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' Tokamak Operation Scenario

plasma pressure
T

4
e Good confinement

g-profiles

e Poor stability Reversed
3| shear
S| 2| weak
:
5 1 ~—_ ELMy
H-mode

e Only “"weak” RS 00 0.5

plasmas are stable

but they require a r/a

delicate active control

Hybrid
W
L
=2
7]
(]
o
Q.
© Wcore
£
0
©
a
Woed
0 plasma radius a

e Good confinement
together with
high stability
w/o0 active control




Reference H-mode Steady-state with fully
for ITER with ELMs non-inductive currents

Operating time 400s 3000s 5000s

_ 15MA 12MA 9MA

dos 3.0 ~4 ~5

v Producing a high fusion yield at a significantly lower current
than the reference H-mode scenario with a small fraction of
inductively driven current

v Operating with a high fusion gain for a very long pulse duration
by the combination of a lower current and a lower loop voltage
for engineering tests of reactor-relevant components, such as
breeding blankets. 5



Introduction - Features of hybrids scenario

Key feature
- A higher beta limit than for the reference ELMy H-mode.

v’ g-profile seems to be the dominant parameter
— Scenarios are classified by the plasma current profiles

RS+ITB mode (Challenging demands in terms of control):

Very strong reversed shear lead to the development of ‘current hole’
configurations where the plasma current does not penetrate to the
plasma centre.

Reversed

shear

Conventional Hybrid mode :

A large volume of low magnetic shear and a central value of q close
fo one have resulted in stationary discharges with improved
confinement and high values of normalized beta.

~ zero shear

Standard
H-mode

Reference H-mode (with assumption of NTM suppression): Plasma

0 05 rla 1 current is fully diffused and g-profile has monotonic form with a large

positive magnetic shear



Current Density Pressure

Bootstrap Current

Externally driven
Current




Hybrid Scenario

ASDEX Upgrade
# 17870
110 . .
D\ ——n_(10"m?)
E —— T, (keV)
i —— T (keV)
6L e
; 4l i
— 2
\ % 02 04 06 08 10
T T ———— Pr
® Hgg(y,2) ~ 1.4

° B,~2.8
* IBS = 34%
° INB=31%




Hybrid Scenario

ASDEX Upgrade

# 17870
D, % Qos
g-profile 1
 Baseline scenario 5
Advanced scenario
L Hybrid scenario 4

0 0.5 0.95
Normalised radius




Hybrid Scenario
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Hybrid Scenario

q95=3-3'4.5 Ip

Il: Timing, heating, MHD

lll: Perf. at stable q(r)

»
L

time

I: Form q(r)

I: Obtain low magnetic shear in the centre q, > 1

Il: Timing and amount of the heating are important.
MHD behaviour: (no sawteeth, but fishbones and/or small NTMs).
H-mode, but no confinement transients (ITBs).

lll: Mild MHD events to obtain stable q(r).
Ultimate goal: Hgo3\ > 6 stationary, ~50% non-inductive drive.




A method to produce Hybrid Scenarios

v Careful timing of the heating in the plasma current ramp-up phase.

*The current ramp-up rate and the density rise are carefully adjusted in
order to form a low magnetic shear configuration with g >1

*Plasma shape and fuelling levels are set to provide the required flat g
profile with g >1 at the start of the current plateau.

*The level of heating is adjusted to provide an H-mode but to avoid the
establishment of an ITB.

*By checking MHD behavior, the feasibility of the hybrid scenario could be
confirmed.

*Some modes have to be triggered before sawteeth begin
- e.d. an n>1 tearing mode in DIlI-D and fishbones(or small NTMs) in ASDEX-U



Progress for Hybrid Scenario

A discovery of stationary regime of operation with improved core
confinement with an H-mode edge in AUG (1998)

A R o | #1190 ASDEX Upgraqe, hybrid scenario

08 <P g 1.0,

04’ PrBi=—> 4 L/'p (MA)

0.0 ;,_:,A“‘O ]

. HiTERgS-P 22 %33 e

1ok o 119 : Py (MW) H.U

os 0| o8 : T | (—

v a e — — — : P
10"m L , Densit B b

° af ;\ F N N L p:::n}; _’ f::i 0t ; : , :
% /{M" <—— Neutral particlefluxindivertczi Tq2 3- L T————— B ‘-hiii Fa:
e e ' e U

10"m 367 ‘__ « ] f qu\

4}# — ] ) Ve Small NTMs (q=3/2, g=4/3)
2t = 3
0 ‘ i S . \m i

oy ﬁ; 10, Hgau@MMMMM
a— central T i | hod < 2Ny JL:\
4r central Te 0.0 e e
N S (N T NN

) Time (9 ° ° Time (s)

v’ Possible to gain high beta to ~3 with improvement in confinement
v Avoiding of the severe MHD activities lead to disruption — Central q is in the vicinity of one.
v’ Type-| ELMs are observed in the edge region.



Some example of existing experiments

ASDEX-U(1), “Improved H-mode”

A discovery of stationary regime of operation with improved core confinement with
an H-mode edge in AUG (1998)

#1190

':)"2 = \ %’W v TI:Ie highest fusiop production rate was
0 H PNBI ; achieved by that time.
" v . 2.5 v The only MHD activity observed in the
?Zg - — ?% core of the plasma is strong fishbones
05 /i ' ‘ |, 195 which start at 1.1s and accompany the
10%n%s" | B \ Density __, l1s whole 5MW heating phase
% ‘__*' e peaking 114 — Central q is in the vicinity of one
TC W Neutral particle flux tn“dxvertﬁi 1.2
L — : ————10
ot o— v'A type-l ELMy H-mode phenomena are
:/ — \-u\\ observed in the edge region
e ———————— e TP
ke\%“ central T : v" Upper triangularity = O
4- central T e
0 DR




Some example of existing experiments

ASDEX-U(2), “Improved H-mode”

Comparison with the profiles of Ti, Te, ne and v, , for a standard ELMy H-mode

discharge
(a)
12
. . #11190 Improved H-mode
10 |- i
¥
8l % T BN ~ 2, Hirergo-p ~ 2.4
< . %, |
el .
— SR T
4t <><><><> .Q: ]
0 T ¥e-
2 1 e = %5 “.\:
0 O Ob g . o
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 Except the density, all quantities are
P P
(b) for o lower than the one of the above case.
12 ; ; 400 a z 10
#11127 #11127
=% le 2 A standard ELMy H-mode
L6l %
— 4 j&%\ Ti 14 \33: BN ~ ]-6 y H|TER89—P ~ ].8
Hce;” 100} e N|
o [ T AA),Q’\‘\‘ . | Vtor * e ~42
e A B 3~ Toxe
0 b 0 fot 0
0.00.20406081.0 0.0020406081.0
_ Ptor Ptor 15
B




Some example of existing experiments

DIII-D

Qg5>4 without sawteeth

113883

Jg5=3.6 without sawteeth

BATEE

ALA)

Hia) PLAS -1MA) \\_

q95:3-2)I3N=2-7, H89P=2-3

115863

i) e ]
P \d P -
ot 1 I’ sl T o [ b e ——— =
i 1000 2000 3000 4000 5000  BOOD i o 300 T To0D

Time (ms)

limited by tearing modes

Time {ms)

limited by fishbones

Fifl

it

B i s R

1000 2000 3000 4000 5000 E0DO
Time (ms)

limited by sawteeth

v’ These discharges are a generic class of operations for tokamak hybrid mode.



Some example of existing experiments

JT-60U, “High B, ELMy H-mode discharges”

With upgraded systems since 2000 :
Poloidal field coil, NBI system, EC wave injection system and pellet injection system are
upgraded

E039706 . . . Ip=1IMA.B.t=1.8IT, qg5l=3.3
@z B i £ A high-beta plasma with =27, Bp=1.5
[ s .

2 | 1. 122 has been sustained for 7.4s at g,.=3.3.

=0 N L. 1 L. 1 1 1 0 DZ_-
(b) B[ ©  remem st AT — e The duration time of high-beta extends to

oL 5 2 o\ a7 L e -
= Py~2.7 for 7.4s : ~60T,, which is limited by the facility’s
glett T St Enpray Peadkiadkl . . . capability

(c) 53] L O S ! 110 s
| ﬂJmE 2 [ b E
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o1k T 4 e g

o1} ] ® P

=0 oo | &
og'f : 0 e
5 3 [~ g
Qg t i |::> E30511 E39706

Eol 2r @j@ !t _%I'-I.E.I;
€751 S : [ O
ﬁ E}_ 1 - LR - - 1 1L _
ms r L _
oot : q-profile ] ;

0 G Bt ed w o s o s wopow e TN T T 1 T T T T R I T A R A
0 02 04 06 08 0 10 20 30 40 50 60 70

1:c[ura’rion"ll TE

17



Some example of existing experiments

JET(1)

v Reproducing the ASDEX-U hybrid regime has been achieved.

. Pulse 62494 (B1=2.4T)

£ i e s O
1ok I Pngi [MW [ |
Ip [MA '
L Pamwy AL, [

= ITER like magnetic configuration with
B;=2.4T has been adopted (decreasing the
normalized Larmor radius, p*)

= Electron density and temperature
profiles are similar in shape to those
observed in hybrid ASDEX-U discharges

MHI limited
T T T T T E 3 T ]']I'I]-'D
3 | For Qgs—4 1.7 7 = .
6=0).2 (circles) o Vo Y
2.5 ©6=0.45 (triangles)

2T 31T

AUG

A i 1 1 1 1 1 i
1 2 3 4 5 6 7 b 0
(AUG & DI-D data from [TPA database)



Some example of existing experiments

JET(2)

v'RF-dominated hybrid scenarios has been examined in JET

%‘ = Soft MHD events typical of a hybrid
%‘1% ‘: discharge have been observed
o 5t
3 = Several RF-only scenarios from wvarious
ol machines (TS, FTU, TCV) with low magnetic
3 10 shear belong to the same ‘family’ with
= g _ Ty(from X-ray spectr.) improved confinement and ‘softt MHD,
- I | although the current profiles would need to
T . [ | Mo be adjusted to have a better match with the

48 49 50 51 52 53 54 55 56 57 58 hybrid scenarios

time (s)




Some example of existing experiments

JET(3)

v'Comparison between baseline and hybrid operation in JET
- Hybrid (LH preheat) B\=2.7 | =2.0MA B.=1.7T
e Good MHD stability at q,.=2.7 - Baseline fy=2.7 | ,=2.0MA B=1.7T

Hybrid - H-mode comparison q,,=2.7

e Standard type | ELMs

3 T T~ T T T T T 3 o
__ 251 2.58
E 1 % — % 5 ~§
H98 1 0.51_ : I {1).5 E
2-_—:'-_5;,__’___'___.\ E— 39 -
—_._f ______ - ::I\-«\.,____- . A‘:
¢ ning ~0.85 T E R
l;ﬂ—f’ \ 1
2 PE= #68647 (1I4 2s shl‘flel]) — I 30
® HgoxBy/dgs* =0.72 5 OLSE— #69373 3
= 1F -
. . o 05
e Sawtoothing discharge sf—L L1
g 6
22 4__
The baseline and hybrid scenario are =2 —=— ]
. . 8 1 1 1 1 1 1 1 1 1 1 1
not showing any difference ! 2> - af /?/—M\;
é 3'_ ]
S2f x
= 1
- 1 I 1 I 1 I 1 I 1 N
o 56 58 60 62 64 66 68

Time [s]
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Some example with improved operating scheme

ASDEX-U(1)

v Improved H-modes have also been obtained with ‘late’ additional heating well in the
current flattop which partly show even better performance

early-heating scenario late-heating scenario
1.2 - . . - . - 12
Ip { t Lp \ 0.8
1k 104
#20438 E
: . 0.0
2 12} 112
= P_NBI :
g 8¢ 1k
o 4¢F _____.__m.,q.,.__,ﬂ,.ﬁﬁ.qp IE_R 14
o E i g 4 Lt & E
0= — — : . o
12 : My i1.2
. et e ‘Wv*\}f:{q ————————————————— czfpscosazosazoa Tfhmwunmw‘i{mw:(— —/J:Ji oo« R
= 08¢ et _ 108
; 5a E W mhd ‘k i W _mhd ] -
0.0 bl - § e 00
28t 16
I e i IR B F Twmaw N 15
x 4 n_e n_e
22 12
0 0
2 4 6 8 0 2 4 6 8
Time (s) Time (s)
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Some example with improved operating scheme

ASDEX-U(2)

v'The difference of the equilibrated profiles in the flat-top phase seems to be due to
different MHD-modes.

equilibrated g-profiles
5 ————— M . S
: 100
Lo q95=4 .8, early heating
“ 95-4.8 / » oy
q95;4'0 } late heating § ;@‘ st
SF M x = 6
- | 1 M ¢ 5
; ] ' b § 4 toroidal
2E  Hoya=1.2, Bu=2.3 1 3 30 s moe
z o ) 2 numbern
EI35"4 w w 3
1 Em———— 20 :
3 Hgg{y;]:‘l.s, BN=2-9
Cos=4 ol
U " A 1 A 1 " i 1 i 1 i ——
0.0 02 0.4 06 0.8 1.0 ,
rho tor fime (&)
early heating late heating
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Some example with improved operating scheme

JET(1)

v Reference pulse of current overshoot scenario obtained at q,.~5 (1.13MA/1.7T)

. #76063
E i . -
o :.2‘ -7 \ B(T) E g Parameters achieved:
% 12k Ip(MA) E
= v, 4 - By28
I S -~ i -1=075
O 1 - n/ngR65%
3E —-—-—""\N'\ —— G °
Z  2f diamagnetic - W, /W,375%
1€ = TRHSS
0 - .
a4 TRANSP AARNO~AA A - q,,,~1 (fishbones & sawteeth)
< 1.2 R : SCAL - No significant 3/2 or 2/1 activity
1.0 __________________ E
a 1.5 n=1
% 1.0 |
osp oz JVWWCWAT TN,
42 44 46 48 50

time (s)
SRR -




Some example with improved operating scheme

JET(2)

v'Comparison with 1.8T ‘no-ITBs’ on temperature and density profiles

— #68879 (‘no-ITB’ at 1.2MA/1.8T)
== #76063 (overshootat 1.13MA/1.7T)

* Comparison with ‘no-ITB’ regime at similar
power (lower [3,) suggests confinement
improvement in #76063 comes from
increased density, despite lower rotation.

T(keV)

o -
Do©O = N L O=NWAMUO

o
E
= * Confinement improvement appears to be
‘:-g, mainly from edge.
’JJ\ [

B :

= ;

o :

oo 0.6 -

% 04f

s 0.2 ’

0.0 . : - .
30 32 34 36 3.8

e —T) 24
.



Some example with improved operating scheme

JET(3)

v'"Comparison with 1.8T ‘no-ITBs’ on ion temperature evolutions to ELM

ion temperature (keV)

last timeslice before 1st ELM

— t+10ms

— t+20ms

— t+30ms
50l #68879 |
40} |
3.0F
2.0} ‘no-ITB’
1.0} ]
0.0 scenario
5.0 #70199 | at 1.8T
40} ;
3.0F I
2.0¢
1.0}
0.0 ,
5.0F #76063 1 current
;'g ' overshoot
20l scenario
1.0F at 1.7T
0.0 ,

3.2 3.3 34 35 36 3.7 3.8

R (m) ‘
_“-‘_\\‘\‘-"‘\ ARRRR \L'\_'\\‘\\‘\\_

= First ELM seems much less
destructive on T, in current
overshoot case compared
with 1.8T ‘no-ITB’ scenario
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Some example with improved operating scheme

JET(4)

v'Overshoot technique at 2.25T

B #76069
M . :
& %é =/ N B(T) Goo.d sustained performance
@ 18 1o (V4] achieved:
- 1.4 . — H 212
—~ 20 \ y/ 98 "¢
< <« — By
= 10 N
] i% - W, /W, 775%
+ 1:0 I - qmin=1
0.9 (fishbones & maybe sawteeth)
MHD P — . .
2 g diamagetic . — No significant 3/2 or 2/1 activity
1 t
A 1g § - v'Higher performance at 1.7T
% 1.0 with current overshoot has not
g-g n=2 L“HA _L been reproduced at 2.3T
42 44 46 48 50 52
time (s) 26
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Some example with improved operating scheme

JET(5)

Bn (MHD) at time of peak H

3.4

3.2

2.8

2.6

data averaged over 1 second

s

® ®

". ® °
& o .

® o
&
®B=17T
low power pulse ® B=2.25T
1.1 1.2 1.3 14
peak Hioggg y 2)

1.5

o At 1.7T: Hy=1.3-1.4 achieved
at gy5~4.3-5.0 with (=3
using hybrid current
overshoot technique

o At 2.25T: Hyg=1.2 achieved
at gy5=4.7-5.0 with B ~3
with and without overshoot
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