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Steady-State Operation
of “Advanced Tokamak” regimes.

A. Bécoulet, X. Litaudon,
V. Basiuk, L.G. Eriksson, V. Fuchs,

G.T. Hoang, G. Huysmans, F. Imbeaux,
D. Moreau, Y. Peysson, F. Rochard,

I. Voitsekovitch, M. Zabiego.

with the help of the JETX Task Force B 9
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e Introduction

state operation aspects:
— scenario

— NICD

— Ti<>Te

— MHD

— feedback

— codes

e Conclusions

Outline

\

[_ —_— T

TORE SUPRA

]7

* Some “AT” results on Tore Supra and JET

 Requirements and on-going actions, focusing on steady-
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The DRFC/SCCP now works for both
Tore Supra and JE@ T” physics

e

limiter

°* program: °* program:
high power-long pulse operation performances, DT plasmas
e tools e tools
ICRF + LHCD + (ECRF) NBI + ICRF + LHCD
super conducting TF-colls o Extension of JET,
upgraded |nnet\:(?sselco(oI”:n:(p(:2|, CIEL) EY 00->02
rooatpumed || Swewre - MACHINE OPERATED BY UKAEA

- ACTIVE PARTICIPATION OF

EURATOM ASSOCIATIONS TO
THE JET EXPERIMENTS.

guard Iy et

imiers | S )| - DRFC/SCCP INVOLVED IN “AT"
;. <3 | PHYSICS, FOCUSING ON
| STEADY-STATE ASPECTS
~ Bl | poloidal Coils (up to 10-15 pmy).
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mid-term “AT” topics

-
* RF-driven AT physics e ->31/12/99 Task Force B
» Vloop=0: LHCD+bootstrap (see JET presentation)

« FY 00->02

to be discussed:

ITBs, D-T plasmas,
a-particles, ...

e current diffusion
e current profile control
e long-term MHD stability
« fast particle (e-, ion) physics
e edge physics:
« wall-plasma equilibrium
 RF-edge physics
particle fuelling
« multi-pellet injection

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 4
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Tentative characterisation of an
“Advanced Tokamak” discharge

« Enhanced confinement,
(in particular with respect to the simple Ip-scaling)
 through active profile modification & control,
(J, EXB, n, plasma shape, ...)
o for steady-state tokamak operation.
(fully non-inductive current drive)
(controlled edge physics)

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 5
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Confinement enhancement due to
current profile shaping

M—
on TORE SUPRA

1ton EURATOM -CEA

Wth/WITER96th
:l-'8_""I"''I""I""I'"'I""I""IIIII
| o OH T
160 ™ L-mode h
bootstrap current O a LHCD
‘\' | o FWEH
1.4 -
%% @')&‘7’ T |
3 -~ 1.2} .
2 > [ =
(& K
S S 1L ﬁ%ﬂ%ﬁl ]
08_ 1y Ll

0809 1 1112 1314 1516
Normalized magnetic shear(w/wo RF)

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 6



) [ e '7
48 Euratom G| | TORE suPRA

Bootstrap current driven by FWEH

07 e EMWEW.
_ : 060 1o\ | ]
PFW_ 6MW 5S AO5— P = = - T ]
— 0 < 04] ’
Ibs/lp 35 % S 03/ " ]
O'lL...|...|...|...|...|...|...|...__
current 0 4 6 7 _8 9 10 11 12
1-5"'|"'|"'|"'|"' L RN RN LR R Tlme(s)

f‘\l ]
N i - ——l
£ : Tore supRA  #18805
< .
é 05 ]

6
2
g
38

3,

1

0

O |||||||||||||
0 02040608 1 0 02040608 1

Normalized radius Normalized radius
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modif. crt profile:
Te barrier sustained by LHCD on Tore Supra

modif rotation shear
Record Tio =40 keV in DT on JET

ITB formation and expansion (H(Rfoot-Ti))

Electron ITB in DD and DT

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 8



) | Baen
4 Euratom Ce:JJ | TORE SUPRA

]7

Te barrier sustained by LHCD and transport modelling

Tore Supra 10 JET

A —i=93
Y oeva 32948

s %
; 3
= 3 b X
il 2 A
..- 1
2 ﬁ ot
f§, bafore transition
0 L 1 5 % ) J 1 [ | ]
¢.2 0.4 ©¢.6 0.8 1.0 H g2 064 0486 4.8 1.8
Rormalised radius pormaiised radius )
Litsuden 1997, 12th Top. Conf. on K& Ehkedabl 1887, 12th Top. Conf, on R¥
power i plasmas, Savannah 137, ___power la plasmas, Savaanah 169,
204 I, Canl. e Rt;;}r.aing. Grussess, 20238 Jamieny 195 Xavivr Lilgudoh 1

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon



) | an
4“ Euratom Ce:JJ | TORE SUPRA

]7

. 20 | ‘ PLise No AZ746 DT B m3.4574 -
Z Lp,m Pres 2. ITB with dominant
g 1o - Pores ion heating schemes
“= % e Preheat phase with LHCD &
4  ICRH during ramp-up phase
3
2 e First successful
1 production of fusion
1¢ power, 8. 2MW, with I'tH
3 in D-T piassas
| :
H-mod fhage
é—ww — + ITB in D1 with similar
L T Je203m__—~""~q  power levels to D-D
gg'Pm,, (MW}
4 2 s T concentration - 30%
4
2t * By = 34UT/T, = 3.2MA
{ € GrurInvzano & ab 1G9,
O Y e Gy T T phve Rev. Lot 5D 55
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Record T, = 40 keV in D-T at higher Bo

40{ \\\\\\\\\ PP D D L PNIDL 8 8 b bt 't D Pt P Pt
i ! = 309s

Pulse MNo: 42948 (D7) Time vefers 10 start of dgh power pllase

* ITH expansion

*n,, ~ 4x10G'® m-3
* VT; = 150keV/m
P Vp; = 10%Pa/m

bd trot = 37TkHy

: T

el AL M AN Pl melarsmenannaaes

T, (keV}

M PRSP
102} m3 keV &

S Bo = 3.85T/1, = 3.4MA

30 34 34 36 .
Major radius (1) LPlasma edge : R-3.9m

o

T Reder Litavsgon
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JJJJJJJ

JET
Pitse N* 40847
3G b tHE.5 § 3 241} 4 ‘
e 578 " Hoen
25 - 5.9s o
= 6.2 5
S :
& 13 :
o 1.6 »
16 - *
’ . ; » JET
§ 1.25 1.-mode
"y ;8§
4 ) H £ | z | 1 1 1
3,0 3.2 3.4 3.9 3.8 3.2 3.4 356 3.3
R {m) Riwent 0}y Lifoudon
JET team fpresenied by FL Sdidner) 1997, 24th EPS conf,, Berchtesgaden,
-2.;".'}09. Ll sin RE Hewznyg. Braseels. 2023 Sarassy 100 Ravics ; Agedon: P
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Electron ITB in D-P and BT
Te-praofites : ECE Heterodyne Radiometer

Tiroe cefors 10 stort of Algk power piase (5.42)

. DD e e 03 |
' —++ 4.2s
: 0.45
K i}‘r - 0.8
. - 1.7%
- 8I_ ~ — 1.3% N
- = -~
3 g
‘M.Q % !""‘&
4
3
{
¢
?Ms No 42554 DD W i o bilse No 42749
b X 3 1 < 3 | i 1 - 1 1 1 1
8.3 3.2 33 34 35 3.8 37 3.8 g.i 3.2 33 34 35 38 37 3.8

Major radius (n3) Major radius {m)

e v r——

AR
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Thermal transport
In advanced tokamak scenarios:
ITB formation modeling.

* X~ XBohm F(SmﬂyE ) T ngro-Bohm_I_ Xneo
« Magnetic (S,,) and ExXB (Yg) shear correction

F(Sm?yE ) ~ eXp(_(Scr_Sm))

« Turbulence stabilization when S_<<S_.

critical shear s_. [0.05 abs(1- V. / Yiinmax )

Parail V. et al Nucl. Fusion 1999
Voitsekhovitch I. et al., IAEA, 1998

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 13
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F(s,,,.Yg ) versus S, for various Yg

>

F(Sim)

", Ve F(Sm, Vo)

Ye2 2 YE1
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Current ramp-up scenario on M

Gormezano 1997, 12th Top. Conf. on RF power in plasmas, Savannah p3.

*'k
*
*x

*
K QX

1,(MA)

#40554

0 [l . ! . ! . ! .
0 2 4 6 8

Time (sS)
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. - M
Current ramp-up scenario on  TORESUPRA

Associst on EURATOM -CEA

1.5_' T T T 1T T T T T T T T 1 -_

< 1f .

é B .

e current ramp-up o 05 /_\‘_

e oOn-axis electron heating % 2 4 6 8 10 12 14 16

Time (S)

i =) B VASSIN ANYAN S B

9.4s ; 06T " .l P E018

0.4r1 T 106

1.5 | T 0.2 1 103
0_ '!:'!!!:1'!1:!!11:!!!':11!1:'!!1-b

o | [ois oot W~ :
E 1F 88s . 0:4'_ il i
< 02'_ _ 4L ]
= 1 0'::E):(:a:lt:r/:?:::o:':G:)::':”::::::::::::::'
05 i 1.2 li I ]
0.8} 1 g

| 04[ I :

Normalized radius

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 16



) | an %
4“ Euratom Ce:JJ | TORE SUPRA

turbulence (CO, laser scattering)

2 -I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I-
‘: 2 [ T B T ]
& 1 . : :
S - TORE SUPRA . -
p- : B 15[ ]
= : ot ]
= i = 1
: ] s ]
T ~1 B -
\ < :
A ] c ]
< I . A 1
a : i 05 L _
™ 20 [ - .
o 5 4 4
— B T _
Z 15[ N 1
8 : : 0 L1 11 1 1.1 1.1 I L1111 11 1.1 I L1 11 1 1.1 1.1
2 - . 0 5 10 15
o 10| . n. OTe (x1019 keV / m4)
Q_ - -
S 5F 3 Fluctuations (k = 8 cm-)
"6' B 4
S - )
m 0 -I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I-
0O 02 04 06 08 1 _
rla cf G.T. Hoang et al, 13th Top. RF Conf., Annapolis
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current ramp-up: discussion

e Current ramp-up is in fact used as an off-axis CD method
e The regimes obtained are “frozen” on time-scales smaller
than the current diffusion time.
*

-> necessity to use NICD methods

to fully drive and control the current profile.
-> necessity to rely on a large bootstrap current fraction

(external current drive methods not efficient enough)
-> role of a current “pre-forming” phase for SS operation

- optimization of the route to steady-state.

- one or several final states?

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 18
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optimization of the route to steady-state

Constant primary voltage operation: Magnetic flux feedback control
Long time scale for fully non-inductive operation
to reach plasma equilibrium

15 |

- ’M__
TORE SUPRA

Vs(V) 4 8 12 16 20
| |
5 10 15 20 25 Time (s)

0.0 '
0
TIME ()

E, (r,t)=0forAt=3s

Kazarian F. et al., 1996, PPCF 38 2113
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"TORE SUPRA

one or several final states?
e Internal plasma relaxations
e Mechanism
e 0O-D modeling
Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 16
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]

J

one or several final states?

L

| aen

TORE SUPRA

]7

B
Time (s)
Equipe Tore Bupra, 1996, Plasma Phys. Conisol. Fusion as A2D1,

1.0

Current profile mi ent
qo and Te, reiaxation in full cusrrent drive operation
.8 prrerer e e 8 Tove Supy
- \/ :
B.E ¢ ~~§Qgag T4
- W 3 0'8
0.4
-9 =120 deg. m <
0.2 - - A Wi :. _‘ i 0,6
nh PET) 3 g
281 % " :
2.45 ' 0‘42
] M, = ;
& _. i
$~T {keV} q 8.25
& high ¥ phase
4 & fow 7, crash
2L 0 ] ] 1 1
N PSS 0 0.2 84 08 048
5 % 7 W0 11 rfa

2 E g ¢ ond. on RITauag, Brussls, 2523 iwidy. |95

Aimu Littudeh
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A mechanism for the internal plasma relaxations
without invoking MHD instabilities

The evolutions of Te (r, t)and g (r, t) are
non-linearly coupled through:
) Xe (r, 1) on Sy, and
1) JLH, Jbootstrap 0N Te

The relaxation mechanism:
1) Non-monotonic q(r) — core transport barrier + high Teg,

2) High Teo - JLH * Jpootstrap —~ Inside the transport barrier
— ¢(r) eventually reverts to a monotonic shape,

3) Teo\ , JLH * Jpootstrap Ninside the transport barrier
— non-monotonic q(r) is formed again

Trilateral Workshop, JET, June 16th-19th, 1997 Xavier Litaudon
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1.0

0.20
0.15
0.10

0.05
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The non-inductive CD methods

0.5 -

- ——A'M_.
TQRE SUPBA #1 9980

[ T 2.4MW LHCD
— PLH(MW)

i for 112 s

k .

v ohif e [

MJ

WTot / thermal

WTot ITER96

H

ITER96 L_mode ~ 1-4

Te (r/a=0)

Pra—

Te (r/azO?4) Wf
] ]

20

40

. . Equipe Tore Supra,

T|M6EO (s) 80 100 120 Plasma Phys. Control. Fusion 38 (1996) A251.
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The non-inductive CD methods

S sormn” 119980

fe—

2.5 [ AN T y i
2.0F PLH (MW) | 2 AMW LHCD
15+ ‘ for 112's
L0 I (MA) J _ T
L - di= 1
050 Vi (V) R0 Lozl
0 : Tl :

0.20
0.15
0.10
0.05 |

WTot ITER96

HiTER9s L-mode = 1.4

i ewrh%
E Te(rla=0)

O r NN W bk o1 oo N

(@)
(@)
N
(e]
~
o
o
(@)
o
H
(@)

—

N B~ OO 0O

'

S \ c
Te (1/a=0.4) " 2

0

20

|
Equipe Tore Supra,
40 60 80 100 120 Plasma Phys. Control. Fusion 38 (1996) A251.
TIME (s)
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cooling panel

The Tore Supra CIEL project rosapumes [ [ e

limiter

Internal Components
& Limiter ers N
Limie =N
(being built,
installed FYOO) %3] roicivarcois
generator(99) | coupled(->98) required
(on plasma)
H&CD ICRF | 12MW(30s) | 10MW(2s) |10-12MW CW
systems 6MW (305s)
beina desi d LHCD 6 MW (210s) | 5.3MW(6s) |6-8 MW CW
(being designed) 2. AMW(112s)
ECRF| 0.5MW (210s) - 2-3 MW CW

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 22
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The Tore Supra CIEL project

Internal Components

and Limiter
(being built,
Installed FYO0O0)

Toroidal pumped F
limitrer 3

[T~
Guard
limiters

¢

., g

o Tore Supra_|

TORE SUPRA

Cooling panel

& ~structure
>

>

WA ey | | S
o Ti.[..'_i‘_ Poloidal coils

H&CD
systems
(being designed)

Required

led (->

Generator (99) | Coupled (->98) (on plasma)

crRF | 12mw@os) | OMWES) g0 9o mwew
6 MW (30s)

LHep | emwios) | >3MWI(ES) 6-8 MW CW

2.4 MW (112s)
ECRE | 0.5MW (210s) - 2-3 MW CW
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A. Bécoulet, X. Litaudon
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MW LHCD + 10MW ICRH + 2MW ECRH, B=4T

2

1.8

1.6
14
1.2

=
0.5
0.6
0.4

0.2

0 : : : : :
3
My ol

cf A. Bécoulet et al, 13th Top. RF Conf., Annapolis
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2.0
1.8

1.2

MA

0.0

"TORE SUPRA

MW LHCD + 10MW ICRH + 2MW ECRH, B = 4T

-—-—q_

1.6
14 foeeeres

G NN ENES
% : L
e 5. TR comTT

;
% ;
I EER R R RERE]

L0k
0.6 |-+
0.2L....

_,_..--"'i'i.-u"‘l_. .....:------- [
TORE SUPRA

danascisracn PUFA TR -JEA

p (fully nonind)

t

NG v - Greenwald lim
< o

2

3 4 5 6
Nvol

cf A. Bécoulet et al, 13th Top. RF Conf., Annapolis
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Tokamak Performance Envelope

0.08
0.06 FHovmm
004} B i e R e e

0.0z

hetaN

1 prag/Ptot ! pragptot

=taup
log{dt)

" TORE SUPRA

WITA C2A

] [ £ sen l
4“Euratom C@JJ | TORE SUPRA
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e —M__
ECRH on TORESUPRA

Associst on EURATOM -CEA

e 1 prototype 500kW gyrotron on site
e 1 antenna (3x2) in the machine

« 118 GHz

e Active cooling

6 x 500kW gyrotrons

210s capability

e 0n- & off-axis ECRH/ECCD
e MHD control

cf G. Giruzzi et al, 13th Top. RF Conf., Annapolis
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ALCOrr&E "onq/ 2 ey fgyy Coprrdu ¥ ofrite lt
COURSrsrens™ wrtt 1d R 2y

case

(3} Free-boundary toroifal cquilibeitos solver P e
f}  Obmic, bpotsirap and neutcad hesm driven currents © o i A
0y Lower hylaid physics pacizge
- R4y tracing,
— 1-B Fokker—Pianck equation witk ¥, modet, .
~ ‘Adjobe’ eguasion wilh Fuily relativistic bousce ;oo

Yo .)fff'f.-:'r'«-f}'f."\:a

avoroged collision eperator, . T
— Spatial diffusior of RF corsent density. JET 48123,/ Sofaety Foctue v, Rho
” g ” L4 v v 3 Al Al . . -
M} Wikt odd Fuft wave ECRE wodele TORK 4 T T '
Flawchas o2 ACOGRE | FGD Sansesion code

(ot

TIPS VI W PP WP Y

e

e tlan de codite i A B e e

Safety Factor (Q)
SN

; \

] +3MW LHCD
{j’: : PRV IEE VOV TP UEETEEIN S S T WY T 3 5 3
0.0 0.2 0.4 .6 0.8 1.4
, e
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Ti Z Te : the role of the heating scheme

H-mode(93) ELMy H - mode

N
1 L
e high H-minority ICRH 0.8-
* high density (->80% Greenwald)
=0.6F
=3
-> increased plasma rotation 24l
-> electron and ion
) X  L-mode (D/He)
energy improvement 0.2} IR
® |CRH (D, min. H)
i O ICRH (He, min. H)
7
0.I.I.I.I.I.I.I.|
0 0.10.20.30.40.50.60.70.8
ITER96_th
1 TORE SUPRA_
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The role of the heating scheme (2)

+ICRH vs NBI on JEI K
purpose. decoupling heatlng fuelling, rotation
- (D)T scenatrio: efficient ion heating
- BHe)DT scenatrio: suitable for reactor

(cf Bergeaud, Eriksson, Start, to be published in Nucl. Fus)

«ICRH + NBl on JENI K8
purpose: balancing Ti & Te
purpose: presence of fast ions above Wecrit
- Strong electron heating
- simulation of alphas
purpose: controling the power dep. profile
- bootstrap alignment
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Long pulse discharges involving RF:
the problem of power coupling

 maximisation of the coupled power
« reliable pulses: arc detection and safety systems
e edge physics:
ICRF on” = LHCD on 7

\
¥

Lk Ot o o PR 1L
Je o HWID TPOMD- MRS IRRAH IT WL DN
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Which edge for steady-state operation?

A edge bootstrap

WV lower By-limit W lower RF coupling
(An, ELMS)

V ELMs (heat load)

WV edge bootstrap

=> Wide ITBs in L-mode edge (?)

L-mode H-mode
A good RF coupling A supplementary H-factor
(An, no ELM) A higher 3 -limit

WV pedestal weakening ITB

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon
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Steady-Stat
produced with Argon seeded radiation /¢ %

Argon bleed in JET

e Double Barrier Mode
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long term MHD evolution

1.2f
S ~ g
TORE SUPRA o
Associston EURATOM -CEA 0.61
0.4
0.2
e zero loop-voltage 0.0f
LHCD discharge 0.2

0 5 10 15 20 25
« weak central magnetic shear

« tearing modes at t=18s, [3,=0.4
 m/n=2/1+ m/n=3/1
“sawtooth-like” activity.

0 5 10 15 20 25

time (sec)
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MHD on M

Pressure feedback control with on-axis ICRH heating
to prevent excessive pressure peaking

* JBT : Sips 1997, 24tk EPS, 25 o JET ¢ 40843
10 emitroms - :
2
£ -
s |
95 b
25 55 5.0 6.5 7.0 4
Time {9} "
e5i- ¢ i
trigger L to ¥ transition B/ <p=
fLazarus 1996, PRL 27144 Huysmans1997 24th EPS. Berchiesgaden,
2905, Coesd, 4 R g, rueseds, =11 Jagoary, 1598 Xnvier £.Ruwdos B
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Controlling steady-state “AT” discharges

e Current and pressure profile controls
=> multiple H/CD sources for flexibility
=> significant power and coupling margins
=> algorithms (i.e. diagnostics and modelling)
e Particle fluxes
=> multi-pellet injection (reliability?)
=> significant pumping capability
=> impurity (and ashes) control
 Heat Exhaust
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Requirements on modelling activity

Towards self-consistent time dependant modelling:

heating & current drive, transport and MHD stability

=> determination of the route to steady-state

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon 35



) | an %
4 Euratom Ce:JJ | TORE SUPRA

[ R R R P S S S SN

Ip~8.1MA/ 84T

a Time dependent and
FICREL PNBE = 237 MW consistent modelling :
45 - transport,
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MHD stability.

3.5 0.6
3.0 Profile control with off.
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Conclusions and perspectives (1)

Demonstrating the steady-state capability
of “AT” discharges implies:

to achieve performant discharges (H, B, Q, ITBs, ...)
to perform such discharges at Vloop=0
with a significant bootstrap fraction
to achieve a satisfying particle and impurity confinement
to achieve stable state(s) (ITB location, MHD, edge)
& control the profiles of pressure, current & density.
to develop active controls against MHD events, ...

to find a route to high-Q regimes in “AT”

to perform them at higher densities, and balanced Ti-Te

to prove the compatibility with alpha particles (profiles, MHD, ...)

to demonstrate the control capability in presence of alpha particles.

Extension of such regimes towards reactor requires:

Physics Requirements for Advanced Tokamaks, San Diego, March 9-11, 1999 A. Bécoulet, X. Litaudon

37



m ] s
Euratom Ce:JJ | " TORE suPrA

]7

Conclusions and perspectives (2)

o —M—- .
The TORESUPRA program will address

Associst on EURATOM -CEA

In the coming years the following points:

» steady-state discharges (->1000s) combining RFCD and bootstrap
e heat exhaust: limiter(->15MW) + radiated power(->10MW)

e active current, pressure, MHD feedback controls

» active fuelling and particle exhaust

« fast ion&electron behaviour studies

 RF power coupling in CW

* Modelling

Theéml program could address:

» the sustainement of high-performance ITBs on resistive times.
« Dbalanced Te-Ti regimes

« active current, pressure, MHD feedback controls

» the role of alpha particles (simulated or in D-T shots)

*
*x*
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