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Cea Outline

' Basics & critical issues of transport in tokamak plasmas
== lransport & confinement
== lransverse drifts & gyrokinetic framework

I Impact of large scale asymmetries on core impurity transport
== Poloidal asymmetries: experimental evidence & issues
== lurbulence-driven asymmetry... & anisotropy
== Impact on collisional impurity transport

Bl Impact of asymmetric boundary layer on edge turbulence
== Modelling the unconfined "Scrape-Off Layer"
== |he tail & the dog...
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C2a Fusion & confinement

I® Fusion viability (self-heating) —» Lawson criterion

N t=>F(T
i TE ()\ == Governed by reaction rate (cV)
l == Depends on temperature T only
o ~ D+T — “H
Energy = Minimal at T ~ 26 keV +1 — “He+n

. . 100
confinement time: |
. Energy Content

= Lost Power =
£

= 10}

. . — i
Il Magnetic confinement: Pu
=

= AIMm = maximizing t¢ (= 5 S)
= N, ~ 10°°m=3 constrained my

o T~ 26keV
macroscopic instabilities =

20 40 60 80 100 120 140
T [keV]
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I Tokamak
== Helical magnetic field lines on nested
toroidal surfaces y=cst

== Constantj, P on magnetic surfaces
(jxB=VP «> Geostrophic balance)

Poloidal
angle 6

Gyrating Plasma Particle

Mean helicity g
Helical Magnetic field

pr=p/a~2103<<1
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Cca Tokamaks: confinement & transport Irfm

I Tokamak
== Helical magnetic field lines on nested
toroidal surfaces y=cst

== Constantj, P on magnetic surfaces
(jxB=VP «> Geostrophic balance)

== INtrinsic in/out asymmetry B(r,0)cR!
— passing & trapped orbits

I 3 motion invariants + 3 periodic directions = confinement

= |f Sxisymmetry: P ==e{+mRv '
YIMMELY. v ® — Broken by Turbulence
= |f Steady'E and B flelds g - = Transport

- If COllSionless=H=E,/E.__ — Broken by Collisions
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C2a Particle trajectories: adiabatic limit frfm

Cé_‘t’ — ;L {E(x(1).1) + v x B(x(t). 1)}

a Adiabatic limit framework:
Magnetic field evolves slowly with respect to w,_; and ps

dilogB~v-ViegB < w, = L L 1L
t08 EESWe = o~ pp Y BR <

O Scale separation: gyro-average = average over fast time scale

(V:VG‘+{" <y>:%dﬁ‘o€y:0
{ B=Bo+B with . 27 B®
E=E;+E B/Bg <<1

0 Perturbation theory — Solving at leading ordersin| € = p./R < 1
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C2a Scale separation: gyro-motion + drifts &8

O Fast motion — cyclotron motion (B = B(Xg)): X ()
dv € ¢
dt m ¢ m?s : ’

a Slow motion — transverse drifts:

dve &
> = —{Eao+ve x Ba th B~ (p. -
1 - { G G G with B ~ (p, - V)B¢
Eqo = <e § >E Adiabatic invariant /1 = ¥

Gyro-average J(k, p.)
Projection on 1 plane:

B x V(¢)| [mvg)*+pB BxVDB

VGl + Ua
L BQ EB BQ C”
electric drift curvature & VB drifts
VE Vd
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Physics of Curvature & VB Drifts &m

2
_ mug - +pB Bx VB — Vertical charge separation

eB B2 (poloidal asymmetry)
~ P
L"““ R UTJ
lon electron
\Ipol
VB
P
(® Magnefi T e
magnetic field SHrce |

Q Return currents: parallel electron current (Pfirsch-Schliter)

polarization ion current
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C2a Physics of Electric Drift

vp = B XBVQ"(QD) — Turbulent transport
L‘UE ~ (kj_p@)% ‘UTJ

B ¢ analogous to stream function in
neutral fluid dynamics

I At leading order,
particles move at ¢=cst  (if 5,¢=0 & B=C*)

dix| =vEg

I

(yg ;z:) are canonically conjugated
for the Hamiltonian H = ¢/ B

—_ w A

/ (q Typical size o

i\l

thermal

.\" J\-\. -
1 o =" il
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C2a Turbulence: interchange instability IRfm

@ Pressure gradient + Field line curvature = instabilities = micro-turbulence
== |nterchange: instability if Vp.VB>0
== Fluctuations of E & B fields

Interchange Rayleigh-Bénard
P

VB
2] I fr LA XY
= /’7 I s
4 — : . 4 I//llcu"u.!'#’ / L

Thot > Tcold < Thot

d| stable unstable | stable

Tcold < Thot > Tcold

Pt R 7 4
- ‘"I/_"I /
At

Stable/unstable coupling through // current
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Cea Heat 1 transport = thermoconvection drfm

B Tokamak plasma turbulence Fluctuations of electric potential

_ GYSELA
== Ballooned: in/out asymmetry [Grandgirard CPC 2016]

== Anisotropic turbulence (quasi-2D):
KyaqR ~ Kk pj <1

= SMmall L scale: ps<<1 (Ao ~a p+)
Fluid analogue: Rossby Ro=U/Q L << 1

== llMe scale:
Voo ® 103 << @y, = 10° << @ ~ 108 571

Governs heat (& particle, momentum) transport
(effective diffusivity ~1m?/s)
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Ce2 Adequate framework: gyrokinetics &m

Core plasma weakly collisional (A,~10*m)
Trapped electron turbulence = Kinetic description mandatory

Fluid assumes long wavelength k, p. << 1 e |
[Littlejohn PoF 1981; Brizard-Hahm RMP 2007,

Tronko-Brizard PoP 2015]
I From 6D kinetics to 5D gyrokinetics via phase space reduction / "

’
L

== Particle —» Gyro-center .
- Vlasov f(x,v,,1,0.,t) = Gyrokinetic equation f5(Xg,VgsLt) N\
et of O
A% =C S
Br + (ve1L +ve)).VIi+ T (f) +
B Maxwell's egs involve PARTICLE density & current Ny L/.\D
== Requires non-trivial link between f & fg Guiding-center \ :.
== Quasi-neutrality n (x,t) = X Z, n,(x,t) ( +\0 ‘
/ d>v fae = / v J fai + Npol e ®

SN0 A=
?1eg3ﬂgvl<T) u
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CeZa Motivations: impurities

[Joffrin 2014]

@ Understanding / predicting / controlling

impurity transport
Dilution at low Z
== Radiation at large Z (tungsten)

= Synergy turbulent/collisional transport:
role of poloidal asymmetries?

20

[
2.0

1.0

Z (m)

0.0

-1.0

20 25 3.0
R (m)

CEA | Y. Sarazin | Page 13

10th Festival de Théorie, Aix-en-Provence, July 2019



C2a Motivations: impurities & edge

@ Understanding / predicting / controlling
impurity transport 10
== Dilution at low Z
== Radiation at large Z (tungsten)
= Synergy turbulent/collisional transport: 0.0
role of poloidal asymmetries?

[Joffrin 2014]

Z (m)

. . [Liewer '85, Ritz '89, Bravenec '92,
IY Large edge fluctuations in all tokamaks 70 65" paii 02, Duret ‘03, Cima ‘95, p| - Zweben 03

Mazzucato '96, Deng '98, Demers '01, Alcator C-mod
McKee '01, Zweben '02, Sabot '06]

w0 1 [Gerbaud '08] DII-D /
g BES - McKee 01//,
§ Tore Supra f}f .
— 1 | Reflectometry S — f/V
= -Clairet 06_ 8 _—  Tore Supra
o gt ~ Reflectometry
0.1 1 [ el -Sabot 06
0.01 e L S BT

0 01 02 03 04 05 06 0.7 0.8 09 1.0 1.1
normalised radius

(SRR C g~ -
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C2a Motivations: impurities & edge

@ Understanding / predicting / controlling
impurity transport
== Dilution at low Z
== Radiation at large Z (tungsten)

= Synergy turbulent/collisional transport:
role of poloidal asymmetries?

' Large edge fluctuations in all tokamaks
== Local gyrokinetic models falil...
... unless invoking large error bars
[Holland PoP 2011, Goerler PoP 2014, Waltz APS 2017]

= Role of asym. flows in unconfined region?

= Role of turbulence spreading core—edge

and/or SOL—edge?
[Mattor-Diamond PoP 1994, Garbet NF 1994]

10th Festival de Théorie, Aix-en-Provence, July 2019

1.0

Z (m)

0.0

[Joffrin 2014]

0.8+

0.2

o

level

Sn/n (%) (70-300 kHz)
(high «, low «)

® GYRO T

W Experiment l - .

0
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Cea Outline

I Impact of large scale asymmetries on core impurity transport
== Poloidal asymmetries: experimental evidence & issues
== lurbulence-driven asymmetry... & anisotropy
== Impact on collisional impurity transport
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Cea Asymmetries: experimental evidence  d&fm

B0 Faster edge poloidal rotation of turb. at outer equatorial plane than on top

Cannot be explained by B inhomogeneity v, ~ 0(¢) / B(r,0) Vermare, PoP 2018]
Doppler
-500 . . . . IS - 40000 -t=T7s 200 Poloidal view backscattering
+4-TOP reflectometry
-1000 -+ EQUA-O N 150}
~4-EQUA - X
-1500 1 — 100}
@ S
e -2000} 1€ 50l
s e
>8-2500 u . E ol
....... S 1E:
-3000 | | * |
3500 - Outer equatorial plane ] -
-100}
-4000 | | 1 1 1 H i "
0.4 0.5 0.6 0.7 0.8 0.9 1 200 300 400
r/a x(cm) [radial]

I Open issues:
== Po0ssible origin: turbulence-driven?
== |lmpact on impurity transport?
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C22 Asymmetry & impurity transport &m

I® Convective cells can lead to density asymmetry through adiabatic (Boltzmann)
response of trace impurities (charge Z):

Poloidal asymmetry

N, — <N2>?,L- |: el
xexp |—— & — (¢)p)
<Nz>’?ﬁ) Tz .
20 [Angioni—HeIanlder (2014)]
B Asymmetric density 5l )
= neoclassical prediction of ~ =R
impurity flux strongly @~ 107 x e 0015
modified Vv gl 5% | o £=0.063
A _ s £=0.111
Ratio of neoclassical impurity - _a" | v £=0.207
. . \4 N |« €=0.255
flux with & without Sy |
4 |

n, asymmetry M - : o
(nZ out_nZ in ) / (n Z 0ut+nZ in)
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Cea Convective Cells (CC)

B Convective cells: large scale (m=%1) axisymmetric (n=0) modes
of electric potential at intermediate to low frequencies (@ << wgay ~ C/R)

O = Z Omnexpl{i(md +np)} —— occ = dccolr,t) sin(f + fcc)

(I)” :0_q)()0

I® Possible origins of poloidal asymmetries
== Asymmetric heat sources
== B-field inhomogeneity: B ~ 1/R(r,0)
= At equilibrium — motion invariants
= In turbulent regime — transport

1-0.004

¥ Open issues:

(p \\\ ,,/l -0.008
- Amp“tUde? \j : / ~0.012
== Phase 0. (sin. vs cos)?
= Frequency? convective cells

(axisymmetric)
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Ce2a Drives & damping of convective cells  d&fm

B Turbulence — ZFs, GAMs & low freq. Convective Cells
(m=0,n=0) (0,0) (m=0+1,0) (m=%1,0)
I Conservation of Potential Vorticity ) = ¢ — (¢) — p?V?2 ¢ (at constant density n)

== Neglecting // dynamics and B-inhomogeneity
0 +vp.VQ=0 — 0O0(vpe) = (vE:Q) = =V, (VErUEe)

Zonal Flows PV flux Reynolds' force

[Taylor 1915,
Mclntyre "Festival book" 2013]

== JOkamak plasmas: // dynamics + vertical drift (B inhomogeneity)

(O + vV +vp.V)Q = —vg.VQ
Landau damping _ Turbulent nonlinear source
L compression
cos 0 89) — poloidal coupling

vp.V ~ vpg (bill!gt‘)r -+
r
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Ce2a Drives & damping of convective cells  d&fm

B Matrix form for (m,n)=(0+1,0) components of gyro-averaged potential /1 = e Jo

)

E. —iE. E; \(h-10 | (S10+ 1(So—1— Som1— Sop))

N, : .
Teq k. E, —1E, hoao | = ) —18" — 51 1 + 811+ 215,
S\Es 1B Eq ey S0+ 100 — S2-1 — 52
Linear operator Convective Cells Nonlinear source
(Time evol. + advection) & ZF terms (turbulence)
[Donnel PPCF 2019(a)]
Ey = <1 - j->v + 2L,(92) : ,
~ Symmetric Reynolds' stress
Eq = _LE(Q-):- Sj.M — f — D j[lzg y ng]MEQdf‘v
Q.0 + 20,

0>y,
Q.0 + 2073

L)) = '
~ Ballooned Reynolds' stress

I/l and v, dynamics
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C2a Phase dynamics of Convective Cells dfm

[Donnel PPCF 2019(a)] Phase Final state
of Convective Cells 0.012
100000} ' ' ' ' 1 0.009
In-out / \ 0.032 0.006
0.003
asymmetry/ 0.02 0.000
(|6|<200) 20000, — ! ~0.003
10.016 ~0.006
Reynolds stress { ~0.009
ballooning o [ GYSELA || 0.008 ~0.012
b . :
o simulation 10.000
£ \
XO ¢ 0.0100
8 0.0075
Up-down X 00050
asymmetry 00! | 0.0025
0=90°+20° - 0.0000
( ) o \ / ~0.0025
1 Compressibility / -
0O—=52 04 06 08 1O ~0.0075
Normalized radius r/a ~0.0100
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C22 Impurity transport weakly affected by CCfin

GYSELA simulation with Tungsten
Z%N,

D+W (Z=40), p.=1/190, trace limit (a = —~%~1077)
no torque injection, isotropic heat Source
B Poloidal asymmetry of n, ...
Parametrized by é & A:
n: — (n2) —dcosf+ Asind
(n.)
(n),—(n)o, | |
... Marginally due oil Ay N/ 4

to convective cells [V wilo CC

10th Fes



C2a Recovering neoclassical impur. Flux  d&fm

@ Convective Cells NOT sufficient to account for | Experimental flow asymmetry
GYSELA asymmetry of n,

I Generalization: same analysis for non-adiabatic part ¢ of f = (1 - ?) feq t9

Ot(edm0) — [VE-VG]m.0

(Ot + v V) gm0 + [VD-Vglmo =

= Poloidal asymmetry possible I, theoretical: Og(p» — P1z) & Jgp1-
even without Convective Cells icontributions essential e

B Governs asymmetric pressure
anisotropy (CGL pressure tensor)

== Effective contribution to impurity
flux (in ITER relevant low
collisionality regime)

== Consistent with GYSELA results

T, GYSELA

-2.0

-2.5

[Donnel PPCF 2019(b)]

0 rla
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Cea Outline

Bl Impact of asymmetric boundary layer on edge turbulence
== Modelling the unconfined "Scrape-Off Layer"
== |he tail & the dog...
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CQQ Modelling the SOL region in GYSELA

B SOL = Scrape-Off Layer:

@ngm

== Region where magnetic surfaces are open
== Field lines intercept the wall = parallel boundary condition governed
by different electron-ion mobility = ¢ =T, A/e (Bohm criterion)

poloidal
asymmetry

« poloidal :
« symmetry .

diffusive “buffer”

Immersed boundary

N,

10th Festival de Théorie, Aix-en-Provence, July 2019

0.05 E — jnit — fina:l

0.00———

0,
p=rja
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Cea E, well at separatrix

I lon orbit drift efficiently contribute Bottorn limiter Top limiter
to the establishment of E, well at o E e T E e R
separatrix:

dn

== E, strongly negative when
Vp; towards limiter

—

=}

mﬁ-
5
O
[
The opposite holds when v, = -5 _
. . U .
away from limiter D R
T O ﬂ l ) — —
[ F
) i T 251 avourable _|. Unfavourable a
Consistent with L-H power threshold E BxVB drift BxVB drift
lower (~3) in "favorable grad-B drift" 30 - — L — i
[ASDEX NF 1989; CarlstomPoP 1996; | | | | T tme
-35x
Labombard NF 2004; Meyer NF 2006] 088 092 096 100 10438 092 096 100 104

o Norm. radius p Norm. radius p
== 10p / bottom limiter: governs

poloidal asymmetry of fluctuations (caveat: still not at steady state)

10th Festival de Théorie, Aix-en-Provence, July 2019 CEA | Y. Sarazin | Page 27



CQ@ Recovering density fluctuation increase Jzfin

Highly resolved fast-swept reflectometry measurement of density fluctuation
profile in Tore Supra (#45511) [Clairet RSI 2011]
B¢ Mimic exp. conditions in simulation: | T.#T;, n,, 4, S, Vs, Spean 79% p*

Synthetic diagnostic 6=0+4°

[ synthetic 0=0x4° 1 T
pe = 1316 Experimental

GYSELA
SOL &
, mid-plane limiter
0=0 = 4°

RMS of dn/n [in %]

| | |

0.2 0.4 0.6 0.8
Normalised radius p
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Cea Core-edge-SOL interplay is key! drfm

B Inclusion of asymmetric SOL-like boundary condition is key:
No SOL < No fluctuation increase at the edge
] o [Mattor-Diamond PoP 1994,
— Beach effect** reveals insufficient Giircan NF 2013]

** Conservation of generalized vorticity QQ — beach effect
Long wavelength approx.: Q ~ nV 26 = V,2¢ T when n | (edge)

[ synthetic 6=0x4° I T
p.=1/316 Experimental

GYSELA
SOL &
limiter

RMS of dn/n [in %]

0.2 0.4 0.6 0.8
Normalised radius p CEA | Y. Sarazin | Page 29
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C22 Edge instability & turbulence spreading &fin

B Initially: weak / No turbulence at the edge

@ Then: instability develops at separatrix (Kelvin-Helmholtz in this case)
= Complex spreading pattern — mostly inward [Kadomtsev 1965; Garbet NF 1994;

Hahm PoP 2005]

Final state: edge & core turb. meet — spreading in & out

| | | |

instab. starts inside LCFS

— | junction edge & core
turbulences

- W SOL becomes

0.6 0.8
Normalised radius p 6=0°

1.0
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Cea Poloidal entrainment & spreading drfm

I Drift & limiter — poloidal asymmetry (+ K-H instability in certain regimes)
B Symmetric & asymmetric poloidal flows — advection of fluctuations
I Transport of turbulent intensity (~ fluctuation entropy) into marginally stable edge:

(i_ +) (n/]+V-T = Inj—Diss. [Mattor PRL 1994; Giircan NF 2013]
Ct Co

Radial flux of
turbulent intensity
['(r,0,t)-I'(r,0,t,)

red = outwards

blue = inwards
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Cea Conclusions

I Core confinement & performance — Gyrokinetic modelling
== Dominant drift wave instabilities

= Complemented by reduced models (large fluctuations & gradients; edge / SOL)

B Impurity contamination — Turbulence-driven asymmetries
== SoOurce = turbulent "Reynolds' stress" + ballooning or L flow compression
== Asymmetric flows are only part of the (not the whole) story

== (General theory for pressure asymmetry & anisotropy — consistent with
GYSELA impurity flux ++ likely important to predict ITER W transport

B Wall heat flux — SOL asymmetry (limiter configuration — simplified modelling)
== Critical to recover experimental increase of 6n/n at the edge

== Poloidal entrainment + inward/outward spreading are keys
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DE LA RECHERCHE & L'INDUSTRIE

cea

Back-up slides
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I Polarity (cos vs sin) of Convective Cells changes with time scale:

. 1.0 D10 - prso(Q2
= INntermediate freq. 0<Qp - iLUR i = —IK,p; o)

. Beq Beq (1 + T) o
= up-down (sin 6) asymmetry
Main drive = transverse compressibility of the flow

P1,0  P-1,0

== LOW freq. Q< QOpkp; 5 -5 = —-z'Iff p'f fhal 110
= in-out (cos 0) asymmetry o o o
Main drive = ballooned character of Reynolds' stress

[Donnel PPCF 2019(a)]

Bl GYSELA simulation: Polarity of Convective Cells changes from up-down
to in-out when turbulence develops
= Qualitatively consistent with theoretical predictions
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Cea Prediciting level of Convective Cells  d&fm

B Fourier decomposition: ¢ = Y _ &m.nexp{i(mf + nyg)}

Turbulence — ZFs, GAMs and low freq. Convective Cells
(m=0,n=0) (0,0) (m=0+1,0) (m=%1,0)

B® Assuming Lorentzian spectrum of turbulence (Ao = 0.1vH/R,)

— Generation of Convective Cells can be estimated [Donnel PPCF 2019(a)]
~ Modes (m=0,n=0) | | Modes (m=¢1,n=Q)

7 | @) Poloidal
6> | Convective

s Zonal Flows _Hz'z Cells

%%4% ° éoiig / oM

3 33 3 e
2I— 0.2I—
1 0.1
0 0.0

05 10 15 20 25 3.0 3.5 05 1.0 15 20 25 3.0 3.5
WRO/ Ui WRO/ Ui
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Turbulence also
found to generate

asymmetric pressure

anisotropy p,=p,

(i
than predicted by

neoclassical theory...

. which in turn drives additional transverse current:

BxVEB VxB
+ PR

. B x V}JL

p,) much larger

+ (p —pL) (

10th Festival de Théorie, Aix-en-Provence, July 2019

(p,, pL) cosine contribution

i |.| = *" ..E"_:.
-: 1 JI' F'.-._‘-._. ._"'I:
-y L -4
12+ R R -:'_7";- g ,,’:
'-4. B E g T T RIS
e e oy o S
~~ R W " -
e g I Tl e P
g 8 L
|_
> 1
v - - -
~ - '._
G Lh.--
4 e
M AL ]
ﬁjz .. . -..
O %.0 0.1 - 0. 0.3. - 0.4-. : 0.5 : 0.
0.0 0.2 0.4 0.6
K; ps

B3

)

Q/ (v1/qR)

Py -

p,) sine contribution
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CeABallooning ensured despite mean poloidal flowd{

Q 3D velocity of turbulent eddies:
= VT(t,7), vO(t, 1), vP(t,T)
= Computed by registration of 3D snapshots

Resulting .-~
velocity. v~

e L = 2 7,
(Minimizing [[|0;¢ + ¥.V¢| RdOdg)
= Parallel motion ensures balloonin - oo —p8
J | Parallel | E ﬁ
. dynamic '
- Turbulence angular velocities y Ballooning
2 3 recalll
vy
D————————————————————-——:-.—-.—-.— ____________________ "_'-_-\.,___.: _______________ _____a_'_________ ________ oSS B
L ~_ | — [Gillot (2019)]
_2 .
-4
_E .
—_— g
—qv¥ —
0.1 0.2 0.3 0.4 / 0.6 0.7 0.8 0.9
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