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What is a plasma?

Matter states: solid, liquid, gas, plasma
Term “plasma” — Irving Langmuir (1923)

Plasma: electrons, 1ons, atoms, molecules

e=48x10"10cgs, m,=9.1x10g,
e=Ze, m,=Ax1.67x102*g (A- atomic weight)
R.=n,/n

— degree of 1onization

neut




Introduction to Magnetic Confinement

D+ T — He* (3.5MeV) +n (14.1MeV)
I'=(7-20) keV

n,t>1.510° ms

. /4
I. T Lawson 1923 - 2008 Hans ethe 1906 2005
W - nonnas suepeus niazmeHH020 WHypa, Tepmoso na Connye u 6 36e30ax
O- mowHocmo, 6600UMASL 8 NAA3MY 1967 — Hobenesckas npemus

n,~10°°m>, t, > 1.5s
leV=11600°K
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J1. Crntuep (1914-1997)

Stellarator 1951 Tokamak 1955, T — 1
(MAD nm. KypuatoBa, MockBa)
Princeton. USA 1968, Novosibirsk, T-3, 1 keV!

Stellarators A, B, C
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886 K WCTOPHM MCCHNEJOBAHWA 110 VIIPABIAEMOMY TEFMOSAIEPHOMY CHHTE3Y [ bH 2001

— pysoso aateneid Hentpa no cBopy JaHHBX 0 MIaHAPOBA-
HHIO JTOr0 MHCTHTYTA — 33 TOCTEPHAMCTBO H MOJUIEPEKY,
MO3BOIHBIINE MOATOTOBATE JTOT MATEPHAT MO HATATBHO T
acropun YTC. A npuaomy Takme OGnarofgapHocTs
A.B. Tumodeeny, ofipa THEIIEM Y MOE BHEMAHHE HA HIH30M C
H.H.byxapaaem; A.b. Kyeyimkuay u B.A. Pannesy-Kapra-
HoBY 34 paboTy Han dotorpadmaes; B . Hnsrcoracy 1
M.HM. Muxaiinosy 33 NPOYTEHHE PYEONHCH H CACTAHHEE
AMETAHHSL.
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6. Damoe [Tz Mos suposas aswa: Hegiop s asnas aemobuozpagus

(Hep. ¢ anrn. K3 H Jlncresckoro) (M. Haywa, 1994) c. 102
[Gamov G My World Line: an Informal Autobiography (New
York: The Viking Press, 1970]

7. Caxapos A [l "Tcopns MarenTHOTO TepMoRASpHOTO peakTopa
Y, I, & cf. Pumes nagime 1 APoGIEMa VIPas LTEMEY MEPMO-
adeprsix pearyuli (Ore. pea. M A Jleosrosm) T, 1{M.: Hag-so AH
COCP, 1958) ¢ 20; Tasow HE, Tavme, ¢ 3nc. 31
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Poas O.A. JlaBpenThbeBa B NOCTAHOBKE
BOTPOCA H HHHUMHPOBAHHH HCC/Ie I0BAHHI
N0 YIPABJIAEMOMY TePMOAIEPHOMY
cunresy 8 CCCP

b.[1. bonnapenko

1. Beeenne

[Mps HANOWEHHH NATHAECA THIETHERN HCT OPHA HCCTIEN OBAHM it
no TepMoanepaomy caaTesy B CCCP npeacTasnsetes naTe-
PeCHEIM BHATATE KOPOTED PACCEAIATE O POITH MONOAOTO
conpata Coserckoil Apyun O. AL JlappenTseBa, NPOX 0/IHE-
mero B 40-¢ - 50-¢ rogel BoRHCKYI0 caykOy Ha OCTpoBe
Caxanun, B HHHIHAPOBAHHA H Pa3BHTHA HCCTENOBAHKI Mo
yrnpasnasemomy Tepmosaepaomy cantesy (VTC) 8 CCCF, a
TAKEE O €ro NpealomeHHH N0 KOHCT PYEIIHH BD,'leD,"J.HDI:[
Gomie.

Otnom sopopoauoit Gombel B Cosetckom Corose no
npasy cuutaerca AJl. Caxapos. Cpenm cosgareneit atom-
HOil B Bogoponsod GomG B mepBoil MEpeHre CTOAT Takke
avera H.B. Kypuatosa (HayuHOTO PyKOBOIHTENS SIEPHEX

b. /1. bonaapmko. Poccniiceii deaepatbaenil 8 sl meaTp —
Beepoconiicknil HA Y EHO-HCCIEA0BAT CTRCERA HECTHTYT
FRCMCPUMCHTA RO fosimn (PR AL- BHHH>D)

07190 1. Capos, Huseropoackas oz, npoan. Mupa 37,
Poccriceas Peacpams

Tea. (831) 30-457-T8, (831) M)-51 1-39, ((035) 465-17-76

are (31) 30-427-2% E-mail: bondarenko@vmief.m

Crmamw g nocnynuaa 2 nosbpas 2000 2.

nporpamu), MLE. Tamma, FO.B. Xaputona, A.b. 3ensno-
puua, KW Menewna, E.M. 3abfabaxuna, 1 B nocneanes
spema Takwe # BJL Tamsbypra [mocne paccexpedusanns
Ero NPEIoK eHrd 00 HCMONEIOBAHHE B BOJO POIHOE Gombe
(H-6ombe) neftrepuna marasa (*LiD)].

CnenyeT 0TMETHTE, 4T NpPeANOKEHRS 00 HCNONTEIOBA-
HHH B BOJOPOaHOHE Gombe B Ka9ecTBe OCHOBHOTO A7EPHOTD
TOPIOMEro TBEPAOro XHMHUECKOro coeauHenns (Gpuxera)
*LiD sMecTo panes NpeANONAraBIETOC CRHECHHOTD JIei-
TepHA, ABHIOCH OJHHM H3 BAKHEANMX (GaxTopos, MO3Bo-
JHEBINHX B JANBHEANEM CO3JATE JOCTATOUHO KOMIAKTHOS
TPAHCAOPTABEIBHOE TEPMONACPHOE OPYRHE NPIK THIECKH
HEOTPAHHIEHHOR MOmBOCTH. Mononkiosinne B KavecTBe
OCHOBHOTO TOPIOYMETD CHRIDKEHHOTO AefiTepus TpeGoBano
MPHMEHEHHA TPOMO3IKOH KPHOTEHHOH TEXHONOTHH, 9TO
JIENIATIO 3TO OPYAHE MPAKTHIECKH HE TPaHCIOPTateTbHBIM.

06 ncropun cospanns 8 Cosetcxom Cotose aneproii u
TepMosaepHoil GomE HAMACAHO J0CTATOTHO MEOT0 0030p0B
[1—6] 1 nasce monorpatmn [ 7). Ponk coBeTCERY yUeHBIX, £CITH
OTBACILCA OT 3ANMCTBOBAHHI CEEPETHEIX 34M4 THEIX CBEOS-
HHL, OTPAMEHd B HHX J0CTaTOUHO 0fBeKTHBHO. 3TOT0 He
cEakenss of metopun pabor no ¥YTC B Hameil crpase.
Ornamn maen YVTC ¢ MAarHHTHEIM YIEPHAHMEM Topateil
MIA3ME B TEPMOSAIEPHEIX peakTopax camtatores AJI Ca-
xapos 0 MLE Tamwm. Jla, 370 Tak, HO TO, 9TO OPH 3TOM
NpaKTHYECKH HHKOrAZ He ynowmuuzercs uma OA. Jlas-
PEHTBEBR , — 3T0, Ge3ycnoBRo, GONLINAT HECTIPA BeLTHBOCTE.

B macTosmiedl cTaThe § MOCTAPANCH YCTPAHHTE 3TY
HECTIPa Be/UTHBOCTE H PACCKasaTh o poan QA JlaspenTteena
KdK B IpoaeMe HERIHAP OBAHHA H paseaTada patot no VTC,
TAK W B Apobieme cosnaEns soaopoaaoi Gombel B Hameil
CTpaHe.

Mpotinema YTC npencTaBIseT KOMOCCANBHYIO HAYTHO-
TEeXHHUECKYIO 3371a9y BCEMHPHOTO MaciuTaba; perieHHemM
IT0i NpoGneMel 3aHATE TENEPh OTPOMHEIE KOJLIEKTHBEL
MHOTHX cTpas. A He cobHpaloch PACCKA3EIBATE O HAX H TEM
Gonmee o NOCTHIREHHAX B 3T06 00130TH HA Cero THAINHME N1eHE .

Xouy Ba9aTh ¢ Toro, 1o enepssie 8 COCP takyio sanagy
Cih OPMY THPOBA T H APEAI0HRT HEKOTOPOE €€ KOHCTPY KT HE-
Hoe pemenne B cepeanne 1950 r. mononoit connat Oner
Anexcannposnd JlapeHThes, NPOXOJHBIINE B TO Bpems
cnysly B BOHHCKOH 9acTh Ha ocTpose Caxaimn.

29 mons 1950 r. ero npeiNOWEHHE, COCTOMBINEE, B
OCHOBHOM, W3 JBYX mied, Gulno OTNpasneHo cexkpeTHOil
nouroit B Mocksy B agpec LK BKTT(G).

[lepras noes SBTATACE NPeLTOREHAEM MO (HIHTLCKD
cxeme Bogopogaoi Gomber. Bropas mues Gelna npennome-
HHEM HCMONE3IOBATE B MPOMBIIUICHHOR JHEPreTHEE YIpa-
BIAEMBI TepMoAnepHEIl cuaTes. B npeanowennn Gwua
Npe/ICTABICHA KOHKPETHAS CXEMA PedKTOpd, B KOTOpO
TEPMOHIONAINA BEICOKOTEMIEPATYPHOM TMIIA3MEL JTOCTHI 3=
JIACE CO3IAHAEM BLICOKDBONETHOTO 376K TPHUSCKOT O OIS,

B Mockse pabota Geina nepenana Ha peleHIHpOBIHHE
Beayiam saepumean . B ax oT3esax 06 21oii pabote Guum
OTMEUEHE! IPHOPHTET, OPHI HHATEHOCT B H CMENOCTE MBICTIER
aptopa. [Mog enmapmem 310l paGoTEl NOABAIACE HOBEIE
npoekTel ApyrHx astopos; MTP (Marn#TEeE TepMosIep-
aele peakTopel), TOKAMAK (TOponnaneaee KAmepr ¢
MAraataeive Katymsamn), maraarase "6yTeuma" —
"mpobrorpons” u ap. O.A. Jaspentees, yae Gyayin B
Mockse 1 3aTem B XapEKOBE, NPOOIKIET ¥COBEPIIEH CT BO-

T Cu omaee AJI Caxapoes, nyGamkyesmii 8 pazgene "Mz Apxnea
IpeanmenTta Poconiicrodt @emeparpm [VOH 171902 (2001) ¢ 98]

i) bJ1. bonpapenro 2001



Tokamaku: JET, ITER
JT- 60 SA (Super advanced)



HYBTOK-II, Nagoya University

HYBTOK-II
R=0.4m, a=0.11m

« toroidal magnetic field
| B,=0.27T,

| * plasma current |, = 5 KA,

* edge density
n,=1.5x10'8 m-3

* edge temperature T_= 25 eV




PARAMETERS

Major radius, Ry
Minor radius, a
Elongation, x
Triangularity, &
Flasma volume
Flasma surface area
FPlasma cross section
Flasma shape

Plasma current, Ip
Toroidal field, B
Pulse length

Bu

Flazsma fuel
Superconductor
Auxiliary heating /CD
Cryogenic

KSTAR

1.8 m
0.5 m
2.0

0.8

17.8 m?
56 m?
1.6 m#
OM, SN

= 2.0 MA
» 36T
> 300 5
~ 5.0

H, D-D
Nb;Sn, NbTi
-~ 28 MW

9 kW @4.5K

ITER

6.2 m
20m
1.7
0.33
830 m*
680 m?
22 m*
SN

15 (17) MA
53T

400 s

1.8 (2.5)

H,D-T
Mb+5Sn, NbTi
3 (110) MW
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Edge Localized Modes (ELM)
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ECE image of ELM (KSTAR)
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ELM response to an applied magnetic
perturbation. Shown here are the evolution
of: the lower divertor D, intensity, qgs the
safety factor at the 95% normalized poloidal
flux surface, and the applied I-coil current in
DIII-D discharge No. 122336.

T.E. Evans, R.A. Moyer, K.H. Burrell et al.
Nature Physics, 2 (2006) 419-423



Example of 3D evolution of plasma current loop in JET.

Both EFIT reconstruction and visible RE beam image (CCD camera) demonstrate
similar 3D evolutions of plasma column. Note that <jo> = <>, In some pulses jpe> j,

JET #63117 Data

VCR frame 1s taken at t=10480 s of the JET discharge time (each frame is created
every 40 msec — marked by arrow)

2.0F

V.V Plyusnin

L. MA ]

\\.

—  BHITAOER/OTYO (=040

V.V. Plyusnin et al. FEC2004
MNovember 30, 2010



Joint European Torus, EURATOM

18 i, Plasma major radius: 2.96 m
: Plasma minor radius:
Y . ; 2.10 m (vertical),
: ' 1.25 m (horizontal)

LI — 1 : Flat top pulse length: 20-60 s

Toroidal magnetic field:
1-4)T
Plasma density:
n.=(1-20)x101° m-3

Plasma current:
i I 3.2 MA (circular plasma),
PR 4.8 MA (D-shape plasma)
g b || | Additional heating power:
(| | 25MW
@ 5 | L ¥ 5 “_{- I‘;_.':::b'-'l
H..:::Tf] i II'. -0 I\H\ ly Q=I:,fusion / Pheat’ Q~ 0.7
u;gﬂ‘-‘-",dl-**l.tﬁ ") O\ Psusion ~ 16 MW (1997)
1] 1.0 2.0 an 44 a0 &0



ICRH@25MHz for ICWC

Simulation of ITER ICWC scenario.
First demonstration of the pre-heated ICRF plasma production

for the ICRF tokamak start-up scenario at low inductive E_-field.
B.=3.3T B.=3.45T
<P_>~80 kW, D,:He,~ 0.85:0.15 <P_>~100 kW, D,:He, ~ 0.82:0.18

]
oo
(T2
(=]
By
r=
==
[
=1
(%]
—
(=]
==

29.07.2009 Dr. A.l. Lyssoivan: T,<100 eV, n_= 10-'m"3
Plasma Phys. Control. Fusion, vol. 54, No. 7, 074014, 2012
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Axanemux PAH,

IIpesnnent Poccniickoro Hayunoro nenrpa «KypuaroBckui nacturyt» E.I1. Bennxos,
1.¢.-M.H., HaYaJIbHUK OT/AeNa TpPOULIKOTO HHCTUTYTa HHHOBALIMOHHBIX U TEPMOSACPHBIX
uccienoBanuii, nmpodeccop MOU C.B. MupHon

YupagsisieMblid TEPMOSAACPHBIA CHHTE3 BHIXOAUT HA (PUHUILHYIO MIPSAMYIO

Omna (9Ta 3a1a4a) 00s3aTeNbHO OYJET pelieHa, Koraa TepMosiiepHas dHEPTHs OyIeT COBEPILICHHO
HE00X0A1Ma YEJIOBEUYECTBY

Axanemuk JI. A. ApuumoBHu4

28 uroHs storo roxa (2005, Beiopan Kanapam, @panius) B TEPMOSICPHBIX HCCIIEIOBAHUSAX ITPOU3OIILIO
coObITHE, KOTOpOE, MO 00IeMy MHEHHUIO, clie/joBajo Obl Ha3BaTh ucTopuueckuM. Ha BcTpeue B MockBe
MUHHCTPOB IIECTH CTPaH — YYACTHUKOB MEXAYHApOJIHOro mpoekta MHTepHanmoHaabHOTro TepMosiepHOro
OkcniepumenTanbHoro Peakropa — UTOP (EBpona, Kuraii, Poccusa, CIIA, FOxuas Kopes, SAnonus) — noanucaHo
COTJIAIICHHE O COBMECTHOM CTPOMTENIbCTBE 3TOrO peakTopa B Omkaiiiiee aecsatwietne Bo Opanuuu. UTo Mbl
noHuMaem noja (puHuHON TpsiMoi? OueBHAHO, YTO Y PA3HBIX JIIOJACH, BOBJICUYEHHBIX B ITUKJI MPOU3BOJICTBA
SHEPIruM, MOHATHE ATO PaA3IMYACTCS CYHIECTBEHHBIM oOpa3zoM. M3BecTHO, Hampumep, 4To DIAUCOH, M300peTas
ANIEKTPUUYECKOE OCBEIICHUE, OJHOBPEMEHHO HM300peTai BCe: JaMIIOUYKy, 3HAMEHUTHIA MaTPOH, KOTOPHIM MOJIb3yeMCS
0 CEil JIeHb, DJIEKTPOCETH M J1a’K€ F€HEePaTOPhI AJIEKTPOOCBETUTENBHBIX MOJACTaHLIM. W, TeM HE MeHee, Toraa 3To
€My MaJio IOMOTJIO — BHEAPEHUE AIEKTPUUECKOTO OCBEUIEHUS B TOBCETHEBHYIO KU3Hb 3aTSAHYJIOCh UyTh JIM HE Ha
MOJIBEKA MOCJIE CO3/IaHus MepBoi jaMnouku. He Op110 «coBEpIIEHHOM HEOOXOTUMOCTH .

[Iponomxkas 3Ty aHAJIOTHUIO, MOXKHO OBUIO OBl CKa3aTh, YTO CETrOJHSIIHUE (QU3UKU-TEPMOSICPIINKHU TTOKA eIl
COCPEI0TOYEHBI Ha TPOOJIEME «HUTUY CBOEH JIaMIIOUYKH, M0JIaras, YTO €€ TEXHUYECKOE PEIICHUE U SIBUTCS TEM
dbuHuUIIEM, TTOCTIE KOTOPOTO OHM CMOTYT TepeAarh Jejl0 B PYKH CIEIHAIUCTOB, 0ojee OMU3KUX K MPAKTHYECKOU
DHEPreTUKE U €€ IKCIUTyaTaluu. A Te YK€ BIUIOTHYIO 3aWMYyTCS «IIaTPOHOM U IOKOJeM». TeXHu4Yeckoe perieHue
IS HUTW» JOJHKHO CTaTh KJIFOYEBBIM Hay4dHBIM UTOromM mnpoekta MUTOP. A WMeHHO, B HEM MNpeAnoiaracTcs
OCYILECTBUTH cTaniioHapHoe (IuTeabHOCTHI0 200 — 1000 cekyHa) TepMOsiIEpHOE TOPEHUE NEUTEPUN-TPUTHEBOI
(AT) cmecu 50/50%. [Ipu aToM He OyayT 3a0BITH U TPOOJIEMBI «IIATPOHA C IIOKOJIEM.



Finishing the Design Review

Total fusion power 500 MW
Additional heating power 50 MW
Q - fusion power/ 510
additional heating power

Average 14MeV neutron > 0.5MWIm?
wall loading '

Plasma inductive burn 300-500 s
time

Plasma major radius (R) 6.2m
Plasma minor radius (a) 20m
Plasma current (1 ) 15 MA
Toroidal field at 6.2 m 53T

radius (B.)

T

Machine mass: 23350 t (cryostat + VV + magnets)
- shielding, divertor and manifolds: 7945 t + 1060 port plugs
- magnet systems: 10150 t; cryostat: 820t



Who manufactures what?
In-Kind Contribution

Feeders (31)

: 3 T Thermal Shield
Toroidal Field Coils (18) | [ SR e VR | ‘e;

Poloidal Field le

'4.’5"'""1 q’:E

Pﬁ‘ \fmt

Correction Coils (18) )
- Central Solenoid (4) Divertor

Bl o




2[1 buildings, 180 he::tares

10 years of construction;

20 years of operation




Current Reference IPS

ITER long-pulse high-power DT

experiment — the full burning plasma

physics

DEMO — demonstration of

the commercial viability of a power plant
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Proposed Schedule - Construction

TTER (Canctruntinn

TF Coils (EU)

N

Case Wi diIll_\,Q Mockups Camplete
Central Solenoid (US)

CS Final Design Am)

Vacuum Vessel (EU)
I N R

Buildings & Site

oved

Tokamak Assembly

TTER Nnaratinnc

amak Bld

achine Assem

Pu

n Vessel A

CS3U

Tokamak B
Btart Insta.. CS

\/

p Down & Integrated

First Plasma

CS Ready fo

asic Machine Asse
Start Cryostat Closur:
Ex|VesSel A

A

Provisional

5
ﬁ -

mbl

ssembly

Plasma

2022 2023




The IFMIF plant, Rokkasho (Japan)

IAEA-FEC 2010
IFMIF — a facility to provide an intense source of fusion neutrons

_ PIE Facllitles -
Test Modules Inside s e

R
- ; .-"'-: " e

An intense neutron source, 108 neutrons/s, the spectrum centered around 14 MeV
Two continuous wave deuteron accelerators (125mA, 40 MeV), liquid lithium target
RFQ — Radio Frequency Quadrupole, PIE — Post-Irradiation facilities



Choice of all-Tungsten Divertor

JET 11 July 2012 (OM12853)

Low fuel retention and low dust
inventory

Experience gained in
operation with W-divertor in
non-active phase

Significant contribution to cost
containment for ITER Project

Buft:

Need fo ensure effective
disruption and ELM mitigation
early in operational period

Need to develop suitable
operational scenarios,
particularly for non-active
phases of operation

see R A Pitts et al, PSI-20, May 2012

‘SIide 18/53
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JT-60U ==
* Advanced tokamak development in JT-60U

* Physics understanding in JT-60U AT regime

* Physics assessment for JT-60SA

&0 m* 800 m' = 1000 - 3500 1
=16 MW, ~ SO0 MW, = 2000 - 4000 MW,

= {domraraml vell heatimr oo anaa



Physics assessment for JT-60SA

Cryostat

ECRF launcher

| Perpendicular
| P-NBI ion source

N-NBI ion source |/

¥ Tangential
P-NBI ion source

eﬂsupermml cting Tokamalk
A-Satellite Tokamak Program

2016 — first plasma



JT-60SA program

JT-60SA (JT-60 Super Advanced)
Combined program of

- ITER Satellite Tokamak Program of JA and EU

- Japanese National Program

Mission of JT-60SA

Early realization of fusion energy by
- supporting exploitation of ITER
- research toward DEMO

Target area of JT-60SA plasma
» Wide range of operational regime

) b))

6 % U U
S8 g DEMO | |

L 4
1 JT-60SA Reactors | |

By 2 Ciwes J
3 Qs
00 e y ITER SS

1 [ JT-60U ITER

! inductive ]
0 A ! ; L i | ('}(} 1 (Jc) 1 {'}{3 |
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- Break-even class plasmas at [,<~5.5 MA

- High By, full-CD plasmas for 100 s
» Wide range of plasma equilibrium

- High shape parameter: S~6

- Low aspect ratio: A~2.5

Duration [s]

S:([p/aB)q95 o« A1 +|<;2(1 +2f)2)}

 Better stability with higher A-1, x , &
=> a measure of stability improvement
* B, (=SP\/dgs) INCreases with S



Main parameters in JT-60SA &= JT-605A

mil'l'hhh

Nominal Parameter

Major radius R [m] 297
Minor radius a [m] 1.18
Plasma current | [MA] 9:9
Aspect ratio A 2.9
Elongation x, 1.93
Triangularity &, 0.57
Safety factor qg5 -3
Toroidal Field B, [T] 2.29
Plasma Volume [m3] ~140
Greenwald density [102°m-3] 1.24
Shape Parameter S 6.1
Active MHD stabilization tools Flattop flux @Ii=0.85 [Wb] 8
- 110GHz ECRF for NTM TF Ripple at R+a 0.85%

- In-vessel coils for RWM



CtennapaTtopsbl: LHD (1998-2013)—
Recent achievements and designed
targets. W-7X - Time line.
Torsatron Reactors.
Uragans



ST R L W] ki el el
-

Eagrats Eald Lnas

el b1

Torsatrc;rn
V.F. Aleksin, Kharkov
C. Gourdon, France
K. Uo, Japan




Large Helical Device, NIFS, Toki, Japan

Exterfial diameter 13.5m rgest superco .
Major radius 39m : e ong e
Minorradius__— .~ 06m ' e g IASS ﬂ?-g_ree C) 850t
Plasma volume = .30 m3 : SRl

Magnetic field ke

Total weight

- -

< 2mm
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D quasi-isodynamic

National Compact Stellarator Experiment (NCSX) —
Quasi-Axisymmetric Stellarator
Helically Symmetric Experiment (HSX )-
Quasi-Helical Symmetry
J. Nuhrenberg, R. Zille (1988),

H.E. Mynick, Transport optimization in stellarators,
PoP 13 058102 (2006)



HSX Stellarator, Wisconsin University
B,=(0.5-1) T
n =(0.2- 2)x1018 m-3

<R>=1.2m, <a>=0.12m

Quasi-Helical Symmetry
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PRINCETON PLASMA
PHYSILS LABORATORY

=PPPL

NCSY=

!

= NCSX Mission
— To test a compact, quasi-axisymmetric stellarator configuration.
» Conceptual design, completed in 2003 oy
— Major Radius, R=1.4 m AT e
— Magnetic field of B=1.2t0 20 T
— Pulse length of 0.3 to 2 seconds

» Core Coils Systems (all cryoresistive)
— 18 Modular Coils
— 18 Toroidal Field Coils
— 4 pairs of Poloidal Field Coils
— 48 coil trim coil set

« Although the project was cancelled in
May, 2008, much was accomplished and
learned that will be discussed in this presentatlun




NCSX
Now
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» All files and hardware have been carefully stored, preserving the
possibility for a re-start, should that opportunity arise.



Exp. started at Largest helical and super conducting External dia. 13.5m

F.Y.1998 machine in the world Plasma Maj. R. ~3.7 m
Shot Magnetic energy 1GJ Plasma Min. R. ~0.6 m

# 90426 Cryogenic mass(-269°C) 850 t Plasma Vol. ~30 m3
(Up to Dec.5/2008) Tolerance 4011 B Magnetic field 3T

ECH 77-168 GHzZ/~3MW =+ . - "!g “““‘“]” | Total weight 1,500 t
ICH 25100 MHz/~3MW 72 o e . LT
NBI - parasperp./~23MW ==~ L g

88-04-21 TUE
11:04:18

Light from plasma
O 04 06
Minor Radius p

i .. Large Helical Device
V‘acuum Vessel *(LHD, NIFS, Japan)




Recent achievements and Designed target in LHD

Achievements [Designed target]

Heating power (M
lon Temperature g power (MW)

Central T; 5.2 keV (Low Z) [10 keV] P
Density  1.6x10"9m=3 [2x101°m-3 ] 1o L ==ECH
Electron Temperature > 10 keV : reactor .
Central T, 10 keV [10 keV] condition 0
Density  5x10"®m=[2 x 10"m™3] =
Volume Averaged 3 Economical =
5.1 % transient, 5% quasi-steady Leactor 5 10}
(B=0.425T) [>5%(1-2T)] E
Steady State Operation T o5k e ist © 5th © 9th [
54m28s (490 kW) 1.6 GJ Largest 5 o fnd o Eh o o
800s (1.1 MW) [1 hour (3 MW)] input energy GiE s . ;
High Density °0 20000 40000 60000 80000
1.1x102'm"3 (Super high density with Peaked prof.) Shot Number

High stored energy
comparable to big tokamaks

In the large plasma parameter space
systematic investigations become possible
— Accumulation of physical data

nte = 0.510° ms




(@‘ LHD — Force-Free Helical Reactor
-

15—
t 1995
—_ F 1998 FFHR1({I=3) 1 .
- FFHR2 Ap~10_@ - |=“~'lf'ﬂf'ﬂ'1'”ﬂ'~"_ﬂlﬂﬂ |Cryostat]
o 1n. Ap ~ 8 /:a—] 1 polodal coils
10~ y=115 @ .
=2 1 1 ;
@ [ ARIES-CS 2004 . ]
= L - 3 |
o | 445 FEHR2m .nptlmum 2
'E 5! O Ap~8
E T g oL _
o { outer shift FFHR2m?2 |
= LHD ol
T Ap~6 1 Ao
P y=1257 ~
[} | E— . o1 dpnershift

TE -

- ¥ b . - ]
=
o oo RRRWY |

0 5 10 15 20 25
Coil major radius R.: (m)

*Figure from A. Sagara ef al., Proc. of 18™ International Toki

Conference (ITC18), Toki, Japan, Dec.9-12, 2008 1-33. 5“!:'1”-'34371'1'”1““19
. . alical coils
. Key design points are low neutron wall |
loading, low stored magnetic energy and ! 1

=14
sufficient blanket space. Fay = 14 m

IR Helical-type power reactor FFHR2ZmI.
Yy =ma,

m=10, [=2,
a,=3.22m, R=14m
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(.@/ ealization of Helical Demo-Reactor Based on LHD "X

LHD-type Helical Demo Rector
(26 years to go)

Tokamak Experimental Rector
ITER

Physics of
burning plasmas

Multi-layer models covering
physics and engineering

Demonstration of
steady-state, high-
density, high beta by net-
LHD current free plasma

LHD-NT
LHD Numerical
Test Reactor

Basic Science



Fresent

Parameter LHD Design
Pitch parameter » 1.25 1.20
Coil major / minor radius &,/ a, [m] 3.9/0.98 17/4.08
Plasma major / minor radius R/ <a, > [m] 3.6/0.64 16.7 /1 2.50
Plasma volume V, [m'] 30 1927
Toroidal magnetic field & [T] 3 2.0
Fusion power P, [GW] 3.0
Averaged beta <= [%i] 5.0 5.5
(diamagnetic
measurement)
Confinement enhanced factor to LHD / 1S54 1.3/1.2
Meutron wall load £, [MW/m?] 1.5
Divertor heat load 7, [MW/m-] 2.2
Max. filed on coil B [T] 9.2 11.5
Coil current density j  [A/mm-~] 53 25
Blanket space A [m] 0.12 0.985
Stored magnetic energy W, [G] 0.9 160




The Wendelstein 7-X device

Parameters

Major radius: 2.9m
Minor radius: 0.53m
Plasma volume 30 m3
Rot. transform: 5/6 - 5/4

Magn. field (onaxis): < 3T

Magn. field energy: 600 MJ
Heating power 10 - 30 MW
Pulse length: 30 min

S field periods



Time line

sioning

2014 2015 2016 2017 2018 2019 2020

1st operation phase with 10s @ 8MW and 50s @ 1MW (ECRH, NBI, ICRH)

Inertially cooled divertor and only partial cooling of in-vessel comp‘s

Shut-down (15 months) for completion and hardening
2nd operation phase to approach 30min @ 10MW (ECRH)
Prepared upgrades: from 10 to 20MW NBI and from 2 to 10MW ICRH



Unternehmung

Max-Planck-Institut
Wendelstein 7.X Research programme [ Fiopenc e

Nr. |milestone/work package 4 2015 2016 2017
a2/a3/a4 a1/a2/a3/a4 a1 az[a3/a4 a1/02]/a3 a4
1 vacuum conditions achieved 4 12.09.
2 magnet system cold & 07.11.
3 2.5T magnetic field achieved # 10.04,
4  |magnetic field structure confirmed - % 01.05.
5 diagnostic systems ready ' & 01.05.
i1 heating systems ready ' & 01.05,
7 |first plasma ' & 15.05.
8 long pulse plasma & 29.05.
8  |symmetry verification & 26.06.
10 |density control investigations '
1M X2-heating up to cutoff -
12 confinement properties '
13 | impurity control investigations ' —
14  |tolerable divertor load scarios
15 | X2-current drive for edge iota tuning —
16 | dense MBI driven plasmas ' —
17 | divertor high-recycling regime ' —
18 | 02-heating and cutoff ' —_
18  |shut down for completion & 15.05.

1%t phase: n,=1.8:10>°m3, T .=6.2 keV, T;=4.2 keV, <f>=4.1%



HELIAS Reactor: HSR50a

Scaling 4 x W-7X

ll Symmetry 5 Periods

Coil number 50
Major radius 22 m
B on axis 56T
B on coil 123 T

Magnetic energy 152 GJ

The magnetic field is isomorph to the Wendelstein 7-X field

F. Schauer

ISHW 2009, 12-16 October 2009
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F. Schauer

Comparison of ITER and HSR5 coils

| NS=~ = | |

80 1 2 3 4 5 6 7 8 9 1011 13 13
R m

ITER toroidal field (TF) coll HSR50a coil #5

ISHW 2009, 12-16 October 2009
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N.B. Kypuatos (1902-1960)

K.JI. CunenbuukoB (1901-1966)

N.B. Kypuatos u A./]. Caxapos (1958)




R=100 cm, <a>=12 cm R=170 cm, <a>=~20 cm
Ya)2n ~0.3,B,=0.72 T B,=2.4T
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BnuaHune BpaweHns nnasmbl HA NOJIOXKeHUEe AUBEPTOHLIX NOTOKOB B enuoTpoHe J
W. MankpaTos, T. Munsyyun (Kuoto), C. Kuragpxnma (Cengan)

I

Z (m)

#14-pin
°o%¢ #1-pin | _
et e, a"oo P

Divertor
} Probe Array B NennoTtpoHe J peanusoBaH

QN OCTPOBHOW ANBEPTOP

====1

' 0.3

[MonoxeHne AnBEepPTOPHbLIX MOTOKOB
KOHTPONMpPyeTCHa CUCTEMOWN
JleHrMopoBCKMX 30HO0B

I E_dge Magnetic
Fields

OcCTpoBHbIE AMBEPTOPLI MNAHUPYHOT
Ha LHD n W-7X

R=1,2 m, a=0,2 m, B<1T HellcaIFl\;lchoﬂ

CoBMECTHbIN JKCNepuMeHT nokaaarll, 4To rnpum nameHeHmMn CKoOpoCTu
BpaweHNA nna3mbl B COCeHNX ﬂeHFMI'OpOBCKI/IX 30HOaX NIIOTHOCTb

nna3mMmbl NAMEHAITACb B I'IpOTI/IBOdI)a3e (CJJ,BMI' I'IOTOKa)

I'Ip|/| BpaweHn nia3dmbl B MarHUTHOM MoJie BO3re
MarHMTHbIX OCTPOBOB BO3HUKaeET AOMNONHUTENBbHbIN TOK,
KOTOprVI BITNAET Ha OCTPOBHYIO CTPYKTYPY U OBUXEHUNE
nna3mbl

B, By, c
(mK ,(ay))'F W(’”K (@)F (@) i7" A(aN)Wj B,

R
Vi(a,)=c— )
m( N) a BO

(me (ay)F, (azv)) [A(aN)‘lo'(ClN)aj
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Rhenium Washer

/\ ’f H%EEI*"TX (LaB ;ﬁ_z;-'-ézl' K:;*“TX) q&?g’ﬁxw '—|/ ) Oxidized Alurminum

/

rl
yia

- BEBAY R 74T X2 MNfLaBg \\\\\\\\\\L 3
(@=10mm, I—17mm)

CHS(NIFS)IC & 2 BHE/N 1 7 ARERIC
50T

NOAZILE@g=251.05°KFER—KN&K})
EA

(o, ol

INA T AREIR

. BEE—R- - - EBEE—R S “
- HAOEE/ER: - - ~400V/~100 A e
BL. BEERTREV) | ;f a9
- BAHAINILAE - - ~50ms (%EJ%)‘EZ) o (o= = g

T | g
Lo B _,‘_‘ /
% \ w"’

- EEBRBIERMLTEENAT ‘; \:\’

o,

R4000mm
>

: Electrode  ~2800mm -

|



Cmacu0o0 3a BHUMAaHUE !



	Слайд номер 1
	 What is a plasma?
	Слайд номер 3
	Слайд номер 4
	Слайд номер 5
	Слайд номер 6
	Токамаки: JET, ITER�JT- 60 SA  (Super advanced)
	Слайд номер 8
	Слайд номер 9
	Слайд номер 10
	Слайд номер 11
	Joint European Torus, EURATOM
	ICRH@25MHz for ICWC �Simulation of ITER ICWC scenario.�First demonstration of the pre-heated ICRF plasma production �for the ICRF tokamak start-up scenario at low inductive Ez-field.  
	Слайд номер 14
	Слайд номер 15
	Слайд номер 16
	Слайд номер 17
	Слайд номер 18
	Слайд номер 19
	Слайд номер 20
	The IFMIF plant, Rokkasho (Japan) �IAEA-FEC 2010�IFMIF – a facility to provide an intense source of fusion neutrons
	Слайд номер 22
	Слайд номер 23
	Слайд номер 24
	Слайд номер 25
	Слайд номер 26
	Слайд номер 27
	Стеллараторы: LHD (1998-2013)– Recent achievements and designed targets. W-7X - Time line.�Torsatron Reactors.� Uragans
	Слайд номер 29
	Слайд номер 30
	Слайд номер 31
	HSX Stellarator, Wisconsin University
	Слайд номер 33
	Слайд номер 34
	Слайд номер 35
	Слайд номер 36
	LHD → Force-Free Helical Reactor
	Слайд номер 38
	Слайд номер 39
	Слайд номер 40
	Слайд номер 41
	Слайд номер 42
	Слайд номер 43
	Слайд номер 44
	УФТИ - ФТИ АН УССР – ХФТИ -  ННЦ «ХФТИ»
	Слайд номер 46
	Слайд номер 47
	電極バイアスシステム
	Слайд номер 49

