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Tokamak Operation Scenario
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Introduction - What is hybrids scenario?

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

Operating time 400s 3000s 5000s
_ 15MA 12MA 9IMA
Jos 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
wea

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
current is fully diffused and g-profile has monotonic form with a large
positive magnetic shear

0 0.5 r/a



Tokamak Operation Scenario
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Hybrid Scenario
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Hybrid Scenario

# 17870
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Hybrid Scenario
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Hybrid Scenario

lI: ‘" Timing, heating, MHD

lll: Perf. at stable q(r)

— .
I: Form q(r)

time
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).

IIl: Mild MHD events to obtain stable q(r).
Ultimate goal: Hyo3 > 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

12



Progress for Hybrid Scenario

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

A . B #1180, ASDEX Upgra!:ie, hybrid scenario
08/ 18 1.0;
04r PNBI—> ;
MMM 2.5 0. = i
$g HITERag.E : 32 o
1o ¥BN 110 1
05- | 105 3
0.0 - ‘ 00 i
10%m*®s’ , | Densuty ; - e —
‘3‘; \ W peaking — f::i 0 : : : :
f / M"’ = Neutral particle flux in d!vertcird 112 ¥ 4in :
o 3° ;‘,“'5 e -1.0 3: W |
67 — .
o0 me ~ : 1 Small NTMs (q=312, =413) \
- \‘\J\ . it ¢
ke\42~“”‘ e 10 HQBMM W"‘”’“"MWM
3— central T i 1 {n Hnm m
4: central T e 0.0 — - S
0 "0 2 §_ 6 8
2 Tme (s © 8 Time (s)

v’ Possible to gain high beta to f~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)

Lo bbb L
- - OOo=R=PN o bhOOZ

—; — e
o N 2o ocuvuoiot

MA e : : ,
0.8 ij \ ]
04 PNBI—» -
R — -
2.0
151
10¢-
05 -
0.0 —
10%m?s” al ‘, Density __,,
3F j\\ e peaking
2c )/ (m“’” Neutral particle flux in divertor
10 . sttty e st e “ s
0 3 i Lt ) L ) i, . L, 5
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67 e
4- e
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0 , T e ; . s \_7
keV T T ‘ f
12 central Ti -
8r .
ar central T e :
07 R ! ;

2‘ ‘4 T 6“
Time (s)

2

v'The highest fusion production rate was
achieved by that time.

v The only MHD activity observed in the
core of the plasma is strong fishbones
which start at 1.1s and accompany the
whole 5MW heating phase

— Central g is in the vicinity of one

v'A type-l ELMy H-mode phenomena are
observed in the edge region

v Upper triangularity = 0
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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

ol #11190 Improved H-mode
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Some example of existing experiments

DIII-D

Qg5>4 without sawteeth Jg5=3.6 without sawteeth Ugs=3.2,pny=2.7, Hgop=2.3
113993 BOTSE 115863
F PRI ] ]
" ;ia] PLASMA-EURRENF(0-1:M A) \\q é_dsﬂ
P o I [reacy, )
¥ | I ol —

-a Hid)
bk | e
e
0 [
nk il sl L sl e il ot " 5
i} 1000 2000 3000 4000 5000  6OOQ i] 0 1000 2000 3000 4000 5000 00D
Time (ms) Time {ms) Time (ms)
limited by tearing modes limited by fishbones limited by sawteeth

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

-

[A%]
~J

upgraded
E039706 lp=1MA, Bt=1.8T, qo5=3.3
1=—_I T 1 T 1 1 1 T 1 T 1 T 1 T 1 T 1
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S
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7 8 9 10 11 12
time[s]

[y™]
(]
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'\\\\ W

A high-beta plasma with B=2.7, Bp=1.5
has been sustained for 7.4s at qy.=3.3.

The duration time of high-beta extends to
~60T,, which is limited by the facility’s

capability

q proflle

o

02 O4p06 08

1

/TER

0 10 20 30 40 50 60 70
TduratlonfTE
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Some example of existing experiments

JET(1)

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

. Pulse 62494 (B1=2.4T)

T 1]
ok i Pngi [M“T],_, |
| Py BEAL, L

4xi

0 2 4 6 8 10 12 14 16

Time [s]

= 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

[ ' Y T DIN-D
3 I For Qgs~4 17T 5 '. .
6=0.2 (circles) gV ‘3..7 F B
2.5 T 6=0.45 (triangles) Lile) cj@: - ®
0% ¥R &
2t 31T oo
o [ ]
15T fé‘g‘ el
34T 241 o
- =y L.‘-J
! v oo
| &+ P
0.5 [ ITER c- AUG
pree  JE'T <
< >
U 1 A L 1 I- 1 1 L
| 2 3 4 5 [§] 7 8 9
p* x 107 (AUG & DIN-D data from [TPA database)
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Some example of existing experiments

JET(2)

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

3

f = Soft MHD events typical of a hybrid
9 discharge have been observed
z s

0

2 = Several RF-only scenarios from wvarious
. machines (TS, FTU, TCV) with low magnetic
g 10 shear belong to the same ‘family’ with
= g __ Ti(from X-ray spectr.) improved confinement and ‘softt MHD,

: I although the current profiles would need to

T . __,._L | 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)

19



Some example of existing experiments

JET(3)

v'Comparison between baseline and hybrid operation in JET
- Hybrid (LH preheat) \=2.7 | ,=2.0MA B=1.7T
e Good MHD stability at q,.=2.7 - Baseline 3\=2.7 | ,=2.0MA B.=1.7T

Hybrid - H-mode comparison q,,=2.7

e Standard type | ELMs

3T T 1 T T T 3
= 3F 2 R
=" :;_/// L5 E
o Hy ~1 — 0sE 05 =2
Q :"-}--.. 1 i ' 1 1 1 1 1 2 b
Y A
£ pratannria i T —H3 =
‘:;::_jg%i? e ::’
2 = F— (14.2s shifte 3
¢ H89XﬁN/ g5~ =0.72 = LSE— #69373 =
= 1f 3
. . o 0sE 3
e Sawtoothing discharge s —l1 . 3
‘= o .
‘:_”:E 4__
. . . = Rk
The base!me and hybnd scenarioare =2 ————" | | -
not showing any difference !! -  _ it /f?,._m_a\;
= 3 3
Saf ]
= L
0 [ 1 1 1 1 1 1 1 1 1 N
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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
I_p 1 Ip \ 0.8
E 104
#20438 ]
: : : . : : : 0.0
2 12} if 112
= P_NBI it R ig
& 4 — TR 1l Ju—— N L
0L : — BRSNS : = 0
L T ¥ IO e W b i V2 S L
E 0_8 E ._,wmw’“ 3 E f 3 08_
; 1 / W mhd b it W_mhd . :
0-4 E \ E 3 / A E 04
E | E 3
0_0 b - | . i A ety e 00
= 6 16
P P i T I A A R
x 4 n_e n_e
22 2
0 : 0
8 0 2 4 6 8




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 T T
: 100
_______ q95=4 .8, early heating
g b
95-4.8 % only
qgs; 4'0 } late heating 2 P "5:!"-‘9"9
aclivi
3E L -% i 80 - 5
= i ] > 5
o g Nl ¢ & toroidal
2 Haaty2=1.2, Prn=2.3 2 smooth (32-NTM| 2. 49 3 mode
' 4 a @ 2 number n
Qas= w w 1
1 pomm —— 20 &
— Hgs{ylz]=1.5, EIN=2.9
Qos~4 :
UOD‘ L 012 L 014 l l ULG * 018 L |
' l l rho tor ' ' e (%)
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 g,;~5 (1.13MA/1.7T)

e #76063 _
A 1 ¢ Parameters achieved:
f& - Hyg®1.4
- P28
= - 1,#0.75
S ~
a - 0~0.39
= n/nG=65°/o
&Z - Wth/Wdlq=750/o
= TRESS

- d,,,~1 (fishbones & sawteeth)
- No significant 3/2 or 2/1 activity

H98

MHD

Stvacouneur)
42 44 46 48 50
time (s)

AURRRRRRRRRRRRRRRRRR T, g



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 (overshoot at 1.13MA/1.7T)

6
. 2 * Comparison with ‘no-ITB’ regime at similar
E: 3L power (lower [3,) suggests confinement
= -'12 ‘ improvement in #76063 comes from

o increased density, despite lower rotation.
& .
E 5
o> 2F  Confinement improvement appears to be
= P PP
i;, 1 b mainly from edge.

0 [
© 10}
S 0.8}
© "
g, 0.6:
% 04
8% 0.2 '

0.0
3.0

3.2 3.4 3.6 3.8
| R(m)
T —
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Some example with improved operating scheme

JET(3)

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

ion temperature (keV)

5.0f
4.0F
3.0f
2.0F
1.0}

0.0
5.0

4.0F
3.0F
20F
1.0}

0.0

5.0
4.0F
3.0F
20F
1.0

0.0
3

2 3.

oA "-\'"\\\\\\_n..‘

last timeslice before 1st ELM
t+10ms
t+20ms
t+30ms

#68879 |

]

‘no-ITB’
scenario

#70199 |

at 1.8T

o

#76063 |

current
overshoot
scendario

at 1.7T

R (m)

3 34 3.5 3.6 3.7 3.

8

= 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

#76069

s %g : /f = = Good sustained performance
oesLL }.g achieved:
— 1.4E

TR H98=1 2
S 2 \ - J _ B
2 10 N

1 -

- qminN1

(fishbones & maybe sawteeth)

MHD " ,N‘v’\,\m\_,"\«*, N A~ YT

diamagnetic — No significant 3/2 or 2/1 activity

v

. v'Higher performance at 1.7T
with current owvershoot has not

L“u Mk been reproduced at 2.3T

46 48 50 52

time (s) 26

44




Some example with improved operating scheme

JET(S5)

data averaged over 1 second

3.4

- o At1.7T: Hy=1.3-1.4 achieved
52 oy o at 0,~4.3-5.0 with B =3
L 3 S ., using hybrid current
PY: ® o i overshoot technique
2 o
2 26
% o4 o At 2.25T: H,=1.2 achieved
’g . at g,;=4.7-5.0 with B ~3
= with and without overshoot
2
18 /. ®B=1.7T
low power pulse ® B=2.25T
1.6
1 1.1 1.2 1.3 14 1.5

peak Hyppgq )

S 2



Main plasma parameters of

representative discharges for major devices

Tokamak Scenario Ip(MA) ne(10°m?3) q95 5 Pner(MW)
0.8 5.0-6.7 3.7-5.1 1.14-0.44 4.0-8.0
Standard H-modes
AUG 1 4.7-6.7 3.2-4.4 0.13-0.34 4.4-5.8
0.8 5.3-5.9 4.8 0.22-0.26 5.0-11.1
Improved H-modes
1 4.9-6.0 4.6 7.5-11.8

JET

JT-60U

Standard H-modes

High Bpoi H-modes

1
18
0.9,1.0
1.8

1.5-3.8
3.3-4.0
2.0-3.5
3.3-4.0

3.0-5.3
3.1

3.3-5.2;6.5
3.14

0.13-0.49
0.26

0.27;0.47

0.27;0.34

DIII-D
Hybrid discharges 1.2 ~5.0 4.2-4.5 0.5 4.5-9.2
2 4.8-5.6 3.6-3.8 0.25-0.43 10.3-17.8
Standard H-modes
2.5 6.3-8.0 3.0-4.6 0.43 14.4-17.5

5.1-10.9
10.7-14.2
6.6-20.7

13.0;22.0




Characteristics of the H-mode pedestal in
improved confinement scenarios (1)

25 T T T T 25 T T T T
AUG .
pedestal database JPET . 1 v'Pedestal top pressure increases
_20f * 1 — 297 cosed: high & ] i i
g N o 4 § | closec:high moderately with power in all
= I =1.0MA = )
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g 15k oo 1 2| | tokamaks
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s | v Yo g l,=2.0MA e
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® 5 | 5 ]
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H W sid, H-mades, 1.0 M o . H-modas H
g Waambeootn | & S I . Frmodes, Z0 WA v'Higher pedestal pressures are
% [ oie ot 1O MA. 9 pords, 14 MA b d in i d fi
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20 4 20 H high i, , 1.0 MA, q,, =65
o I =1.2 MA E high f,, . 1.8 M&
3 = RS, 04-1.0MA
@ o
2 T .I.:ff%;!--- 3 157 L= 1.8 MA
ot f"'-_ | @ S I
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k: [l _— n'a
i 8 = o R
T s} & hybrid g 5 Eﬂ ﬁﬁ_ﬁj—‘ [ _,r-/'
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Characteristics of the H-mode pedestal in
improved confinement scenarios (2)

v'All scenarios has a robust correlation between the total & the pedestal
stored energy

15 . . T -
AUG / JET Total stored energy, Wy, = W4 + W,
W W =027/
PED o 6 - ﬂ i
10 . W, W, =0.31 DDE;E
2 oW, W, =053 s \ . ‘ Boundary Condition
£ . _é i i "
= =z .
05 afia) rol l ¢ W__ W =06 Core confined energy W, Width
pedestal database 2T ® | \ ‘_’
O Std, H-modes Hd, H-modes ®
0o , , [ Irnpravlc.d H-modes I I I I : : 2 ‘\ G radle nt
0.0 0.2 0.4 06 0.8 %o 05 10 15 20 25 30 = COl'e / ELMS
W, IMJ] W, IMJ] 0
15 . . . 3 ; 3
DIII-D JT-60U // . o
W, /W, =029 / D‘:'ﬁ] (o 8
O
10} W, W, =033 /g ...' 1 a2l // 1 Pedestal ‘\
W, W, =05 | _ % .
5 o 2 7 W, W, =0.45 Pedestal confined energy W4
gs o gr ] SO L
05} 1 1t 1
/ : 1
T / N O Std. H-mades 0 ra d I u S
Tyhrics / @ High |, H-modes
RE H-modes
0.0 ' 0 : !
0.0 02 0.0 0.5 1.0 15

W (MJ]



Physics issues for hybrid scenarios

Confinement
Enhancement

Steadiness of
he Current Profile

Physics Effects

Limiting By

Role of p* "

Normalized Larmor radius which is a significant
impact on drift turbulence, on the transport. 3!



Factors to affect tokamak plasma

Three mechanisms seem to play a role :

1) The increased transport due to the MHD-modes
2) The variation of the ratio magnetic shear(s) to safety factor(q)
3) Effects on the H-mode pedestal pressure

/- MHD-behavior

Kinetic profiles

Current profile
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Attempts to solve physics issues related to confinement
Influence of toroidal rotation(1)

v'Experiment in DIII-D with co- & counter NBI system
begin ELMs, NTMs
begin dominant n=3

— begin dominant n=2

/ =
—— twum on 2 counter beams \
15¢ 3 400 - ﬁ 0.4 % l.lJr | 125499
3 y 300¢ ‘\wzuu} (kmis) i O3f 1 Go—Cdmin
0.6 E I, (MA) ] =200F [ 1 ! ozF 1/ lin .
83 ’/ 3 ot ot [V paMtaAnn
¥ bt 5 g;: .""""'I | N 80 :D% integra as (arb) :
| Pnh-'lﬂr { } n_g s | n_ng A1
AN s Bl o o s e naf L\ Argep (m)

Prag (MW) -

i ﬂneutmns (1015/s) E
ll.x"_

S B WD = kWD
L

oal - SV —r— "
02 fie (1020/m3) -
0.0
0.8

-
3 . AN P
:“‘ 3 /// ne (0) (1020/m?3)

0

A4

3 WW
2

| Te (0) (keV)
g : 'Iim#m:
4 ' E
4 T (0) (keV)
o 4] 1 3 3 4 5 &

Time (s)




Attempts to solve physics issues related to confinement
Influence of toroidal rotation(2)

v'Comparison between strong (blue) and low (red) toroidal rotation intervails.

o e e e e

.~ 125430 010 : - -
2.0 _\_h /3/ v v v r . 8 r v v v r \ ' ¥ ﬁA Al (@)
E  powier density @] i ©31  %(m2s) @] % sl *Ta, .
15N, {Mme3} 18 1 6 At 11 E L= . %,
s [ ' I § 006} . 5
10} LY I 2 -
i f" ) }: S omf L1
05} 4 o1 A $154
o E [ - , | 02 + 4142 ]
0.0 (= , , R 000 Magnetic island sizen ' 4.54.9
. I
— . i I 07 v : :
8 SRR I (®)
5 . (f) E b AAAA‘*A%%LA
" hﬁﬁx TREIT] S
| " ) L
2r l' I 04 F - ) " o
ne (10" m) Lo (m7s) P . "
0 \p /’ Magnetic island position
0.0 DE 04 IJE IZIB 1.0 QIJ 02 IEHI DE IZIS 1.0 IZIIJ 02 04 DE UB 1W 0.30.0 0.2 0.4 06 0.8
P NS ____E ________________ E___//? Angular Momentum (kg-m2/s)

""""" 7 l

* Although energy confinement decreases and the m/n=3/2 NTM amplitude increases for
low rotation speed, the fusion performance figure of merit still exceeds the wvalue
required on ITER for Q=10.
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Attempts to solve physics issues related to confinement

Influence of toroidal rotation(3)

v Strong change in rotation achieved, by ripple and EFCCs in JET
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——T7059 NEY /i
Seq=20 (0)
——F7056 NEY /A

0% (3

Seq=34 ()
77052 NEY /AN
Seq=36 (0)

— 77059 DA/C1-C

1

—— 77054 PROC/PTATH

@ 77056 PROC/PTATIA

TT0G2 PROC/FTOTIZ 12
77052 PROC/IPE

1.0

o

-

Toroidal velocity|

" Increase in ripple

' [ . ' ' i 1 ' '  — ' e

lon temperature |

/. norinalized ITG length

-_———and ICRH power -

o1
S 77050 DA/C1-0102
¥ —77ose DafCr-gion S 4
—— 77056 DA/L1-G10Z 04 R -
77052 DA/CI-G101  F - §
77052 0&/01-G102 | *7__;. Lo

( R/ Iji is increased
T / ‘ \‘Q\“-;‘““\ ]

J)

82

—— 77059 EFM/BTHM 1

Segq=21 [0 v -

—— 77059 PROC/FLI

—— 77055 EFM/BTHM
Seq=16 ()

—— 77056 PROC/FLI

77052 EFM/BTNM
Seq=23 (0)

FI052 PROC/FLIZ

—— 77059 SCAL/HagY
¥l

eq=

—— 77056 SCAL/HREY
Seq=56 (0)

—— 77052 SCAL/HIBY
Seq=58 (0)

“lon temperature gradient increases at 3.4m, partially
compensating for loss at the edge”

. Clear confinement reduction with ripple and EFCCs
- Density reduced as well, ELMs are different
g-profile seems to be similar
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Attempts to solve physics issues related to confinement
Influence of toroidal rotation(4)

v the effect of rotation on ion transport

>

Norm. heat flux

by P. Mantica

“It does not exclude a shift in threshold
due to other parameters. It does not
exclude Waltz rule but it is a much
smaller effect. In fact not enough as we
have seen many times.”

When g is flat, rotation reduces stiffness

No ripple, higher rotation, low stiffness,
higher pedestal(lower heat flux)

>
RIL;,

Ripple, bit lower rotation, bit higher stiffness,
lower pedestal(higher heat flux)
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Attempts to solve physics issues related to confinement
Fast particle effects on the stability limits

BN

- Different g profile?

JET stable to 2/1 not DIII-D

2/1 stable

| No-wall

211
unstable

- Different fast particle content?

X JT-60U
5> Qgs > 4
a/lR =0.24

e DII-D

4.7 > Qos > 4.1
a/R =0.35

A JETSTABLE

4.7 > Qos > 4.0
a/lR = 0.30

cf1. Preliminary computation on
JET pulses with the HAGIS code
indicate that the internal kink
mode limit shows a different
instability limit when a fraction of
fast ion pressure is included in the
total pressure.

By limit can change by ~20%

cf.2. Fast particles have a stabilizing
effect on ITG driven modes through
a modification of the magnetic
equilibrium (incidentally improve
the gyro-kinetic ordering)

37



Attempts to solve physics issues related to confinement

Role of Pedestal in Hybrid Performance(0)

ASDEX-U, #17870

Lower heating phase Improved H-mode phase

—
2
—
[«-]
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—_—
jury
[=]

- - n,(10"m") at 2.6s
n, (10"m”) at4.75s |
2
O v, (10°km/s) at 2.6s
m v, (10%km/s)at 4.75s |

Fit to exp. data at 4.75s
— — -Weiland model at 4.75s |

WA

Fit to exp. data at 2.6s
— — -Weiland model at 2.6s

—

o (=)
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z

=
~
g

lon Temperature (keV)

" = BN %0 0.2 04 pmo.'e 08 1 X 02 04 pmo'.s 08 1.0
b
L JCC o T8 Y PN RV
10F | prehte
10 : : ~ ,
0.0l _ _ : _ o 26s Normalized ITG length
0 2 4 6 8 8t | 4.75s
Time(sec) A 54s
. . _ 6}
v Both phase are still governed by drift-wave N i
turbulence as in standard H-modes. & 4l
v No difference is found in the behavior of 2|
turbulence in the confinement region of the
plasma between two phase from the results of %0 0.2 04 0.6 0.8 1.0
the analysis of phase fluctuations. Pror

e %8



Attempts to solve physics issues related to confinement

Role of Pedestal in Hybrid Performance(1)

v’ Initial survey showed that
“There is a trend for pedestal pressure to increase with heating power.”

v’ Also, plasma shape can be used to improve hybrid performance
through pedestal effects.
25 lllllllllll 15 T T T T T 16 75‘-‘\ T
l,= 1.2 MA ® 6-=-05 .\
20} <b6>=05 pped ~ Py 21031 1 m0-03 - = 14l , ‘
_ 1.0} #,/ \ la /
D_Z-j. 15 0 .2 0 ( ¢ ® \"- = \ =
= [ ¢z | ¢ g o 12; . i
8 1ol —"o® ] = ‘ , T " DIlI-D shape
05 < .
. 1ol , AUG shape /
5k 4 : n
Increasing power L] ® 5-05
0 CF. le‘laggi, etlal., NF 4? (2007) I535 . 00 . . . } . ® 6=03
2 GP PO 40 15 20 25 30 & °857 95 20 25 30 85
neT (MW) By ot 5
’ N tot

v Hybrids exhibit some confinement enhancements which cannot be attributed to pedestal
: Core stored energy can increase even when pedestal pressure does not increase with
increased power
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Attempts to solve physics issues related to confinement

Role of Pedestal in Hybrid Performance(2)

v Higher pedestals are correlated with lower ELM frequencies.
— Lower ELM frequency may allow more complete recovery of pedestal after an
ELM and thus higher time-averaged pedestal pressure.
— Physics relation between high and low ELM frequency not clear.
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08 DOL (AU) [?)N =20 ) ) B ‘I?M crash oL
. 6 H.J| s . ., * “Lee® a. =" -'_- —
0.4 4 H 5: :‘-5 L . -

' et 8=0.5, Brtor = 2.0
3 2 19 = 0.3, ot =2.0 -
0.0 E128250 128198 |\ N\ . E) = 0_5. ] J H p_ped (kPa) & Br_tot i
: : ; O bl R S T
0.8 Do (AU) PN=2.5 1.0H . 3 T8 e et B
o8 e T 0 T - : ]
0.4 | - 0.6 '—'-'_;r":h ]
T E | Y o4 H. -
0.0 . 20 s N 3 oofl) Teret kev) ]
) 10 50 30 30 50 60
3200 3220 3240 3260 3280 3300 Time during inter-ELM period (ms)

Time (ms)

40




Progress for Hybrid Scenario

ITPA database for plasma performance as duration time
(open symbols are transient discharges, closed symbols are stationary ones)

Reversed shear scenarios Hyhrid scenarios
*® ALG ® ALIG
& DD # DII-D
* JT-60U * T-60U
* IET ® JET
Tore Supra

ITER reference (C=10)
L

[FR advanced (Q=5) 'w.  ITER Bovanced
"t “, ------------
[ ]
' *
*
T T 0 | I | I
30 40 0 20 40 60 80

duration/r_ duration/r_

v’ The duration of hybrid discharges is typically longer compared to reversed shear plasmas.
v’ There is no clear difference between the various experiments in hybrid dataset.



a

Performance

Reversed Shear Scenario

0.4

Distinct groups of results, best ones just fine for Q~5.
Transient for qg5<4, ITER target for qos=5 only.
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Performance

Hybrid Scenario

Hios, 25/ 05" © AUG 1 Hussy2B/das’ ° AUG
04 © e DIII-D 0.4 8 e DIII-D
° JET ® Ao5=3| o o JET
Tore Supra g . . Tore Supra
ITER reference (Q=10) @ ;o O
® £ g o Qgs= O
. l . S ) "
. N S A = e :
] o o G ey
¢ o
%
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Rt
. | SRRty ]
60 80
duration/ty ~————— Bootstrap fraction @ ———

Similar results from all machines, Q>10 possible (ignition?).
2x ITER target at qo5=3, or long pulse (2000s) at q4;=4-4.5.




ldentity Experiments

Plasma shapes used in JET compared to ASDEX Upgrade

2l P — 5~0.20 JET 2 B O5~0.44
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ldentity Experiments

1.0

0 AUG 17870 (2.1T)
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MHD Analysis on JET Shots

#55937 (an example of conventional H-mode) #75738 (an example of Hybrid scenario)
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