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Transport will be an important part of the ITER
scientific programme
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Outline
e Basics of turbulent transport : a reminder ...

e Dimensionless scaling laws

e Building a transport model: mixing-length estimate,
profile stiffness and modulation experiments.

* Improved confinement, physics of Internal
Transport Barriers.

Iter School 2007 3



Association
Euratom-Cea

Magnetic surfaces

= Geometry 7 T
» Helicoidal field lines generate \gg 0
magnetic surfaces. i : \!
 Safety factor : q(r) = a0 i3
» Density and temperature are =
constant on magnetic & of
surfaces. B
| 9  Safety factor - _
1 _E_ I 'l |||R||I|
. : _ _ T 1 . Mujmrarudius [r:r]
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I Fluctuations of ExB drift velocity produce

turbulent transport

EXB drift velocity Vg = BxL®
B4

¢
I % 0
d
2 9="n
ol °

turb. |["E| ¢

Iter School 2007 5



Association
Euratom-Cea

¢S89

e ExB drift
_ Bxlg
V —

E B2
 Turbulent
diffusion

2
Dturp U ‘VE‘ Te

2
DLC/TC

e Turbulent flux
3

P :§<PVE>
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Test Particles
Fluid

Transport
channels

Electrostatic
Low 3

Xes = |OVE|Z tc
dr = 3/2<0poVvg>

All

X << X, except at high 3

Electrostatic vs Magnetic Transport

Magnetic
High 3

Xm = |0B/B|2 Levy
qr = <6Qy 5B/B>

Electron heat
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=0 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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G0 Several branches are potentially unstable

* lon Temperature Gradient |
Y

modes: driven by passing
lons, interchange + “slab” | 57 4riven

e Trapped Electron Modes: modes (ITG)
driven by trapped electrons, \
Interchange type. OT driven

e 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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—Flectron and/or ion Stability diagram -Weiland model

modes are unstable 15 1. & Electron Mode —
above a threshold (ITG+TEM)
e |nstabilities - 10
turbulent transport
e Appear above a E lon Mode
threshold K g s 9 Electron
_ ¢ o 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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Similarity principle
e Basics
e Scaling with normalized gyroradius

e Scaling with collisionality and (3.
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Dimensionless numbers

Kadomtsev ‘75
 Numbering of dimensionless parameters for a
given set of plasma parameters

e 8 numbers for a pure e-1 plasma
L v¥=qR/Ap P*=pc/a B= 2;10p/B2
II. A=R/a 1=T./T; q
M. p=mg/m; N =nc\)

e Implications on confinement time, |l and Il given

W.TE = T(p*, B,V *)
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eS® 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

T
X =—X(p*,B,v*)
eB
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CeZJI Dimensionless scaling is a powerful tool to
predict transport in a next step device

Similarity principle

W Te=F(Px ByVs)

Normalised gyroradius:

PD:p—C

d
p
B2 /2[.,10

collisionality:
_ Veoll

V=
- cy/R

beta: B =

Measured 1.

Measured 1; vs fit, ITPA

|1O:

H o » « ¢ n

(I) DII-D

(I JET

p* scans
Dill-D B, = 2.0
JET B,=1.5
JET B, = 1.6
JET B3,=2.0
TITER

0 //,,,,
0 Dik-D ITER -

1 10

Scaling law 1¢ (S)
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&0 . .
—— B has a weak influence on confinement
« Experiments on 5o Normalised Ty vs. gyroradius - JET
DIID and JET g
W, Te=P, 30 B00y),-0.35 ) l#f 3
=
M y
« Consistent with ) o
electrostatic = | "%
turbulent transport : %
L.=p.and 1.=R/c, od L N |
0.04 | 0.
W Te=p:30 B2V, [P0

5 JG04.205-2¢
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p*/ p*ITER

P. and V. will be smaller in ITER

10—

" JETR>1.4
o JET low p =1.4

V*/ V*ITER
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cea
I Important for transport models

e At fixed 3 and v*,

o+l

L o+l
?CE[P[] Y

Cg _ 1 o
S X eB[p[]

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

 Theory predicts that when p5— O, the scaling is

roBohm T
9 X=—PrC
eB
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= An example of gyroBohm scaling
o Simulations where the scale p* is changed by a factor 2

- Agree with L.=p_and D = (T/eB) p/a —w,Tg = p= F(B,v[)

(b) pc/a=1/100

Ottaviani 99
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Investigating scaling laws

I
« When p. -0, XTi  Lyy/R=0.12 Lerit/R=0.29
scaling Is found to 19
be gyroBohm

5 —

e Some departure
I

from gyroBohmis ¢ | 0,00
— L1i/R=0.17 ~ — p*=0.005 —
) T1
found for p. >10 cere P*=0.01

e gyroBohm is the
most favorable
scaling
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&0 L
— Scaling is gyroBohm when p*- 0O
e Gyrokinetic and fluid pTT T R |
simulations find that the Kiffes " oBohm
scaling Is gyroBohm 25F :
when p*- 0 ~/ Bohm
1.25_- /
 The transition value of p*
: . : a Ip,
IS still subject to debate. ol
0 200 400 G800 200 1000
Lin 02
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=0 GyroBohm scaling law
Is favorable for ITER
e At constant 3 and v* the

normalised loss power

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

only

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
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3 scaling

e [3 controls the effects of
magnetic fluctuations.

e [3 also controls the
Shafranov shift (2nd
stabllity).

* Linear stability combines
these 2 effects.

-
T

2nd

stability;
- Shafranov
shift

Iter School 2007
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o B scaling (cont.)

o Strong degradation expected
at high 3
Camargo 96, Snyder 01 , Scott 01 & 06

e Critical (3 for transition
debated.

 No 3 dependence observed
on DIII-D, JET and TS, but
seen on JT-60U and AUG.

Scott 06

ion flux vs beta

|
no saturation

Iter School 2007
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S— v* scaling: trapped electrons

Ryter 05

13

o Collisionality stabilizes TEM 2

— W.Tg Should be an 11
Increasing function of v* . ;1
« Should affect x, more than g

Xj — might be invisible on 1 =

Iter School 2007
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v* scaling: zonal flows

e Collisions damp zonal flows -
w. Tz should be a decreasing
function of v*

e Found in numerical simulations
Lin ‘98 , Falchetto ‘05

 Compete with effect on
trapped electrons.

D3

04

Iter School 2007
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— No a definite scaling with  v*

_ _ McDonald 06
* W.Tg Is a decreasing 0.80F 2
function of v* ' '
' I
* Not a definite scaling %
W Te = [v*] 03 at low v* ® I

W.Tg = [v*] 08 at high v*

O JET near match

® JET best match # %ﬁ

 May reflect competing Lt & | %

effects. 3 B 100
v ITER
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Building a Transport Model

e Mixing Length Estimate.
« Combining similarity and mixing-length estimate

» A simplified model: critical gradient model

Iter School 2007
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Mixing-length estimate :
level of fluctuations

e Mixing of the pressure

profile by vortex of size { Vortex of
Opy _ /¢ S|ze L
p L,

« With a bit of cooking ...

ok _OPk _ Yk 1 < Ly
! p (012<+V12<kDLp
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=0 Mixing-length estimate :

diffusion

e Quasi-linear diffusion

Waltz 1994

2
D = %VEk Tek

e Combining with mixing-
length estimate

]:) — :E: \/Li

Iter School 2007
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&0 Critical Gradient Model

* Rules for correlation length and time :
Cq [ |RAT 0
L¢ =ps Y= 5 ( B Kc)

| R \| Tdr
e Mixing length estimate :
o
] KC)
t

oy (35
T ‘/7f'fs 6313”llgg r]i(lr
I
Stiffness GyroBohm Threshold
e Can be extended to more complex models - Weiland
and GLF23 models.
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« Marginally stable profile
T=T,e R

o Stiffness: tendency of

profiles to stay close to

marginal stability.

e Central temperature is
iImproved if

- threshold k. Is larger

- edge pedestal T, Is higher.

ceg A useful, but controversial,
marginal stablllty

concept :

ek
-

B O\ OO

ek

Temperature (keV)
T

AN OO

0.0

02 04 06 08 1.0
Normalised radius
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Profiles are not
marginally stable
everywhere

e Edge plasma gets
closer to the threshold

for high Tege

 Core plasmais
subcritical.

5.07

0.1

AUG 13556, 13558
= 1MA, gy =35

0

02 04 06 08
Normalised radius
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&= Modulation experiments provide a

stringent test of transport models

* Localised electron Phase and amplitude vs radius
heat modulation. L] | |
* Slope ~1/[Xp,]*? _ © Weiland BT
' 8100 - ° Model R
)
Xnp= X TOTox/00T 3 '
S
> 50
— Assessment of 2
<
transport models.
— stiffness ¥, and 0
0.0 0.2 0.4 0.6

threshold k.. " Normalised radius

Iter School 2007
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— Stiffness Is found to be highly variable

- Critical gradient model: S FERea. :
- threshold as expected. -With ion o JET

5

- large variation of  heating >

: b
4r \ I
N L |

stiffness.

* Reproduced by
transport modeling and
stability analysis

e Transition from
electron to ion
turbulence Is key issue.

Electron heat flux
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Improved confinement

Shear flow
Negative magnetic shear
Transport barriers

Consequences

Iter School 2007
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= several “regimes” In a tokamak plasma

* L-mode: basic plasma,

turbulence everywhere.

 H-mode: low turbulent
transport in the edge,

formation of a pedestal.

* Internal Transport
Barrier: low turbulent
transport in the core,
steep profiles.

1

Plasma pressure

Internal transport
barrier (ITB)

Edge localized
modes (ELMs)

barrier
(H-mode)

/

Edge transport

Normalised radius r/a

J&E98.629/1c
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S— Several mechanisms may lead to
Improved confinement

\
e Flow shear

 Magnetic shear

o T/T, Z. density
gradient, fast
particles... : not
generic

Iter School 2007 37
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Shear flow is stabilising

A

o ExB velocity «_
shear tears
apart large
scale vortices

* Very generic
mechanism.

Z

_
P

0a

-G

o

0z

O

0.2

-0

-0

.5

=1

et L RB simulations

-1

08 -0&. -04 -02 ] 02 04 0B 08 R

Contour lines of electric potential.
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- Shear rate Vig =—

Flow Shear Stabilization
dVg

dr

e Approximate criterion for stabilization

2 ' 2 1/3 _1 !
Dk§ Vg > T, VE > Ylin
Biglari-Diamond-Terry 90 Walltz 94
9. g0 ®E . B=D'3\ Pe, g~
i = 40 . ."T—_‘ __::.. V _“‘f'_.-u
200 Gl fggfﬁr lzu 200 ¢ Iffﬁ(ﬁ __,;:\l “ 2l f (s
PR~ i At e R i
o 18 =0 0 "IJ\ “-'.H_; all A
."'-'t'-'. . _:..-___ |' ,?. S LN \1’ 'y .
_zan H"'}T&&!’ I g 200 L\“EE:\L -3 I zoa| s :- E .-;
200 I'.'I EI'.:IIZI -EEIIIZI I'.'l 200 200 1]
Beyer 03
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= Controlling the Flow

* Force balance equation
_ Tidn;

E, 1 — + Vv
. 1 idr ( ne; ) Ti B p
/ , Toroidal
Fuelling Heating momentum

— power threshold!
* Flow generation

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

Iter School 2007
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CEJ  Implementation in a transport model

* Form factor F(yg)

1.2

Figarella 03

1
F — 2 0.8t
or "
F=1- YE Cross-phase
g
Y max 1 S | VE
Iter School 2007 41
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— Negative magnetic shear Is stabilising

 Magnetic shear :

rd t
S — ——‘ffl
q dr
e s<0 : favourable Nl P

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
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= Magnetic shear: linear stabllity
ITG modes are
stabilized by average 1
curvature effect 5
O
=
2
TEM stabilization occurs 2 .
via reversal of 2
precession frequency =1
with negative s. S T | .
l_Llllllllllllllll

lllllll

-1.0  -0.5 0.0 0.5 1.0

S

magnetic shear

Iter School 2007
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G0 Negative magnetic shear is a robust effect

e Turbulence simulations : stabilisation for s<-0.5

e Agrees with experiment (TORE SUPRA, TCV, FTU, JET,
AUG ...)

10 9 | Safe'ly fact(|)r— T | T em'pemtui'fe .

1.6

8 TRB

6 | simulations
1.2 ]

4

o 0.8

0 o may | van

0.0 02 04 0.6 0.0 02 04 0.6

Normalised radius Normalised radius
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Implementation in a Transport Model

 Mixing-length estimate — Wor 2 L
with actual growth 1.0 (= = <KeS(HTma)™> 7
rates.

* Form factor F(s) 0s

XT = F(S)XT (noshear)

e Power threshold?

0.0
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= Internal Transport Barriers
~« Transport barriers are layers of plasma where
turbulent transport is reduced.

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

A1

T | —L

Ut

04

=
w

0z

g

1

EEEEE NNV RN

04

- Temperature
(1K) .
 profile
B 05 L 0.5 .0 P f | r/a ! 05 7 0.5 ]
| R . | | .
Contour lines of electric potential. 0.4 0.6 0.8 Contour lines of electric potential.
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e=9 Synergy between

magnetic shear and Shear flow rate vs.
shear flow at transition magnetic shear
JET Tala 00
e Force balance 0.5 | I
equation YeR/c,

nje;(E+VxB)-Op; =0 04—
— In areactor plasma 03

YE/Yiin =Pr <<1 07| ®

— adjustement of
magnetic shearsto 0.1 ¢

lower vy, 0.0
0.0 02 04 0.6 0.8
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Turbulence simulations

reproduce some of the barrier features

JET #53521 at t=10s

q_] L T(keW)
| . b= T| (CX) 7
—=— Te (ECE) |
=== (] (CRONOS+pol.)

T itaudon 02 e
la}l on | | r

02 04 06

Measured temperature

02 04 06

Turbulence simulation
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G20 Dynamics of transport barriers is more

complex than s<O and mean shear flow
JET #51573‘ Map of -p.LJI/T : profile steepening

-
37 R(m) i DTG | 0.022
s>0 | ++ ..... T
36 | ° 0.020
35 W q=2 |
I location  =0.018
3.4 from the
3.3 MHD 1
‘narrow’ | TB Mi@nab/sis 0.016
3.2/ s<0 region ; ) 1
§NNVH3RH-F115NNYDHN i | | | | CL()114
4.5 5 55.. 6 6.5 7 7.5 JET- E. Joffrin

Time (Q)
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G=J Role of low order rational g

surfaces

min

and onset of double barriers

* Persistent feature in JET
nlasmas.

* Possible explanations:

- MHD activity Joffrin 02

- Special role of s=0 in turbulence

— density of rational surfaces ?
Romanelli 93, Garbet 0O1.

- large scale flows? waltz 05, Diamond
06.

e Barriers stick to rational g's -
multiple barriers

JET #62508 @t=6.2s
| | |

Temperature
profile

02 04 06 0.8
Normalised radius
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barrier

e Q=101s
reached at
l,=15MA if the
confinement Is
as expected

Fusion Power (MW)

1.5D simulations (PRETOR)

Consequences for ITER: H-mode

The standard scenario iIs an H-mode : external transport

—®— < >ng=1.0
—a— {nﬁ::fncr: 0.85

reean | | —H— inﬂ::ﬂlcr: 0.70

1000 | : .' | |
I, =15 MA
800 |- 0=10 ..
600 |-
400 e e
200 -
0 ' I EI | |

e B = 2.5

1| wreme By = 2.0

e PLDSS“TL-H =13

0.85 090 0.95

1.00 105 1.10

Hyosiy.2)

1.15
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eS® .
— Conseqguences for ITER: advanced scenarios

Advanced scenarios are foreseen in a second phase.

T , keV q; x,.mis
 The objective is to R R R ———
reach a steady- N
state regime T,
20 ¢
 Requires an ITB 10}

0 : : : : 0 : : : :
00 02 04 06 08 1.0 00 02 04 06 08 10

P P
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(=0 Conclusions

 Dimensionless scaling laws have proved to be an
efficient tool for predicting the confinement in ITER.

 Still uncertainties remain concerning the dependences
onv*and 3.

e Transport models can be built based on quasi-linear
theory and mixing length estimate.

 However the accuracy of most transport models does
not exceed 20%

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

Iter School 2007 53



Association
Euratom-Cea

0 .
S— Conclusions (cont.)

e Shear flow and magnetic topology optimization
provide generic mechanisms to control turbulent
transport —» improved confinement.

* Turbulence simulations have tested the validity of
various theoretical ideas for turbulence quench.

e Provide a solid basis for ITER scenarios.

« Still many issues remain unresolved, in particular the
determination of power thresholds for barrier
formation.
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