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- A renewed Interest for 3D magnetic
Cea .

— perturbations

Radial profile
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> *R core edge
Ro —
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== T0kamak: magnetic configuration often considered axisymmetric

== INnterest of 3D magnetic configuration: effect on the LH transition threshold,

optimization of plasma stability and confinement, impact on the rotation

[J.-K. Park - PRL 2021]
[M. Landreman - PRL 2022]
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- Plasma rotation = competition between

Cea magnetic braking and turbulence

Rippled magnetic field lines

@ERfVVl

= Plasma toroidal rotation V:

- Plays a key role in confinement

i i

LS. @ :

Plasma rotation in Tore Supra
without momentum input

- Challenging to control in reactor-sized

tokamak (e.g. ITER)

0 (a) co-current
) ) . ] 25+ [C. Fenzi - NF 2011] .
- Flows rather governed by intrinsic rotation ol
. 15F
- Governed by turbulent momentum drive N -
+ [ RE ]
and magnetic braking (RMP, ripple, ...) > Ale A
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1) Reduced model for the intrinsic rotation

2) Validation with gyrokinetic simulations

3) Synergy between turbulent drive and magnetic braking
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Collisionnal processes lead to

— maghnetic braking

Trapped trajectories in presence of ripple

Magnetic braking: 1 = _Vcol(VT — col)

6

Collisional friction Equilibrium velocity
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[J. W. Connor - NF 1973]

[K. C. Shaing — PoF 1986]
[P.N. Yushmanov - NF 1983]
[L. M. Kovrizhnykh - NF 1984]
[X. Garbet — PoP 2010]



Turbulence is a source of intrinsinc [fin

— rotation

Turbulent structures in a tokamak

== Jurbulence:

- Small-scale fluctuations of the electric
potential leading to macroscopic transport

~  Turbulence forces rotation to finite value via

wave/particle momentum transfer [0. Giircan - PRL 2008]
[T. S. Hahm - PoP 2007]
[P.H. Diamond - NF 2009]

. Expression of the exerted force: —V/ - |1 [A. Peeters - PRL 2007/ NF 2011]
[B. Chouli - PPCF 2015]

Toroidal Reynolds stress: || = (ﬁ;j;;;) = —X0 V1 + VVp + [l

/ ! N\

Turbulent viscosity Pinch  Reésidual stress = Sets
the equilibrium velocity

v

Robin Varennes, 12t Festival de théorie, 05/07/2022



A simplified expression for the

— turbulent drive

[1 = —XarVT + VVT + Hres

Turbulent drive: —V - Il = Weyr (VT —Vearn)
B 07? VT + 5rVT 'V HT€S
VT VT Vturb
“Effective” turbulent friction Equilibrium velocity
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A critical ripple amplitude rules the

— toroidal rotation

>
AN
g

== Jurbulence and ripple:

. Theoretical model: 0;Vt = m

VT e
€q -
Vcol + Vturb

0 Vr = _(Vcol + )VT + Vo1 Veol +

Equilibrium toroidal velocity V77

> Dominating drive depends on a critical V.ol
ripple amplitude §. such that rbarente G | mmmp CEEEE LY perturbation
Oc Perturbatior%nplitude
Veo1(6c) = [R. Varennes - PRL 2022]

Application at r/a = 0.8:

lon Larmor radius ~, Coils number
N r\—3/2 - Tore Supra typical discharge = §, = 0.4%
Rule of thumb: 0, ~ &1/NC (—) .
Ro Lt - Same with ITER geometry 2 §. = 0.15%
S

Temperature gradient length
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1) Reduced model for the intrinsic rotation

2) Validation with gyrokinetic simulations

3) Synergy between turbulent drive and magnetic braking
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Validating the model requires

— gyrokinetic simulations
== GYSELA: kinetic code solving
Fokker-Planck: % = C(F) Poisson: exV2¢p = —Ye[ Fd3v

species

GYSELA-X code
PRACE simulation 2020

eeeeeeeeeeeeeeeeeeee

@) EUROfusion
SN

&=
Time = 0,109 ms

Vol (SC) ~ [V. Grandgirard - CPC 2016]

J
Requires 3D magnetic
11 perturbation to be implemented
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Using a simplified ripple amplitude
— Shape

@ERfVVl

== Boundary conditions (realistic/simulated) _ _ _
Ripple amplitude profile

| | S Realistic 6 /

- momentum sink not included in the model

= Solution: radially gaussian ripple

0.0 0.2 0.4 0.6 0.8 1.0
r/a

amplitude Boundary condition &> Momentum sink
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Thorough benchmark of the ripple

— Implementation
35 6=1.0%
. —— Analytical model
M = —Vo1(Vr — Veor) O
/ \ N
Depend on the collisionality v, and *
ripple amplitude 6 12 VT
1.0 Vcole—BP
= Toroidal momentum is conserved | S
100_5_,
= Vo > good agreement GYSELA / NEO Tneo 4 Theon
10_]“E
== Collisional friction v.,; = good § e ¢
1072
agreement between GYSELA and the theory :
10‘3- .

00 02 04 06

V.
13 [R. Varennes - Submitted to PPCF]
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The estimated critical ripple amplitude
— validated through simulations

Radial profiles of v, and x

@ERfVVl

. Cases with § > §. and 6 < &, 1e-6) 2V o00=10%)
Ej
- No significant difference between 6 < §, £ 1e7]
case and the case 3 les
° Vepi(Bo = 0.1%)
- 6> &. case dominated by magnetic 03 " o = 5
ria
braking = similar in some experiments Time evolution of Vy and E,
No ripple 6p.= 0.1%
(TS, JET and JT60) ) by . i

[H. Urano — NF 2011]
[M.F.F Nave - PRL 2010]
[C. Fenzi - NF 2011]
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1) Reduced model for the intrinsic rotation

2) Validation with gyrokinetic simulations

3) Synergy between turbulent drive and magnetic braking
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A step further : the magnetic braking
— Impact on toroidal Reynold stress

@ERfVVl

Svynergy observed in simulations:

Magnetic Turbulent

braking S— drive

Ignificant

== PO0SSible synerqy mechanisms:

~  Up-down asymmetry of magnetic surfaces X [Y. Camenen - PRL 2009]
- Stochasticity of magnetic field lines X [C.-C Chen - PoP 2021]
~  Modification of the turbulent intensity radial shear </ ro. Giircan - PRL 2008]

- Modification of the E, radial shear / [P.H. Diamond - IAEA Vienna 1994]
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Ripple changes turbulence intensity
— through mode-coupling

@ERfVVl

~  Turbulent intensity defined as I = £
T Ioglo(ld’m,nlz)

- Ripple = cos(N.¢) perturbation magnetic

field - reflects on electric potential ¢

~ With turbulence, mode-coupling modifies

the turbulent spectra

Toroidal mode number n

Poloidal mode number m
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Turbulence intensity weakly impacted

— by ripple

Spectral coupling = well described by the

simulation code

However, weak effect of the ripple on the

turbulent intensity

18
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Coarse-qgrained
turbulent intensity

I=ed/T




Cea Radial shear of E, correlated with IT ~ J&fin

19

0,E, expected to impact Il

Ripple = E, enhancement through collisional

processes

Increasing of Il associated with an increase in

0,-E, in simulations

Coarse-grained profiles

0.3 0.4 0.5 0.6 0.7
rla
[R. Varennes - PRL 2022]
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Cea Radial shear of E, correlated with IT ~ J&fin

Coarse-grained profiles

> 0,E, expected to impact Il 1.2¢-4
[
Ll.i 6.0e-5 |
go)
- Ripple = E, enhancement through collisional 0
-6.0e-5 1
processes
3.0e-61
C 0]
»  Increasing of IT associated with an increase in 3.00-6
50 — O%
-6.0e-6 *— ‘ ‘ ‘ ‘
0.3 0.4 0.5 0.6 0.7

0,-E, in simulations
rla

[R. Varennes - PRL 2022]
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Cea Conclusion

== Plasma rotation - driven by a competition between turbulence and magnetic braking
== Magnetic braking overcomes turbulence above a critical amplitude of magnetic ripple

== Joroidal Reynold stress - strongly impacted by ripple

== SYynergy mechanism - Enhancement of d,.E,. due to ripple which in turn modifies II

[R. Varennes - PRL 2022]
[R. Varennes - Submitted to PPCF]
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Backup slides
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Evalutating the turbulent viscosity

— with gyrokinetic code

4de-1
2e-1
0
H —_ — arVT + VT + -2e-1
\ \ / 4e-1 | . |
GYSELA outputs 03 04 05 06 07

le-2

Vr
. Simulations of ITG turbulence with different initial V. 563’\[;? g
0
-5e-3

> Enough equation to deconvolve y, V and I, e

> Pinch V found negligible 4es

2e-5

-2e-5

-4e-5

23 03 04 05 06 0.7
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A simple expression for the critical
— ripple amplitude

0. defined by v, (6.) =

@ERfVVl

Toroidal harmonic of
the perturbation ~ ¢

- Ripple-plateau regime (relevant for most tokamaks): v, ~ N%ﬂ‘ §% (robust)

Xeff Thermal velocity

lon Larmor radius S

2
»  Gyrobohm scaling: y.¢ ~ xgp = i Vth

(debatable, but verified in our simulations)

S Temperature gradient length

!
}\V — _ (FXV"I‘eq)

~ L7? (ok in order of magnitude)
I'XVTeq

= 0.~ —

R —~3/2
Pi N[ — Application with magnetic ripple at r/a = 0.8:
RY “\Lr

- Tore Supra typical discharge -2 6, = 0.4%
- Same with ITER geometry 2 6. = 0.15%
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Evalutating the turbulent viscosity

— with gyrokinetic code

4e-1

2e-1

H —_ — arVT + VT + -2e-1
\ \ / 4e-1 | . |
GYSELA outputs 03 04 05 06 07

le-2

VT
- Simulations with different initial V; < get enough equation 5635 ? /'\’_:
0
-5e-3

to deconvolve y, V and I1,.. e

> ITG turbulence with adiabatic e- ses

2e-5

> Pinch V found negligible - already observed adiabatic & s
[A. Peeters - NF 2011] -de-5

25 03 04 05 06 0.7
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A step further : the ripple impact on Infin

— toroidal Reynold stress

= Synerqy between ripple and turbulence:

~ Turbulence impact on magnetic braking
found negligible (not tested with RMPSs)
- However magnetic braking strongly

modifies I1

Mechanisms considered:

Time (w; 1)

> 1) Modification of the turbulent intensity

shear

> 2) Modification of the E X B shear

20
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Neoclassical theory gives access to Infin

— fluxes and forces

Toroidal symmetry = degeneracy on E,. and V7 (linked by force balance)

== Ripple = toroidal magnetic braking / friction
/.Ripple/.

Drift kinetic equation : (v + vp) . V( Fpq + 6F ) = C(6F)
\»VB \» Local trapping - Magnetic wells

Banana - Drifting banana

_ r dN eE,
Particle flux = N /Nd — T \ [J. W. Connor 1973]
M| [ dwvdwr | TR (PN, Yuhmanoy 1987]
: : . cop .N. Yu v
—> Magnetic braking > NeB, |~ ZVN ZVV ZVT T T [A. B. Mikhailovskii 1995]
\ 0 / N TN (4 T \ dT / [L. M. Kovrizhnykh 1998]
Heat flux = NT ~ Tdr [X. Garbet 2010]

6 : ripple amplitude

Depends on | € : VB amplitude :
|
27 v*: collisionnality (Also valid for RMPs 1)



Magnetic braking force dominates the

toroidal force balance

== Neoclassical non-axisymmetric toroidal

momentum conservation :

Current
P

Turbulence ( 0)

dVr
NmR,—— \7 H Ty +]+ M -
0 at turb — ] — 1
Polarization N€oclassical
Toroidal ©
[J. Abiteboul 2011] Viscosity

—1

d9d¢

M

fdvF{ acp}

oV

aNM

== M dominating > NmR|
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Radial profile of the LHS and
RHS of the conservation of L

plain:=V-My =Ty + T+ M
dashed: mRoa+VT

\\/\ /\/

—2 -

le—4
5y = 0.0 //\
4
/] \

Increasing 6,

0.2 0.4 1.0



GYSELA recovers neoclassical

— predictions

== Joroidal momentum with magnetic braking is conserved

== Neoclassical target velocity V,., In good agreement between GYSELA and NEO

== Neoclassical friction v, in good agreement between GYSELA and the theory

Neoclassical friction vs ripple amplitude and collisionality

100 6=0.005 100 6=0.01 109 6=0.03

; Theory
| GYSELA | |

10_]“5 10_]“5 10_]“5 *

S ] ] ]

1072 fr Y 1072 1072

1073 . . . 1073 . . . 10734 . : ‘
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

V. V. V.

2 9 [R. Varennes — Submitted to PPCF]
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Magnetic braking is induced by 3D
— magnetic perturbations

@ERfVVl

= Magnetic braking:

Resulting force coming from B inhomogeneity on particle magnetic moments u

v

Y

0B
Magnetic braking force expression: 7711 = —f d3v (,u % F)

3D magnetic perturbations in tokamaks - external, magnetic ripple

\

v

Constrains the particle trajectories - results in finite plasma toroidal velocity V.
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Cea Structure of the residual stress

s = ZkaQ | Tk
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