EFD ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

ITER as a Physics Experiment

K.Lackner, D. Campbell and many others

EFDA-CSU
D-85748 Garching

ITER exploitation phase subdivided into two sub-phases®)

. the first 10 years corresponding to an experimental
physics oriented programme,

*) EDA Final Design Report

»  the following 10 years to an intensive, technology
oriented, use of the facility.




ITER s role

. .  advanced scenarios:
baseline (,,conventional*)

scenarios: Elmy H-mode Q =10 and multiple confinement barriers
»hybrid* scenario

single confinement barrier develop physics: (a range of scenarios
exist)
physics: extrapolation of well « extrapolation of regime
understood regime to/in « self-consistency of equilibria
* self heating - MHD stability

* physics of a-particles

» compatibility with divertor
* divertor & PSI

requirements and impurity

concentrations
— identifiable milestone « compatibility with satisfactory
— technology - physics e
— technology test &
demonstration — satisfy steady state objective

— prepare DEMO



Standard inductive scenarios

verify & extend our scalings and

theory models (confinement, H-mode
access, ELMs, NTMs..)

qualify a-particle heating as a
heating method

high power/long pulse (on wall
equilibration time) test of plasma
wall interaction (incl. tritium
inventory control)

Progress

maintain momentum:
demonstrate milestone
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o fusion community must show
public&politics identifiable
progress

o needed also for continuing
support of alternatives

J B Lister, April 2001
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Q=10 reference scenario(s): milestone

Parameter 400 MW 560 MW 260 MW
R/a (m/m) 6.2/2.0 — —
Kos/Ous 1.7/0.33 — —
Br (T) 5.3 — —
[p (MA) 15.0 ~ ~
qus 3 — —
<n.> (10"m™) 1.01 1.18 0.83
“n.Mg .85 1.0 0.7
<T.> (keV) 8.8 9.0 8.7
<T= (keV) 8.0 8.2 7.9
Prus  (MW) 400 560 260
Pug + Pre (MW) 33+7 33+ 23 17 +9
Q) 10 — —
Prap (MW) 47 71 30
Pross/PLn 1.8 (87/48) 2.4 (124/53) 1.3 (55/42)
Py 1.8 2.1 1.4
Bp .62 0.77 0.52
li (3) (.84 (.84 (.85
TE (s) 3.7 3.1 4.7
Huosv 2y 1.0 — “—
"L']]._-t."'T[j 5.0 — —

fie axisiave  (%0) 4.3/3.2 4.1/3.1 4.1/3.1
fBe axis  (%0) 2.0 — —
fae s | (%) 0.12 0.16 0.10
Lo ave 1.66 1.77 1.60
V loon {mV) 75 75 82

24

conservative
requirements



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

e previous major concern: high
H-factor at n/n.; > 0.85
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—  self-limitation: FIR-modes
(AUG/JET)

— control of sawteeth (JET)



Hog (y.2)

1.4

1.2

1.0

0.8

0.6

Q =10: ITER-simulation discharges on JET

o JET Until 2000

i 'I.JI:_F 2000 - zcl,rm

ITER
0 parameter domain

0.4 0.6

0.8 1.0
NNy

JET-operating space

My U601 243-2Fc

SHAPING

JET
"ITER shape"
Pulse No: 53299,

2EMARTT
Hgﬂ %2) 0.1 1.0
Busn 1.0 1.81
f"lel.ll Moy 1.1 0.85
Zﬂﬂ 1.5 1.7
Prad/ Prot 0.40 0.58

K, 0 1.74,0.48 1.84,0.5

Qas 3.2 3.0
TIJIJ|E / T 15 110




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

T outer divertor

— focussed effort starts
bearing fruit

* type 2 ELMs

« control of C erosion &
tritium co-deposition by R
surface temperature 5 o
control

2.21 222 2323 2.24 =2
timea (=)

inner divertor

 viability of W-solution

Be—experiments on
Pisces



Q =10: a-particle effects

a-particle confinement:

classical confinement

g00d (ripple reduction
through ferromagentic
inserts)

AE-modes: for
»nominal* (monotonic) (-
profiles (PENN,Mishka):

 linearly stable or

* weak redistribution
of a-particles

fishbones: (marginally)
unstable for nominal
parameters
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sawteeth:

eperiod extended
by a-particle
stabilisation

*30% central T-
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esmall effect on
heat flux



Extend scaling and verify theory:

confinement e pedestal scaling

— pressure gradient limited
— spatial scale? R"‘pl_oC
« global scaling
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— role of self-generated shear-

flows
— electron transport

* role of n/n, vs n*



A4

. . Scenario 3
hybrid scenario: My brid 7]
conservative scenario for e () e
}5 05 AT
technology testing Ve _(m) 831
Br (1) 5.3
lp  (MA) 13.8
{os 3.3
<n.> (10"m™) 9.3
Sluadz.-_ Fﬁtﬂlﬁf .- i <nMg 0.85
() 2, <n >/n, 1.57) T, - {k[}\."] 24
3000 ' —®—RAa=635m/1.85m, B <25 <T.> (keV) 9.6
——Ra=635m/ L85 m. HZNE.Z.[) B’-\i 1.9
—B—Ra=620m/2.00m, B <25 Prus  (MW) 400
Q —|+—Ra=620m/2.00m, B, ,<2.0 Pvg  (MW) 13
w 1000 ¢ Déx —¥—R/a=620m/2.00m, B <20, Pee (MW) 10
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i 500 lep/lp (%) 25
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| \E\ 20 0T (10 AW m™?) 0.27
n=/n, = 0.85
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advanced tokamak operation on ITER

satisfy ,,steady-state* objective 14
prepare DEMO (i.e. 12
characteristics of a commercially £ 1
viable reactor) S w
— blue ribbon ,,fast track* panel < 05
— fusion industry committee S "
021
associated physics issues match
0 T T T T T
ITER capabilities 0 2 4 3 8 10 12
— a-physics compatibility Normalised Pressure® Electrical Output
— long pulse aspects
* current profile
. . ITER- 1*! generation “advanced™
> plasma surface interaction ‘- baseline reactor designs reactor designs
— heating power > current drive B, |8 3 154 >4
power
<> 2.5 2.9 22-3 3-5

* controllability [%]



steady state
(,advanced*)
scenarios:

* development needed
 spectrum of scenarios
* scenarios illustrative

Scenario 4

Scenario 6

Scenario 7

WNS WNS SNS WPS Low-0)
R/a (m) 635/1.85 | 635/185 | 635185 | 635185 | 6.35/185
By (T) 5.18 5.18 5.18 518 5.18
Ip (MA) 9.0 95 9() 9.0 11.0
Ko</ Dos 185/040 | 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 11.6 12.1 12.5 9.3
<T.> (keV) 123 12.6 133 12.1 12,1
Br (%) 277 267 2.76 275 22
B 2.95 2.69 2.93 2.92 19
B, 1.49 1.25 | 48 1.47 0.77
P (MW) 356 338 340 352 174
Pep+ Py (MW) | 29+307" | 35+28 " | 40+20° | 29+28 " 36 + 50
'Q 13:"|'.:<"'II~J:|tl::I 6.0 5336 57 6.2 20
W, (MJ) 287 292 287 284 212
Ploss/PLt 2.59 2.74 2.63 2.6 3.0
TE (s) 31 292 313 3.07 215
fite (%) 41 4.0 40 4.0 3.0
Fse (%) 2 2.0 2 2 2
Far (%) (.26 0.16 0.2 0.23 0.19
Zoip 2.07 | 87 1 89 1.99 | 86
P rad (MW) 37.6 30.6 362 34.6 22
Pre.  (MW) 92 5 100.0 91 6 927 99
L (3) 0.72 0.43 0.6 0.69 0.58
lenl, (%) 51.9 49.7 53.7 50.2 73.6
/1, (%) 481 50.3 463 49 8 26.4
I [;H."I[“ (%) ] ] () ] {
095/ G0/ Ui 533522 | 503827 54/5923 [53/2721 ] 4.1/ 1.5/1.
Hrogg 2) 1.57 .46 1.6 1.56 1.0
The /Te 5.0 5.0 5.0 5.0 5.0

Y



extrapolation and extension of regime

approach to ITER s.s.-targets in dimensionless

performance parameters: ITER & Power Plant:
the 7-fold way*) higher n/n,, but lower n* !

*) + pulse length: -> only full

CD,ELMy H-mode cases shown 0.2 ' '® Rev.Shear ELMyH ]
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o © I ]

smaller q (implied by O | IMABT/EN-28  0.5MA/1.5T/

high f,q, low b Do ¢t + BN~3.2
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high b,, monotonic g- profiles
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current holes as extreme of reverse shear

current holes can also be generated

exclusively by bootstrap current (JT60-U)
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a-particle physics and self-heating in advanced

scenarios

significantly more problematic than in standard scenarios

to allow study of instability
effects: improve ,,classical
confinement* — ferritic inserts

Inductive Weak RS (#4) Strong RS
No F1 | With FI | No FI | With FI | No FI | With Fl
Total particle loss fraction (%) | 2.15 | negligible | 6.5 0.08 21 0.75
Total power loss fraction (%) (.65 | negligible | 2.5 0.04 9.3 0.13
Peak FW heat load (MWm™) <(),1 | negligible | (23 0.0035 0.8 0.023
Plasma current (MA) 15 10) 10)

Parameter NBI ICRH o's (TFTR) o’s (JET) o’s (1998) o’s (FEAT)
P;(0) [MWm-3] 3 1-3 0.3 0.16 0.3 0.44
dfa 0.05 0.3 0.3 0.34 0.05 0.08
ne(0)/ng(0) [%] 13 1-10 0.3 0.17 0.3 0.8
B¢ (0) [%] 0.9 1-3 0.26 0.3 0.7 1.1
(Bs) [%] 0.4 0.5 0.03 0.04 0.2 0.16
max | R.Vps]| 0.04 =0.1 0.02 0.016 0.06 0.08
vi /v (0) 0.35 =1-2 1.6 1.4 1.9 1.8

CO*

relevant for D —-KAE:

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

02ng°p** (Ra)pl./c)

Wryp




heating & current drive
systems

P ., for Q= 10 nominal
scenario: 40 MW

NBI-layout
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possb ke upgrade

by

vertica ly steerab le
z atRg,:0.42m to +
NBI (IM eV negative ion) 33 16.5%)
0.16m)
ECR H&CD
(170 GHz) equatorialport& upperport
20 20
@2MW 120GHz for buncher; steerab k
startup)
ICR H&CD 0% ons)
power bns),
@0 -60MHz) 20 20
Q3. 70% 1t ions).FW CD
LH H&CD
20 1.8<n,< 2.2
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130 (110 upgrade n differentRF
otal 73
simulan.) com b nhatons possble
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(120 GHz)
D agnostic Beam (100 5o
keV H, neg. on?)

power
routing

a ﬁ,;ﬁ%w

ECR-
feeding

start-up gyr.

W%’/

Waveguide roule
v:nangmg area

<] midplane

S,

top-launch
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heating & current drive
systems

heating system stage | possbk upgrade rem arks
by
vertically steerab e
z atRu,:-0.42m 1o +
NB I (IM eV negative ion) 33 16.5%)
0.16m)
ECR H&CD
170 GHz) 20 20 equatrialport& upperport
@2MW 120 GHz for launcher; steerab k
startup)
ICR H&CD 50% ons)
2 h powert ons),
@0 -60MHz) 20 Or
Q3. 70% 1 ons).FW CD
LH H&CD
20 1.8<n,< 2.2
GGHz)
130 (110 upgrade n differentRF
tal 73
simultan.) com b nations possb ke
ECRH startup system )
@120GHz)
D agnostic Beam (100 52
keV H, neg. on?)

LH-launcher; based on
Passive-Active Multi-
junction principle™®)

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

Adsorbed power (% of incoming power)

ITER-w range

MM 7

100

[4]
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frequency (MHz)

IC power absorbtion by species

StandardO
Waveguide

e
SupportO
Structure



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 (90%) combination with other heating systems
in range 30<f<55 MHz
ELM resilient ® Plasma with LHCD + ICRH + NBl O Plasma with LHCD only

1999 (480 shots)
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»

mean P 4 (MW)

JG01.443-20c

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



num berof repetition pule kength
b ve bcity

high field side pellet launch e e =

high fed sde;
2 @) 7-50Hz | 3-6mm <0.5km/sk 3000 s
centrifuge

benefit for high-bp ELMy H-mode

inward shift of mass deposition ype | O StANGArd HWIOITB
i : high B, H with ITB
with respect to ablation @ high Bp Hwi

T T T rTrr 1T

An  10%m " pellet )

100 o -_nT=cnnst. E37413 h

80 | : JIT-60U ]

E %I - 2 high Bp :

60 B - q
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e S 8 F  ewwy -~ E32308 .

20 F - % Pk  H-mode uff .

=  F woimB 1 P .

0 _— - -
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Figure 4.5-2 Model Predictions for the HFS Injection in ITER - 0= 0.44-0.50 i
Solid lines correspond to pellet ablation, dashed lines for the ablated mass deposition 0 2 2 2 3 01 2 2 2 3 1 2 2 2 2 01 & 1 1

o
-9

2
PED 19 -3
n PED 10 “"m™]

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



Normalized P

Normalized fjH

advanced scenarios at high b_ require RW feedback

stabilisation
& | |
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. Without conductive wall 1 4
Side _PF3
2 = ) T Correction Coil _
standard regimes

L (high ll-) T
0 } {

W] 2 i | &

Toroidal mode number, n
6 -_‘ hl ! +
"“II""O""' My I |||||||||IIIO‘IIIIIIIIIIIII
5 =Fwith®onductive will T G
4 —— ——
T Wilhout conductive wall T
54 1 ~. PF&
4 advanced regimes
(low [)) T ITER error field correction and

0 2 1 * . RWM control coils
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Torcidal mode number, n
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divertor compatibility and impurity control

W-experience on AUG:
m 5.8 A £.6s

Puise No: 51976 X625 4 BEs  central (electron) heating suppresses
— ' acumulation : a - heating!
E 101
D—
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E T T W T
-5
& 10rc 10
£ e 10°°
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flexibility through divertor maintanance
and exchange capability

Tfij]f " UPPER
2 Ek |_PORT

VACUUM

A
vEsseL /T

EQUATORIAL
PORT

VvV GRAVITY
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e
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for refurbishment and design-improvements

divertor casette system allows replacement of
divertor within 6 months:

toroidal rail

Divertor cassette

AN

Cassette Toroidal Mover
CTM

\\\<‘¢v Cooling pipes

END-EFFECTOR

CASSETTE
MULTI=FUNCT | ONAL
MOVER (CMM)

In-vessel
CIM umbilical

Outboard
toroidal rail

Radial CTM
umbilical
inside port



relevant & attractive range of plasma shapes

enhanced
shaping viz.
ITER-FDR

covered:
FDR FEAT
Kes/K, | 1.6 /1.76 | 1.7/
18
5,./5, |0.24/0.31 |0.35/
o3

can be further pushed to accomodate
important observations

6 s>0

mas in the memo dated Nov. 2001

Ip<17 MA

Z (m)
o

Rp/a,/ Kos
s

10 12

Double-Null proximity (+triangularity)for
acces to type II ELMs
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(@
0.45
& 0.55
;
0.5
0.35 n B
g |
o3 AUG o 045
0.25
04
0.2
T Twpal
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advanced scenarioes - > stronger
shaping possible (I, =9 MA)

0.6

0.4

k 95, ma

<2

<2.1




controllability:

long pulse feedback control
of JET ITB discharges

i : i
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pulse length & duty cycle

burn
scenario time*)
[sec]
inductive,
500
(reference)
hybrid 1000
steady-state | 3000%%)

*) repetition time = 4 x burn
time

**) (at present) limited by
external cooling capacity

* high availability:

ample time &
—> opportunity for
experiments

* (although observation of
current diffusionont~t 4. )

execution of control:

Cot>>t

skin

Moreau: simulation of ITER-FDR *) feedback
control with fuelling, FWCD & LHCD

300
250
200
150
100
50
0

12

1,0 : '
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Time, s

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



diagnostic access &

[ KJ [ d
facilities
ITER UPPER PORT 1 Active Spectr (MSE) 9 H-alpha/Vis. spec (upper edge)
Neutron Act syst ('6N)
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 Wide angle viewing/IR
Wide angle viewing/IR 9 9

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

Port Flange
Obscured by
HNB

diagnostic 05 02
access o o1
&
L3 L L 10
facilities ”

2 VUV Impurity Monitor (g)
IR Thermography (c)
Langmuir Probes
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
B IwW (L)
&
Pellet (PIS) (tubes)

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

4 DNB
7 Obscured port

8 RH plus Limiter
Neutron flux monitor

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

Fast Wave Reflectometry
(possibly) MSE

10 LIDAR Thomson Scattering
Polarimeter

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

11 X-ray Cryst spec
NPA
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



ITER s role for alternatives * understand physics of a-

(e.g.stellarator): particle heating,
* develop PSI solutions

| TER

LHCD, W7X, NCSX \ ¢
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ITER s role for alternatives (e.g.stellarator)

THEORY




Summary

ITER: possibly different role in fusion
strategy of EU,Japan&Russia and USA



public and political attitude towards fusion R&D in Europe

exemplified by hearing in German parliament: questions (and answers by IPP, FZJ,FZK) in English

translation ->Hearing on Nuclear Fusion / engl.

Status of Status ofFuspn Envionm ent Costs and Fusbn rok n

CompOSitiOn : Fusbn Techno bgy Safety and F hanchg of Energy

Physks Proliferaton Fusbn System s

Research

examples:

C.1. What steps with what estimated costs in what period must be taken until an economically usable fusion reactor
will be available.

C.4. What have been the costs of total fusion research up to the present?

C.5. What have been the costs of preparing for the ITER project since 1985 ?How much is publicly financed and
how much comes from industry ?

C.6. How high are the costs estimated for a first test reactor, a later planned second test reactor and the further
development steps up to first commercial electricity production ?

C.7. Can the costs of approx. DM 150 billion including over DM 50 billion estimated to arise in the EU specified
in the recent TA study"Advanced Nuclear Systems" by the Swiss Science Council for the ITER path be confirmed ?



Summary

to fullfill ITER s missions

ITER must carry out an extensive
and ambitious physics
programme

its essential design features give it
also capability to do this

pulse length and duty cycle
diagnostic access & facilities
flexible heating, current drive system
» total power
* composition
other plasma engineering systems

 1nside pellet launch
« RWM feedback

divertor exchange capability
shape flexibility

ITER operating scenarios
* base-line: high confidence

 advanced: good prospects,
broad spectrum, exciting
physics

EU-tokamak programme (in coll.
with Japan & US)

proves compatibility between
ITER relevance & programmatic
width

e solve H->10 critical issues
* n/nGR >1
« NTMs
» 1identify approaches to
physics/technology interface issues
* ELMs, tritium inventory

» prepare steady-state/advanced operating
scenarios
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