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Turbulence governs the confinement 0

Gradients Instabilities Turbulence = Confinement time t_ |

n, T
1 Elec. Potential

fluctuations ¢ [Lin 98]
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How does turbulence saturate?

@ Profile relaxation

@ Energy transfer towards dissipative scales

@ Structure generation
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(1) Turb. saturation via profile relaxation

Gradients

—>

Instabilities

Transport

* Turbulent flux of heat / particles —» T, = (A7)

 Local profile relaxation can produce avalanches
— ballistic events of transport

Average profile

steep gradients

Avalanche

Radial direction

[Diamond 95; Garbet 98;
Sarazin 98; Ghendrih 03;

Politzer 00]
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Turbulence

Tokam1D Avalanches
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Avalanches over large distance (L, >» ¥.) — degrade confinement
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(@ Turb. saturation via energy transfer /
{\I\/Iode coupling

Gradients | ——9p» | Instabilities | = | Turbulence

* Turbulent cascades — Local (in k) energy transfer [Kolmogorov 41; Kraichnan 71]
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(@ Turb. saturation via energy transfer

Gradients

—>

Instabilities

—>

{\I\/Iode coupling

Turbulence

NG
Mean flows /

\/

<— shear

* Turbulent cascades — Local (in k) energy transfer [Kolmogorov 41; Kraichnan 71]

 Sheared poloidal flow

= Stretching & decorrelation

OO G N

Radial direction

[Biglari 90, Manz 09]

e _ ,,0

: ExXB
Electric: vg = —- - ey

~ r/B

0

\‘ related to
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Time "

. . BXxV
Diamagnetic: v¢ £s

NeesB?

= Can lead to bifurcations (H-mode)

— transport barriers

[Wagner 82]

Er (V/cm)
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(3 Turb. saturation via structure generation
Mean flows

Mode coupling
£\  /

Gradients | —p» | Instabilities | = | Turbulence | <= shear

I[Z> Zonal flows (ZFs) [Hasegawa 79; Diamond 05]
« Constant on magnetic surfaces
« Excited nonlinearly by turbulence: Reynolds stress I1;,;
Electric: [y = (Vg Ugg) [Diamond 91]

Diamagnetic: I1, = (¥,, Ugg) [Smolyakov 00; Sarazin 21]
» Linearly stable: damped by collisional friction u

Zonal flows

Vzr = —(Ey)/B
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(3 Turb. saturation via structure generation

Gradients

IZ Zonal flows (ZFs)

—>

Instabilities

[Hasegawa 79; Diamond 095]

« Constant on magnetic surfaces

« Excited nonlinearly by turbulence: Reynolds stress I1;,;
Electric: 1y = (g, Ugg)
Diamagnetic: I1, = (7,, Tgg)

[Diamond 91]

—>

[Smolyakov 00; Sarazin 21]

» Linearly stable: damped by collisional friction u

0 1000  time

[Beyer 04]

Mode coupling
£\  /

Turbulence

AN

Shear turbulent eddies
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Elec. Potential fluctuations ¢ [Lin 98]

Mean flows

<— shear

A

Zonal flows

Vzr = —<Er)/B
+ Radial
structure

Staircases
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(3 Turb. saturation via structure generation

I Staircases: radially localized sheared flows & corrugated pressure gradient

« Set of microbarriers — expected beneficial for confinement

* Well-established in simulations: first principle & reduced models

@ e il

Gradient R/LT

Theory seminar PPPL | Olivier
Panico

E, shear & temperature gradient

| |
Gysela simulation
[Dif-Pradalier 10]

ExB shearing rate

80 100 120 140 160 180
Normalized radius r/p;

[Dif-Pradalier 10, 15, 17]
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N
(3 Turb. saturation via structure generation /

I Staircases: radially localized sheared flows & corrugated pressure gradient

« Set of microbarriers — expected beneficial for confinement
» Well-established in simulations: first principle & reduced models [Dif-Pradalier 10, 15, 17]

o Difficult direct experimental characterization in tokamaks [Hornung 16]

JET E, with staircases JET E;. without staircases

6l

- Shot 86470
“8 Three 200 ms sweeps 14
_1oit‘=1.2..2-1|2..85l._”_.__.__Hig R S S . B
090 0.92 094 096 098  1.00 3.78 3.80 3.82 3.84
\42 Major radius (m)
[Hillesheim 16] [Silva 21]
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Outline

Gradients

‘ Transport barrier |

Instabilities
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2

Mean flows

[\ Mode coupling v

Turbulence < @

Energy
sink

Generates

Avalanches @ Zonal flows

Staircases

Turb. Self organization

_________________________________________
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Outline

Instabilities

. Minimal model
[I. Nonlinear simulations

Turbulence

Energy

Generates sink

» Regimes leading to turbulence Avalanches <4 Zonal flows

self-organization?
= Avalanches — ZFs interplay?

Staircases

Turb. Self organization

____________________________________________________
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Outline

N\

characterization of
avalanches & staircases

Turbulence
l. Minimal model
: : : Generates

ll. Nonlinear simulations
= Regimes l_ead{ng to turbulence ' Avalanches
self-organization? 5 |
= Avalanches — ZFs interplay? | |
1. Experimental i _ i
; Staircases ;

Turb. Self organization

____________________________________________________
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|. Minimal model for turbulence self-organization

I Necessary features

« Several intrinsic instabilities relevant in edge plasmas [Scott 05; Bonanomi 19; Ghendrih 22]
* No scale separation — free evolution of profiles & fluctuations
« Self-generation of flows — both electric [1; & diamagnetic I1,

Collisional drift waves (CDW) Interchange
Plasma parallel conductivity Magnetic field curvature
Unstable due to phase shift between ~ Rayleigh-Benard
density & electric pot. fluctuations Unstable where Vp - VB > 0

[Hasegawa-Wakatani 83]

—)‘UE

) Vn | \ Density
erp. (y) Vg &« /) perturbation
@B ‘ —-\ Electric potential
Radial (x) wave
Parallel (z) | — Vg

_____________ )
Phase shift I/
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|. Minimal model for turbulence self-organization

IZ Fluid model with isothermal closure t = T; /T,

Electron conservation | Ohm'’s law
atn+vE‘Vn+nV‘vE+V‘(nv*e)—V” (ﬂ)=5n - enTe lni—@
: 4 MeVei : Ny Te

Charge conservation
Vit Vi Jpor + V=0
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|. Minimal model for turbulence self-organization

IZ Fluid model with isothermal closure t = T; /T,
Compressibility terms

Electron conservation Ohm'’s law
O +vg - Vn+aV vy + V- (nv,, )7, (]”) @ . enT, n o ep
{ h=—"Y ln__T_e

_ Me Ve Ny
Charge conservation Flux driven \
Vl 'j* + VL 'jpol + Vlljll =0
}

Polarisation current: Jjpyor =

Parallel conductivity o «< 1/v,;

enm;

TT Vin
‘eB? )

[0 + Vg - ](Vﬂl’ % n

o eory seminar ivier Panico
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|. Minimal model for turbulence self-organization

IZ Fluid model with isothermal closure t = T; /T,

Electron conservation Ohm'’s law
dn+vg -Vn+nV-v, +V-(nv,,)— \7”(]”) S, _enle ( n ed
I MoV, I ng T,

Charge conservation
Vit Vi Jpor + V=0

Dimensionless fields
> 3d model - density N = In7i & general vorticity Q = VZ(¢ + TN) 5 = e P
=T o

;N +{p,N}— G[p—N|=0cV}(N—¢)+DVEN+S, t=w;t  x=2/ps

0.0+ (A +0DGIN+V, i {pV i (p+TN)} =0 VZ(N— &) +vV2Q BDefinitions

e miTe

: | . el = m;  PsT B
Curvature operator Parallel conductivity
{¢p,N} = 0,00,N —8,¢d,N
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|. Minimal model for turbulence self-organization

I Reduction to 1D (x,t) by selecting single (k,, k) for fluctuations

N =Ngq+N « No turbulent cascades
e . = Mode coupling through
Fluctuations equilibrium fields interactions

Flux-surface avg € R

~

N = Npet ®yytkiz) 4 ¢ ¢

> Tokam1D [Panico JPP 2025 (a)]

0¢Neg = =04 T1rp + D 05Ny + Sy Turbulent flux: I, = —2 k[N ||¢|sinAg

| % |
Particle source Fluctuations  Density — electric potential
amplitude fluctuations cross phase
0Voq = —0xIlor + V05 Vg — UVeg Reynolds stress: I1,,, = Il + I,
/ SN
Electric Diamagnetic

Constant viscosity & . ~ .
friction coefficient g = —Zkyd(d)kax(f)k) I, = —ZkyJ(TNk 0xPr)
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|. Minimal model for turbulence self-organization

I Reduction to 1D (x,t) by selecting single (k,, k) for fluctuations

N =N +N = No turbulent cascades
e . | = Mode coupling through
Flux-surface avg € R Fluctuations equilibrium fields interactions

N = Npet ®yytkiz) 4 ¢ ¢

> Tokam1D [Panico JPP 2025 (a)]

atNeq — —axrturb +D aﬁNeq + SN atNk = ...+ lkyg(¢k — Nk) + C(¢k — Nk) + D Vka
0Voq = —0,Iior + V05 Vg — UV 0y = ...—iky,g (1 + )N+ C(pr — N) + vVEQ,
Interchange
Veq = OxPeq = —(Ey) Curvature parameter g = 22 o 2
q q P g =% Adiabatic param. C = (kyps)°o

Oy = (63 - kg?})(f.bk + TNy)
lon to electron temperature
ratiot =T; /T,
g /=5 Theory seminar PPPL | Olivier Panico 2025/02/20 18/50
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|. Minimal model for turbulence self-organization

7 Re
(

> To

Numerics

« Simulation on particle confinement time
(~ 2 days)

[ N,,dx
e
[ S, dx
» Resolve small turb. Scales:
= poldx <1
> . Neumann Initial N,
3.0+ A/‘<\
T Saturated Neq
> ~~\\\ \\\\
B >0
S amsd % TR Dirichlet
Q \ oo
.y Y, Source S|
N . %
O‘O_ 2 O -
) 20 40 60 80 100
X

12055‘1e7 : -Eq f_IOW Veq le—1

' N ;‘ sli‘.’ 3 : 5
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Characterization of the linear instabilities

* Linear analysis: dispersion relation at prescribed eq. parameters: d, N, = 1/100 ; D = v = 102
» Parameter dependencies: = Interchange —» g ~ T*/2/RB [Sarazin 98]

= Collisional drift waves — C ~ (kT 65/2)/713 [Hasegawa-Wakatani 83]

growth rate

Cross- phase

Adiabatic param. C Adiabatic param. C
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Characterization of the linear instabilities

* Linear analysis: dispersion relation at prescribed eq. parameters: d, N, = 1/100 ; D = v = 1072

« Parameter dependencies:

|
W

[Sarazin 98]

[Hasegawa-Wakatani 83]

Adiabatic param. C Adiabatic param. C

» [nterchange — large growth rate & cross-phase

= Stabilisation - compressibility (V - vy & V - (nv,) ) & adiabatic

@ %/ﬁp[{f) Theory seminar PPPL | Olivier Panico
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Outline

Instabilities

. Minimal model
[I. Nonlinear simulations

Turbulence

= Regimes leading to turbulence Avalanches ¢ P Zonal flows

self-organization?
= Avalanches — ZFs interplay?

4
4

4

Staircases

Turb. Self organization

____________________________________________________
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ll. Nonlinear simulations: explore # turbulence regimes

* Total of 120 simulations on confinement times Tp [Panico JPP 2025 (b)]
 Constant source & diffusion coefficients

- g~TY?/RB ~ 1073
» Typical values of parameters for TCV —

C~ (kK2T)'*)/nB ~ 10721073

e

Simulations parameter & statistical steady-state

gradient
Stabilisation at large g: i —> ¢ 1 W-0.75
ibili o " Interchange '
compressibility | 1 | B-0.00
@ -x O oon (8 memY [{1-1.05
o o - 3
= -—1.203<
T103LA 4 AAQ A DA | A A AL 9 L
c :: 1 |1-1.352 Stabilisation at large C:
© . _150 adiabatic regime
CDW
107“F0  © 000 © 0 000 \©_© &8¢ 03

03 | 1072 1071
g @Bf=5E Theory seminar PPPL | Olivier Panico Adiabatic C 2025/02/20 23/50
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Flux-driven formulation crucial to ZF generation

I» Turbulence flow partition:

Gradients

-

Turbulence
Eturb

3

Zonal flows

2
EVeq = |V€CI|

Drift waves only (g = 0)

Gradient driven [Panico 24]

=0.5

[Numata 07]

Flux driven

o .;..?-..9_,,_*_.-‘

[Guillon 24] L | 1.OpP——
il e
) | | ey q Il °-® . Z{ —2.0%
" 7 0.4~ T 707 =)
- E 0. 259
14 &2 o ¢ ? ~3.0
[ o 0.0re. 3
l : F:()] .;.... . | _35
3 4n-2 An-1 1073 1072 1071
107710 Adila%atic%l 10 Adiabatic C
C « — x — — ZFs degraded at high density No abrupt (.:ollapse Qf ZFs a.ctivity at low
Vei eq C in flux driven regime

2025/02/20
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ZF also generated in interchange dominated turb.

Zonal flows
> Turbulence flow partition: Gradients | = Turbulence $

2
EVeq = |V€CI|

E turb

CDW:-interchange turbulence
06 F—~—s——reere e —s

H : g =510"3

o

0.2

0.1

g =10T7%
] ib—3 2 M R S 1 ibl—z M 2 R S ib—l
Adiabatic C

0.0

Bk eory seminar ivier Panico
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ZF also generated in interchange dominated turb.

Zonal flows
> Turbulence flow partition: Gradients | = Turbulence $ 2
Eturb EVeq = |V€CI|

CDW:-interchange turbulence
06 F—~—s——reere e —s

Jod 2752

> = 2 regimes with large flows:
interchange & adiabatic

1 Interchange
| 0.3

0.2

01

g =107

--i-o_3 M M ----inol_z 2 2 ....i.o_l
Adiabatic C

0.0
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ZF also generated in interchange dominated turb.

I» Turbulence flow partition:

Gradients

CDW:-interchange turbulence

0.6 F——r———ers

-

Turbulence
Eturb

o
(9
T

g = 51073

o
(OV)
T

o
I
T

o
N
T

o
=
T

g =10T7%

1o

104

Adiabatic C

E /=5 Theory seminar PPPL | Olivier Panico

3

Zonal flows
2
EVeq = |V€Q|

A

Friction
u=10"*

In principle u < v,;

= 2 regimes with large flows:
interchange & adiabatic

= Large N, — low C & large u

atV:eq = —0xIltor + Vaagveq — Uleq

2025/02/20
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Both Il & I1, essential depending on turb. regime

IF 2 regimes of large total Reynolds stress: interchange & adiabatic

HtOt — HE ~+ l_[*
Total Reynolds stress
10-3: EmemE e nEe T e
§'=5/10"3
107
SWH 1074k -
=5 i | i I : o M 2
12 103 102 1071
Adiabatic C
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Both Il & I, essential depending on turb. regime

IF 2 regimes of large total Reynolds stress: interchange & adiabatic

N
HeTo ] .1 <% Ap + TyrpOx (log | |)

* Phase opposition at low C
* |In phase in adiabatic regime

[Mipr = g + 11, [, =1

« Iz > 11, ininterchange (|¢x| > INk|)

« I, in CDW (|Ng| > |¢i])

__Relative amplitude LCorrelationIlp — 11,

3o e —
g = 510 1.0 - 4
CDW g= 10-3 g = 5.10 8 ‘<
2.5 : 4 m g= 10—3
N g=10 0.5} e In phase:
g =10
1_*) 2.0F = nE
0.0
Ig £ @l //\(
i —0.5F
- f / Adiabatic Phase-opp:
o5p — 7 . Interchange LT T PR e 1
1073 1072 1071 10~3 1072 1071

Adiabatic param. C
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Turbulence regimes leading to self-organization

Zonal flows
Gradients | = Turbulence $ 2
Eturp EVeq = |Veq|
Avalanches Staircases
Interchange CDW Adiabatic
* Large flows » Low / intermediate flows * Large flows
* |llg| > [II,| & phase opposition| | « |1, | > ||  [I; ~ I, & in phase
* [l > |N| * |dr| > | Ng| * [@p| ~ [Nkl
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ZFs structure into staircase in interchange

« Shear — second saturation mechanism induced by ZFs

Radial Fourier transform of 1,

o ot — e e
-"% Radial _>v =103
S structure ’
o 102
©
=
3 10°
o
N z

102 -

o~ g=1e-03 —— g=3e-02
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ZFs structure into staircase in interchange

« Shear — second saturation mechanism induced by ZFs

350 = Fp S

=
o
=)

2.425F
3.610 . . 2.420F
§ 2 Radial Fourier transform of I,
36050 . 2.415F
3.600-."- 4 > 104 B v .' L A ) Y v T — I
; = Radial —» C = 10-3 2.410
~3.595F » 0 -
3 e structure 2.405¢
3.590F 8 102k i 1iat BE1E
3.585F — Larger 2'4000 100 200 300 400
S
(@]
(D)

1le6 _ = _ le-1
2425F o=
’

2420p & =%

. 2415

Vs \Sp

2.410 Kkxps

« Challenging for experiments

* Interchange — radially structured zonal flows — staircases

« (not shown) distance to threshold also matters - more flows energy
& radial structure

2.405

Splitting Merging
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Avalanches in interchange driven turb.

No avalanches
leb _ _ le—2
3.588
GE) 3.586
i: 3.584
3.582
358007100 200 300 400
X
>
Y
(b}
©
o
S
|_
190 195 200 205
X

Small g
1.50

© © o
N S [e)]
Coherence

o©
o
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valanches

Time

X

Double correlation length

le2

Time delay

Coherence
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Avalanches in interchange driven turb.

No avalanches

—4175 180 185 190

X

195 200 205

2 slopes for the radial correlation
function of density fluctuations:

« Short distance — eddie size ¢,

* Long distance — avalanche extent L,

@B-/=5F Theory seminar PPPL | Olivier Panico

Small g Avalanches Large g
1e T N LTS R _2 1 50
Signature for experiments
T T T T )
0 + g=3.0e-04
10 ! x g=1.0e-02
-
(e L
o
D 6x1071t
©
D
.
S 4x10? =1/e
O X0 O X e ]
= -
£ 3x 107 * gy,
++ & +
¥ +
+
++h¢
=% %K +
2x10 40 50
0.0 4175 180 185 190 195 200 205 0.0
X
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Complex interplay between turbulent flux & flows

Time

Turbulent flux changes the flow
topology
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Freezing the gradient - no staircases

I ‘Hard’ gradient driven (GD) restart:
« Smoothed at steady state
* Constant in time

Density profile before and after smoothing

—— Flux driven
—— Gradient driven | |

X

» Staircase structure lost
* Avalanches still present in GD
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Turbulence regimes leading to self-organization

Zonal flows
Gradients | = Turbulence $ 2

Eturp EVeq = |Veq|
Avalanches Staircases
Interchange CDW Adiabatic
* Large flows « Low / intermediate flows * Large flows
* |llg| > [II,| & phase opposition| | « |1, | > ||  [I; ~ I, & in phase
* [l > N * || > |Ng| * [@p| ~ [Nkl
 Radially structured ZFs * Large turbulence flux
- Avalanches reactivate ZFs disturbs ZFs structures
structures
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N
Turbulence regimes leading to self-organization C

Zonal flows
Gradients | = Turbulence $ 2

Eturp EVeq = |Veq|
Avalanches Staircases

N/

lll. Experimental investigation of
avalanches & staircases
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lll. Experimental investigation of avalanches & staircases
at TCV

I The Tokamak a Configuration Variable (TCV)
* Neutral beam heating (NBH) & Electron cyclotron heating (ECH)

L10 jL11

= Radial correlation measurements
with 2-channel Doppler
backscattering

] = Modification of edge turbulence with
NBH top view [Karpushov 23] ECH launchers [SPC wiki] NBH / ECH power

I>> Objectives
 Measure avalanches & staircases
 Different turbulence regime

I M Swiss
@ @Brf=5E Theory seminar PPPL | Olivier Pan Plasma “PEL 2025/02/20 39/50
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Doppler backscattering (DBS) — fluctuations & v,

I Measuring with a DBS

« Backscattered signal — Fourier transform of density

fluctuations |

E, x jne”‘l'rdr
V

« Wavenumber k; selected from angle w.r.t. cutoff
— Beamtracing code for spatial localization & k estimation

* Doppler shift Aw — fluctuations perpendicular velocity v,
Aw
E=vl=vE+v(psz

I At TCV

« Dual V-band X-mode — access p € [0.7 — 1]

* k, €[4-15]cm 1 ~[0.3—1.5] p;*

o B Swiss
@Brf=5E Theory seminar PPPL | Olivier Pan Plasma =PrL

Center

Backscattered

antenna
Reflected
C\l\Jt-Off layer
DBS principle
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Correlation found at both short & large scale

Hopping channel scans around a
reference channel

0.75- T
0.50

0.25

z[m]

0.00
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2-slopes (semi-log) on radial correlation when
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L,: avalanche extension
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Design of the experiments

e Constraints for correlation DBS

Significant statistics on density fluctuations

Probes from upper port

N
— L-mode

— Upper single null configuration

« Turbulence parameters (8 shots used / 30 performed):

@ @Brf=5E Theory seminar PPPL | Olivier Pan

ECH: 590 — 1180 kW
NBH: 140 — 500 kW

Electron temperature
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Large stiffness prevents exploration of turb. regimes

* Profiles analyzed with linear gyrokinetics (GENE) by A. Balestri
= Local, flux-tube, initial value solver — provides most unstable mode

* Dominant instability:
= driven by electrons — likely trapped electron modes (TEM)
= No significant effect of heating

10de=1 Growth rate NBI shots 0.50 : : FreqL'lency NBI sh?ts , .
#81069 ; NBH = 167kW
8t —4— #81065 ; NBH = 260kW || 0.25 -
—=— #81065 ; NBH = 355kW
—— #81069 ; NBH = 500kW 0.00
— bf =
5 3§ -0.25
1% U — h -
S 4F - —
> 3 ity SR STEN
A { —0.50 electron dir I
-0.75F E
Or -
0.00 025 050 075 1.00 1.25 1.50 1.75 —1.0060 025 050 0.75 1.00 1.25 1.50 1.75
kypi kypi
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g @Brf=5E Theory seminar PPPL | Olivier Pan Plasma “PFL 2025/02/20 43/50

Center



Spatial structure of turbulence

» Reliable short scale measurement - ¢, =~ 3+ 1 p,

NBH ECH
141 4 Eddie size ¢, | | ] ke | | | 4 Eddie size ¢.]
M 10 - M 10 -
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(I - |6 -
4_ ! ! ! ‘ * ! - 4_ ! ! ! -
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Spatial structure of turbulence

» Reliable short scale measurement - . =~ 3+ 1 p,
« Large variability for second slope — L, = 4 — 15 p,

NBH ECH
141 4 Eddie size ¢, | | ] S | | 4 Eddie size ¢
“M$ Av. length L, | ] r | | ¢ Av. length L]
M oL i _ | - M - | | | “al]
¢
E ] .
\ + |
6r ci) 7 6r PR .
A
2F s Aﬁ 4‘ A . ‘*/@ + :
(975 0.%30 0.£35 0.&) 1.60 (975 0..80 0.l85 0.‘190 0.l95 1.00

 Larger variability in NBH
- Density difficult to control Avalanches not always present
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Smaller structures in large shear regions (E,. well)

Perpendicular velocity

~500° ;|
+ |
I ECH cases: velocity & correlation in E,. well =750F . SRR 1~ S o i
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Smaller structures in large shear regions (E,. well)

Perpendicular velocity

~500f ;|
+ |
I ECH cases: velocity & correlation in E,. well L = v g %:;% 3 #1
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No corrugations in the perp. velocity profiles

« Perpendicular velocity with # heating schemes

g le3 . P?rpendicylar velocl:ity
= No corrugations in v, profile | H MH G i
[
/N N ;
Low amplitude Not stable over E el il R
~ 100ms = [Echssokw e i
X % o i i
Ay, it
« Link with turbulence regime? - OHmic
= Turb. driven by TEM 070 075 080 085
= VT, driven TEM not efficient in driving zonal flows
[Lang 08 ; Garbet AAPPS 24]
. M Swiss
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Conclusion

e Tokam1D: flux-driven model for turbulence self-organization
= Self-consistent generation of flows, avalanches & staircases

 Identification of regimes prone to turbulence self-organization
* |nterchange & adiabatic regime — energy stored in ZFs
* |nterchange — avalanches (¢, & L,) & structured flows (staircases)
» Avalanches — disturb ZF / reactivate staircases

» Experimental measurements of avalanches & staircases
= 2-channel DBS for turbulence correlation length & avalanches measurement
= Shear reduces size of turb. structures & avalanches

Panico O, Sarazin Y, Hennequin P, et al. On the importance of flux-driven turbulence regime to address tokamak plasma edge
dynamics. Journal of Plasma Physics. 2025;91(1):E26. doi:10.1017/S0022377824001624

Panico O, Sarazin Y, Hennequin P, et al. Generation of zonal flows and impact on transport in competing drift waves & interchange
turbulence (submitted to JPP)

Panico O, Indirect evidence of avalanche-like transport in TCV plasmas backed by 1D nonlinear simulations, EPS Salamnca 2024
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What reduced models offer to 1st principle codes & experlments’? EQ

« Guide to explore large landscapes of parameters
— Turbulence regimes (CDW/Interchange)
perspectives: temperature gradient modes, electromagnetism

* Informs on underlying physical mechanisms
— role of Reynolds stress, nonlinear interaction between avalanche & zonal flows
perspectives: role of force balance flows, SOL physics

 Experimental signatures
— Two slopes radial correlation
perspectives: explore # turb. regimes
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Backup slides
I Derivation of Tokam1D
« Radial electric field in the different versions of Tokam1D

Force balance flow
Scrape-off layer
Electromagnetic
Energetics
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Radial electric field in the different version of Tokam1D % E%

Tokam1D core Force balance Crossing the separatrix
6 1e'—2 . . . . : 6 1el—2 . ' . : 1eI—2 :
w/o force balance —o— (E/)= —Vgq w/ force balance 6r —o— (E/)= —Vgq 1.0
= 4H...... Xsep : 4H Xsep

5l —— mask sol 108
N A i 2 0.6 3
w o0 — T o ¥
L \IJ \‘\j\// . 0.4

_al _al {0.2

—6™% 50 100 150 260 _6'6 5 00 51;-,0 26(;0'0

Towards an electromagnetic
model
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Tokam1D - Force balance flow

Velocity relaxes towards force balance equilibrium [Chone 15]

0tVeq = ~Oxllior +V0LVeq — (Veq = Veg”
/ \

s 2 0.452fTVi0neq VFB
”(x)_(_) (14 1.03/Viiolteg +0.31V,i0mey) (1+0.66V,ionee€3/?) eq
. *i0'teq . *i0'teq . xi0'teq

[Gianakon 02] g le—2

—o— (E/) = —Vgq w/ force balance

(Er)
o

0 50 100 150 200
X

Density gradient — negative E,. in the core
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v %%
Tokam1D — Scrape-off layer A= Bspeain

iy . — 1.0
Transition from core to sol using a mask 3.0 ﬁi’l(p) 55
= Core: Force balance - E, < 0 2.5 psep Wi /0-8
-V, T I L o o
= SOL: sheath condition = E, x ——= > 0 ¢ 1063
=15k core wall 0428
But isothermal condition — we impose art/ficia/ V,. T, in SOL Lok 1 eor |
fi Jo.2
0.5 25
! . afd il 0.0
INeg = —Trurb — Mip1Cs1|1 + A — Peg| + D02 Neg + Sy 8o 02 04 06 08 1.0 1.
o)
Xmax
8,Veq — - axHRs-l- V()axzveq — M01Cs01 [/ |A— ¢eq|dxl+ T(Veq o 8xA) e
FB e or I_._ (Ef) = _IVeq 1.0
- (1 _%gol)u(Veq Veq ) 44 Xsep core los
atlvk — +iky(¢kaxNeq—Vequ) lgky(‘pk—Nk) +%solcsol¢k 2_+ maskesal »
'06 )
+(1 —//4,0,)C(¢k—Nk)+Dlvijk—DNLN,3N,j S o 3
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.C](j /
Tokam1D — Electromagnetic W &

3D model of equations

on+{¢,n} =gndy(¢ —Inn) + (Vo + Po{w, - }) Viw+S,

_ dQ+V {9, Vii(¢+7tlnn)} = —(1+17)gdyInn
« Magnetic flutter: slows down electron 1 ;
parallel dynamics +— (Vio+Bolw, - }) Viy

« Electron inertia (0 +{¢—Inn, - }) (ﬁow— %Viw) =Vo(¢ —Inn)+ 1oV v
« Magnetic induction: E, = =V,¢ + 9,V Growth rate Tokam1D-EM

Solving generalized Ohm'’s law:
parallel vector potential ¥ = —A,

~y ——
—e— g=0.1

Linear analysis: )
* B, stabilizes CDW instability |-#- 9=001;n,>0

=
9
=

=
9
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g
* [, destabilizes interchange £ |l Jneiae
. . . e E f e SRR
|deal EM-interchange instability at large f, S s e
k’\ :
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103

Cas 2 2 2 2 sl M Py | 1 2 2 s sl " M
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W e
Energetics W &

Multiplication of the model equations by (1 + )N and ¢ + N [Scott 97]
Total energy conservation Energy channels
df;m =Pe—Dg ENeq — (1 - T)Nz (Tngeq)2
Eveq=Vg,
1 2 2 2 2 2 *
Eor = /E,O,d"// :/5 {(1 +T)N?+ [V (¢ +TN)] }d”// Eturp = 2(1 4 T)|Ne|” + 2[0x | " + 2| TO:Ni |~ + 4TR(0x PNy, )

+ 2k [|0k]” + [TNK]” + 2T R ($Ny) ]
— 2k, [(9k:95) + TNLIG + THAN] + TN IeVy

D = / i d¥ +D(1+7) / (V. N2V +v / V2 (p+TN)]2d¥ | | ENeg-veg =2TVegNeq

Py =(1 +17)/NSNd”//

1e_4 ) T T T ];e_z
e EVeq
o : e
« Compressibility terms necessary to achieve total 3k i 15
energy conservation
 Predator-prey behaviour between flows & Ser 1-°L§
turbulence
ir 0.5
L 0 1 1 1 1 1 '00
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