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ITER and the mid & long term physics fusion
program
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» why fusion
* ITER

* role in fusion development strategy
* ITER as a physics experiments
» fusion physics beyond ITER
* requirements of a power plant
* the stellarator alternative
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Fusion Basics: steady state magnetic confinement

fusion: fusion is a ,,burn”® process, with a burn temperature of W
> 100 Million ° K

DT Fusion Reaction & Fuel Cycle principle of toroidal magnetic
confinement

D-T Fusion Reaction

D+T H 4Ha+n+Energy

& 1amev O
D .
i ég magnetic field reduces drastically
8) . perpenticular mobility of particles
T 3.5 MeV ® balances the plasma pressure (O(10atm))
4He produces thermal insulation ( 200 Million
neutrons recycled for T-production K)
°Li + n -> He+T + 4.8 MeV _ kT, +nT)
7Li +n > He+T + n - 2.5 MeV B*/2pu,
_ 3
fusion power produced 2k<neT L +nT)V,

B external heating power applied p



Fusion Basics: intrinsic properties of magnetic
fusion

pro:
) . 106 T ] T T T T T
* abundant, distributed fuel
» fuel cycle closed on site (tritium breeding and :
burnup) "
» safety: low afterheat, fuel inventory for 1°burn, no
c . 2 1— Vanadium i
chain reaction but thermal burn process 4 alloy \
= (V5Ti) |9
L] \ - . =
- waste only activated structural and functional 3 2- ;igiii‘iiﬁfw'\
material: large potential for minimization $ o't 2
% L 3 - SiC-siC _
con. A " Recycling (remote) J
10 ! \
* difficult to initiate and maintain: >100 Mill. K, | [ — Material plus impurities 1 ; e
7 c 0 o i 'd
high energy confinement time, plasma pressure fure "‘atT‘” b
. L\
: w BRI
« complex technology: magnets, remote handling, Soeyclice (mel-ond i !‘-, A
fuel CyCIe’ power fluxes Sec Min HLur Day Mth Year : : 1| \""
triti handli 10— S STV BN bbbl
(I [REfvellins, 10°% 10°% 107* 1072 10° 102 10*

Time after shutdown [years]



potential role of fusion: environmental impact of fusion W

45 -
Externalities: £ 40 @ Global Warming -
e % 35 W Other -
quantify in monetary £ 30 0 Sum I
terms adverse effects g o5 L
on the system (in 200 +
most cases the S 15 ]
environment) not 210 +
already accounted for £ 5 |
in the financial plan “ 0 L N S
® @ c A A o c
Z ¥ 5 5
(@)
x

fusion belongs to the class of low environmental impact energy systems



potential role of fusion:
role in energy scenarios for 21st century

electric power production
25 in Europe in 2100:

scenarios

20 W solar
* minimizing total

O wind
15 | ! m biomass (discounted)
: = fusion expenditures for
electric energy

Electricity Production (EJe)

W fission
10 | | Ogas production in 21st
O coal century
5 m hydro c
y » under different

constraints on total
0 -—!_—-—! CO2 production and
base 750 650 550 450 on acceptance of
CO2 target (ppm) fission

under CO2 emission constraints
» fusion could gain significant market share

« complimentary to classical renewables: fusion satisfies base-load demands



energy consumption growth: total and per capiia

dramatic per-capita energy
consumption growth at transition
to highly developed country

at high per-capita consumption, a
country has also technology
capability for fusion

CarolusMagnus 1999

Energieverbrauch pro Kopf [GJ]
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nested magnetic flux surfaces

large anisotropy of
heat conductivity:

Xpar/Xperp >10 19




electromagnetics of a tokamak

Fu||}( a]{is};mme[ri[; .[;Dnﬁgura[inn Central solenoid Vertical field coil
Toroidal field coils:

= Toroidal magnetic field

Central solenoid:
= Inductively driven plasma current
= Poloidal magnetic field

Vertical field coils:

"Equilibrium” - balance of hoop force

Shape of flux surfaces
(poloidal cross section)

Toroidal field coil Plasma (flux surfaces)



Engineering Design Phase (1992 — 2001)
ITE R Japan + European Union + Russian Federation + (US until 1999)

negotiations among partners: above + (Canada) + China + USA(again)+ S. Korea W

- -

Central
Solenoid

Toroidal Field (
pating Antenna

Poloidal Field (

-"" Divertor

P ————"

construction costs :
4.57 b€ (EU costing)



ITER Mission W

. burning plasma physics

. integration of technology with physics
ITER Design ° demonstrate and test fusion power
Goals plant technologies

Physics:
sproduce a plasma dominated by a-particle heating

«a significant fusion power amplification factor (Q = 10) in long-pulse
operation

«aim to achieve steady-state operation of a tokamak (Q = 5)
*possibility of exploring ‘controlled ignition’ (Q = 30)
Technology:
«demonstrate integrated operation of technologies for a fusion power plant

«test components required for a fusion power plant

test concepts for a tritium breeding module



ITER s Mission: physics of burning plasma - confinement W
iIn power plant grade (size) plasmas
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Burning Plasma Physics
(1) explore plasma regime of a reactor

* Quasineutral plasma state characterized by 3 dimensionless parameters

p,=p/R=0.0032/.T /(RB,) * 4 dimensional ones: R, n, T, B

v¥=Rq/2,,=10"Rnq /T » dimensionless identity experiments

B, =8x102 nT/B? * acompact device with same plasma
physics would require higher heating

i !
0 =13x1 016( LN ﬁz j power, higher current than a reactor!
R™ p
3 1/4
B, =1.lx104(%x£6]
vp

*  Fusion heating does not obey plasma
physics constraints

1/2
T=0.0011 9 P_
R v

Device R[m] a[m] Bt[T] Ip[MA] Pheat nTt (rel)
JET ext. 3 1.1 4 6 40 1
Ignitor 1.32 0.48 11.2(<13) |7.4 (<11- |74 (35) 2.8

12)




ITER s Mission: physics of burning plasma - nuclear self- W
heating

tokamak operation so far: ITER: nTr sufficient for
external heating dominant self-heating
e.g. wave heating )
D+T ﬁ He + n + Energy
. resonance ? ' 9

: ® 14 MeV
T 4He
3.5 MeV

5 fusion produced power
externally applied heating power to plasma

— 10

dynamics of burn:

determined by 1 [dlog<‘j"> +[1+ 5)(“’1"% —1D

yb:rE dlogT é dlogT




(2) physics of fusion self-heating
global dynamics of ignition

* Global dynamics of ignition depends on plasma physics (p*,v*, ) and T

* burn stability depends on confinement “law” and T;

7b = L(M + (1 +EJ(M_IJJ
7.\ dlogT O N\dlogT
— for T-independent additional heating (not true, e.g. for Ohmic heating, which
stabilizes due to opposite T-dependence)

« for physics of late 70ies (Alcator-Intor scaling, or even more CMG) and low
temperature ignition a major issue.

dlogt, 0 dlogt, _q d10g<JV> )
d lOg r Alcator—Intor d log T CMG d log T

« for scaling laws accounting for power degradation, and the higher operating
temperatures forced by Greenwald limit - no issue

[a’log z'E) 17 [dlog(av)}gz
dlogT 1950») dlogT



(2) physics of fusion self-heating
o — particle physics

« Sufficient Q needed to dominate heating (Q=10, concur with Ignitor)

] a-particle physics (via MHD-instabilities) depends (for given Q) on T,[3

_ P r 3/2 5/2 2
ﬂfast — Sus ©sd o (for fixed Q) T — T oc T5/2 T
p PqurE(l+Q/5) nt, nlrt, <

* 1.e.ignition temperature regime is essential for relevance of studies



Preparatory R&D:
(some) key reactor
technologies already on
present devices

e.g.on JET: fully
remote substitution
of divertor structure
under activated
conditions (after
DTE1)




Preparatory R&D: superconducting magnets (in W

burning plasma environment) - L1/L2

specific fusion technology had to be
developed:

high field, high stress (Ni;Sn)

rapidly time - varying magnetic
fields

R&D for ITER (with strong involvement of
industry and all 4 partners):

test coils fabricated with record parameters
(e.g. raised record for stored energy for
Ni;Sn by factor of 21, pulsed operation)

developed industrial fabrication techniques




Preparatory R&D: Vacuum Vessel (L-3)

& Full Seale Sector Model | w o
e (1530 af , i
R T e Sector-A [1!2 Eec:tur]

* View of full-scale sector model of ITER vacuum vessel completed in
September 1997 with dimensional accuracy of + 3 mm




Preparatory R&D: Physics and technology cannot be separated: W

e.g.: plasma-wall interaction

at plasma-wall contact large heat fluxes

unmitigated -> 60 MW/m?
(comparable to sun surface)

through plasma control (divertor)
-> 5-10 MW/m?

BSZ #6134 2.500000 radiation emission
from ASDEX-Up

conversion of power
205 flow into radiation:

186408 prototype sustained
2000 cycles of 20
MW/m?

1.2E+06

have to be solved in symbiosis of
research institutions with industry

600000




Resource Allocation Summary for the Seven Large R&D Projects

(Unit: kKIUA)

Preparatory R&D: ITER component prototype development W

Projects EU Japan RF US* Total
L1 - Central Solenoid Model Coil 10 61 4 22 97
L2 - Toroidal Field Model Coil 40 0 0 1 41
L3 - Vacuum Vessel Sector 4 19 4 2 29
L4 - Blanket Module 29 14 12 9 64
L5 - Divertor Cassette 13 12 9 21 55
L6 - Blanket Module Remote 3 18 0 0 21
Handling
L7 - Divertor Remote Handling 26 3 0 0 29
Total 125 127 29 55 336

* US contributed until July 1999

Status: June 2000

The 1B$ ITER design effort and the 0.4 B$ spent on dedicated component
development have produced a solid fundament and are a highly tangible
asset of the ITER-project




Progress

Readiness for ITER: Fusion Research Performance can be W

measured in the ,triple product*n T ¢

100

10

001

0.001}

0.1

fusion power produced

= g —~n, T, 7, (forQ<<5)
external heating power applied

_ o

J B Lister, April 2001
W B
Rapid progress in different high technology fields J'E, [
I

1000

I 1 1 I T 1 1

ITER target of Ti=18 keV, ntau 8410 e m e m m = = = = = w ]
JT—GIIU.JT 60U ]

[ JT-60 ET
L Fusion: Triple product n T tau '-l‘ 4
: JT-60U ]
doubles every 1.8 years $ DI-D Penfium 4]
JT=60U ]
. =
Merced P7 ]
Penfium Pro P6 ]
i LHC ]

T3 Accelerators: Energy doubles every 3 years
b Moore’s Lavw: Transistor number doubles every 2 Lmrs_i
[ ] 1 ER 1 ] ] ] 1 1 :
1965 1970 1975 1980 1985 1990 1995 2000 2005

Yedar

n... plasma density
T... plasma temperature

T ... energy confinement time
(a measure of the quality of
the thermal insulation)

steady, rapid progress of
tokamak performance

natural next step:
burning plasma



tokamak research is mature for the step to a burning W

plasma - the progress in performance measuren T ¢

ITER L- mode and ELMy H - mode Dataset

progress by:

* increased size of devices -
« by improvements in design & 5 g
operation 9o
log (Wrnag) W B Bf v



: ITER incorporates
Readiness for ITER: the (Darwinian) all successfull

development of the tokamak concept developments:

* elongated (D-

shaped) cross-
Mayor Tokamak Facilities

section
spherical D I, USA ' i
K Dusn{, U superconductin
' Etrﬂngl'jlr ShaFIEd Doublet I, USA i g coils
B divertor * DT operation
0 1SX-B, USA @
§ nigh-field TE, R
' superconductive J"T‘i"‘ J _@.--.*----;*—-- JFT-2MU, J }
Diva (JFT-2a), J & 4 Pl gl S T
. e ,,_»*’__,,--f.: e
compression PDX, USA Yy .MDEI Upgrade, E ™

- ASDEX, E .f--___
' DT operation Alcator-A, USA -

~=~JT60, J m:amr{: Mod, USA "
-] B

[ ] — -
FT.E Alcalur-ﬂ.. USA T

T ; Pulsator, E o e . '-':ﬂmllﬂii-ﬂ. E

spawnin ' FTU. E

P ° TR, E @ O DiteE @ TEXTOR, E o

A ’ o /A ITER N
; JFT-2, J TCA, E
i modification ST USA O @ PLT, USA o SST1, IND y Y
| . R % @ omak, UsA P /

small Russian devices .f - . Tore § E .

s @ T4,RO Qr10 ore Supra, KSTAR, S-KOREA
e © ATC, USA TFTR, USA

Start of
operation 1960 1970 1980 1990 2000

L 3§ 3§ § | *
T LI LI T T



H-mode confinement or the unexpected side of

plasma boundary physics - the tail wags the dog!

consequences on global confinement beyond those via impurity balance

1.1

VN

L/H- Ubergang

—. L l/ .
[ beizpais 7/
10 11 1z 13
Zeit (seit Entlsdungsbeg.)
16b

1.4 sec

Tith (S)

1.2
E O
ma DEE% -
0.9 L " 0
: LU
N n %
-
0.6 S8
0.3
H-mode DB
L-mode DB

0.0 8" | ' 1

ERO0.3.028

0.6 0.9
Tog(¥:2) (8)

historic questions:
why only in divertors ?

why not internal barriers ?

1.2



Transport barriers due to suppressed turbulence

1984 ASDEX: , _
Formation of an edge "transport barrier”
Transition to H-mode = state with = steep pressure gradient at the edge
reduced turbulence at the plasma edge 20 e
B ASDEX Upgrade
ADEXUpgredeeses [ FH-mode— @ L #8595
dB, / dt 2 15 s H-mode ]
o [ & transport -
(gliv o 5 C barrier
L CIll (divartor target) m % 10 __ — __
o ey B FDD% g, ]
300 "l - --*-:_’._ :' : ﬁ - '-v1r .: g 5 :___ %%ﬁh _:
.@ nn=2__ﬁ§<'1g" m':‘z -E - L-mode D“Tl“%% A
250 ‘_.'__ﬂ'_,:;_,; % Or.... .. . ... —O ]
TR 0.2 0.3 0.4 0.5
! SEEL minor radius [m]
F2,.z7.- 1 Reduction of transport coefficients
| ;;” N to "neoclassical” level often found
0 BB T2 i Edge pressure limited by stability

168 1.885 1.69 1.6895 1.7 1.703 1.1 1.7115 172



Theoretical understanding critical gradient modes
causes “stiff“ temperature profiles

“Stiff” temperature profile found 8
[ o N, scan
in experiment: L % Current scan .
. — BF » Hg scan " -
temperature at half radius 3 | -
proportional to edge temperature T 4l & & ]
o
%: . ASDEX |
: : : : oL ]
' ' ' ' [ Upgrade 7
1 ! discharges
ol | | | .
0 1 2 3 4
T. (0.8) [keV]
8 3
¢ h, scan
* Current scan ]
S 6 4 P scan % .
2 5 © .
o O
e 4 Critical ]
Simulation results reproduce =ar ﬁradd'f”t ’
X ode
measured temperatures [
O 1 1 1
0 1 2 3 4

A. Peeters, G. Tardini T, (0.8) [keV]



preparatory R&D in physics

,scaled versions of ITER “ available ITER

(examples EU)

ASDEX-Upgrade
R=1.6m




electron pressure [kPa]

Transport barriers due to suppressed turbulence

Conventional Tokamak

25 [ s e o T A
i ASDEX Upgrade :

20 [ £ i
f Dﬂm%}; “»  "H"-mode

15 [ & :
- = - & transport -
: = T barrier ;

10}
L L mode % %M

5 i h

0 #8595 Ehm%’m:

0.0 0.1 0.2 0.3 0.5

minor radius [m]

lon temperature (keV)

JAdvanced Tokamak®

25
3 Internal transport barrier
20F ™, %
15} /
10} //
5Fke_ / normal discharge
Uit

00 02 04 06 0810

normalised radius

For non-monotonic current profiles non-stiff profiles
Ignition Temperature on ASDEX Upgrade!



ITER s role

» baseline (,conventional“) scenarios:
Elmy H-mode Q = 10 and ,hybrid*
scenario

single confinement barrier

physics: extrapolation of well
understood regime to/in

 self heating
* physics of a-particles
 divertor & PSI

— identifiable milestone
— technology - physics integration

— technology test &
demonstration

» advanced scenarios:

multiple confinement barriers

develop physics: (a range of scenarios

exist)

extrapolation of regime
self-consistency of
equilibria

MHD stability

compatibility with divertor
requirements and impurity
concentrations
compatibility with
satisfactory a-confinement
controllability

— satisfy steady state objective
— prepare DEMO




Standard inductive scenarios

maintain momentum:

1) verify & extend our scalings
and theory models

(confinement, H-mode access, ELMs, 8 Lister Apel 2001
NTMS ) 43 Rapid progress in different high technology fields
1000p ll'lER hrgetlnfTizw Icle'l.r, ntau =I3.41|f°-l. T - .“
s ]
c . c | Fusion: Triple product n T tau JT-60 i 4
2) qualify a-particle heating as P coubie eery 1 yers i -
a heating method
Merced P7
§ 3l Penfium Pro P6 1
Z E

3) high power/long pulse (on

wall equilibration time) test of ol
plasma Wa” interaction (inCI- i 13 Accelz-‘:ifrs:ﬁlagydoublm every 3 years ]
triti u m i n Ve n to r'y CO n t ro I ) 1!II65 1 Ql?ll an::smm js::lm T':::I:tor n:z::e' d(::r:? eu:lll‘::l:: wm:lil]s

Year




Q= 10 reference scenario(s): milestone

Parameter 400 MW 560 MW 260 MW
R/a (m/m) 6.2/2.0 — —
Kn;ﬁ.-’&;_-. 1.7/0.33 — —
By (T) 53 . —
[p (MA) 15.0 — —
qos 3 — —
<n.> (107m™) 1.01 1.18 0.83
<n.=ng (.85 1.0 0.7
<T.> (keV) 88 9.0 87
<T= (keV) 8.0 8.2 79
Prus (MW 400 560 260
Png + Pre (MW) 33+7 33+ 23 17+ 9
() 10 — —
Prap (MW 47 71 30
Pross/PLu 1.8 (87/48) 2.4 (124/53) 1.3 (55/42)
By 18 2.1 14
B]: (.65 077 .52
li(3) (.84 (.84 (.85
TE (s) 3.7 3.1 4.7
Hpospe 2y 1.0 — —
The /TE 5.0 — —
fie axisiave  (%0) 4.3/3.2 4.1/3.1 4.1/3.1
fBe ais _ (%0) 2.0 — —
far axis (%) 0.12 0.16 0.10
Lefr ave 1.66 1.77 1.60
75 75 82

"'f".'.tmn {mV .]

W

conservative
requirements



high confidence level in attainment of Q =10 W
results of targeted R&D

* previous major concern: high
H-factor at n/ngr > 0.85

Eﬂ_---.-- - AUG . T
a ITER-FEAT

= ’]D i
= 1.5} impr. H-mode . ]
3 <.
xI (o S 'f [ | @
cC & ' .
z 1.0 i t‘:. ."L A high-By
= LU e * -8, w |
S Q

05L e WaeR ]

| 6=0.29
L =018

000 v vt
00 02 04 06 08 1.0 1.2
density / empirical Greenwald density




Maagnetic islands, loss of confinement

By ASDEX Upgrade #5353

5 9

Diagnostic: Te constant on flux surface
Rotating islands give 2D “image”

S
4

3 Temperature profile flattens between islands

42 .
Possible reason:

Large islands with different helicity
— Ergodisation of field lines




active stabilization of NTMs

non modulated co ECCD (AUGD)

':~—| T s

#izast

_ NBIPower (MW) 80

evenn'

26 28 30 32 34 36 38 40 42 44 46 48
time (s)

Missing bootstrap current inside
Island can be replaced by
localised external current drive.

Complete stabilisation in
guantitative agreement
with theory!



high confidence level in attainment of Q =10 W
results of targeted R&D

« NTMs:

1) active ECRH-feedback
DIII-D

8 . . . .
- Pec ()

B__ {PHB:; (1) __

4 —

2 — ]

of

n 4

E o n=l MirnuﬂGb I I E
— n=2 Mirnov (G)

5
0
5
4%%%
3
2
1
0

3000 3500 4000 4500 5000
Time (ms)

2) self-limitation: FIR-modes
(AUG/JET)

2 eontrol of eawteeth (1
Vl UVUTTITUT VT VT JuUATVTY IO LTT \U

ET)
I—II




Q =10: ITER-simulation discharges on JET

SHAPING
1.4
- |TE H :Illlll.'-;:.-'«’l: ::,;:::“:;;ll I]
o a parameter domain '-.'!'-E-!':f:‘i A\ j{fb |
ONES
JET ITER
10— "ITER shaps"
g Pulse No: 53299,
" 2.5MAR2.TT
I
08—
i Heg y2) 0.91 1.0
Bragh 1.90 1.81
06— Ne ! Ngw 1.1 0.85
=
o JET Until 2000 ; " 1.5 1.7
= JET 2000 - 2001 =
I.J c:un rilr.: | | | | | 5 Prad/ Piat 0.40 0.58
0.4 0.6 0.8 1.0 1.2 K, O 1.74,0.48 1.84, 0.5
n:’nGw (]95 3.2 3.0
. Toyla! T 15 110
JET-operating space pulss T




Preparatory R&D: Physics and technology cannot be separated: W

e.g.: plasma-wall interaction

at plasma-wall contact large heat fluxes

unmitigated -> 60 MW/m?
(comparable to sun surface)

through plasma control (divertor)
-> 5-10 MW/m?

BSZ #6134 2.500000 radiation emission
from ASDEX-Up

conversion of power
205 flow into radiation:

186408 prototype sustained
2000 cycles of 20
MW/m?

1.2E+06

have to be solved in symbiosis of
research institutions with industry

600000




Edge Localised Modes (ELMs)

ELM oscillations:

A. Critical Vp in H-mode barrier region reached

Short unstable phase (ELM event)

B. Energy and particle loss has lead to
reduced gradients

B C A
i : JET
T, (edge barrier top) Dlse No: 52095
3_
L divertor Dm
1 —
| — I I
20 35 3'.{: 35 4.0 45
Time - 23 s (s)

JGOT 182 16

r time relative
[ toH, maximum

C. Gradients build up during reheant/refuelling phase w

electron temperature

ASDEX Upgrade
#7500

—_— t=+0,2ms

I ‘L:\ t=+30ms 7
al / . after ELM |
| @ t=+02ms B
shortly after ELM
2_
|'_'|-....|....|....|....|....|.k."‘l--
—m -1 —-10 ] a a 1

electron density
BN (A} t=-06ms

1N "‘\.

- & before ELM
X
1L\.|




Q =10: divertor issues

Pulse 14521

divertor & plasma wall
interaction issues (ELM
tolerance, tritium):

— determine pulses: how long
& how often

— has to be solved for any
kind of fusion reactor

— focussed effort starts
bearing fruit
* type 2 ELMs

» control of C erosion &
tritium co-deposition by
surface temperature
control

* viability of W-solution

* Be-experiments on Pisces

\ < BMWf _I'l‘l"2

outer divertor o

inner divertor



Q =10: a—particle effects W

a-particle confinement: o T —
+ classical - LD ] sawteeth:
confinement good = s r ( P
(ripple reduction through = 1 o SN eperiod extended
ferromagentic inserts) . T by a-particle
1.2 -
* AE-modes: for - stabilisation
,hominal* (monotonic) .
(]-l)l’()fil(?!; 0.6 1 ! ! ! .:3()(34) (:falﬂrtrial -]-_
100 : : : : .
(PENN,Mishka): z | excursion
2 90 - o Pioss | 1
* linearly stable or . e e semall effect on
- weak redistribution . | " heat flux
of a—particles o
f' hb P 40 -
* TISNobones. = 4w .
(marginally) unstable £ *ZEW
for nominal wol

310 320 330 340 350 3al

parameters time (s)



Sawtooth oscillations

. ASDEX Upgrade NTIEZ

Central profiles: 25 @

20 1

Q. . 312 15 %

) — T - 0.1 ms - - 1.0 S

@i T Sgeddio 2
@ 0

132 136 140 144 148 152 1
Time (s}

&Y

t=1.5703+ 0.04 ma t=1375s+0.96 ma

&Y

i =1
® 9
@ | \
0 - N
@ T({]') and J('[]') oc T3"'I2 rise ;151.57521 1.10 :5 ;iﬁl.ﬁ'?ﬁ:[:— 1.45 unfs

1.6

@ q(0) falls below 1 — kink instability grows

/R 1)

@ Fast reconnection event;

T, nflattened inside g=1 surface _
q(0) rises slightly above 1, kink stable 05 00 05 05 00 05

B :::;:I:E"] A cuﬂﬂ"}



missing understanding: scaling of pedestal?

L 1 1 1 1 1 L 1
0 0.2 04 0.6 0.8
r/a

In simulations: pedestal
parameters assumed input

A. Peeters, G. Tardini

T5™(0.4) [keV]

[ o n, scan
x Current scan

Critical
Gradient
Model

T(0.8) [keV]



Extend scaling and verify m
theory: confinement

* pedestal scaling

— pressure gradient limited
— spatial scale?

Rapl—oc
8 1 :
[ m ASDEX-U *
10.00E [ & DII-D .
- a0 2 jgfz.am,z.m -
— r & JT6OU .
E ; D
o - JIuEs
1.00k 20 ¢ Fe
= L | |
= 10 Py ?' a4
< ; o':"‘%:‘ﬂ"
Q_? ['_'|-. P  E T S T S R T S S R S T
0 1 2 3 4
0.10E (dp/dr),x p, (kPa)
» profile stiffness
— reement with
- | eox A agreement with codes
205 ORI s o — role of self-generated shear-

T (q) flows
— electron transport
* role of n/ngg vs v*



hybrid scenario: conservative scenario for

technology testing Scenario 3
Hybrid #1
R (m)/a (m) 6.2/2.0
Kys / Oys 1.7/0.33
Ve (m') 831
By (T) 5.3
[p  (MA) 13.8
Steady-S — 22
.tEE:I y_:;tﬂti.-' . <ng (lﬂmm'j} 93
.f{l 2,<n > _=0.57) Tne 085 <
3000 —8—R/a=635m/1.85m, B <25 <T, > (keV) 8.4
* —O—R/a=635m/185m, B, <2.0 <To> (keV) 9.6
—8—Ra=620m/2.00m, B <25 By 19 <=
_ D& ——R/a=6.20m/2.00m, B, <2.0 Prus  (MW) 100 <
w 1000 hﬁ :» —¥—RA=620m/2.00m, B, <20, Pag (MW) 33
E s Prr  (MW) 40
= 500 B Q = Prys/(PustPr) 54 *
= \ lep/le (%) 25
= \E\y\ Ins/lp (%) 17
— 4 "fgnlm{]{}mﬂW'lnl'z} 0.24
L \ﬁ\ Yo' (107AW'm?) 0.30
=0~ In{‘. - H-SIS ED "ﬁ":DmT ( ]{}mhw'lm'l]l 0.27
100 0 10 20 30 40 50 Eiﬁ [T ]50
. . HS8 (v 2] .
Fusion Gain Vies (MV) 36 <
Burn flux (Vs) 60)
Burn time (s) | 1070 <+




advanced tokamak operation on ITER

satisfy ,steady-state” objective

prepare DEMO ( i.e.
characteristics of a
commercially viable reactor)

— blue ribbon ,fast track®
panel

— fusion industry committee

14

Cost of electricity

£ & § &

associated physics issues
match ITER capabilities 0 2 ‘ 6 s 0w
— a-physics compatibility Normalised Pressure* Electrical Output

— long pulse aspects
* current profile

. | rf int ti ITER- ITER- 1* generation “advanced™
plasma surrace interaction baseline steady reactor designs reactor designs
— heating power > current drive
power

« controllability [%]



steady state (,advanced”) scenarios:

» development needed
» spectrum of scenarios
* scenarios illustrative

Scenario 4

Scenario 6

Scenario 7

WNS WNS SNS WPS Low-0Q
R/a (m) 635/1.85 | 6.35/1.85 | 635185 | 635/185 | 6.35/185
By (T) 5.18 518 5.18 518 5.18
Ip (MA) 9.0 95 9() 9.0 1.0
Kos/Bos 185/0.40 | 1.87/044 | 1.86/0.41 1 .86/0.41 | 84/0.43
<n=  (10"m™) 6.7 7.1 6.5 6.7 5.7
n/ng (.82 0.81 0.78 0.82 0.57
<T;= (keV) 125 116 12.1 12.5 93
<T,> (keV) 12.3 12.6 13.3 12.1 12.1
Br (%) 277 267 276 275 22
By 2.95 269 2.93 2.92 1.9
B, 1.49 1.25 | 48 147 0.77
P s (MW) 356 338 340 352 174
Pep+ Pup (MW) | 2943077 | 35+28 7 | 40+20° | 29+28 36 + 50
Q = Ppuy/Pg 6.0 5.36 5.7 6.2 20
Wi, (MI) 287 292 287 284 212

P oss/ PLg 2.59 2.74 2.63 26 3.0
e (s) 3.1 292 3.13 3.07 215
fite (%) 41 4.0 40 4.0 3.0
Fge (%) 2 2.0 2 2 2

Fa (%) (.26 0.16 0.2 0.23 0.19
7ot 2.07 | 87 | 89 1 .99 | 86
P i (MW) 376 30.6 36.2 34.6 22
Pree  (MW) 92.5 100.0 91 6 927 99

i (3) 0.72 0.43 0.6 0.69 .58
lenls, (%) 519 49.7 53.7 50.2 73.6
I/l (%a) 481 50.3 463 498 26.4
Iy ;."'[u (%) 0 ] () 0 {0
Qo5/Go/ Amin 53/3522 | 503827 | 54/59/23 [53/27721 ] 41/1.5/1.3
Hioggy.2) 1.57 | 46 161 1.56 1.0
THe /TE 5.0 5.0 5.0 5.0 5.0

M



Recent discovery (~1990s): transport barriers in the plasma core

20—

TikeV)

15F-- .

T
ASDEX Upgrade

| T #13148 1.25-1.35s
- | 7.5 MW NEI heating

0
4
3:
o 2
_I:
0
0

0 02 02 06 08 10 12
P

Weak or negative central magnetic shear S = (r/q) dg/dr
Transport barrier (jons and/or electrons) can develop

Technique: Fast current ramp with heating
— skin effect raises edge |

1.2
MA 1.0
0.8
0.8

plasma currant

0.0 U R SR R U IS E S S S R T T S R S S
-] - T T T T T r—T—7J] _T—T T—7] T T

mw g P ASDEX Upgrade #13148
heat #13155

Mewutral beam heating power |
D 1 1 1 1 L 1 " 1 1 1 1 1 L 1 1 1 1 1 1 1 L 1 1 1 1 1 1

T B e o e L e B

intarnal inductance
U.':I I 1 L I I 1 1 1 1 1 L 1 1 L L 1 L 1 1 1 1 1 L

[ER 0.2 D4 0.6 0.8 1.0 1.2 1.4
time [s]



extrapolation and extension of regime W

approach to ITER s.s.-targets in
dimensionless performance parameters:

the 7-fold way*) ITER & Power Plant:

higher n/ng,, but lower v* !

*) + pulse length: -> only full
CD,ELMy H-mode cases shown

0.2 T T T L
_ i ORev.Sheallr ELMyH
smaller q (implied I m High-Bp ELMyH |
by high fgg, low By) OF = [IMABTBN-28  0.5MA/1.5T/-
go | H+ TR
JT-60U RS @ | © 1

8__60.1 i 1.5MA/3.7T/BN~2.5 ]
I 0.85MA/2T/ ]
NE© ﬂ @ =15 LH+NB -
©O [ ]
5 [ 1.8MA4.0T/BN-24 ]
6° [ @ imers ]

c i teady-State

0

0 005 01 045 02
collisionality v*



high Bpmonotonlcl\?W profiles SGIf—CO”S'StenCy of pa rameters
;2 and profiles: a range of
...... : ,advanced” regimes exist

. 0
D I i
0s | Voo hlgh NMgw
00 it st e BCHIEVE
o Pp 1 ~ bad bootstrap
o Do (@U) gy d bootst difficult a-particl
1.0 —————— i\ alignement good bootstrap ITmcult a-particle
00 15 20 25 30 alignement confinement
Time (s)
central CD+ bootstrap bootstrap broad CD + high bootstrap d _Eﬂ:zz ﬁﬁ:}?ﬁ; :OBWB
C|95=4.8, BN=2'5 HHy2=1 4 BN=2'8 HHy2=1.5 q95=93, BN=2'2 HHy2=2.2 5 [ ~ - gas shot 53545, B, =0 i
1.2p e 1.2 1 & 4- - By=0profile - calculated (
: j (MA/m?) § - Jj (MA/m<) 1 E 3 e i
2 NB 3 3 Bootsgrap 1 « L Bootstrap 1 8
b A E E £ 2+ current hole:
g ] FN% i g E g :
of 0 o = r @ T Plasma axis
: E PNB 3 0; o o E 0~
0.4 ‘ -0.4 ' 02020 8953 §
3[_ shear (MSE) 3 shear (MSE) b o [-_shear (MSE) /‘f [
10 N 10 i oL ] g —p TR '
0 0 ; - 5 ‘ . : . . 3 § i
-1 30 -1F 130 25 s
5; --q==64s exp. - 5; =q :\tg._TSScl:::p- TE & -4 - . i
a8 ~~SScal. J1,, af % N i 6 95s 4 1. N e .
B - b 5F r R
3t % 3 y ] 4: =
2 Tickond 2 o : L 28 30 32 84 56 38 .
i( kev) E T o 1 3 . . . . : .
1 > 1 (o) ho 1 Radius (m)
. | . 0 Tl I L
% rla ITB 1° 0 rfa ITB 1 °
JET: LHCD



,advanced scenarios‘ control

actuators

High non-inductive current fraction

reducing current profile development

signals

ITB existence criterium and control
arameter
P pT*:pS/LT>p]TB*

2.0 - \
1.0 | | MA * a B
M BMAL Pyeomw
> MW
/1()'— P
\- PNBI
' Refe'renc'_ | | |

Active Controlm

1015 neutron/s

| ps/ Lte (i10'25

Time [s]

long pulse feedback control of
JET ITB discharges



o-particle physics and self-heating in
advanced scenarios

significantly more problematic than in standard scenarios

Inductive Weak RS (#4) Strong RS
to allow Study of instabi”ty No F1 | With FI [ No FI | With FI [ No FI | With FI
. . Total particle loss fraction (%) 2.15 | negligible | 6.5 0.08 21 0.75
effects: improve ,classical Total power loss fraction (%) | 0.65 | negtieible | 25 | 0.04 | 93 | 0.3
confinement” — ferritic inserts | Peak FW heatload (MWm™) [ <0.1 | nelieible | 023 | 0005 | 08 | 0.025
Plasma current (MA) 15 10) 10)

Parameter NBI ICRH o's (TFTR) o’s (JET) a's (1998) ao’s (FEAT)
P(0) [MWm3] 3 13 03 0.16 0.3 0.44
df/a 0.05 0.3 0.3 0.34 0.05 0.08
ne(0)/ng(0) [%] 13 110 0.3 0.17 0.3 0.8
B:(0) %] 09 13  0.26 0.3 0.7 1.1
(Bp) (%] 04 05 0.03 0.04 0.2 0.16
max | R.Vp| 0.04 =0.1 0.02 0.016 0.06 0.08
Ve IV A(0) 035 =12 16 14 1.9 1.8

C()*
relevant for D —KAE: = 2nq2p*2(prl./c)
Oryg

,synergies” between AE core
losses and ripple edge losses?




pulse length & duty Moreau: simulation of ITER-FDR *) feedback

cycle control with fuelling, FWCD & LHCD

00 F 7 T T A ]

250 |- LHCD 1" « b

r === === gpha 5 & 4

bum 200 [ ==eeeee- FWCD f~* -
0 2 150

scenario | ime®) | . high availability: 0o |

[sec] ample time & 30
inductive, — opportunity for 0

(reference | 500 experiments 12

9
) * (although observation of 6
current diffusion on t ~ t )

hybrid 1000 execution of control:

0
:> >>T skin 4.0 h
steady- | 3000*
state ) |
20 t
*) repetition time = 4 x burn L2
time 10 | . . . . . . . .
0 2000 4000 6000 8000

**) (at present) limited by

. . Time, s
external cooling capacity

*) reduce times by factor of 2 for ITER-FEAT



diagnostic access &
facllities

Neutron Act syst (16N)
NORTH 10 VUV,
2 H-alpha /Visspec(inner edge) X-ray Crys Array
Main plasma reflect. Neutron Act syst (foil)
3 Neutron Camera < 11 Edge Thomson scattering

Wide angle viewing/IR

4 CXRS(pol rotn - DNB)

14 Wid le viewina/IR
Wide angle viewing/IR ide angle viewing

Position Reflectometry

5 Neutron Camera < 16 Bolometry

16 Soft X-Ray
Neutron Act syst (*N) Divertor Impurity (div16)

6 Neutron Camera <>
Neutron Act syst (foll) 18 Wide angle viewing/IR

7 Neutron camera <> H-alpha/Vis. spec (outer edge)
Wide angle viewing/IR

8 Bolometry all In-vessel diagnostic wiring
Position Reflectometry



EQUATORIAL PORT

10 LIDAR Thomson Scattering
Polarimeter

NORTH
Port Flange 06 05 04
Obscured by
HNB 07
&
diagnostic 08 02 4 DNB
dcCess
& 09 01
facilities
10 18
11 17
ECE
13 14 15
DIVERTOR 2 VUV Impurity Monitor (g)
IR Thermography (c)
Langmuir Probes
04 Magnetics Thermocouples

4 CXRS(c)
Dust measurement(g),
Magnetics

8 Reflectometry/Interferometry(g)
LIF (c)
Bolometry , Magnetics
Pressure Gauges

Port

Div. RH large ports
RH-like diag. ports

¥ GDC & IVV (L) plugs
% W (L)
&
Pellet (PIS) (tubes)

3 Wide angle viewing/IR
CXRS (with DNB) NPA
MSE (with heating NB)
H-alpha/Vis spect (Div).

7 Obscured port

8 RH plus Limiter
Neutron flux monitor

9 Wide angle viewing/IR
Tor./Intefer. polarimeter

Fast Wave Reflectometry
(possibly) MSE

11 X-ray Cryst spec

VUV (main & div.)
Reflectometry

12 Wide angle viewing/IR
H-[] /Vis. spec (upper edge)
Vis. continuum array

16 Wide angle viewing/IR
Radial Neutron Camera
Bolometry
Soft x-ray array
Divertor Impurity (div 16)

17 RH plus Limiter
Neutron flux monitor
Neutron Act syst (foil & '6N)

Unassigned:
Collective scattering

10 X-point LIDAR (c)
Div Thomson Scattering (g)
Bolometry, Magnetics
Langmuir Probes
Pressure Gauges,

14 Reflectometry/Interferometry (g)
Plate Erosion (c)
Magnetics, Thermocouples
Langmuir Probes

16 Visible Div Impurity Monitor (c,g)
Bolometry, Magnetics
Pressure Gauges,
Thermocouples

Alloc 7-5-02




heating & current drive
systems

P4 for Q= 10 nominal
scenario: 40 MW

NBI-layout

S
;
/!
-, ‘:::.%
X

¢ LR

e
THIE IS BT A TRUE BECT N
APE ELT AT FARYING REGSHTE
FOR GICTORAL PURMLELE

heating system stage | possible upgrade remarks
by
vertically steerable
L (z at Rian: -0.42m to +
NBI (1MeV negative ion) 33 16.5%)
0.16m)
ECR H&CD
(170 GHz) 20 20 equatorial port & upper port
(+2MW 120 GHz for launcher; steerable
start-up)
ICR H&CD (50% o ions)
2 ower to ions),
(40 — 60 MHz) 20 {315 po
03,,.(70% to ions), FWCD
LH H&CD
20 1.8<n,<2.2
(5GHz)
130 (110 upgrade in different RF
total 73 . o )
simultan.) combinations possible
ECRH start-up system 5
(120 GHz)
Diagnostic Beam (100
>2

keV H, neg. ion?)

7 power
routing

170 GHz gyrotrons

start-up gyr.

ECR-
feeding

top-

launch



heating & current drive ITEREMrangs

systems
M T

100

heating system stage | possible upgrade remarks
by
vertically steerable
(z at Rian: -0.42m to +

NBI (1MeV negative ion) 33 16.5%)

Adsorbed power (% of incoming power)

0.16m)
ECR H&CD
(170 GHz) 20 20 equatorial port & upper port
(+2MW 120 GHz for launcher; steerable
start-up)
ICR H&CD

(40 — 60 MHz) 20 20;(50% powerto ions), 20 30 40 50 60 70

70% to ions), FWCD
3 o ions), frequency (MHz)

LH H&CD . .
(sGH?) 20 1.8<n<2.2 IC power absorbtion by species
130 (110 upgrade in different RF
total 73
simultan.) combinations possible
ECRH start-up system 5
(120 GHz)
Diagnostic Beam (100 2
keV H, neg. ion?)
LH-launcher; based on A - Supportl]

Passive-Active Multi-
junction principle™)

*) to be tested on FTU,
Tore-S.




preparatory physics R&D
the JET ICRH ITER-like antenna ~ for ITER heating in JET

(2005)
. 7.5 MW at ITER relevant _ . _ .
coupling (2-4 W/m) strong effort to increase LH availabilty in
«  High coupling efficiency combination with other heating systems
(90%) in range 30<f<55 MHz
N ELM resilient ® Plasma with LHCD + ICRH + NBI O Plasma with LHCD only

1999 (480 shots)

mean P (MW)

O

)
@%Cf Com® %O@%}
2000 and 2001 (863 shots)

2 3 & @
s 0. SF __ °Q oﬁ’%
~ D A
CL_I 2 )o“b*fg‘;,- f%) %Q)O O O
- = @) 1]
» ® S2e) &
2 g ® S5 o 3
- °E8EHE O %
| L | | | S
0 4 8 12 16 22

mean PADD (MW)
(Papp = Pngi + Picru + Picrr)



flexibility through divertor .
maintanance and exchange capability

e\

f% | T

] X |
BLANKE:‘E%g; X
'\ \

vacuum Y
VESSEL / \

EQUATORIAL
PORT

VvV GRAVITY
_ SUPPORT _

LOWER
PORT

i
|
|
|
|
\
|
g

for refurbishment and design-improvements

divertor casette system allows

replacement of divertor within 6 months:

In-vessel
CIM umbilical

/ L Divertor cassette
\/‘ Cooling pipes
AN Q .
= Cassette Toroidal
AN I\ cTm
= N
‘ n", 8

Outboard
toroidal rail

i
|
\‘1
ll
Yy Radial CTM
umbilical
l inside port
V/ /
NN
(S

CASSETTE
MUL T I-FUNCT | ONAL
MOVER (CMM)

END-EFFECTOR




high field side pellet
latnch

inward shift of mass deposition
with respect to ablation

Ane, 10""m>

100 S AN S R R S B B S B R B R B B R
80 [
60 |
40 | e °
[ d ,i\
[ - F Xx oo
20: // \""'-f-”_.!\_:&'(
0'\ = “!/f/ fm
0 0.2 04 , 06 0.8 1

Figure 4.5-2 Model Predictions for the HFS Injection in ITER
Solid lines correspond to pellet ablation, dashed lines for the ablated mass deposition

number of  repetition ; ; pulse length
" size velocity »
injectors frequency capability
high field side;
2 (3) 7-50Hz | 3-6mm | <0.5km/s 3000 s
centrifuge

benefit for high-Bp ELMy H-mode

i1 standard H w/o ITB
type | @ high l5p Hwith ITB X type I A type lll

ML UL N B I N B B I N N
[ pellet ]
- nT= const. E37413 g
[ JT-60U
% - S high Bp -
51 [ / ELMy H-mode h
E L ELmy ~ E32398 :
3 H- d -
 F wors 1 puff 3
[ Ip=1.0 MA AN .
C 0 =0.44-0.50 i
0 1L '] 1L 1L I 1L '] 1L 1L I 1L 1L 1L 1L I 1L '] '] ']

0 1 2 3

£

benefit of pellet injection on reverse shear
modes: still to be explored



Normalized [y

Normalized fiN

advanced scenarios at high 3, require RW
feedback stabilisation
& 1 1
5 Oluuuuuo,nu iy .leh conductive wall 4- Central Solenoid_ PFL
1= M“M -+ Top Correction Coif
s Without conductive wall i
5 4 Side ) _PF3
standard Correction Coil
L regimes (high ) T
’0 7 A 6
Toroidal mode number, n __Pr4
6 -_01'"“qu| : '
s 0'“" 1 sy ,...........Ol"'""“"" L -
with®onductive wall s ICF
4 T T 5
3T Without conductive wall T Battom Correction Coil .~
-4 1 PF6
4 advanced
regimes (low /) T ITER error field correction and
- 3 s 5 RWM control coils

!

Toroidal mode number, n

potential gain by low-n RWM
feedback



relevant & attractive range of plasma
shapes covered:

Double-Null proximity (+triangularity)for
acces to type Il ELMs

enhanced FDR FEAT o 0.6, .
shaping ® |
: 1.6 /1.76 | 1.7 /1.86
viz. ITER- | os/Ky 040 I e .
FDR 5../5 |0.24/031]035/05] .. My 2 -
r 0.5 §| b
0.35 L, B = ~
dr | =1
can be further pushed to accomodate 03| AUG of  ou4s 3 ITER
important observations 025 * 3 g
04f &
mas in the memo dated Nov. 2001 o2 \‘\‘5\
i I 95
g £ R,,/'a,,/ Kos 9-15‘“ o EE{E:L_” 0.35 :
Ip <17 MA :Zfz;: . o Ao . \
4r —(:|.91‘;. T _6 ; ; ; 2 0 03 : -
e Sxseparatices -midplane foml - T-20 20 30 40 50 60
AR(2nd - 1styy) » mm
2 -
B
N advanced scenarioes - > stronger
shaping possible (I, =9 MA)
2F
l i 0.6 0.4
4}
k 95, ma <2 <2.
|
-6 1
0 2 4 6 8 10 12



ITER s mission: physics of W
reactor grade (size) plasmas
ITERIs not one experiment,

but a facility on which we

10.00E 7] will run a broad range of
» experiments (like on other
I devices)
on ITER: no conflict to be
1.00F expected between
) [ ASDEX * exciting burning plasma
[ AUG hysics
s | cmop A | PV
DIII-D * reactor oriented
0.10 3 ' JET O performance maximization
i 0 JFT-2M
i ' JT60-U |
PBX-M @ only high performance
0.01 oo PDX A| plasmas will burn
0.01 0.10 1.00 10.00

ITER sufficiently close to
reactor that regimes
transferrable



Fusion Power Plant: fusion core integrated into a
,conventional® requirement

~
ﬂ Lithium
blanket

Deuterium

Primary ~ Vacuum | |
fuels vessel

|

Lithium

JG95.113/56¢ Steam

generator

optimization and control
of fusion plasmas

task of ITER and an
accompanying physics
program

The PLASMA: the most innovative
subsystem of a Fusion Power Plant



Further Steps to a Power Plant: W
physics and materials: the key issues for a fusion power plant

ITER PPCS-D

(a conceptual power plant)

size and shape of a power plant could be quite close to ITER
(stellarator - sharing most of the physics and technology with a tokamak - might be
advantageous for easier steady-state operation)



Further Steps to a Power Plant:
Power Plant Conceptual

Design Studies:

reactor requirements beyond
basic ITER

1,80 2,90 4,0 4,5
1,00 1,60 1.3 1.2
0,40 0,34 3,4 2,5
10,00 5,70 30 35
n.a. n.a. 1,5 1,5

Eurofer+SiCSiC

StrUCtl_Jral SsS Ss inserts;Eurofer  SiC/SiC

materials ODS for first wall
H,O H,O He+PbLi PbLi
n.a. n.a. PbLi PbLi

10 10 10 5

n.a. n.a. ~43% ~59%

0,5 0,4 2,2 2,4




Further Steps to a Power Plant: W
plasma performance beyond ITER nominal requirements

® Year 1998/9 Data .
o Year 2000 Data ® improved

efficiency modes

SN

fusion performance
(neutrons in DD-
operation) improves with

w

N

* heating power

 advanced mode
operation

Peak neutron yield (x106s~1)

Fusion reaction rate (neutron yield)

O JG01.158-62

W

Peak additional heating power (MW)
Plasma Heating Power



Further Steps to a Power Plant:
plasma performance: steady state at high 3,

long-pulse control of advanced (high B , H) regimes

18 |

:l-_ High Parfarmance

i} a
16 F > S.fela-ul:.'-ﬁlate with ITE :
b 3 £l oo attractive reactor
ARIES -AT la B, regimes so far only
t s Honh, attained transiently
PPCD-D g10[ s HghA lGD :
L3 o (in contrast to ITER
=, . & High b .
PPCD - A = Bk AN . ® Hahbi full £0) Q =1O reglme)
[ -|I.I RSH, full &0
& oa - N
ITER-FEAT, st '.‘.
reference " ¢
2 |
DD EID 4III] . lIESIIIZI a0
Tduration' Tg

stationary on T, By
time scales, but not
current profile develop.

stationary profile control strongly dependent on heating characteristics
— experiments on ITER critical



Alterantives to tokamak: stellarator ..&..? W

up to early 80ies stellarator had no consistent theoretical
foundation:

tokamak: axisymmetry ensures a constant of
motion -> confined orbits; small neoclassical losses

stellarator: discovery of quasisymmetry
(Boozer&Nuhrenberg) configurations exist with
constants of motion in drift approximation



Alterantives to tokamak: why?

(1) intrinsic steady state capability

(2) possibility of current disruptions

Time history of a (provoked) density limit disruption:

gg— 777 1 T+ v 1 r ¢ 1 [ T 1 [ T T [ T T T T [ T T T 1T
o . { 1. Radiation instability
< | Plasma current ] plasma edge cooled
Zz_ ASDEX Upgrade #6353 | | ) 2. Resistive MHD:
Bl e tearing modes
- [ line averaged density T magnetic islands
E
o] 4= -
= island formation _— A .
Tl ] minor disruptions _ 3. "Minor” disruptions
I I , NN IR I WL L VDU loss of confinement
(= e " . l J & \q\ —
3 22: electron temperature ] 4, "Major” []iSl'LIptiDI'I:
e | plasma current quench
o 10 —
I11 .EDI — I‘I .I55l l‘I .;EEI-I I‘I .l;iﬁl I‘I .'.-"Ell l‘I _T5I I‘I .ECII — I‘I .BS

time [s]



problem of classical stellarator
confinement of fast particles




Quasihelikale Symmetrie

B = B(s, 0—0)

gyrocenters rest on
closed surfaces




W7-X: confinement of fast particles

| I
2.0 2.2 2.4 2.8 2.8 3.0
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W7-X: modular coils




W7-X aim: close performance gap to tokamaks W

10% —————r——— T

Break-even JT so-u' |
W7-X ..TI—_TH
= o JET( (DT)

o) e
TFRO  JET@ @wr® ®rerr

1020 Bl _
I Alcator C-mod @ @ Alcator }
[ () ASDEX Upgrade 1

1041 F

%)
E _ Tore Supra @ @ JT 60 _
= 1019 LHD O @ ASDEX
= - ]
— @ ASDEX
I—b') T10 @
- 18 O w7-As
10 " F Pulsator P
i ¢ Ow7-A )
I T3 @ .
10"} .
® Tokamaks | -
- @T3 O Stellaratoren
ol
1 10 100 1000

T in Mio. Grad



Summary and Outlook

J B Lister, April 2001
e Fapid progress in differen t high technology Relds MT

ek ITER target of Ti=18 keV, nto 3410 = = = m == m o ]
JT-60U, 60U
100} Fusion: Triple product n T tau -"‘“"..J BT 9
Guutios vy ¥ ywsie Tilg 1D Penfium 4 0 5
| *ITER is the right next

esign

- Penfium Pro PE
£ a1l 3 Ste p DEMO Design&Licensing | [0
E DEMO- ion |
DEMO cper. phasa | I
oAy 1 sleatric powgrinmglid|'
ooy
\IF Ogeration 80 dpa
T Accelerators: Energy doubles ewery 3 years IFMIF Operatien 150 dpa
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