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On the interest of combining particle and w
momentum transport

> Particle (& impurity) transport often treated as separate topic, with
little (no) connection to other (more noble) transport channels

» Momentum transport often thought to be mainly associated with ion
heat transport, due to the limited variation of the Prandtl number
around unity
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On the interest of combining particle and w
momentum transport

> Particle (& impurity) transport often treated as separate topic, with
little (no) connection to other (more noble) transport channels

» Momentum transport often thought to be mainly associated with ion
heat transport, due to the limited variation of the Prandtl number
around unity

> Let me say that this is the past

> Today, the problem of transport in tokamak plasmas has to be
approached in its entirety, taking into account the strong mutual
interactions between all the transport channels (moments of the
same distribution function, transport is a non-diagonal matrix ...)

» Under very many aspects, particle and momentum transport are

certainly very good friends ...
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Outline W

> A pragmatic approach, general expressions of particle and toroidal
momentum fluxes, similarities and differences

» Main implications on the phenomenology, key observations, back
implications on theory

> One step further, deeper in physical understanding

> Nature of different off-diagonal mechanisms, experimental
evidences, main parametric dependences, open questions

> Particle (& impurity) transport

» Toroidal momentum transport

> Impact of different turbulent regimes on non-diffusive particle and
momentum transport (similarities & differences), relevance in the
core ( and at the edge )
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Particle and toroidal momentum fluxes W

> General simple expressions of radial fluxes

Fn — N (_Dnalnn | ‘/n)

Particle

or

Toroidal momentum

llg = nmRB (

—X¢ ar ‘

Both involve off-diagonal terms, but have important differences

U,
I | {/::J U(‘J) T HRS

Density is a positive scalar, toroidal rotation velocity is a component of a vector

Particle flux involves ONLY off-diagonal terms which are proportional to density

Momentum flux has additional terms which are NOT proportional to the toroidal
velocity (present also when the toroidal velocity and its gradient are zero)

> Diagonal (diffusive) terms: log. density gradient, linear toroidal velocity gradient
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Direct implications on the phenomenology, density W
peaking

> A density profile can remain centrally peaked also in the absence of a particle
source

> Main source of peaking is of non- 29 profiles from 3s - 60s

collisional (turbulent) nature [ Coppi 3 : :
PRL 78, Coppi & Sharky NF 19811 _ 2.5F g [uterferometry -
“« o 8 E
F — _Dvne _|_ nev g 1.5 — h \‘z i
l]v % ! I Rellectometry N
hosd [ Tore Supra
V'ne %4 | I’ é) (.5 Efully non-inductive LHCD
— — | F[H t al, PRL 03
. D nD , [[Hoangetal PRLO3]
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> The existence of a particle convection has been demonstrated by transient
transport experiments
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Direct implications on the phenomenology,
existence of inward particle convection

> The existence of a particle convection has been demonstrated by transient
transport experiments (density modulation experiments, gas puff, pellets )

10 ([Gentle PPCF 87, NF 92] 10 @ : :
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Direct implications on the phenomenology, w
toroidal rotation

> Transient behaviour of measured rotation profiles cannot be reproduced with a
simple diffusive model (existence of off-diagonal terms)

> A toroidal rotation profile which is not zero (not flat) can be present in the
absence of any externally applied torque (when the torque is only at the edge)

> To keep the toroidal rotation profile flat and at zero, a torque has to be applied
(existence of residual stress)

> The toroidal rotation profile can assume whatever shape, and also cross zero
along the minor radius (existence of residual stress)
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First experimental evidence of existence of off- W
diagonal term in momentum flux

> Transient behaviour of measured rotation profiles cannot be reproduced with a
simple diffusive model (existence of non-diffusive terms)

Nagashima NF 94 at JT-60U Ida PRL 95 at JFT-2M
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> Recently confirmed and extended by several g

studies on existence and dependences of pinch _ WWT LE T LN

[ Yoshida NF 07, Solomon PRL 08, il
Tala PRL 09, Kaye NF 09, Solomon NF 09, ... ] . H

Attempts of multi-device comparisons [ Yoshida NF 2012]  °¢ ©°2 ©°¢ 06 08 10
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Direct implications on the phenomenology, intrinsic
toroidal rotation

> A toroidal rotation profile which is not zero (not flat) can be present in the
absence of any externally applied torque (when the torque is only at the edge)
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Direct implications on the phenomenology, W
existence of residual stress

> To keep the toroidal rotation profile flat and at zero, a torque has to be applied

(existence of residual stress) [ Solomon NF 2009 ]
200 Fay ™ & (krad/s) 125229
DIII-D
Tnei~ 5 Nm

> In this DIlI-D experiment, applied torque is (3 co + 0 ctr NB)

100 |
counter-current
> Residual stress produces a co-current torque
of the size of approx one DIlI-D co-current 0 prosasassem Tal < 2.8 Nm
beam source 0.8 (1.co+2ctr NB)
[ Solomon PPCF 08, NF 09 ] (b) neﬁective(Nm'{ms} )
L 7 ]
> Effective residual stress torque density profile Residual stress /

| torque density

is larger at the edge 0.4

> Sign and magnitude of residual stress in
different scenarios is one of the critical 0.0
questions to answer P
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Combination of pinch & residual stress: intrinsic
toroidal rotation profile can have whatever shape
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Outline W

> A pragmatic approach, general expressions of particle and toroidal
momentum fluxes, similarities and differences

» Main implications on the phenomenology, key observations, back
implications on theory

» One step further, deeper in physical understanding

> Nature of different off-diagonal mechanisms, experimental
evidences, main parametric dependences, open questions

»>Particle (& impurity) transport

» Toroidal momentum transport

> Impact of different turbulent regimes on non-diffusive particle and
momentum transport (similarities & differences), relevance in the
core ( and at the edge )
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More subtle differences, decomposing the W
expressions of the fluxes, particle transport

> A decomposition of the off-diagonal contributions of the fluxes is possible from
the RHS of the GK equation (radial gradient of the Maxwellian)

> Particle flux (even velocity moment), off-diagonal terms directly produced by the
magnetic geometry and the velocity dependences of the gyro-center drifts

I 1 on 19T 1 &)y
— = =) NN D 4 - D U = - V-Ir_m
n n or / T Or - Vs, OT y
/ Thermo-diffusion Roto-diffusion Pure convection
i i [Coppi PRL 78, [Camenen PoP 09, [Weiland NF 89,
Diffusion Weiland NF 89] Casson PoP 10]  Yanko JETP 94,

Garbet PRL 03,PoP0535]

> Interesting property, off-diagonal terms can reverse direction or change
parameter dependences depending on the type of turbulence ( ITG / TEM )

[ review Angioni PPCF 09, all terms from GK : Fable PPCF 10, entropy: Garbet PoP 03]
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Electron transport: W
turbulence produces diffusion & convection

> Curvature & grad Bdrift: v + Vv ———U”BXIC + 2B><—
urvature & gra rift :
g C VD O, B 20 B
> Depends on the energy of the particles

» Confining magnetic field has gradient and curvature

4

> Exists an off-diagonal term related to the electron temperature gradient
(thermo-diffusion)

> Exists a pure convective term connected to the magnetic field geometry
(“curvature” pinch)

I Vn \WA
— = —D— =D + V
n n i 4
> This is an appropriate physical decomposition, but not a linear relationship

> It can be derived consistently from the gyrokinetic equation
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Simple derivation of QL electron flux from W
the gyrokinetic equation

» Linearized gyrokinetic equation for electrons
( ballooning representation, simple Krook collision operator )

R (E 3\ R .
(w—kjoy—wae + Vei) g = Fyr {WDE: {L + (f—g) LT:-:::| —w} Jo(k1ps)o

» Compute formally the QL particle flux for trapped electrons ( k) =0 )

s o (T OB/ Ly + (E/T.-3/2) R/ Lre]- (h0a-Cni) 272
</ b (@rk + @g)? + (3 + D)2 Slkip |¢k|>

C@

: : E |
» All frequencies normalized to wp = kypscs/R and @, = 7l (1 + q;2|) G(0)
A
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Simple derivation for QL electron flux from W
the gyrokinetic equation

» Linearized gyrokinetic equation for electrons
( ballooning representation, simple Krook collision operator )

R (E 3\ R .
(w—kjoy—wae + Vei) g = Fyr {WDE: {L + (f—g) LT:-:::| —w} Jo(k1ps)o

» Compute formally the QL particle flux for trapped electrons |

</ (% + ) R/L ({E/T 3/2R/LT"' r}/kwd TM]) ffuﬁ' *IoF |>
s) IVk

wrk + 0g)7+ (A + 0y,)?
Colllsmnal term
ExB advectlon ( mode dependent )

( diffusion, always outward )
ExB compression
( pinch)

Thermo-diffusion
( direction mode dependent )

: : E |
» All frequencies normalized to wp = kypscs/R and @, = 7l (1 + q;2|) G(0)
A

Off-diagonal particle & momentum transport C. Angioni NSTX-U PAC Mtg, PPPL 17.04.2012 18



Off-diagonal terms can reverse direction W
depending on instability, thermodiffusion

> Temperature profile, temperature gradient
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Off-diagonal terms can reverse direction W
depending on instability, thermodiffusion

> Temperature profile, temperature gradient

0.25;

I@ 0.2}
S

0.05}
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Off-diagonal terms can reverse direction
depending on instability, thermodiffusion

> Temperature profile, temperature gradient

Fast particles

0.05}
< outward
L Y A o S
ES
" 7095 siow particles
€ inward
E 0N JdFy dT By dT (E 3)
~ sV dT dr T dr\T 2
0 2 4 6 8
»>No perturbation, no net flux E=FE/T

»>Energy dependent perturbation: net flux is produced
»Inward for electrons if resonance at low energy ( ITG )
»Outward for electrons if resonance at sufficiently large energy ( TEM )
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Contributions inward or outward, for electrons and W
impurities, produce a complex pattern

Collisions (electron)

Thermodiffusion Pure Convection Roto-diffusion (imp)

Curvature | g|ectrons
& VB
resonance

only |impurities

electrons
slab
resonance | .
limit (Impurities

» Framework for theory validation : do experiments exhibit the same pattern ?

» Centrifugal effects complicate the picture even more for heavy impurities
[Camenen PoP 09, Casson PoP 10, Veth in prep.]
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Central ECH can flatten or peak the density profile

depending on the turbulence type

> Different response of density peaking to central ECH
can be explained by reversal of thermo-diffusion

from inward (ITG) to outward (strong TEM)
[Angioni NF 04, PoP 05 ]

YV VYV

with central ECH

» Concurrent analysis of electron heat transport finds
consistent conclusions

ITG, peaking increases in response to central ECH
destabilization of strong TEM, peaking decreases

[ Ryter PRL 05 ]

> ...and relationship with LOC — SOC regimes

> Agrees with results obtained in TORE SUPRA [ Hoang

[ Angioni PoP 05 ]

PRL 04 ] and FTU [ M. Romanelli PPCF 07 ]
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various parameters captured by the mode frequ

Theoretical dependences of density peaking on W
ency
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o[ Fable FPCF 10 \® TEM-ITG Cpy = Dp" ,
TEM o ITG transition 2| e
— : : : : | 2
-1 -0.5 0 0.5 1 &gl : »
O BN
Of o P
> Due to collisions, pure convection coefficient Cp b sy e
increases (outward) with increasing mode frequency i ; | |
» Density peaking decreases with increasing collisionality | o

in ITG, observed in many devices (H-mode) [ Angioni PPCF 09]
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Experimental data (in both L-mode and H-mode) W
follow predicted dependence on mode frequency

- | ® ::Ig:; 6 [Angi_oni PRL 201_1 ]
T ¥* | Veff’Te,Ti=2'5 . L A I (a)
! s,TeITi=1.1 A
5f B R sT/T=15 H -
R ”ﬁrt.: O iees 4| AuG  Yos |
& oS08 © " | noNBI
U | i §.| K T -
e a/V " , X
& < | > ]
2 | V.S 3 2 .
it i
| AO
|[FablePPCF 0]\ @ oLe®’
| —4 =2 0 2
-3 205 0 0.5 1 Q)r [Vi/ R]
®

r

> Predicted curve describing dependence of peaking on mode frequency followed
by a large database of observations in L- and H-mode

> In TEM turbulence, peaking predicted to increase with increasing magnetic shear,
consistent observations in many devices (L-mode) [ Angioni PPCF 09 for a review ]
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Dedicated modelling of specific data follow the W
same curve, and demonstrate quantitative match

v T /T =1.1 . .
_ . ® s AUG [ Angioni NF 11 ]
@ ! v, T =25 S, ' :
4 | i with NBI O 25-5MWNBI
ST s | ST /T=1.5 o | v +0.67 MW ECH
s | s, T =25 o | A +2MW ECH
o ¢ v_s=0.5 T A L Ta - -
ar , -
%‘] | ) v : s=0.8 3 | a f !
| - v_pS=1.4 2 A I 7
5 3 | O | i N
Lol o\ | Sap i -
o I ' .
2 . - 3 TEM i ITG
| | N 5 | o ST s
i ot E Open Measur'ed R/L
. | [ Fable PPCF10] _______ ® ! Full: Pred.ct!ad RIL
TEM TG ® 1 —0.;5 f) ois
= 205 0 05 1 o [c/ Rl @k, p;=0.3
()]

r

> Explains (& predicts) why central ECH increases density peaking with ITG modes

> Increase of LTi/LTe, Te/Ti and drop of collision frequency reduce mode frequency
& increase peaking
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Dedicated modelling of specific data follow the W
same curve, and demonstrate quantitative match

v T /T =1.1 . .
6F | .V TUT=1.5 AUG [ Angioni NF 11 ]
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Q)]

r

> Explains (& predicts) why central ECH increases density peaking with ITG modes

> Increase of LTi/LTe, Te/Ti and drop of collision frequency reduce mode frequency
& increase peaking
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Impurity transport: charge & mass provide additional
handle to identify different processes

> Dependences on Z and A arise from the resonances, sl A Ja, [B 25-SWWNE]
provided by the perpendicular and parallel gyro- 3 Y o
centre motions [ I 5
[ Angioni PRL 06, Dubuit PoP 07, Bourdelle PoP 07, ... ] § (I ERREREEEE 63 ------------ ------
¢ ,|Complete’ S W
E | model - o 5
> Rotational / centrifugal effects & poloidal & -1} Open:measured R { S
asymmetries strongly impact the dependences of the L predited RIL o AUG GS2
transport coefficients for heavy impurities 02 0.3 0.4 05
[ Camenen PoP 09, Casson PoP 10, Fulop PoP 11, osbaca [ Angioni -
Moradi PPCF 11, Veth in prep. ] E  NF11]
B AR e
s RaM! M
> Roto-diffusion directly links impurity transport to [ g"" """" VV o ]
toroidal momentum transport g o Noroto- zq;. a
> Roto-diffusion outward in ITG, contributes to T, |diffusion T g
flatten the impurity density profile of rotating @ [ Open:measured Rl - o
plasmas [Angioni NF 11 ] . Full: predl?ed RIL 5 Wlith D, EO
0.2 0.3 0.4 0.5

Mach Boron [measured]

> First indication, further studies required
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Outline W

> A pragmatic approach, general expressions of particle and toroidal
momentum fluxes, similarities and differences

» Main implications on the phenomenology, key observations, back
implications on theory

» One step further, deeper in physical understanding

> Nature of different off-diagonal mechanisms, experimental
evidences, main parametric dependences, open questions
> Particle (& impurity) transport

»Toroidal momentum transport

> Impact of different turbulent regimes on non-diffusive particle and
momentum transport (similarities & differences), relevance in the
core ( and at the edge )
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Decomposing the expressions of the fluxes, W
toroidal momentum transport

> Toroidal momentum flux : odd velocity moment, component of a vectorial
quantity, in contrast to density and energy, it can be positive or negative ... co-
current or counter-current, co-field or counter-field

» Off-diagonal terms are zero unless a mechanism is present which
breaks symmetry properties that the solution of the gyrokinetic
equation has in a local limit

[ Peeters PoP 05, NF 11, Diamond PoP 08, Parra PoP 11, Staebler PoP 11 ]
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The symmetry properties (linear picture)

amplitude

—pi/2-- . . S Cop

/ ~ jp
pi,,(:. 20 aBhog aac g ! ;

phase

-3pi/2—

20}

local mom. flux
o

GKV

-0.5 -0.25 0 0.25 0.5
S—Sc -

along a field line

poloidal

toroidal

» Parallel acceleration by the
perturbed potential gradient
— parallel velocity perturbation

» Parallel velocity moment:

p=2rB f mo) fdvdu

[ Courtesy of Y. Camenen, EFTC 2009 ]

Off-diagonal particle & momentum transport
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The symmetry properties (linear picture)

amplitude

phase

 GKV

/

QéS
L3 b-
along a field line

-0.25 0
S-S,

0.5

ka = Veu T VVB

>

poloidal

toroidal
» Perp. drift of the p, perturbation and ExB
advection — local flux of momentum

» But f(’UH,S)

f(—v|, —s) [Peeters PoP2005]

[y = <27TB/ Vr-veg myf dy d;1,>

symmetric anti-symmetric

Exact compensation over the FS average
— no net radial flux of momentum
Symmetry breaking mechanism required!

Off-diagonal particle & momentum transport
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Symmetry breaking, conditions for non zero off- W
diagonal terms in the toroidal momentum flux

[ Peeters NF 11, Parra PoP 11 ]

> The transformation

Vo= s=o=s r-o-r fo=f $-—¢ 04384 OB~ —0B
» changes the sign of the toroidal momentum flux, while keeping the gyrokinetic
equation invariant, provided the following conditions are satisfied

, Lowest order terms in p* (no parallel velocity nonlinearity, no profile
shearing or radial variation of turbulence intensity)

5’w¢
v —2 =0 -w¢=0 - YE=0 ;

or ’

v Up-down symmetric equilibrium

> If any of these conditions is not satisfied, the gk equation is no longer invariant,
and the symmetry properties of the solution are broken

> A finite momentum flux can be generated (necessary bhut not sufficient condition)
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Decomposing the expressions of the fluxes, W
toroidal momentum transport | peeters NF 11, Staebler PoP 11 ]

> Toroidal momentum flux : off-diagonal terms are zero unless a mechanism
breaking the parallel symmetry is present (obviously particle flux always present)

11, O L, rs 11,
= Xl RS2+ (Vi + 2 Ryt 5 4
nmR Yol 6’r ) " nmR e+ nmR
Parallel velocity shear Particle flux / .
[Mattor PF 88, Peeters PoP 05] Up-down asymmetry
Pinch [Camenen PRL 09] . Finite p*
[Peeters PRL 07, ExB shearing
Hahm PoP 07, [ Dominguez PFB 93, Gurcan PoP 07,

Waltz PoP 07] Waltz PoP 09, Casson PoP 09 ]

> Mechanisms of symmetry breaking allow a physical decomposition of the off-
diagonal contributions
> No direct off-diagonal terms due to density or temperature gradients, they do not

break the symmetry
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The (Coriolis) pinch W
[ Peeters PRL 07, Hahm PoP 07, Waltz PoP 07 ]

H¢ 6w¢ Fn HFS 11
8] X
= —Yo| R— + V—\——)—\— + My vg +
nmR o1 or 0 n " nmR | R P R
Parallel velocity shear Particle flux
[Mattor PF 88, Peeters PoP 05] Up-down asymmetry
" Pinch ) [Camenen PRL 09] | Finite O
[Peeters PRL 07, ExB shearing
Hahm PoP 07, [ Dominguez PFB 93, Garbet PoP 02,
Waltz PoP 07] Gurcan PoP 07,
- / Waltz PoP 09, Casson PoP 09 ]

» Symmetry breaking through parallel/toroidal flow
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Coriolis pinch:

symmetry breaking necessary but not sufficient W

> In the co-moving frame, a background rotation produces inertial drifts

B F % B F B 2 - b v _ 2 '?'??_.'I?H Q
vV = 7 B co — -???.LH x € co ZEBW
Drift equation|| Coriolis force Coriolis drift

of

ot +[I;“b ' Vf}k va-V/ +[V<::{_}m_]1ih : Vf]:

eFar
—vEg-Vf— — |loy b
F=— [ n
. . . 0 ﬂxdilalzatlc ei.—:-r.::ﬂns__ i
> Parallel streaming ( k) and Coriolis /
drift appear always in pairs x 2rkyy=—u oy gl
] H‘E}- _4— ;_E‘_Gjltr@uyog RE—
» Mode adjusts and compensates 2 = R() e
ST . Lz L == \ Full momentum flux
asymmetry produced by Coriolis drift - n i
> With adiabatic electrons, full LG GOl I w——
compensation, no pinch - "R gy ¥ 9

G0
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Coriolis pinch: symmetry breaking necessary but not
sufficient, requires self-consistent mode structure

» With trapped electrons the compensation is only partial, and a pinch remains

> Quantitative comparisons with the experiment to be performed ONLY with
calculations which include the self-consistent mode structure (self-consistent kl\ )

> Models which assume &= 0 (e.g. simple fluid
formulae which neglect self-consistent mode
structure) largely overestimate the pinch (not
suited for comparisons with experiments)

These simple models remain useful for physics :
understanding

Have been used for first comparisons with
experiment [ Solomon PRL 08, Kaye NF 2010 ]

At this stage, self-consistent (gk/gf) calculations
can and should be performed

‘h&l'ﬂ
m

2

2

-10
0

__RV R__

RV,

Ang

XAng X¢
Momentum flux without Coriolis force

¥

a3 ¥ % ¥ ¥ X

TEP, Table | Hahm et al.

Fa FaX FaX

¢

v
TEP, part Coriolis pinch

v \'4

———Gyro-kinetic
simulation

Full momentum
flux

Fluid solution
for the ITG

LY
Peeters PRL 2007 Gyro—kinetly *«

simulation
Peeters
PRL 2007

k|\=0

[ Peeters PoP 09
1

2 4 5 6
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Coriolis pinch: main parameter dependences in the W
theoretical predictions

> The Coriolis term is a pinch (it is directed inward, increases the rotation
regardless its direction )

> Compensation effects produce almost linear dependence on V€

> Coriolis drift is vertical, requires LFS
localization of mode. This implies 3%
] At S

geometric dependences (s & q) q

> Main dependence is on R/Ln, weak

5

— -2'
-

o

dependence on R/LT
> Dependence onv & 3 weak at low v & _ R/L7-6.75
3, become stronger at high v & 3 (close
to KBM) (%)) =(k)(B) [HeinPoP11]1 | peaters NF 11] R/Ly
» Dependences imply pinch is small 0 1 2 3 4 5

close to the center, becomes larger in RiL,, RIL-6.75 35 g

the confinement region
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Coriolis pinch: main parameter dependences in the W
theoretical predictions

> The Coriolis term is a pinch (it is directed inward, increases the rotation
regardless its direction )

> Compensation effects produce almost linear dependence on V€

> Coriolis drift is vertical, requires LFS
localization of mode. This implies
geometric dependences (s & q)

[ Cou'rtesy'of A.G. Peeters & T. Tala]

> Main dependence is on R/Ln, weak
dependence on R/LT X

<

> Dependenceonv & Bweakatlow v& = ¥
B, become stronger at highv & 3 (close «
to KBM) (%)) =(k))(B) [HeinPoP 11] h|

» Dependences imply pinch is small LK Pr
close to the center, becomes larger in S I 1151 2110 )]
the confinement region 01 02 03 04 05 06 07 08

rfa
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In the experiments, main parameter dependences of
the pinch and comparison with theory

» Modulation experiments to evaluate (a) prr—r=rrX /a=03| (p)  preE—T——-——--—
the pinch and study parametric ~0 2 o ra=05| &~ O g
dependences in the experiments E E oWle [Mra06l £ o

-2 X X -2_ ) X

» Experiment analyzed assuming that % Xxx. Y % ,\%'(XX X
residual stress is negligible }8 af >8 af

> In JT_GOU dependences on Ti,Te and ne 0:.-.-quéuuln-u&uu uué-u-: 0:-.-.I----é-u.luu&?ﬁuI.u-é-u.:
& T gradients, in JET main dependence T, (keV) [ Yoshida NF09] T, (keV)
on R/Ln, stronger than in the theoretical R——

. predlctlon Weak dependence [ T % ..;'
S——— . . -10 - i/O’ o

67 GS2s Tmul t. ® Of plnc.h .numb.er g : {‘QQ h{

=5 oS e e 7 | vs collisionality : 6 2 ..

= JET ; [DIII-D & NSTX Tl " tm

27 | Solomon PoP 10, ' .=

£ - | JET Tala NF 11] ot i aye NF 09] o e

[ TalaNF 11] " T Siar e j° 0 (:35) e
o ‘ > ° * > » Predicted pinch (& Pr) number usually too small

Off-diagonal particle & momentum transport
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NSTX-U PAC Mtg, PPPL 17.04.2012

40



Alternative approach on database of JET NBI heated
plasmas, allows identification of Coriolis pinch

> Large database of JET observations Sl [Fe———— : :
: i o @ 0.09<e<0.12 i :
in the presence of NBI heating P e T f
- @ 0.15<e<0.18 b
= 10| ¥ 0.18<e<021 | ... ... S/ ; __________ 2. >>
. . . . 1] B I j : E
> Multivariate regressions deliver | R e S :”; <
average Pr and dependences of A Ty g
pinch number SR I NPY% 5 & o %
5 ° > |
> Dependences of pinch number N R e
consistent with theoretical Y A $JET&GKW ________
predictions for Coriolis pinch - [Weisen NF 12]
OD rl': lﬂ ]3 20

R/L  experiment

> On average pinch number predicted 30% too small, agreement increases for
subsets with large Mach numbers

> Agreement with theory allows experimental identification of Coriolis pinch
mechanism
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The particle flux W
[ Gurcan PoP 07 ]

I, D I,
e (O B
nmR i 6’r QS Jr. i nmR 7t | Wi P nmR

b
Parallel velocity shear Partlcle flux
[Mattor PF 88, Peeters PoP 05] Up-down asymmetry
Pinch [Camenen PRL 09] Finite P*
[Peeters PRL 07, ExB shearing
Hahm PoP 07, [ Dominguez PFB 93, Garbet PoP 02,
Waltz PoP 07] Gurcan PoP 07,

Waltz PoP 09, Casson PoP 09 ]

» No symmetry breaking required, normal convection

Off-diagonal particle & momentum transport C. Angioni NSTX-U PAC Mtg, PPPL 17.04.2012 42



Particle Flux in toroidal momentum flux w

> Directly connects momentum transport to the particle flux

> In stationary conditions, particle flux is usually small (negligible) in the core,
even in the presence of beams, but can be large at the edge (depends on
penetration of ionization source, or depends on use of fuelling methods with
higher penetration )

> ltis directed outward (in stationary conditions it is the volume integral of the
particle source), opposite effect to the Coriolis pinch

> Experiments in which core particle sources are applied (e.g. pellets) could be of
interest also for momentum transport
> Because they generate a particle flux in the core

> Because they lead to the formation of stronger gradients of the density profiles which
are not produced in the presence of zero particle source. This can be a tool for the
investigation of the impact of density profiles on momentum transport
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The up-down asymmetry W
[ Camenen PRL 09, PoP 09, PRL10]

I, B r, rs I,
— —v.,.1 R—= V4 — | R M
nmR ol 8r ( 6 T n) “s ++ | VE 0 nmR

f b

Parallel velocity shear Particle flux

[Mattor PF 88, Peeters PoP 05] [Up-down ésymmetw}
Pinch [Camenen PRL 09] Finite P*

[Peeters PRL 07, ExB shearing
Hahm PoP 07, [ Dominguez PFB 93, Garbet PoP 02,

Waltz PoP 07] Gurcan PoP 07,
Waltz PoP 09, Casson PoP 09 ]

N

» Symmetry breaking by asymmetry of the geometrical configuration
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Up-down asymmetry of the magnetic configuration,

[y = <2?rB / Vr-vg muy)f dy d;.f.>

» Parallel velocity moment:

p=2rB /mfuuf dv) dp

P “s” is the parallel coordinate

» Flux surface average:

& A S= %Adﬁ

In the absence of
parallel symmetry breaking:

—30L_. , : ; |
i i =0 -0.5 -0.25 0 0.25 0.5

[ Camenen PRL 09, PoP 09 ]
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Up-down asymmetry of the magnetic configuration W

Iy = <2?rB/ Vrvg muy)f dy| d,u,>

» Parallel velocity moment:

9=2rB ['rm:Hf dv) dp

> “s” is the parallel coordinate

» Flux surface average:

< A S= é&lds

Compensation over
the FS average is incomplete:
NET MOMENTUM FLUX GENERATED

-0.5 -0.25 0 0.25 0.5

[ Camenen PRL 09, PoP 09 ]
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Up-down asymmetry of the magnetic configuration

> Effect is sizeable only at the edge, but can contribute to provide edge seed
rotation (residual stress at the boundary), transported in the core by the pinch

> Small for usual up-down asymmetry of diverted tokamaks

0.8 0 -
0.7 i g
_ =04 ”
0.6 ki
(&
-0.6 o
,"’r:\\\un 0.5 <58 ’
g B, | J [ |
NS ) ) 05 1 0 0.5 1
. 0.3 max max
» Changes sign if
0.2 . ..
: L. j j
Lo » lp direction is reversed P ®b+
0 » Bt direction is reversed O
_ s s’
» shape is reversed ﬂ Q
[ Camenen PRL 09, PoP 09 ]
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Validated by experiments in TCV

[ Camenen PRL 10, PPCF 10 ]W

» Theory : up-down asymmetry — residual stress [Camenen PRL09, PoP09]
o RO ‘/co W Cother CFS
X X X

» Prediction: Crs changes sign if
i i’
» Ip direction is reversed R @
b
» Bt direction is reversed

X O
s s*
» shape is reversed ﬁ Q

» Scenario: explore the 8 configurations, look
at the rotation gradient variation

» Experiments in the TCV tokamak: extended shaping capabilities and
intrinsic rotation profile measurement (CXRS+DNBI)

» Plasma shape designed to maximise the asymmetry effect
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Validated by experiments in TCV

[ Camenen PRL 10, PPCF 10 ]W

» Theory : up-down asymmetry — residual stress [Camenen PRL09, PoP09]
Cother CFS

L —05 0.2 0.4 0.6 0.8 1
& W 4 "

> As predicted, gradient smaller for the s- shape compared to the s+ shape

»>Agreement with predictions also in all the other combinations b+/- & j+/-
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The symmetry breaking by a finite average radial W
wave number

1, 0wy [ I1,
= — R— (V + _n) Rw, + HMvg +
nmR Xol g, * T o nmR | 7\ P nmR
Parallel velocity shear Particle flux
[Mattor PF 88, Peeters PoP 05] Up-down asymmetry
[Peeters PRL 07, ExB shearing
Hahm PoP 07, [ Dominguez PFB 93, Garbet PoP 02,
Waltz PoP 07] Gurcan PoP 07,

\__Waltz PoP 09, Casson PoP09] /

» Symmetry breaking by finite average radial wave number <k’,>
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ExB shear, Mechanism

H@ 8&)@ F H
> =y, R4V Ruy + —2 1M
nmR Xo| or Jr(OJr n) C'HrnmRJr H

» Maximum of the radially averaged electrostatic potential displaced from the

LFS midplane 16— —————
E NL GKW 1
14+ 7
> Leads to afinite (/) o
[ Staebler NF 91, Dominguez PFB 93 ]
,:5:\10g
> Finite (/,.) produces finite = 8
<

momentum flux which, in simple
linearized model for small
perturbations can be assumed to

increase linearly with Vg e [ Casson PoP 09] _

5040302010 0102030405

Bottom LFS Top
field line

> Actual situation more complex and
requires nonlinear simulations
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ExB shear, diagonal and off-diagonal components W

, o Ly, T () . 1L
E=@—VXB nmR__d)Rﬁ +(V+n>R+nmR+U P mR
en
R d "RR [R\® R RXd°T
VE= = 6 wa = |7 +__i21+(1 _kneo)__Q
q Uth dx 2 _LTLN LN n d]" T dr i

Diagonal part, decreases Residual stress, nonlinear dependence, sign depends

. on magnetic shear,
the Prnumber _tot |, '}—M g )
Il ‘Xl[+*585le_| [ 151
0.8 = e Aaan |
- ] =
o I — 0.5
0.6 *. . =
? E , - ? 0l
5 049597 [ o r/Rq = 0080, Toroidal shear | - 2051
>~ [ —s—r/Rq = 0,100, Toroidal shear | : “ 4L
2=p.2f —s— 1/ Rq = 0,125, Toriodal shear | -
S ——1/Rq = 0080, y = 0 ] 15k
O i """"" 2| """"" 3 """"" l"” 0 o5 1 15 2 25
v (a/es) [ Casson PoP 09 ] vl /e
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ExB shear residual stress changes sign with sign of VE,
current & field, but not with turbulence propagation

> ITG and TEM produce residual stress in the same direction [ Waltz PoP 11
Casson PhD 11]

T Y 0
= —— 8§ =—0. - - - '
1.5r ITG | ==:Z%: | [ Casson PhD 11 ] (GKW) .
B —G—SAf . |
';go; “ i;;g:gg f f?;LTe =T TEM |
=°r = S il I R/Ly. =0 :
e o . N 7 - 4
S e o o | J-05{ 11, =3/10 ST A
:"?-0.5— =t o——0 : ) S
i ) a) |
-1.5- [CﬁSSOﬂ PoP 09](GKW)_ _-I ....................................... ]
2 Tos 1 15 225 0 1 2 3 4

[VE|/Ymax YE/ Ymax

> Impact of ExB shearing on momentum transport included also in TGLF (of
interest for applications in STs) [Staebler PoP 11]

> In contrast to particle transport, all off-diagonal terms of momentum transport
described so far do not reverse direction with the direction of propagation of the
turbulence
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Additional P—effects W

H¢ 0w F
R—+ 1V
10| or <¢+_n

> So far local limit, lowest order P[]

> At higher order no symmetry, many effects possible

[ e.g. Diamond PoP 08, McDevitt PRL 09, McDevitt PoP 09, Gurcan PoP 10, Parra PoP 10,
Camenen PoP 11, Waltz PoP 11, ... ]

[lrg
) Ruwy + —=+ Mg Hp;

nmR nmR nmR
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Additional P—effects W

I, Ow [,
s| ==+ |V,
&1+<95+ n

> So far local limit, lowest order P[]

> At higher order no symmetry, many effects possible

[ e.g. Diamond PoP 08, McDevitt PRL 09, McDevitt PoP 09, Gurcan PoP 10, Parra PoP 10,
Camenen PoP 11, Waltz PoP 11, ... ]

[lrg
) Ruwy + —=+ Mg Hp;

nmR nmR nmR

» Which are the dominant effects, and under which conditions ?

» Two parallel ways to proceed
1. Theoretical assessment of the scaling of each mechanism versus P[]

2. Experimental investigation of properties of residual stress (intrinsic rotation)
and identify mechanisms in the theory which have the same properties,
parametric dependences, relationship with turbulence type

> Phenomenology of intrinsic rotation reversals of particular interest (connection

with LOC-SOC transitions suggests relationship with turbulence type)
[ Rice NF 2011, McDermott PPCF 2011, Angioni PRL 2011, Rice PRL 2011 ]
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Profile shearing gives example of residual stress W
which reverses direction with turbulence propagation

[ Camenen NF 11, Waltz PoP 11, radial variation of turbulence intensity Gurcan PoP 10 ]

[ Camenen NF 11 ] B N
;é 0.05
E.Q
?
g_ 0.05F
:a
GT5D [ Idomura CPC 08 ] =

0 0.5 1 1.5 2.5 3 3.5 4

"1.
> Radial variation tilts eddies in opposite directions for TEM and ITG ( finite 0)

C* 4 a 3
R Ly+4 — ) E—R/LT.F}:#
q- Ro

— _S_f
[ Camenen NF 11 ]
» Nonlinear global simulations required to compute real scaling [ Global sim : Holod

PoP 08 (GTC), Wanq PRL 09,11 (GTS), Waltz PoP 11 (GYRO), Abiteboul PoP 11 (GYSELA) ]
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Relation between finite (%,.) and residual stress, W
density gradient dependence

> Assuming a finite ¢, (due to a given symmetry breaking mechanism), the
impact on the strength of the residual stress is connected to R/Ln

[ Analytical studies, GK Diamond PoP 08, fluid Camenen PoP 11 ]

~ 05—
> Consistent with local GK code (GS2) with & =" [ Angioni PRL 11]

imposed fixed tilting angle 6, = —0.3

o

> Different symmetry breaking mechanisms
produce different relations between tilting
angle ¢, and (k)

|
O
&)

» From theory standpoint, investigating
strength of residual stress by varying
different parameters is an important
information to interpret the experiment

I
3

predicted u’ (& —FRS({-]O = -0.3)/y
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Strength of residual stress producing counter-current W
rotation & logarithmic density gradient

> Data from a LOC-SOC transition in AUG suggest a connection between strength of
RS producing counter-current central rotation and R/Ln

v T /M=11
2 6F . T =15
0.15 — (a) * | ve:,Terrf=2.5
w O €1 L 1o &1 T=1.1
LOC 1 o! = 51 ¥ s s T /M=15
0.1 * * X = s | A @ ¢ |1 5T/T=25
G SOC = al g‘ DH- Q V0
0.05} % ~1 | - v s=1.4
- 3r |
0 @ =2 e ) a/ v
S _ 6 z < |
< 0.05 % =< ol -
E -~ — 1 -
© ¥ - !
é) ol — kool Y I ‘?"_ Ec:: 4 N 1r l # X
= \ I
S #| )\ SOocC _® [ Fable PPCF 10 ] ®
© 2= — [ S e s e . T <1
LOC * - - .
=0.05 * - - e °
| (b) (d) \ TEM
0 05 , 1 0 05 1 - 05 0 05 i
eff @
r
[ Angioni PRL 11] LOC SOC I
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Strength of residual stress producing counter-current W
rotation & logarithmic density gradient

> Data from a LOC-SOC transition in AUG suggest a connection between strength of
RS producing counter-current central rotation and R/Ln

> Confirmed by analysis of large database of L- & H-mode intrinsic rotation profiles

0.15 2 0.5
w
g 1 * *%* E 1
0.1}LOC * K =
¥ soc =0
-
0.05 S -1 Oy
051
< - _% )
©0.05 % =~
£ ~ o _
© * - 0.5
@ ot — 'k_ ..... ‘?k_ 2‘::) 4 \'
p= 2|1l soc = \
g N oL _ _
=05|0C B * ) @ ==~ -1 rfa=[0.40.5]
0 05 | 0 05 1 0 ZR/L 4 6
ne

[ Angioni PRL 11]
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Strength of residual stress producing counter-current W
rotation & logarithmic density gradient

> Data from a LOC-SOC transition in AUG suggest a connection between strength of
RS producing counter-current central rotation and R/Ln

> Confirmed by analysis of large database of L- & H-mode intrinsic rotation profiles

N

0.15 — - -
@ 0.5} -
w s * *"%* 2, _ GS2 /
0.1}LOC *x |o ™
Qf sOC ;,0 T
0.05 & -1 CDO Ot
(a) = %
Te) -2
N 6 - ‘
5005\ @ = < % Q .0’
o o T~ 205 ‘
®@ ol-X |- —. ‘p*_ = 4 \.\ % ‘,’ %
= |1 soc = o |
g . LOC;** ok~ - L Ny &9 na=p.40s
| (b) (d) \ -
0 05 , 1 0 05 1 1 =05 0 0.5
eff /a measured u’
[ Angioni PRL 11] Well predicted imposing a fixed tilting angle

in linear GK (-0.3 rad for TEM subset)
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Strength of residual stress producing counter-

rotation & logarithmic density gradient

current W

> Data from a LOC-SOC transition in AUG suggest a connection between strength of

RS producing counter-current central rotation and R/Ln

> Not inconsistent with C-Mod results

407

[ Rice NF 11 & PRL11b ]

[/

(a) 1

30 i .
2 - » S ’: o
0.15 — I S ¢ Lo J
w £ ¢ . g *
L * M c 1 B : ol
o 1 * £ 10 !
0.1 LO; * k2 of .
= 10F N (b)
Q* SOC >e1 o %/%ﬁ\ :
0.05 - 2 L S e | !
* e qof V. (0 ! _ b
o (a) _2 X I Tor )k - s&
N 6 2 %%& ' X;% N b
< 0.05 % =~ 0 ! ‘ =
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__(E * —_— 6 | ® (C}
(5) ot — ‘*— ------ 1 -- < o 4 \- 5_ R/Ln 5.‘0..‘.' j
< [l soc = \ 4f i 0 %% g6 °]
) ® . L
(4] * c 2= — 3 [ od i _
= LOC |g * -~ g
0.05 ~ i
(b) (d) \ 4l g (d)-
0 05 , 1 0 0.5 1 12F o, ]
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[ Angioni PRL 11 ] 0.0 05 10 15 20
| S 0%y |
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General conclusions W

>

>

>

Transport of particle & toroidal momentum present extremely interesting physics,
because of existence & relevance of non-diffusive terms

These are predicted theoretically and have been identified experimentally

Non-diffusive terms strongly impact shapes of density & toroidal rotation profiles,
and play essential role on confinement, stability, & ultimately fusion performance

There are evidences of (theoretically predicted) connections between these two
channels, in the strength of the momentum pinch and of the residual stress, and
in the role of rotation on impurity transport

Appropriate (quantitative) predictions of these non-diffusive terms require rather
involved (consistent) models (simple formulae not suited for exp. comparisons)

Particularly in momentum transport, these terms are inter-dependent through the
average parallel wave number (comprehensive and consistent models required)

For both channels, most critical questions are on the behaviour at the boundary
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THE END
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Observations of intrinsic rotation and rotation

reversals connected with physics of residual stress W

>
>

Profile shape can vary and cross zero ( signature of residual stress effect )

Rotation at least in H-mode appears to follow a general scaling [ Rice NF 07,
deGrassie PoP 07 ] (is Rice scaling to be applied to central or to pedestal-top rotation ?)

At the edge role of temperature gradient in driving intrinsic rotation pointed out in
experiments [deGrassie PoP 09, Rice PRL 11a] and theory [Stoltzfus-Dueck PRL 11]

In the core, connection of reversals with LOC-SOC transitions suggests at least
partly a relationship with turbulence type [ Rice NF 11, Angioni PRL 11, Rice PRL 11b ]

In the core, correlation between intrinsic toroidal rotation and electron density
gradients pointed out recently in AUG [ McDermott EPS & PPCF 11, Angioni PRL 11 ]

Suggests that core turbulence transitions impact (at least partly) the RS, but
also the density profile and, as by-product, also the strength of the RS
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Momentum transport at the edge, generality of Rice W

scaling, where and when ?

> Residual stresses are measured ( and predicted ) to be particularly large at the
edge (ExB shearing, other p* effects, up-down asymmetry, orbit effects, ... )

> A picture for discussion [ suggested (at least to me) by Diamond NF 09 ]

Non-zero rotation velocity
with non-zero pinch
(connection to SOL flows)

Non-zero residual stress at
boundary & pedestal region

H-mode Both at play L-mode
(" Residual stress in pedestal region h é N )
determines pedestal top rotation, Boundary conditions (SOL flows) more
Conditions at separatrix play little role important, core-edge transition not
(impact of SOL flows hidden by larger localized, many effects at play
\_effect of gradients in pedestal region) / - J/
f - \ U’
A general scaling is found [ Rice ] General scaling not observed

Scaling of rotation just inside the
pedestal top ? [ deGrassie PoP 07]
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Usual back-up slides on
particle transport (from last ITPA Mtg)
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Experiment and theory consistently show increase of
peaking with increasing Te/Ti in ITG turbulence

5 ! ! ! 22 )
[ Angioni NF 11 ] ; . % AUG
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> Explains (& predicts) why central ECH increases density peaking(je with ITG modes

> Increase of LTi/LTe, Te/Ti and drop of collision frequency reduce mode frequency
& increase peaking
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Collisions strongly affect turbulent convection, W
outward (inward) contribution for ITG (TEM) modes

» With ITG modes, increase of
collisionality produces a
reduction of inward convection

I [ Angioni PRL 03, with fluid GLF23,

Vei | Vexp=0, 1/3, 1, 3 R/Ln = 2 Estrada-Mila PoP 05, GYRO ]

[ Angioni PoP 09, nonlinear gyrokinetic
simulations, ASDEX Upgrade parameters
at ITER collisionality ]

> Collisional contribution
related to type of instability,
ITG outward, TEM inward

[ Angioni PoP 09, Fable PPCF 10 ]

Candy & Waltz]
0 500 1000 15000 1 2 3
time [a/c ] A | | |
s ©! exp 0.04 0.1 0.2 0.4 1 2
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Collisions strongly affect turbulent convection,
outward (inward) contribution for ITG (TEM) modes

RL @I =0

[(:i / R]

> With ITG modes, increase of

collisionality produces a
reduction of inward convection

[ Angioni PRL 03, with fluid GLF23,
Estrada-Mila PoP 05, GYRO ]

> Collisional contribution
related to type of instability,
ITG outward, TEM inward

[ Angioni PoP 09, Fable PPCF 10 ]

s » Density peaking predicted to
] P e decrease with increasing
| g % - TEM . . e
5 g | | collisionality in ITG, to weakly
® [ GS2, Kotschenreuther, Dorland ] ' | t ffected) i
S 2, | ) increase (almost unaffected) in
0 0.2 0.4 0.6 0.8 TEM
vIZ 16 IR]
el |
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Observations in H-mode plasmas agree quantitatively with
theory predictions on role of collisions in ITG turbulence

- [Angioni PRL 03] [Maslov NF 09 ]
o S - o 0 <I T/Q<004
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> Collisionality dependence identified through transport modelling comparing
predictions of models with and without collisions [ Angioni PRL and PoP 03 ]

> Quantitative agreement hetween GS2 gyrokinetic quasi-linear calculations and
JET data, evaluation of impact of NBl source from theory [Maslov NF 09 ]
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Density peaking in AUG, C-MOD, JET, JT-60U
follows the same dependence vs collisionality

| |
. | ASDEX Upgrade
2———*——15———*'—* JET
_ 5 . |¢ Alcator C-MOD
= 18— 5% |
% § RTH |
(e 2 | |
= Ry
16— kTS .
T :
1
= 14-———+- b ———
= i %
> ‘.
12|TR | ' *iw; o
| kg ¥
Lt
10" 10° 10' [ Angioni PPCF 09 ]
Veff

» AUG [ Angioni PRL 03 ], JET [ Weisen NF 05 ], C-Mod [ Greenwald
NF 07 ], JT-60U [ Takenaga NF 08 ]
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Density peaking in AUG, C-MOD, JET, JT-60U

follows the same dependence VS colllsmnallty
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Special thanks to '2 | ¥ APESERex

M. Beurskens for

recent JET data w0 w0 o [Ahgioni PPCF 09 ]
Vet

» AUG [ Angioni PRL 03 ], JET [ Weisen NF 05 ], C-Mod [ Greenwald
NF 07 ], JT-60U [ Takenaga NF 08 ], JET [ Beurskens NF submitted ]
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Theoretical predictions of electromagnetic effects, towards the W
prediction of the density profile in high [3 scenarios

> Electromagnetic effects imply a non-adiabatic response of passing electrons
» Passing electrons are transported outward by convection
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0.1} ZEE o —u 2V
IS S
O_‘ 0 1.5 T~
= <3
q.) —
- - i
—- 0.1 [ -@B,=0% 3 1 FT/Qtot ( /ENB )(QNB /Qtot)
-B,=0.5%, ExB n - Q.
02} ﬁﬁig 222 't:;t ?c 051 Q Qt0t=0.5 '6;1'6“#'5"&"5;“'2“7“
. . . v @ QNB| /Q =0 512 points in v space
0 02 04 0.62 0.8 1 1.2 0, o 0 o o3 1
L=ViI(vBIB,,) [ Hein PoP 10] B [%]

> High [3 predicted to lead to a significant reduction of density peaking in the
absence of central fuelling

> This should motivate studies of density profiles in low collisionality high [3e
plasmas with and without NBI heating (relevant also for DEMO scenarios)
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