YSy (i &
GF1S LINRadG2NR@S 1Tt@rAaN YyIB ﬁgizéﬁtladhl’%ﬁn@siﬁ fokaraRu). & G njS R
KNBT 2y yOA G(SRé R2O0KI T N LR aiNdlly R dzgtiRk 2ok pastypaeO K YN &
pomysina  oblast  konstantni  magtické indukce 87,5 mT  (Obrazek 6)2
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Obr.26Y t NA O SK YI3ySGAO01$ AYyRdzy OS yt NET yeOK YNai
YAl NRB @Gt y2dz LIRGBRMEBMN | OINNI BNIGC 21 C2NY 2aNEN | yH € §ly2SE 2aNEA a £ S
20t ad F1{UABYN YA NR DiqbhyasSt razmanter 2y AT | OST 6 SNBSSy S
Obrazek 27 y+ 1 2Nk dz2S 1T+t @ratz2aild A2yAl I 6yN R206& yI Gfl}
na kondenzatorech byly nasledujici: pro toroidalnim eleké&i pole 300 V, pro toroidalnim
magnetické pole 400 V.
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Obr.2% +é0622S & YAINRGtyy2dz LINNSRA2YAT I ONZ Tt @Araf2a
hodnoty Ug4-300 V, Y-400 V.

1 612ftAQ0 oef2 LINE OOSOKye @eéeoz22S @2t Sy2 aiasSays
YIIySGAO1 S AYRdzl 0OS 2&d2dz NRBIT Liy€edr§oh dodmdtRna yostoudl ¢ LJ2
charakter. \2 6 f F Al smAif YA R2al Kdz2N KRRy2#%#& R@yahhoypNs R
@& OONZ Y I>LAmN {tENEBR lyfnln]l LINF O2 @Yy NK2 L eydz OSGON yS
LInjS&t KdzZE NDN2OSY Ny fAYySENYN THorat280N T Na1t YS NE

t=232z1 19 (30)

Naobrazku2@ S &aAlGdzr OS LRR2oyt > 28 TytT2NySyl GF13§S0
LX @y dz LInjA K2Ry20t OK yI 1 2Y R&gghetickéhd®BI©OH0\Et ST G NA O S

Obr2g8Yy +é0622S & YAINRGtyYyy2dz LINjSRA prcavhiho@lpn, T+ A&t 2 3
hodnoty Ug4-300 V, |- 400 V.
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