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N-NBI Heating and Current Drive in JT-60U towards Steady-State Tokamak
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In steady-state tokamak fusion reactors, an efficient external current drive and a large fraction of the bootstrap
current are required for non-inductive operation at low circulating power. NBI is a powerful and reliable actuator
for the current drive and heating. A negative-ion based NBI (N-NBI) with a high beam energy more than 350 keV
has been installed in the JT-60U tokamak in order to study the NBI current drive and heatin gin an ITER relevant
regime. This paper presents recent achievements in N-NBI experiments and progress of the JT-60U N-NBI system
for steady-state operation in ITER and tokamak fusion reactors.

Keywords:

steady-state, tokamak, NB, current drive, bootstrap current, negative ion, JT-60U, ITER

3.1 EU&IC

M= T I XDEFEDIZHIZIE, BHHEL Hw
FICT I ARBREMT LEDNHH. I OKFUBFLEE)
WZRAREBEH R TS AP EENICER RIS E
(H 3 E ¥ : bootstrap current) ZfIfH 5 2 HF A HH 3
B, VAT LEREOE N A< 7 BRSO FEBICIT,
ARBROEE WO T I X< L BERROH R ERE
ZHMAEDLEDL ZEHFLETHL[1]. PURFE— 2%
TIARBRENCMXICAFT L LT, 79 A<HT
BEHELA-REA T LD 75 A BER A TR RS+
5T ENTEB[2]. FZTIT-60U T, 19944, NB D A
§Ii% 79 X< B A NS L7284 NBI &8 (v —
LI RNF— 1 00keV) EHV, HREBHEEGH 75 (L —
LBREYE C F3E) O 1MA 79 XvmeIkkEmitER
Iz R THOTERL, MYy TIAROERILHE
DI M L72[3]. —J, ITER T 7/ 7 X~ &
BEL NBETS AP LT CHERRL 01
1MeV DY —AZRNF =P UEE 25, 16k EBRER
A1EA F 2 NBI (BUF, P-NBD) %72 100keV L FC
ozl 5, ITER TO NBL BRI T & 0 A5
RATFWT 5720101, 0BT A VF—0 NBIIE - &
TERBEBRATRSD STz, 100keV 22 28T 30
F—OH R TV — A 23R AERT 5121E, @b
EBEEZROAANF Y2/ NBIREOBHRERLET
BHo72H, FHCITHFIZRET T7 v T HRofaf 4 >
ERIRDILCBY[4], ZOEM 2B LT, 19964,
JT-60UICHRAS00ke VO — AL A VF— %08 +

corresponding author’s e-mail: ikeda.yoshitaka @ jaea.go.jp

773

NBI (N-NBD #i#E% R Crho T, EiE2 BB 7
(5,6]. COFWZANF -V — 2340V ERERE) M G
BLUHMEFMEBE V) RELIEN LT, ITER 285 L
7o - BRI 79 X< CONBIME - EikEREIFIE A5k
ECHERBLTETYWS, T2, BREFHEER, KEFHEA
1, TIVT7 7 RFITHEGRL T & o 2B % G
LT T A R E HIT TV B,

KETIE, ITERRER M~/ ARG FEL B L 22
RO JT-60U 12611 % N-NBLjIZk - EFRBE 208 L
7oEBRAE R B X OB OFMER AT 5.

32 JT-60UEAF>NBIICEB M BT IERD
ERE

3.21 BIRIF i FOERBE

NBIN#k - WILBREIFEE FRT 5720121, 79X~
VA U7 A Vebs 7 o0 S B BT IR A IR AR LB B LB
b5, 7 ATHICAGTE N YR T E S
WBLETIA<hos 4y, BFEDOHEIZL ST F
ALEINDEY, CTOBHEMRRICIT 1 BOHEIIC L HEEE
A L SR ERNRIEF OA R E RH L - S BRBEEELS D 5.
Janev 5 3L RS EMBRELY LB L - BEEN EE % kw0,
BHEPE — AT ANV F—BLUOBEFBEOHME & B2
WMRTAHZERZHBNIIRL, TOLEBEEMIEEZ
o T BLANF-FHIRIIHEkeVUL FTH L 2 & 41
SIL72[7]. L Ladss, fEkOSBRISERORITE
B:iZ, PNBIIZ X % 140 keV-amu 'L F O T 4 L ¥ — 4618
TN OZ BB ED/N S, Janev DHE

J. Plasma Fusion Res. Vol.81, No.10 (2005) 773-778

NI | -El ectronic Library Service



The Japan Society of Plasma Science and Nucl ear Fusion Research

Journal of Plasma and Fusion Research  Vol.81, No.10 October 2005

Singlestep model

[ =
L
§ Uncertainties
5
3 01F
£ Multistep model
2 Eg = 350 keV,
< Hydrogen plasma and beam
@ Te (0)=1.8- 3.7 keV,
ne = (1 - 4.1)x1019m-3, Zer = 1.3 - 2.2
0-01 1 Il L 1 L
0 1 2 3
Line integrated electron density along beam path
(1020m-2)

Fig. 1 Dependence of the shine-through fraction on the line-

integrated electron density along the beam path. Meas-
urement (circles) and predictions (shaded areas).

FWHRTHOIIRETH - 28], THIZHLTJT60U
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OEHNASTEE & 72 o 72[11]. JT-60U T % 19964F ¢ N-NBI
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o — K (&5t Fokker-Planck 47 #2360 T NB #ii B¢
BaEtE) [14) XA P& BT 5, EEERmATE L
T single-step EF NV & fio 72354 (RIS 3EHIAR &
B & A v dtdh 5 7%, multi-step 7V & o 2 EHEH
HOCRBER) RRW—HERT. ZORREPS, AETR
L72E910, E—AZ R VF—DHE keV DL EIZBWT
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E32460 N-NB : 360keV
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Multi-step
____ ACCOME
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Exp. error

wEmE

Jung (MA m2)

Measured (solid line) and calculated (dashed lines)
N-NBI driven current density profiles. Thin and thick
dashed lines correspond to theoretical calculations by
ACCOME using the single-step and multi-step models
for ionization cross-section, respectively.

Fig. 2

b, multi-step EF V& (FHLH %) BZEmTE CERMEIE
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Fig.3 Comparison of measured N-NB driven currents Ing
(exp.) with calculated ones InnB{calc.).

'@\ an ITER steady state

<4 scenario [17]

4 Ngp =44 x 10" Am2w’
T.(0) =12.8 keV
<T>=34.5 keV

JT-60U exp.
© N-NB (330-370keV) f3
O P-NB (85keV)
—_— Theory curves |]

= 10
To(0) in keV

Fig.4 Electron temperature dependence of the NBI current
drive efficiency 7 cp. The central value is chosen as a rep-
resentative value of Te. The theoretical curves for the
three beam energies are calculated on a typical profile
shape of Te.
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Table 1 Parameters for an ITER Q=5 non-inductive scenario
using NB + EC [Polevoi2004].
R/a (m) 62/20 | {me) (1019 m-3) 5.7
Br(T)/Ip MA) | 53/90 (ne)ing 08
K95 /895 17/033 | {Te})/(T;) (keV) 128 /114
HHgg, 0 167  |Fusion power (MW) 275
By 2.76 Pyg ! Pge (MW) 33/ 20
495/4 min 58/ 15 |Iyg/Igc/Ips (MA)|4.15/ 06/ 425
(a) E036715 e Stored Energy FB N
5 < W — - = ;
(MJ) o b — .,' L‘_. _._,\_.L,v/‘,Ju \-.f PNB# 20 (MW)
"""’*xh«»—« -
(MW) 5 /"(-— NNB AMW —-_':} ; 2 (><1016/s)
0 -~ L C |, . \
2 | e, v e bt o ~ - E
(MW) 0 e 1.I5MW Eé 3(0)14 l ™~ —" 0 (kev)
5 6 . 7 8
time (s)
E036715
(b) .
(MA) 1 Bootstrap
0
1
VMOofp--7-= e Ca
-1 + + ——t- : 3
S 3 o)
E ; + 10
M) F Wy — Measurement 3
oE = TOPICS calc.
4 7

time (s)

Fig. 5 (a)Waveforms ofadischarge (E36715)inwhich the high-

est7cpis achieved. The plasma stored energy Wyia is ad-
justed to reference value by the feedback control using
P-NBI.
(b) Time evolutions of non-inductive currents driven by
N-NBI, P-NBI, EC and the bootstrap currentin E36715 are
calculated by TOPICS. Calculated time evolutions (bold
lines) of the surface loop voltage Vsur, the neutron pro-
duction rate S, and Wyia are compared with measure-
ments (thin lines).

RO XS RS S X2 ERTHI2IE, wWon
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HE— F77 X< THON-NBI & H\ 72 E BALIIgE & #id
%. Fig @B EHH 2 /~3. @BEBILED 21T 2
ZIEFE#-RT 7Y v v 7 E— F (NTM : Neoclassical Tear-
ing Mode) % &3 2%EFHY, ZORETIIERHT 2
w@—@%mﬂwumL;of«—&ﬁ%ﬁ**ﬁmﬁi
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H % %. N-NBI(0.61 MA), P-NBI(026MA), EC (0.05
MA) X 2 EBEE E HRER (076 MA) 2 8be s &
HFLEBERIT1ITMAIEL, 75 X<BF 15 MA
FHERAF—N—FIFA47LTV5E. ZO, HLEFRE
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3% 14 keV TdH V), N-NBI 78 i BFE)%h 3 1% 1.55 % 10
AmPW UIE L Tz, BRI LAY (HHg(y) = 1.4) &
EWEMALES (By =25) b MIERCER L72[16,20]. 2
OWMETIE, BRI A<OEEREIZ 13D TH o2
W, TOH%, BRSA ORI L D NTM HH F Z
%, 20044E121% Ay = 2.4, HEBHEG15% 01312082k
FUBRBEH 7S A~ r BRILBEH O 285D 588
B, MFTHZ LK LTwS[21]. aBREKETII,
LERERE 2 ) N-NBIOEILIZ L ) @i T 7 A~ D
HHEMABRTLTWA, 2hS Ok FI1d Table 1IZ/R L7
ITER O EFERE Y F 1) F DI85 A= 128E L, JT-60U
FEERT ITER DEFEEY F VA % IZZBHETELLH
hol:b 52 5.

B, JT-60U TIF3.3MIICE 5 & 9512, &xift, NBI
DOAF L AR E BRI T CILRT A 2 L TRMRET T
A2 OEFAHEZ SRS TE Y [22], BAE
T, By =23 ZEKILHRFR D138 TH 5 Fy228 MR 5
LT EIHEYLTWA23]. 72, MUADEREOEVA
BRI T7TE—FIZBWT, PNBIOATIZIZREIESFEE
% EVHRBROB S (~75%) TTADMFFT 52
LI L THE D [21], ZoMFESECco NBI O&ENL
FTEFTHEHBEIIR TV,

3.2.4 N-NBl ZAW=77 X Y%

BAE, RO My <7 EE TR, FICPNBL & Tm#ks
LCEBRREDTWS., ZOE, V=4 F VEEIN
N7 AFUHEEBICEDRWD, T4 UAFICmES
Na, THICHLTT V7 7 RFIC K MBS EARE 2D
ITER Tk, ¥— 24 4+ Y EEFBTFOHEBEITE V2D,
MEST -3 EFEFICRNSINE. —7, HUADHE
% b 70 b T NERIRERIEE L, BTRA 4 v OREREEY
BRI THBNAREROWHEIC LI VBRI NL EERDS
NTHEY, ZOWMMIALEEITIZEFRENA 4 ¥ inkE
LELWHAEFR R R B ERELR T LAHDOVD
5. L72hoT, BIMBANEEN L T T X< TONERE
EREREDTEIK - M L D & ) BB AL 59 &S
HIEREELBETHLH. WETMBORELZ RO N-
NBLiZZ DX RHEICELTE Y, ECmEEMAaGgh
#C, BTMBEEDA F VB 2 FEREORRTLHA
WAy 7 79 A OPERERRREAHERF T & 5 2 & 2 HKGE
LTw5h[24].

ITER Tlt, 77 7R ¥R N-NBl E— & 1 % OFEE
BN 2y EE@IICEWEDT IV o v EA(AE)
E- FABESH, ZOME, BT AVF—AF OML
ARONEALT ABENH L. TNITICAF A0 b
o > inEk %> P-NBI %48 - 72 AE Bite £ h i TRz
A, EEALF—AF VED B R AT HE—AAF
Y () IFRVEICRE S Tk, 2RI L
T, JT-60U T N-NBIZH WA Z LIZX D By R vy /v
AE WS R S 2 R, ITERO T IV 7 7 R+ D
By, R vy [ va W VEIRT, AE IR RIS HEIC
BT 5 E— FRABR Y TEMICEAD AEE—FO—
#i (RSAE) OEE[25], B A VF—RTOENREDE
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BUCRAT B EE 2 ONBIFFICKRE RN R MUALE
+t (ALE: Abrupt Large Event) ®5 R.[26], ¥ D% { DK

e A

3.3 JT-60U ICR % NBI £/VL (LD HiTaRRE
3.3.1 /NI REOER

JT60U T, A< 75 XAvDEFLHIEZ HEET
B2, 20035ED S 7T X MR 2 15804 5 658 1L
2L bz, 118D PNBI & 1%0 NNBI 55
NBI ¥ A 5 & O AGHHEE 10802 5 30 R § 5 Wl
#HF L7, P-NBIINEAKE T, BEAFOY— AWM
OBBETTHRMEE 2 SR WHERA L=y b (45) %30
WARTE 2 L) ICBER, HHER, HICBEY—-LT4 Y
DY -2 I ¥EDYRE 2TV, 204FIZL=y FHT-
D, TEARRED2MW, 30BE2EBR L. $EEAY
@ PNBI(7 #)Tid, 1080V 2 &880, #Ts2L
T ASZHH L2, ZO#E, P-NBL OfKAS T4
JF—13330 MJ 12 LT 5 [27]. —7JF N-NBI#{E T,
BERESTEBROREEHE2S, 268451+ EOI B 1
BOREBMETLZET, 3O ARETHETI L E LA
AREITIX, 2O NNBIZEETORE SV ALYES L ES
VA RGFTHE & 92 T o 72BRBIZ DWW TRAT 5. 2B,
N-NBI #@ETix, BET TOMWKTH0OkeV, 258, ~1
MW #1219%0, ~15MW T TO/ OV RIREM % EK LT
5 [28]. Fig 6 128IE 0> N-NBI JlZ3 & o A g OV AR
DR ERT.

3.3.2 IMERBEOHESR

N-NBI 2B P-NBI&E L K& { RE2 8, A4+
DEFRIHRDIE A F S _E 72012, B4 OB
BN IHRENSRBZETHE, 2O LR, AL
VAR BAs7-OICNNBIZETIE1IEAIREVY —
AT AIPUETHLILERERT S, ZD720 JT-60
®O N-NBIZETIX, & 122cm, HiZ68cm D h v HIE
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Fig. 6 Progress of the injected energy in the long pulse opera-
tion.
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T — O MEEHNS, TV NEBRITIT745 A H

IRz, T—7REERGET2E 7145 A2 F

BEAELL T L, JT-60 U T 3000 A DKERT —

I MBERECEMET 2LEND Y, fEROIBELT O3

VARTIE, 719X VER BE) #271L70rs5 4

N-NBI Heating and Current Drive in JT-60U towards Steady-State Tokamak

7

The Japan Society of Plasma Science and Nucl ear Fusion Research

Y. Ikeda et al.

£ 14 _—

— A Before modification A

g 1o [l@ After modification & 3
2 A ~ O
c 10 “ﬁi‘ P> -
S - i D
@ 8 ' W’ >E
5 4 2
S 4-7 =
w 4 ]
2

o 2 | Direct interception

Y i i

G |

00 01 02 03 04 05 06
Pis (Pa)

Fig. 7 Heatloads at the GRG before and after the modification
of the vacuum conductance in the accelerator column.
Vext / Vage= ~6.4/ ~350kV, Jace= ~14 mA/cm?2.
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Do EPEBER (- AEHR~04A)[33.Th
ﬁwfwtﬁ JT-60U @ N-NBI #{& (¥ — AEH >10 )
WCBWThH, 7= —% & LRV A x
Tolzlg, 7T—2o7— 28075 A< EMIREHWEN &
EBHICERL, FOME, B4t VERISWMT LB E %
FERE L7z, Lot CHEBERTHR-BERE (250C ~
00CHCTIARBWERET LI LT, 4%, Bhiil
A4 VEROEESMFETE S, 3B JT-60U O N-NBI
HBETEHIE, 77 ABHBOBHIFEEZIT> Ty
H, 30 ERBALE/ VA EETIIERRERHIFCAS
HHAEROBE - BAGLETHS.

Fef%12, JT-60U O N-NBIZE{# O R & FRE & LTt
BIEOYEDDH B, 7OV AREDE S U, &P CRER

BARET LIRS LZLEZOLNDT, ROV
AMERIZIE, BNV AEIR L ) b XD RO EE R
BLEZOLNL., A4+ VIBEOBBELEINED A A%
HHCRARIE A, avF g vam v raTcRIbK
FRPERTOH AP BERIEOFEII bS5
HELTWAEIE, AVyF4yan y 7ol & 7 AR
Wl Eh, FORE, WMEMENEE LW E2HEL
7z, Bk B8 ITER F MeV B IHEERIZ I C L Bl 8
NTH Y [34], B4 VFEOMHEKTH D FRP (7 A
HMegfb 77 AF v 7)) DSRALKERT A DFAERDOWFE
AR s, Ak, FRPIEEOERBEM35] L R—F
rEERKY, MEENEOSRENREZHRLTLTE
Thh.

PLED X912, JT-60U @ N-NBI Z£i& X, /v Xt % i
CEREIE D Jall L3P HEIC e~ 722 s, &
th, EUAFICEFRTZET, BhiMEMEIHFs
5.

3.4 HYIC

ITER PWEFREBFICAA D & LTW BB, JT-60U % i
LoETAHMAD N A~ 75 X<if5Eid ITER O EH &
B L OB AeT ORMEI MY, SHLAD - BH
BEREE S SIZEBRKLE N OB IEFEERIRE) 7
FATDBRPPLGREE R TETVAE, 20D
g, BT 9 A<ICBITEBIRPENFDT T AEED
ZESHREPEELEZ SNTBY, JT-60U TiX, I
i, BREAST O PNBLICIAZ THL AL F—ONNBLIZ &
D, FEEICERLRMEIED SN TS, AETIE N-NBI
W) B D EBREREB X CHEEORRKIC OV THAL
723, M OEFEACING TEBEL St 2 R L
AKREERZABZEE LI,
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