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Confinement Is a cruclal issue for fusion
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Some orders of magnitude

e Heat flux equation
;natT + [ ] EPI‘ =S
@r = —nxXtUT

e Transport in a tokamak Is
diffusive 2’

e If Tz =1s and a= 1m, then
Xt =1lm?st
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Orders of magnitude (cont.)
e Collisional transport :
random displacement = P,
every collisional time 1/v,

_ 2 ' :
= XT,coll = VcPe N
* Neoclassical theory: enhanced collisional Q

transport due to magnetic pumping
—~ XT,neo ™ q2 /(F/R) 3/2V0p02
10NS Xrcop = 0-1M2s°? .\
Electrons Xeoy o= 0.001m2s-2
« Usually smaller than experimental value.
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e Losses are mainly

conductive
Tp = a2
g =
Xturb

- Turbulent diffusion X,
determines the
confinement.

However:

parallel transport is nearly
collisional,

collisional transport can
be dominant in transport
barriers.
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Turbulent transport is
dominant
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Outline

1) Basics of turbulent transport: turbulent diffusion,
Instabilities, turbulence modelling.

2) A powerful approach: dimensionless analysis.

3) Status of our understanding of turbulent transport: heat,
particle, momentum.

4) Building a transport model: mixing-length estimate, quasi-
linear theory.

5) Why is predicting difficult? Turbulence self-organization.
6) Improved confinement, physics of transport barriers.
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Part | - Basics

e A few reminders.

e Basics of turbulent transport: random walk, main
Instabllities.

 Some key ingredients of theory and modelling.
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Magnetic surfaces

« Field lines generate magnetic \gﬁ ¢

Geometry 7 = '\ |
N
surfaces. !

d :

e Safety factor : q(r) = dqe) '
e Density and temperature are %

constant on magnetic & Of

surfaces. - _

ol 4  Safery factor /| 1 ‘

2

15}

. Major radius [m]
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Fluctuations of ExB drift velocity produce
turbulent transport

EXB drift velocity Vg = BxL®
B4

¢
I % 0
d
2 9="n
o °

turb. |["E| ¢
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Random walk process
« EXB drift
_Bxlg
VE ~ 7 o eyt
B \-/ 08 '.',m“:"- JE:-:F?* .
 Turbulent b | i g
diffusion Ul R

oot L IRB Simulations

N

02 S -
uj 2 i £
D VE T <ol 2NN ZEERS
turb El *c 02 3 ho o }:j—" t"
T Poralin ST A T N
LS/ 1, P Ve SR
0E "‘ Wy W0 'l'_ 1

e Turbulent flux
3 " _
(pE _—<pVE> -1 ;08 -0k -04 =02 HD 0.2 0.4 0E 0 R

2
Contour lines of electric potential .
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Main instabilities are interchange
modes

e Exchange of two
flux tubes is -
energetically
favourable if

(veIB)(vep)>0

o Stable and
unstable regions
are connected
by field lines.

Stable Unstable
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Several branches are potentially unstable

lon Temperature Gradient |
modes: driven by passing Y
lons, interchange +“slab ™ | 57 4riven

Trapped Electron Modes: modes (ITG)
driven by trapped electrons, \

Interchange type. OT driven
Electron Temperature modes (ETG)

. . . d } >
Grad_lent modes: driven by Trapped /o ko,
passing electrons Electron Modes

Ballooning modes at high 3 (TEM)
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Electron and/or ion Stability diagram -Weiland model

I I I
modes are unstable 15 —1,, + Electron Mode —
above a threshold (ITG+TEM)

 Instabilities - 10
turbulent transport

Ion Mod
 Appear above a e

|_
=
O 5t dTG) Electron 7
threshgld K. | h4 Mode
 Underlie particle, Stable . (TEM)
electron and ion heat 0 ' |
0 2 4 6

transport : interplay

between all channels. -ROn/n
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A Self-Consistent Problem

Plasma response:

™ kinetic or fluid
equations

e.m. field
E.B

|

J

charge and
current
densities P,j

Maxwell Equations
P=0

rot(B) = Ugj

Iter School, Kyushu University X. Garbet
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Calculating the plasma response:
fluid equations

Continuity equation

dn =-nLlV

Force balance equation

nmd,V = -Up - LL.Tt+ ne(E + VxB)
Heat equation

dp =-5/3plL.V -2/30.q - 2/3TtIV
Lagrangian derivative d=0,+ V.U

No wave particle resonant interaction, nor orbit effects:
partly cured with closure schemes and gyroaverage
operators.
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Gyrokinetic theory

« Kinetic equation B \

0¢F +X0xF +po,F =0

\ J

v
= _[HaF]

* In principle a 6D calculation!

« However Wy << Qg

2
L op= MivVD

= IS an Invariant
2B(XG)

Iter School, Kyushu University X. Garbet
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Gyrokinetic theory
Brizard and Hahm 08

 Compute the distribution of

gyrocenters F

b
atF_[H,F]:O K\
X
—_n-l T T o, °©
F=B 0 Fq(H-H)+F —_—

« H is the hamiltonian averaged
over the fast motion
(gyroaverage).
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Coherence in gyrokinetics

 Maxwell equations: local Guiding-
charge and current densities center

Particle
e Must be related to

gyrocenter charge and
current densities: an other
gyroaverage!

e Difference between F and F
IS the polarisation term.

o
/)
g

n(x,t) = jdzq;fjd3pF(x - Xc,p,t)
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After a lot of work to develop a
gyrokinetic code (see lecture by C.S.
Chang) ...

Iter School, Kyushu University X. Garbet
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Numerical simulations
reproduce the main
expected features of

turbulence

-Structures aligned
with the magnetic
field.

- fluctuations are
ballooned on the low

Priso

flEId Slde ~0.0900  -0,0450 0,00 00450 0,000
' B = B
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Part Il - Dimensionless scaling laws

e Similarity principle.
 Numerical and experimental tests.

e Extrapolation using dimensionless scaling laws.

Iter School, Kyushu University X. Garbet
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Dimensionless numbers

Kadomtsev ‘75

e Counting the dimensionless parameters for a
given set of plasma parameters

8 numbers for a pure e-1 plasma

L v¥=qR /A P* : 2}10p/B2
. A=R/a T1=T,/T, q

- o Nen ) Larmor radius
. U =m¢/my — NeAy

 Implications on confinement time, Il and Il given

wCTE = F(p*a Bav *)

Iter School, Kyushu University X. Garbet 22



Scale invariance
Connor&Taylor 77

* Analysis of scale invariance of Fokker-Planck equation
coupled to Maxwell equations — local relations.

 |f geometry, profiles, and boundary conditions are
fixed, plasma Is neutral, then

X =.G(p*,B,v *)
/

Bohm diffusion coefficient

Iter School, Kyushu University X. Garbet 23



Dimensionless scaling is a powerful tool to
predict transport in a next step device

Similarity principle

W.Te=F(p+,B3,Vx)
Normalised gyroradius:

PD:p—C
d
beta: B = 5 p
B /2[.,10
collisionality:
V= Veoll
cs/R

Measured 1; vs fit, ITPA

(I) DII-D

(I JET

p* scans
Dill-D B, = 2.0

JETB,=1.5
JETB,=1.6
JET B, =2.0
TITER

H o » « ¢ n

Measured 1.

0
(1 Dil-o ITER -

1 10

Scaling law 1¢ (S)

Iter School, Kyushu University
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P. and V. will be smaller in ITER

(ol "JETB>1.4
| 0 JET low p~1.4

p* / p*lTER | .!' &- '_ ]

L L LT
ITER pdh T e M :
1 L ] :* = e T S I‘-l- ! = %
- 00

0.1 B 1

V*/ V*ITER
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What is gyroBohm scaling law?

» At fixed [3 and v*,

o+l

L o+l
fE[PE] > Y

Cg _ 1 o
S X eB[p[]

« Two main cases: a=1 (gyroBohm) and a=0 (Bohm).

 Theory predicts that when py— O, the scaling is
roBohm _ T
i X=SPC
eB

Iter School, Kyushu University X. Garbet 26



An example of gyroBohm scaling
e Simulations where the scale p* is changed by a factor 4

« Agree with L.=p_and x = (T/eB) p/a - w,Tg = px F(B,vr)

Sarazin 07

40

150}

301
100

20r

5ol eRt & =
10, ' e f
® o} ol I
107 . 500 -.1 |

-20r

100r
-30r

150} | SN , B
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Scaling law with P« Is close
to the theoretical expectation

e ITER scaling law 5o Normalised Ty vs. gyroradius - JET

W.T~P. 30 329,00 .
. Experiments on DIID | T
and JET ‘t
0. T~ 30 B0, 035
c * i
 Consistent with
gyroBohm scaling law

for electrostatic *%f
turbulence: gl v i 1 o

o

0.1
- P
wCTE~p* 3.0 B0.0 V., [p*]_B_O

N JG04.205-2¢
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Scaling is gyroBohm when p*- 0

o Gyrokinetic and fluid
simulations find that the Lin 02
scaling is gyroBohm L e
when p* - 0 il |

 The critical value of p* for sl -
Bohm to gyroBohm . '
scaling is still subjectto |/
debate. oL

» Cause for Bohm scaling | | alp |
is controversial. o 20 400 600 80 1000

Iter School, Kyushu University X. Garbet 29



GyroBohm scaling law
IS favorable for ITER

e At constant 3 and v* the
normalized loss power

Pa34 is a function of
O = g~2/3,~5/6

only, I.e.

Pa3/4 — [p[]a—S/z
 GyroBohm scaling

Pa3/4

gyroBohm

corresponds to the

ITER =R"2/3,75/6 present
lowest losses. p«=B ~""a

devices

Iter School, Kyushu University X. Garbet 30



Part Il
Status of the understanding for each
transport channel

* |on heat transport
e Electron heat transport
o Particle transport

e Momentum transport

Iter School, Kyushu University X. Garbet
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lon heat transport is rather well understood

* ITG dominated: quite Dimits 00
well assessed. 12 AR RE ARG e
m:f f K4 4 ﬁ"ﬁfﬁf
» Has become atestfor < @ e 1
gyrokinetic codes < 6} + /7 et —
o
* Still some issues: ot ;‘2 S LU
turbulence spreading, 0 ¥ S et
Dimits shift, etc... S0 gL B
clnﬁ”-'axm
X. Garbet 32
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Electron heat transport

e Large contribution from
TEMSs

e Contribution from ETGsS
still a debated issue:

- small for ITG dominated
turbulence Candy 06

- might be significant for

101 ;

Candy 06

=20

' — ETG-ki
TEM/ETG dominant — ETG-ki (fine grid)
mOdeS Jenko 08 10—3 I Lol I Ll
1071 10" 10!
kea p;
X. Garbet 33
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Particle transport

o Particle flux 4 Hoang 04 Tore Supra
re — _ d;le +Vne 7. 5-_ Partic(:ile.: us)ource _
I o | 1
- Diffusion is turbulent £ 2 -
D = Dturb g/ 1.5_-
- pinch velocity= > L
collisions + turbulence % 0.5
V=V_ +V o ) T I T . S
neo - Tturb 0 02 04 06 08 1 1.2

e [n a reactor: Normalized radius

- lonisation source localised in the edge - I',=0

Voo ~Vware=0- Turbulent pinch V,,, — density peaking?

Iter School, Kyushu University X. Garbet 34



Density profile depends
on safety factor and temperature

.. L Garbet 04
Two additive contributions: | | arpe]P
» Curvature pinch, depends on — -
magnetic shear 0.6 — 20
> e== curvature
X []s S = 3@ é o

 Thermo-diffusion 02

VvV T, ion - electron

D T, | 00 v turlbulenc? |
changes sign when moving 02 04 06 0.8
from electron to ion turbulence. Normalised radius

Iter School, Kyushu University X. Garbet 35



Momentum transport and spontaneous spin-up

A puzzling observation on
Alcator C-mod, JET, TS, DIII-D:
toroidal rotation without
external torque

Structure of momentum radial
flux Diamond 07

qu)
I'Q =-D q +VQ¢ +fS
I
pinch /re'sidual stress

Still an open issue Hahm 06, Gurcan
06, Peeters 07, Waltz 07

Rice 07
120+ t'
100
& C-Mod
B0t
® Tore Supra
g 0 B DII-D
B,
= B0t .
=
40+
e
—— gl
20 i — :i
—p-—l-:t::
O 1 1 1 1 1 1 | 1 1 1
0.0 . . 0.3 0.4 0.5

AW [J/A]
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Part IV
Building a Transport Model

* |Integrated modelling: important for ITER -
preparation of scenarios, safe operation,
coherence of data, designing control algorithms

 Reduced models for turbulent transport using the
Mixing Length Estimate.

« Combining similarity and mixing-length estimate.
e Critical gradient models.

Iter School, Kyushu University X. Garbet 37



Mixing-length estimate :
level of fluctuations

e Mixing of the pressure

profile by vortex of size ¢ Vortex of
o / S|ze L
p L,

« With a bit of cooking ...

ed¢ _Op_ Yy / . Ly

~——

I p L

Iter School, Kyushu University X. Garbet 38



Mixing-length estimate : diffusion

Quasi-linear diffusion vedenov 61,
Drummond 63, Horton 83

2
D= Z‘VEK‘ Tey

/
Combining with mixing-length
estimate )
D = Ypax e

Basis of most transport models:
GLF23, Weiland, CDBM...

Firmer basis from more refined

statistical theories
Diamond 91, Krommes 97, Itoh 99.

20

AN

0

Waltz 1994

aop
P P

' 30p4/L+

Xi
XgB

Iter School, Kyushu University X. Garbet
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* Rules for correlation length
and time :
RAT j
e Mixing length estimate :
[(RdT
@GB Tdr
* Typical behavior of more
complex models: Weiland,

C
L.= =5
¢c=Ps Y R( Tdr
stiffness threshold
GLF23, CDBM, ...

Critical Gradient
Models

Thermal
flux

K -ROT/T

lter School, Kyushu University X. Garbet
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A useful, but controversial, concept :
marginal stability

 Marginally stable profile 5.0
T=T,e R

- Stiffness: tendency of >

profiles to stay close to =

|_

marginal stability.

e Central temperature is
Improved if

AUG 13556, 13558
= 1MA, gy =35

AISDEX Ulpgrade-

- threshold k. Is larger 0.1

- edge pedestal T, Is higher. ’

0.2 0.4

0.6 0.8 1

Normalised radius

Iter School, Kyushu University X. Garbet
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Development of reduced models:
present status

* Encouraging results
see lecture by Pr Fukuyama.

 However, still some
uncertainty on the
prediction of ITER
performances.

« Requires an improvement 2

on transport models.

Iter Physics Basis

25
ITER
20 { | <naz0.85
1 | =n==0.85n
B 40 MW / -[FE#F'F'PL
15 - ) " Weiland
o 7 _~"GLF23
10 + AT e
. o~
54 =~
&
D L] 1 I L]
3 4 5 6
a M7 b
(a) 75y (b)
(d) (e)
Thea(keV)

Iter School, Kyushu University
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Part V - Beyond the Mixing Length
Estimate

Tendency for producing large scale structures: inverse
cascade.

Large scale transport events: avalanches and
streamers: breaks locality and scaling of the
correlation length, some link with turbulence
spreading.

Fluctuations of the poloidal flow: Zonal Flows,

Geodesic Acoustic Modes. Reduce anomalous
transport. Introduce non locality in k space.

Sources of intermittency.

Iter School, Kyushu University X. Garbet 43



Large Scale Transport Events

 Events that take place over distances larger than
a correlation length

e |dentified as
- avalanches
- streamers

 May lead to enhanced transport and/or non local
effects.

Iter School, Kyushu University X. Garbet
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Avalanches

Profile relaxations at all Average profile

scales. piamond&Hahm 95.
Domino effect.

Propagate at a fraction
of the sound speed.

Clear link with

turbulence spreading.
Garbet 94, Hahm 04

steep gradients

Avalanche

Radial direction

Iter School, Kyushu University X. Garbet 45



Streamers

 Convective cells
elongated in the radial
direction, aligned along

the magnetic field. Beyer
00, Champeaux 00.

e Boost the radial transport
If the EXB velocity Is large

enough - controversial.
Jenko 00, Labit 03, Idomura 06, Lin
05, Candy 08.

Poloidal angle

100+ A |
501 1
/
oL
50|
-100+ (

RBM simulations

Radius

Iter School, Kyushu University X. Garbet
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Do avalanches and streamers really exist?

e No direct observation.

e Some hint from fast evolution of temperature profiles.

snipey Joull pazijewioN

(@) _ &
— w Ik
e S
S | il
5| s
” M = W =
H ,Wm W ==
” w = ”1
. ww ==
M m MWWw e
UoISIAIQ E 200="1/"10 "
oy ;ﬂ_ﬂ.

-4 y____m
___M._ J " _a.__r H.m." .__ﬂ_____

E_________:.ur__._."h_ __..f Ff._,._..____ .... _E Al

T 4,,.,%,# v

m._ .tu_u___ nMﬁJ——” ERL by ... ..,______ ._._..___._.u.n._
___:ﬁ

e ,ﬁ,,
.__r.T Wi p s rar +:
e ?v.___m..mwm. i

.._ iy SR e
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g o ESERPRNE (A O
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X. Garbet

BeyerOO

47

Iter School, Kyushu University



Zonal flows
Diamond, Itoh, Itoh & Hahm 05

* Fluctuations of the poloidal
velocity

* Generated by turbulence via
Reynolds stress

N

e Damping Is weak Rosenbluth &
Hinton 98

0¢Ve'=—; [{vEvEe) —~VVe'

\ J
Y

Turbulent amplification ~ |@|?Vy

Iter School, Kyushu University X. Garbet
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Zonal Flows (cont.)

e Strong feed-back on

turbulence: shearing of
vortices. 30

e Clearly seen in all 20
turbulence simulations.

10H
e Leads to a self-
organized state

0 1000  time

lter School, Kyushu University X. Garbet
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Geodesic Acoustic Modes
e Nn=0, m=0 mode coupled to
+++++ P, >0

sidebands m=+1, m%2, ...
Hallatschek 01, cluster PPCF 06 ) \

« GAM frequency

oo2:£1+ 1 jeri+Te 1 -

2(12 m; R’ \
 Turbulence self-regulation, ~ ~—----- P,>0

however shear effect less __0:¢g
efficient than zonal flows. B

Iter School, Kyushu University X. Garbet 50



Impact on Transport Models

* Mixing-length estimate can be modified to
account for Zonal Flows (GLF23, Weiland, ...):

some cooking !

o Statistical theory accounting for all these beasties
still to be fully developed ...

 Why not direct simulations of turbulence, as for
weather forecast?

Iter School, Kyushu University X. Garbet
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Part VI
Improved confinement

e Shear flow
 Negative magnetic shear
 Transport barriers

e Consequences

Iter School, Kyushu University X. Garbet
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Several “regimes” in a tokamak plasma

1
* L-mode: basic plasma,
turbulence everywhere.
 H-mode: low turbulent ¢
. 5 Internal transport
transport in the edge, 7 barrier (ITB)
formation of a pedestal. &
Q LiN---3 Edge localized
 Internal Transport o modes (ELMs)
Barrier: low turbulent 0 / Edge transport
_ —_— L—mod barrier
transport in the core, o 2 (Hmods)
steep profiles. Pedestal B
;
; ‘
Normalised radius r/a
X. Garbet 53
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Several mechanisms may lead to
Improved confinement

e Flow shear: same effect J

as Zonal Flows

e Magnetic shear

o T/T, Z. density
gradient, fast particles...
. ot generic

lter School, Kyushu University X. Garbet
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Shear flow Is stabilizing

 EXxB velocity
shear tears
apart large 7
scale vortices ¢

Z

e Approximate
criterion for

stabilization
_dVg
YE — d > Ylin
Ir

0a

-G

o

0z

O

i

-0

-0

.5

=1

et L RB simulations

. -"1-,'t.!

q._)w"l

Jﬂ?'

-
SN
I,
e e
i
-1 08 08 -04 -02 ] 02 04 0B 08
H R

Contour lines of electric potential.

Iter School, Kyushu University
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Flow shear stabilisation
dVg

Shear rate Vg = ;
T
Criterions for stabilization

Iter School, Kyushu University

D\ .
Dk3 Vg > T, VE > Vlin
Biglari-Diamond-Terry 90 Walltz 94
e, g =0 e E=D.3\ M B=D.9
e 1 30 I A ot \Y . -
200 - il.r|| :::"gﬁf% IED =00 Ir#'rﬁ};;“ 200 [; { llrr F ‘ ’ =
1 - WL [ &, -
e ey et — L' ":‘. .
0 ':',:-,-:‘: | W l':}, ;H-; 0 ? i\i‘f —
B ] I R N s
IR -",;-""*-.:"\"‘_:" I -200 ER R "-Q"i-"‘h' I-E':' 2o | ™ .'g"t
N e L\ Law~
200 il 200 =200 i} 200 -200 . 1] EEII'_'I
Figarella 03
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Controlling the flow
* Force balance equation

_ Tidn;
E, 1 — + Vv
. 1 idr ( ne; ) TiB P
/ , Toroidal
Fuelling Heating momentum

— power threshold!
Flow generation

0¢Vg = -1 r<\~/Er\~/E6> ~ Vneo (VO - Veq)

Iter School, Kyushu University X. Garbet 57



Transport reduction due to shear flow

 Flux reduction factor
factor F(yg)

Figarella 03

1
F : 2 Q.8F
Vg
1+ [E “E
Ylin
or
Vo .2 Cross-phase
F : 1 - —E OD DT‘I 02 DTE DTEI mDTS DTB 0.7 DTB 079
yllIl '
\4 E
Iter School, Kyushu University X. Garbet 58




A simple model for a bifurcation towards a
transport barrier

e Particle flux with ExB shear A

[ =-D : dn /
4 dr
dn H
1+Cl — -
dr Maxwell
» Transition to improved f
confinement occurs above v - -dn/dr _

a critical threshold in flux.
Hinton 92, Itoh 02, Diamond 07

Iter School, Kyushu University X. Garbet 59



Negative magnetic shear Is

stabilising
 Magnetic shear :

rd t
g="dd
q dr
e s<0 : favourable N

average of interchange
drive (velIIB)(veIp)
along field lines.

 Enhanced by geometry

effect.

B.B.Kadomtsev, J.Connor,

M.Beer, J.Drake, R.Waltz, . :
A.Dimits, C.Bourdelle... Vortex distorsion

Iter School, Kyushu University X. Garbet 60



Negative magnetic shear Is a robust effect

 Turbulence simulations : stabilization for s<-0.5
e Some agreement with electron transport barriers in JET

| _
Safety factor

r/a

0

Normalised radius

0.2

0.4

0.6

T | |
< Temperature
1.6 —
1.2
0.8
- |t
0.0 02 04 0.6

Normalised radius

TRB
simulations

Iter School, Kyushu University
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Internal Transport Barriers
 Transport barriers are layers of plasma where
turbulent transport is quenched.

e Requires a minimum amount of power - triggering?
yA L-mode ITB

A1 T T
T | — L -
e R — |TB -
04 - -
0z n _|
| —_——
0 1 | _|
e - ,
04 — —
- Temperature
0.8 | -
rofile _
E 0.5 0 0.5 .0 P f | r/a = 05 0 05 i
| R 040608 | R
Contour_lines of electric pn’rpn’rml Contour_lines of electric pn’rpn’rml
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Dynamics of transport barriers is more

complex than s<0 and shear flow
JET#51573  Map of -p.[JI/T : profile steepening
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Why a special role of s=0 and rational surfaces?

At negative shear, slab
ITG still unstable -

some kind of optimum
for s=rdg/qdr=0.

Special role of low order
rational surfaces:

density of resonant
surfaces Romanelli 93,
Kishimoto 99, Garbet 01
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Consequences for ITER: advanced scenarios

Advanced scenarios where the plasma current is non
iInductively generated are foreseen in a second phase.

T, keV q; x,.ms

e The objectiveisto
reach a steady-state
regime : needs a

arge fraction of

pootstrap current.

 Requires an ITB or
some global
Improvement of the
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Conclusions |

 Huge progress in the understanding of turbulent
transport, thanks to theory, turbulence simulations and
Increasingly refined measurements.

 Some hotly debated issues though: dimensionless
scaling laws, electron heat transport, particle and
momentum transport.

e Present computational resources do not allow a full
scale turbulence simulation for ITER.
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Conclusions Il

 Reduced transport models are efficient ways of testing
theories, analysing experiments, and predicting
performances in ITER. Still the accuracy of reduced
transport models is not better than 20%.

 Due to the complex dynamics of turbulence: structure
formation, intermittency, etc,...

e Improved models on the basis of a better statistical
theory (to be done) or direct use of simulations of
turbulence?
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Conclusions |l

Generic mechanisms to control turbulence -
Improved confinement. Crucial for ITER.

Turbulence simulations are good tools to test the
validity of various theoretical ideas.

Still many issues remain unresolved. At the moment,
no full ab-initio simulations of L-H transition.

Long pulse plasmas in ITER with improved
confinement will be a challenge.
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