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Extension of High-
Temperature Regime with
Upgrade Heating Property



Achievement of T, = 7 keV

» Installation of a new perp. NBI (6 MW/40 keV). 8
_ _ - 7L (a) #11059 J‘% Co-NBl
» New operation with ICRF wall conditioning. 5l dommant_
-> n, profile: hollow -> flat/parabolic, % 5
Y4
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.3
» High T, regime has been extended. =
ME 2L (b) W/O ICRF cond., #106661 1
a O 1 1 1 1 1 1 1
L |F et et 2; 06 -04-02 0 02 04 06
g- ¢ ‘* eff[ ]
Cm O 1 1 1 1 1 1 |%
-0.6 -04-02 0 02 04 06 - ! ! ! ! e
. 8 (d) ICRF cond. -
@ ICRF wall condltlonlng . Newperp._ __, g .
SE! NBl/I’@ ]
ME 5| (c) W/ ICRF cond., #110597 2 Al N A Fiscal year ]
S 'M"M == " A ~2009 -
g 1 { 2 H 2010 -
a ol ® 2011 A
< Ol o 1 2 3 4 5

-0.6 -0.4 02 O 02 04 06 19 3
Pi/ne [X10 ™ MW m~]
eff[ ] 4/16



Extension of high-T, regime

T

[keV], n [x10™ m™]

» Since 2007, Gyrotron x3 (Over 1 MW each/ 77 GHz).
» Increase of Py -> Extension of high T, regime.

(1) Achieved highest temperature -> T, =

(2) High density condition,
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Characteristics of High-T,
Plasmas with lon ITB



Typical time evolution in a carbon pellet discharge
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Relation between grad-T,; and V ,shear

-dTi/dreff [keV/m]

3
o [x10°/s]

—dV¢/dr

» Centre-peaked profile of V ; was formed.

» V,shear clearly increased with increase of T; gradient.
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Radial electric field in ion ITB plasma

Neoclassical transport,
» Huge if E, = 0.

» Significantly reduced due to E..

E, was measured using HIBP,

> Low T, -> E, ~0

» lon ITB -> Negative E, <> grad T,
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Dynamic Transport Analyses
for High-T, Plasmas
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Temporal change of z and u,

» Temporal behaviour of

Plasma Core -> Slow change, great decrease.

Peripheral -> Fast change, small decrease.

» Toroidal-momentum transport was also improved.
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Flux-gradient relation ~Heat transport~

The slope in the flux-gradient relation -> z, 7,
» Improvement of the lon-heat transport -> Back to low confinement branch.
» The electron-heat confinement was not improved.
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Flux-gradient relation ~Momentum transport~

The slope in the flux-gradient relation -> Uy

» (1) Decrease of u,;, (2) Increase of the intrinsic rotation.
» Back to low-confinement branch.
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Future Prospect
and Summary
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Toward guasi-steady-state operation

Strateqy of hic]h—Ti operation in the LHD

» Verification how high T, is realized. 8T l
. 7
» Long pulse operations toward a reactor. 5
In the He-puffing discharge < 5 r
o
» Steep T, gradient and reduction of . = 4
. —
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Summary

Progress of the extension of the high-temperature regime

» High-temperature regime was successfully extended due to the upgraded heating

system and the optimization of discharge scenario.

High Ti characteristics with ion ITB

» Centre-peaked T, and V, energy-confinement improvement , reduction of y and u,

and the negative E, were observed. o5

» lon thermal transport and momentum
transport moved to high confinement 20
branch by the ITB formation.

> 15
)
Future works =,
o . —° 10
» Investigation of the off-diagonal-terms
effects. 5
» Performance integration of high-T;,,
high T, and long-time sustainment. 0
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ICRF-conditioning effect on the high-T; discharge

Before the ICRF conditioning,
> T,, below 6 keV, hollow n, profile.

After 30 discharges of ICRF conditioning,

» Residual pressure significantly decreased,
-> Decrease of neutral recycling,
-> Lower n,with the parabolic profile,
-> P./n, increased in the plasma core,
->T,, exceeding 6 keV.
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Toward guasi-steady-state operation

Strateqy of hiqh-Ti operation in the LHD
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Newly installed NBIl and gyrotrons

» Recent upgrade of heating system:
Since 2007, Gyrotron x3 (Over 1 MW each/ 77 GHz)
2010, Perpendicular NBI (6 MW/ 40 keV)

History of total injection
power to LHD
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Typical time evolution in a carbon pellet discharge
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Behavior of E, and turbulence in high-T; plasmas

» Negative E, was formed in the core and was gradually decreased with T, degradation.

» n fluctuation started to increase from the peripheral region to the core.

» T, also decreased from the edge.

10 1

» The difference of the time constant of T, change is
considered to form the steep T, gradient in the core.
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Recovery of T, by an additional impurity pellet

Additional C pellet was injected in the T; degradation phase

> Increase of V¢ was not observed but the time constant of the

degradation became longer.

» Clear recovery of T, and grad T,.

Impurity effect is one of the candidate for the confinement

improvement due to the suppression of turbulence.
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2nd pellet reference #106452

,;:v‘| 106452 gas : Ar He 18 Aug. 2011 (Thu.)11:5
-2 B=-=2.750T, Rax= 3.600m, y=1.254, Bg= 100%
lup G, G, OA  baking, TiG, Boronization 7/22
[(4) High Te/Ti] High Ti with C—Pellet (B : CCW)
= 2.0 5.00 550 4. OO 4. 50 2. OO 2. 50 .00  2.50 35.00 550 4.00 4.50 5.00 2.50 0.087 32374247
® \ L L ‘ ' 3 5575, E*‘”‘”' S ' I S o ‘EB "”\":”\'”‘\l'”‘
= %g 3 &J%ﬁlﬁi"[iﬁu!ﬂﬁ% ﬁi 8 #*% H‘%J! ’1 @' R § ! é(g) E ”><71”//3>>“!va ) Er] J%ramé?) 414C3?
E0:0 Bl il . w4 o 20 F N - E
E = Wé7q00 - ‘:&776‘52_40; ay N ]
- 3 | 82764-6.00 | ey,
& 3 - f f r”“"’“"”"ﬁ\— 816 (400 F | My,
E 1l ] L 1050 5200 [
IEE i 3 I p h b ‘ - IPRH50.00 L i frqméa- 21427S
s00f s ] E
2 | S 4 42‘ — w1200} - PN
z >=0.94% o ! SRR
= o 752)88 _ TN L | 7|”T'i'“k T “‘MM N R XE
'r?—\ E ' 73 W ] 40425 ! N;I ; 50400 ; LI -\l_.\,; L — “\ L R B fr Te 137
£ 400 F 1 EW b . = le3.00k ! Q.1418 | s L ol
@ 200F : 'T' L = ;02547 : ’ ENE bltf‘,gmm
E 0 b | im\ Loy \|| L] |‘\-\W.¢ = a?ts'z'ooé_ \ | ol ‘ *’(?" wi
= [ max= .Z 283 e19m” fJ——"S,SOO'é”' L upAri.00F [ ¥ - j.rmm%
= - o AR 3900 by bl L 1010 Fame 48
£2.00¢ F€|3669 c’mmr | R WU ﬁ@ — [0 trams 145
c ; ) i 266k . ‘ ‘
/ N— | ZZI}-HS%’%% P
’_‘0,00 L L L L L L ri ‘ L L L L ‘ll L L L ‘ |‘\ \ L ‘ L L L L ‘ L L L L
400 e B W 1= hAses | - Prod
— 3.00F ggin = 1003(11 ---- Visible Breris.
© SheT : L | :
o 2.00F ©n. ‘ E
o " R
1‘002 U BT . E -
E e o CN E
EO.OO%HHMW*%\H.wl.H‘\JHW&WTMMH% 5 H
Z 250 300 350 4.08M%l8d s500 550 6.00 250 300 350 4 ob"m 150 5.00 550 6 Ol
i —_—— = : .732R37[4%47
—Jboo E = e T 1 [T T———r—r——— ey
X ] Fi e " :8’\hdcxs7,cw hdexs7_cvi  Jlhdexs7_cvi hdexs7_cvi
5500 L A——X { | 39404 20204 41404  4.240
= 90 . . T . : 1 ? - T . . . T . . . T - . - 16 ¢
S ———— | ™o
= 40F E j? % $ % F &
S 2.0F q2§ ¢ k@g 4
[a e ] 4 '
:OO | = "\ L |‘ | | | I I -O JRETEY FERTRI NNt AURTTA FRTRRANMONC" SRRRRA NRRRRRITEL Y INTRRARTITTIIN

0.00 2.00 4.00 6.00 8.00 10.00 12.080 3.6 4.2 3.8 3.6 4.2 3.8 3.6 4.2 3.8 3.6 4.2 4.8 23/16



2nd pellet #106455

gas :

B=-2.750

Ar He He

T, Rax=

18

3.600m,

2011 (Thu.)12:0

v=1.254, Bq= 100

7%

Il - 0, 0, OA  baking, TiG, Boronization 7/22
[(4) High Te/Ti] High Ti with C—Pellet (B : CCW)
= 2.00 3. OO 5.00 4.00 4.50 5.00 5.00 6.00 2.00 35.00 3.50 4,00 4.50 5.00 5. 50 6.08)7 32 3.7 4.2 4.7
© T 7 55375 T T ] = Y A
g %@ el 28 m;/i\*ﬁ\\' _______ oo b Tams i
|2 : '\-‘Hlf IJ ‘h‘ S — w“""%i%—ZO E ‘ e '77\ ,ﬂ:t@gk,kdﬁ ]
2 ‘ ' ) wé7ooo‘ ‘ ——77c 1= —40E L L m— W s o
T —_AJ—I—\ ‘ —— 82764 -6.00f T| ArXVIL ?;,.j,gfi“rgﬁmﬁgg;%,’ 1
N S S e e - LAY L o Tl
5 -2 .00} 1 £ v 8
= o | | | 000k o] frame
2 00 — EE | o, E | | g OI\J" E
b e E— e L3.00F ! ! ! FeXV| ;4-
\ [=2.00} | | | N
i} 171.00F | | | JARE .
N : ’ 1= E SIS E
! : =Y I) 0,00 E )-\J-A— —J—-«\Ah»w/\ﬂ' TR ST AT i e SO /I\/\/I ‘\ L
288 /Fj\vv ‘Qﬁ@\ e O{ \h\:[) 981 S 3 IN;; ; 50400 F T \\_l _I_Flt_,‘ ma L B R L 56
zrﬂﬂ —— 1o I Q.157 1. el SRR 1) &
EE 200 B :/ [l 'Fm — Nsl 4;13'0(3 - 0l2B4~ | S E,H+H.k ER(T
E 0 b= i im\ TN | ST S ‘ L ‘M:CSAZ'OO? \ ‘ ‘ ‘ EQI%%Z
= [Troc 2056 ereme =S 9oos Tio0f | | 1 — — Al e
o L 1.63 - [:4920 — - o - AU
=2.00}_1 5[} )m : : _I%g%?):@_OO s o SRR I
~— [ R= 3669 nz7sp € max= 1.8706 eldm° 1= 3.920s L A,
S 1Re®e 20l 1 = 1.808m 823 1 : ‘
I:p4gp = 7 \-H-I_ : J il (‘\‘i- i 35"? HH i2
=0.00L, Wil e —— = SEF
Z 4.00[ 572 [N TES —— L““’i 3 23k He o
— 3.00F : Visible Brerds. 0.0 I [ i | Ll I Jq_/—\r A
© E T I 1 T T 30
. 100k " 7$ ST iToototteTi- ssap(6
T | b g, R G ' SARER
= 0.00 by el )l IL‘ T e e e A T oy s SSYOUD
me
2 250 300 350 ‘4.0‘6 ‘4.56 500 550 600 2.50 3.00 ‘3_5‘0 7 ob %50 200 5.50 5. Pl
Eooo— —] ;8Jw‘w‘u‘ulH...l.m.|H_H!ww“...l....“HWWHL
1 | 2, | E lhdexs7_cvi  Jlhdexs7_cvi ihdexs7_cvi Jlhdexs7_cvi
5500 J {J'HH {6 3.9404  4.0404  4.1404  4.240s
=68 : | — ey : ; : oL im |
© 40 141 @ "5 % 5 % .
L ] Y & A )
D{ZO* - {2@5\590 1 % ?‘4@ 5 ,?_Q(-\} %
. 0.0 | | | \ | | | | | :O HH\‘\HH‘HH\ ERET1 RRRRN1 NN\ RRRNIRRRERANTR. X\ SRR RRRRRANNR
0.00 2.00 4.00 6.00 8.00 10.00 12.000 3.6 4.2 3.8 3.6 4.2 8.8 3.6 4.2 4.8 3.6 4.2 4.8

24/16



Quasi steady state #111366
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Temporal change of Zeff
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IDA K. et al., “Dynamics of ion internal transport barrier in LHD heliotron and
JT-60U tokamak plasmas”, Nucl. Fusion, 49 (2009) 095024.

26/16



TASK3D for quasi-steady-state plasma

Prediction of achievable temperature

- survey for “anomalous” modeling

= Increased accuracy of prediction

» TASK3D simulation qualitatively

reconstructed the experimental results.

~ (_FIT3D_JPnai(rer)
DGN/LHD _NC
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Time evolution of T(reff)

\_ = achievable temperature profile J
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TASK3D for C-pellet discharges -> In progress

Time-transient P,z was evaluated

taking account of E- and ..

» Temporal change of the energy of the beam particle,

which is produced every 0.1 ms, was calculated.
» Plasma is heated by the particles with E > T, (T,).

» Heating contribution of the particles at t = t; was
calculated and the temporal Pz was evaluated from

the summation of AE = E-E,;.

3At
Ejy1 = (Ejgfz eXp (— )
TSE?
2/3
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—Ef/z(l—exp(— ))
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High-power gyrotron has been successfully developed
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» Output power of 1.8 MW was obtained for one second in
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a 77 GHz-gyrotron, which was developed in collaboration with

University of Tsukuba.

B . v ]
- v IE'_
| — —, L\V .
:F_J - Ve ]
:Il L %I“ . _z’B _3 ]

—— Schottky Diode |

i M —Calorimetric |

0 0.5 1

Time [s]

Stationary operation for 1 sec

Output Power [MW]

Tsukuba NIESJTGO W7-X ITER
P S 7 P B
T'sec. | 4sec.  800sec. (JAEA),
570 sec. (Russia)
1 e _——
: o
~ 9Sec | 4800 sec ®
osL . . 3600 sec. JAEA)
. ® 800 sec. (Russia)
1 sec. ® 3
0 ' 2400 sec ; .;
0 50 100 150 200

Frequency [GHZ]

77 GHz-Gyrotron
29/16

World’s highest output power
(>1sec) was achieved.



