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 Introduction: ETGs impact on electron heat transport;

« Experimental results at JET, AUG and TCV;

* Nonlinear ion-scale gyrokinetic simulations (GENE);

* Nonlinear multi-scale gyrokinetic simulations;

« Conclusions.
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ETG modes could be detrimental to fusion

\

M
)

e

7\

(] \‘\\\__/}))

performances in electron heated tokamaks \=*
""" New devices like ITER ———> dominant electron-heating ———> T, cannot exceed T, |

Fusion power o< T,L.2 T, limited: degradation of fusion performances.
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ETG modes could be detrimental to fusion =
performances in electron heated tokamaks

New devices like ITER =———> dominant electron-heating =———> T, cannot exceed T,
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Fusion power o< T,L.2 - T, limited: degradation of fusion performances.

Main limit to T, peaking: turbulent heat transport driven by drift waves:

- lon scales: Trapped Electron Modes (TEM): driven by ¥ In(T},) , V ln(ne)

- Electron scales: Electron Temperature Gradient (ETG) modes: driven by {/ ln(Te)
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Fusion power o< T,L.2 - T, limited: degradation of fusion performances.

Main limit to T, peaking: turbulent heat transport driven by drift waves:

- lon scales: Trapped Electron Modes (TEM): driven by ¥ In(T},) , V ln(ne)

- Electron scales: Electron Temperature Gradient (ETG) modes: driven by {/ ln(Te)

. Linear ETG threshold:
\ [F. Jenko et al. PoP 2001]

TR T\
: 1+ Zeg— |
i[LTe crit. : < ' ffTZ>i

R/Lr. = —RVT. -#/T,
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Fusion power o< T,L.2 - T, limited: degradation of fusion performances.

Main limit to T, peaking: turbulent heat transport driven by drift waves:

- lon scales: Trapped Electron Modes (TEM): driven by ¥ In(T},) , V ln(ne)

- Electron scales: Electron Temperature Gradient (ETG) modes: driven by {/ ln(Te)

. Linear ETG threshold: || From nonlinear physics:
\ [F. Jenko et al. PoP 2001] '

ETG destabilised when

R T lon-scale modes ™~ stable
[ X <1 1 Zeff—e> i1 | (reduced nonlinear ZF
Lre crit i) damping of ETGs)

| ' [Howard N.T. et al. NF 2016,
:R/LTe = —RVTG . T/Tei E Maeyama S. and Idomura PRL
| ' 2015, Bonanomi et al. NF 2018]
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ETG modes could be detrimental to fusion =
performances in electron heated tokamaks

New devices like ITER =———> dominant electron-heating =———> T, cannot exceed T,
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Fusion power o< T,L.2 - T, limited: degradation of fusion performances.

Main limit to T, peaking: turbulent heat transport driven by drift waves:

- lon scales: Trapped Electron Modes (TEM): driven by ¥ In(T},) , V ln(ne)

- Electron scales: Electron Temperature Gradient (ETG) modes: driven by {/ ln(Te)

" Linear ETG threshold: '\ From nonlinear physics: More likely to observe ETGs when:
| [F. Jenko et al. PoP 2001] X | .

ETG destabilised when !
| proper balance of:

| ' | lon-scale modes ~ stable

| R Te\ i .

! x 1+ Z.g— | | (reduced nonlinear ZF | o _

| L it T, damping of ETGs) i| - electron heating (increasing R/Lte);

| Har ) / ‘| - ion heating (increasing Ti/Te and

I ' Howard N.T. et al. NF 2016, i . e e

‘R/Lre = —RVT.-7#/Ts|  Maeyamas.andidomurapi. || Sometimes stabilising ion scales by Fl

: ' 2015, Bonanomi et al. NF 2018] i and ExB shearing < ICH and NBI);
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ETG induce electron temperature stiffness
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Heat transport:

4 Fixed radial position:

R/Ly
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ETG induce electron temperature stiffness
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Heat transport:

4 Fixed radial position:
Heat flux in
gyro-Bohm
units:

8
>

e? R? B3

Ry
JmaneTe 0 >
R/Ly

q9B = q
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ETG induce electron temperature stiffness

Heat flux in
gyro-Bohm
units:

e? R? B3

q9B = q

\ /Tm-??,eTe5/2

JET
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Heat transport:

4 Fixed radial position:

residual

R/Ly
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ETG induce electron temperature stiffness
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Heat transport:

4 Fixed radial position:
Heat flux in
gyro-Bohm
units:

aa
— D)
S

e? R? B3
\ /Tm-??,eTe5/2

q9B = q

Threshold
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ETG induce electron temperature stiffness
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Heat transport:

4 Fixed radial position:

Heat flux in Q
gyro-Bohm el % Temperature profile stiffness:
units:
slope of the turbulent branch
2 P2 P2
e’ R* B
q9B =q

\ /mi??,eTf/2

Threshold
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ETG induce electron temperature stiffness

V=
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Heat transport:

4 Low stiffness
Heat flux in

. g .................... Temperature profile stiffness:

gyro-Bohm
units:

A slope of the turbulent branch
2 P2 P2
qgB = q—= 50 residual_,
L >

5/2
Jmgnede 0

Threshold
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ETG induce electron temperature stiffness
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Heat transport:

) High stiffness

Heat flux in Q] e
gyro-Bohm el % """ Temperature profile stiffness:
units:
slope of the turbulent branch
2 2 2
e’ R* B
q9B = q 572 i
vmin. T, 0 | >
: R/Lt

Threshold
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ETG induce electron temperature stiffness

e
{
=

Heat transport:

0 High stiffness

Heat flux in Q] e
gyro-Bohm e % """ Temperature profile stiffness:
units:
slope of the turbulent branch
2 2 2
e’ R* B
q9B = q 572 i
vmin. T, 0 | >
: R/Lr

Threshold

ETGs —> stiff Te profile == Te peaking has an upper limit due to ETGs
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ETG induce electron temperature stiffness

e
{
=

Heat transport:

) High stiffness

Heat flux in Q] e
gyro-Bohm el % """ Temperature profile stiffness:
units:
slope of the turbulent branch
2 2 2
e’ R* B
q9B = q 572 i
vmin. T, 0 | >
: R/Lt

Threshold

ETGs —> stiff Te profile =—=> Te peaking has an upper limit due to ETGs

————> very important: study ETG physics —»
suppress them in tokamaks with dominant electron heating
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ETGs: experiments and numerical simulations

Experiments:

Two independent methods
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—> reconstruct gegs vs R/Lte :
evaluate: slope (detect ETGs)
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perturbation

Heat flux scan: change proportion of heating power (two radii): two gegs vs R/Lte points;

Perturbative analysis: modulate heating power at one radius —» heat wave: local stiffness;

JET
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ETGs: experiments and numerical simulations

Experiments:

Two independent methods
—> reconstruct gegs vs R/Lte :
evaluate: slope (detect ETGs)

Simulations:

Girokinetic simulations
(micro-turbulence, scales:
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perturbation

GENE

PoP 2000]

[Jenko F. etal.

(from http://genecode.org)
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Multi-machine investigation of ETGs

(//‘

EUROfusion and ITPA Transport & Confinement group:

Extensive effort: analyse data produced by different tokamaks
investigating ETG contribution to the heat transport:

comparing: experiments «————>» numerical simulations
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EUROfusion and ITPA Transport & Confinement group:

Extensive effort: analyse data produced by different tokamaks
investigating ETG contribution to the heat transport:

comparing: experiments numerical simulations

Here: comparison of dedicated pulses from the following tokamaks:

- TCV: Swiss Plasma Center (SPC)-EPFL, Lausanne, Switzerland
- AUG: Max-Planck-Institut far Plasmaphysik (IPP), Garching, Germany

- JET: Culham, United Kingdom
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Multi-machine investigation of ETGs

e
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EUROfusion and ITPA Transport & Confinement group:

Extensive effort: analyse data produced by different tokamaks
investigating ETG contribution to the heat transport:

comparing: experiments «————>» numerical simulations

Here: comparison of dedicated pulses from the following tokamaks:

- TCV: Swiss Plasma Center (SPC)-EPFL, Lausanne, Switzerland
- AUG: Max-Planck-Institut far Plasmaphysik (IPP), Garching, Germany

- JET: Culham, United Kingdom

Analysis: same radial position: ptor=0.5:
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Experiments at TCV, AUG and JET

TCV

[Mariani A. et al.,
NF (2019)]

JET
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Experiments at TCV, AUG and JET )
- L-modes, Bo=141T,Ip=170k4; |
. - Heat flux scan: vary ECH power (~0.4 - 0.7 MW) deposition
i on- vs off-axis; |
TCV < - - e .
| Perturbative analysis: ECH steady and modulated;
[Mariani A. et a|.:\\ . - Each pulse: different phases with different proportion of
NF (2019)] NBI(~1 MW) /ECH power to vary Te/Ti.

____________________________________________________________________________________________
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Experiments at TCV, AUG and JET )
- L-modes, Bo=141T,Ip=170k4; |
. - Heat flux scan: vary ECH power (~0.4 - 0.7 MW) deposition
i on- vs off-axis; |
TCV < - - e .
| Perturbative analysis: ECH steady and modulated;
[Mariani A. et a|.:\\ . - Each pulse: different phases with different proportion of
NF (2019)] NBI(~1 MW) /ECH power to vary Te/Ti.

____________________________________________________________________________________________

AUG

[Ryter F. et al.,
NF (2019)]
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Experiments at TCV, AUG and JET
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[Ryter F. et al., IR
NF (2019)]
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' - L-modes, Bo=1.41T, Ip =170 kA; ,
- Heat flux scan: vary ECH power (~0.4 - 0.7 MIW) deposition
| on- vs off-axis; '
. - Perturbative analysis: ECH steady and modulated;

. - Each pulse: different phases with different proportion of
| NBI(~1 MW) /ECH power to vary Te/T..

____________________________________________________________________________________________

5

' - H-modes, Bo=2.6T, Ip=0.8 M4;
. - Heat flux scan: vary ECH power (~2.5 MW) deposition;

- Perturbative analysis: ECH steady and modulated;
' - NBI(~5 MW) to have Te~T..

____________________________________________________________________________________________
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Experiments at TCV, AUG and JET )
1 - L-modes, Bo=1.41 T, Ip = 170 kA; ,
- Heat flux scan: vary ECH power (~0.4 - 0.7 MIW) deposition
-7 . on-vs off-axis; |
TCV - Perturbative analysis: ECH steady and modulated;
[Mariani A. et a| . - Each pulse: different phases with different proportion of
NF (2019)] NBI(~1 MW) /ECH power to vary Te/Ti.
-7 1 - H-modes, Bo=2.6T, Ir=0.8 M4;
AUG < ' - Heat flux scan: vary ECH power (~2.5 MW) deposition;
. - Perturbative analysis: ECH steady and modulated,;
[Ryter F.etal, - ! _ NBI(~5 MW) to have Te~T..
NF (2019)] R

Very recent
experiments (2020)

N

JET

[Mantica P. et al.,
To be submitted]
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-7 1 - L-modes, Bo=1.41T, Ip=170 kA; |
- Heat flux scan: vary ECH power (~0.4 - 0.7 MIW) deposition
| on- vs off-axis; |
. - Perturbative analysis: ECH steady and modulated;

. - Each pulse: different phases with different proportion of
NBI(~1 MW) /ECH power to vary Te/T..

____________________________________________________________________________________________

5

" ! - H-modes, Bo=2.6T, Ip=0.8 M4;
. - Heat flux scan: vary ECH power (~2.5 MW) deposition;

- Perturbative analysis: ECH steady and modulated;
~«. 1 - NBI(~5 MW) to have Te~T..

____________________________________________________________________________________________

" 1 - L-modesand H-modes, Bo=3.3T, Ip =2 MA;
' - Heat flux scan: vary ICH power (<6 MW, H minority to
mainly heat electrons) deposition;
.- ICH only steady (no perturbative analysis);
e b- NBI(<20 MW) to have a Te/Ti range.

____________________________________________________________________________________________

Alberto Mariani | 28th IAEA Fusion Energy Conference (FEC 2020), 10-15 May 2021 | Page 6



Experimental results: electron heat flux scans
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TCV

* ECH only, mixed NBI-ECH
(Te~Ti), and NBI only cases:

e ECH modulation: mixed
NBI-ECH with ECH on-axis

90

O NBI (Te/Ti~‘1 2) | TCV

80 | o NBI+ECH on-axis (Te/Ti~1)
o ECH on-axis (Te/Ti~3)
A NBI+ECH off-axis (T/T~1)
A ECH off-axis (Te/Ti~3)

701

60

59113
50 F

e,gB

T 40r

30+ 59111 ) J/ 59113
59113 i
D
20+

)| S e
59112] modulation |

=0.5

p tor

RiL,,

Adapted from [Mariani A. et al., NF (2019)]
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Experimental results: electron heat flux scans

TCV AUG

* ECH only, mixed NBI-ECH e All experimental cases

(Te~Ti), and NBI only cases: (Te~Ti);
* ECH modulation: mixed * ECH modulation: highest

NBI-ECH with ECH on-axis Oe,gB point
90 i i 90 , .

O NBI(T /T ~1.2) TCV T /T ~1 AUG
80 | o NBI+ECH on-axis (T /T,~1) 80

o ECH on-axis (Te/Ti~3)
707 A NBI+ECH off-axis (T /T,~1) ] 70"
60 A ECH off-axis (Te/Ti~3) 1 6ol

59113
@ %0f 1 m 50 /
° w0l | ] ol } '3150?
30t 59111 ) A/ 59113 1 30T F
59113
20 V/ 1 20
,—%—1 . RF }_é_q

101 59112.] modulation 10+ |_§_|

ptor=0'5 ptor=0'5

0 : 0 .
0 5 10 15 0 5 10 15
R/LTe R/LTe

Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted]
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Experimental results: electron heat flux scans

90

80 [

701

60

50

e,gB
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Adapted from [Mariani A. et al., NF (2019)]

TCV

ECH only, mixed NBI-ECH
(Te~Ti), and NBI only cases:

ECH modulation: mixed
NBI-ECH with ECH on-axis

401

O NBI(T/T,~1.2) TCV
o NBI+ECH on-axis (Te/Ti~1)
o ECH on-axis (Te/Ti~3)
A NBI+ECH off-axis (T /T,~1)
A ECH off-axis (Te/Ti~3)
59113
59111 _ i 59113
50113 [
+, /* -_RF
59112] modulation |
ptor=0'5 ‘ ‘
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JET
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Te

AUG

All experimental cases

(Te~Ti);

ECH modulation: highest

Oe,gB point
Te/Ti~1 AUG
l /31506
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i
ptor=0'5
5 10
R/L
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[Bonanomi N. et al., to be submitted]
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All experimental cases

No RF modulation;
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[Mantica. P. et al., to be submitted]
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Experimental results: electron heat flux scans

90 "
O NBI(T/T~1.2) TCV
80 | o NBI+ECH on-axis (Te/Ti~1)
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Adapted from [Mariani A. et al., NF (2019)]

Steady state: TEM-compatible
moderate stiffness;

JET
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[Bonanomi N. et al., to be submitted]
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[Mantica. P. et al., to be submitted]
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Experimental results: electron heat flux scans
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A ECH off-axis (Te/Ti~3)
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Adapted from [Mayilani A. et al., NF (2019)]
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Steady state: TEM-compatible
moderate stiffness;

ECH modulation: ETG-like stiffness
for mixed NBI-ECH case (Te™~Ti).
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Experimental results: electron heat flux scans ()
" ‘ | TCV o -
O NBI (T /T ~1.2)
80 o NBIECH on-axis (T /T ~1) ol ® T/ JETi
o ECH on-axis (T /T ~3) B TMT~13 95457‘
7071 A NBI+ECH off-axis (T/T~1) v T8
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o 50F o
o o
[} [ o
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10l 59112 modulation |
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0 tor ‘ 0 pt0r=0'5 ‘ S
0 5 10 15 0 5 0 5
RiL,, RIL_
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] [Mantica. P. et al., to be submitted]
Steady state: TEM-compatible e Steady state: TEM-compatible
moderate stiffness; moderate stiffness;

ECH modulation: ETG-like stiffness
for mixed NBI-ECH case (Te™~Ti).
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Experimental results: electron heat flux scans
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Adapted from [Mariani A. et al., NF (2019)]

Steady state: TEM-compatible .

moderate stiffness;

ECH modulation: ETG-like stiffness -
for mixed NBI-ECH case (Te™~Ti).
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1 10 15
Rllg,

[Bonanomi N. et al., to be submitted]
1

1
1

Steady state: TEM-compatible
moderate stiffness;

ECH modulation: ETG-compatible

stiffness for the largest ge,gB point.
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[Mantica. P. et al., to be submitted]
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Experimental results: electron heat flux scans
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R/LTe

90

80
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qe,gB

30
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10 ¢

Adapted from [Mariani A. et al., NF (2019)]

Steady state: TEM-compatible
moderate stiffness;

ECH modulation: ETG-like stiffness -
for mixed NBI-ECH case (Te™~Ti).
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7 Te

[Bonanomi N. et al., to be submitted] [Mantica. P. et al., to be submitted]

Steady state: TEM-compatible e Only steady state: TEM-
moderate stiffness; compatible

ECH modulation: ETG-compatible
stiffness for the largest ge,gB point.
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o ECH on-axis (Te/Ti~3)
7071 A NBI+ECH off-axis (T/T~1) 701
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10 - 50112] modulation | 10k
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0 : : 0
0 5 10 15
R/LTe
Adapted from [Mariani A. et al., NF (2019)]
e Steady state: TEM-compatible .

Experimental results: electron heat flux scans

90

moderate stiffness;

ECH modulation: ETG-like stiffness -
for mixed NBI-ECH case (Te™~Ti).

JET

/31506
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F—i—li
4

=0.5

Pror

AUG

R/ LTe

10

15

[Bonanomi N. et al., to be submitted]

Steady state: TEM-compatible

moderate stiffness;

ECH modulation: ETG-compatible

stiffness for the largest ge,gB point.
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[Mantica. P. et al., to be submitted]

e Only steady state: TEM-

compatible except for
highest ge,g8 points with
Te~Ti (ETG wall?).
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Experimental results: electron heat flux scans ()
" ‘ | TCV ” | | o S
O NBI(T/T~1.2) T T
80| o NBLECH on-axis (T /T,~1) 80 AUG ol o1 JETi
o ECH on-axis (T /T ~3) . TS 95457
707 A NBI+ECH off-axis (T /T,~1) 1 707 v T/T-08
60 A ECH off-axis (Te/Ti~3) ] ool o0
59113 /
o 50F 1 Q 50
° 40 1 ° 40" : '3150? | ) 4o
k o | 1
30 59111 _ 4 59113 ] 30 1 I
—+* 59113]
20 ¢ % T ! 1 20} ﬁ ] 00 | |
10 - 50112] / \ rlz;'c:)dulation . 10k —— ] I
por=0'5 p0r=0.5 ~
Oo t 5 10 15 0o t 5 10 15 Ooptor-0-5 é : 1‘0 s
RIL,, RIL, RIL__
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] [Mantica. P. et al., to be submitted]
e Steady state: TEM-compatible e Steady state: TEM-compatible e Only steady state: TEM-
moderate stiffness; moderate stiffness; compatible except for
highest ge,g8 points with
* ECH modulation: ETG-like stiffness * ECH modulation: ETG-compatible Te™Ti (ETG wall?).
for mixed NBI-ECH case (Te™~Ti). stiffness for the largest qge,g8 point.

_______________________________________________________________________________________________________________________________________
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Gyrokinetic simulations (GENE)

Flux-tube (radially local) version of GENE;
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Gyrokinetic simulations (GENE)

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);
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Gyrokinetic simulations (GENE)

7
(/

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);

Collisions;
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Gyrokinetic simulations (GENE)

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);

Collisions;

Finite-Pe (electromagnetic) effects;
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Gyrokinetic simulations (GENE)

e
{
=

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);

Collisions;
Finite-Pe (electromagnetic) effects;

Impurities: considered for TCV and JET; neglected for AUG for consistency with the multi-
scale (Zefi=1 for lack of computational resources);
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Gyrokinetic simulations (GENE)

Ve
(11
A\

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);

Collisions;
Finite-Pe (electromagnetic) effects;

Impurities: considered for TCV and JET; neglected for AUG for consistency with the multi-
scale (Zefi=1 for lack of computational resources);

Fast ions (Fl): considered for TCV, neglected for AUG and JET (much lower Fl density
fraction);
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Gyrokinetic simulations (GENE)

Ve
(11
A\

Flux-tube (radially local) version of GENE;

Realistic geometries: magnetic equilibria from CHEASE [Lutjens H. et al., Comput. Phys. Commun. (1999)]
(TCV) and EFIT [Brix M. et al., Rev. Sci. Instrum. 79 (2008)] (AUG, JET);

Collisions;
Finite-Pe (electromagnetic) effects;

Impurities: considered for TCV and JET; neglected for AUG for consistency with the multi-
scale (Zefi=1 for lack of computational resources);

Fast ions (Fl): considered for TCV, neglected for AUG and JET (much lower Fl density
fraction);

ExB shearing: considered for TCV; neglected for AUG and JET (much smaller values).
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Nonlinear ion-scale gyrokinetic simulations {

TCV

GENE (diamonds)
compared with exp. points

and ECH modulation

90

80

GENE

| (stars)

ion-scale

TCV

(T/T~3)

59113 (T ~T))

15

\
> ;\‘\\
p)

—

Ve
{
\

/7,
(\\

Adapted from [Mariani A. et al., NF (2019)]
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Nonlinear ion-scale gyrokinetic simulations

TCV AUG

* GENE (diamonds)  Same as TCV, but also
compared with exp. points looking at the ion channel;
and ECH modulation

B | ~ [rev O o— ~ [AuG
ion-scale — 010 31506
07 (stars) ¢ ’ 00 $ "+“
20
60 601
(TJT,~3) 0o ¢
o 501 1 o 50 - 0 R/?_ 10
° 40 - a0l i ) 31506
30 ‘ 59113 (T,~T) 1 30t Exp. F |
(T~T) < GENE
20 1 o0l ion-scale |
—%\— ' (Zeft=1)
101 — . 10k ¢ 1
0 Pror="" ‘ ¢ ’ ‘ . ptor=0.5 | |
0 5 10 15 0 5 10 15
RL;, RIL,,
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted]
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Nonlinear ion-scale gyrokinetic simulations (@)

TCV AUG JET

* GENE (diamonds) * Same as TCV, but also e Similar, but the sensitivity
compared with exp. points looking at the ion channel; to R/Lti and R/Lne is tested
and ECH modulation (colored markers);

) | eV o ~ [AuG " - [ET
80 GENE 80| U 80 ZZ B 95457 A .
ion-scale 40 31506 gt :
\ S g% b P}
70 (Stars) ‘ 1 70 & ‘ + b 70 & 40 a1 ]
20 30 -
60 60 1 60| = * —
L 50 Lo o500 0 5 10 ¢ ] @50 o = 4 e 2 |W
O'g o‘g Al /31506 S ®
40 40+ b i . o 40 L W
30 ¢ 59113 (T~T)) 30| Exp. ! ] 30 Exp. | ! [GENE: 1
(T~T) <—— GENE (Te™T;) | w |RLp=48
20 ] o0l ion-scale | o0 % _ RIL,, =577 ||
._,%— ¢ (Zeff=1) %; ‘ R/L,, =5.77
10 h 10 '_H 4 10 R/L” + 40%
=0.5 [
. Pior=0 | . Q ‘ . P1or=0-5 | | . m R, =6
5 10 15 !
’ RIL,, 0 > oL 15 0 5 10 15
Te R/LTe
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]
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Nonlinear ion-scale gyrokinetic simulations (@)

90 : : 90 ‘ : 90 = ‘
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TCV AUG % R JET
g0 GENE 80F 80 » : 95457 A .
ion-scale — o0 31506 L~
01 (stars) ¢ 1 70 2 s + ] 70 £° |
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60 | 1 60| ] 60+ = i
(T /T ~3) ¢ . N
o 50 2 b o 50 00 5 10 / | ctln') 50 o 2 H/4L 6 8
2 > RILy, > m
o a0 S 40l b 31506 | < a0t ‘
r 1 ‘ ‘v
30 4 59113 (T~T) 30l Exp. ' | 30| Exp. ‘  |GENE: |
(T~ T < GENE (T™T) v |RLp=48

20 ] a0l ion-scale | o0 | + RIL, =577

.—%— i (Zeff=1) ;f RIL, =5.77
10, 1 10 —— 1 10 © R/L:+40% ]

p, =05 [ _ -
o Ltor ‘ . 0 ) ptor—O.S | | P =0.5 | R, =6
0 5 10 15 0 5 10 15 0
Te FI/L.r
© R/L
Te
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]
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Nonlinear ion-scale gyrokinetic simulations

90 Tov 90
s GENE 8ol
ion-scale — -
701 (stars) ¢ 70¢
6or 59113 60r
(T/T~3)
o 50F m 50F
> o
() ()

T 40 o 4ol
30| ¢ 99113 (T ~T)) | 30|
20+ - / 20+
10} T 10k

0 ptor=0'5 S ’
0 5 10 15 0
R/L

Adapted from [Mariani A. et al., NF (2019)]

* ECH only: flux levels and
stiffness explained by ion-

scales;
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[Bonanomi N. et al., to be submitted]
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Adapted from [Mantica P. et al., to be submitted]
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Nonlinear ion-scale gyrokinetic simulations

sol GENE TCV
ion-scale
701 (stars) ¢

60 -
59113
5 (T/T~3)

o 1/
- 1

59113 (T )
e 1

0 ‘ “a 15
Adapted from [Mariani A. et al., NF (2019)]

* ECH only: flux levels and
stiffness explained by ion-
scales;

* Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness
are under-estimated.
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[Bonanomi N. et al., to be submitted]
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Adapted from [Mantica P. et al., to be submitted]
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Nonlinear ion-scale gyrokinetic simulations )
gy ()
o — A 90 [ T
sor GENE ¢ 80r ALG 80 : . 95457
ion-scale 510 31506 4% mrqls A ¢
70 (stars) L4 701 2 o >—+—< 7012, Lr 1
2 30 .
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10 ‘
_sof (T/T~3) sl % : | / ¢ 250 % o+ i oo *
2 b RiLy / e h
T 40  40f b 3150}5 o 40 v
30 ¢ 59113 (T~T)) 30t Exp. ? 30 Exp. ; /.. |GENE:
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20} o0l ion-scale | o0 | + RIL, =577 |
.l ._,%_ $ (Zeff=1) ;f RIL,, = 5.7/7
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Rl RIL, -
Te

Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]

* First: gi is matched

 ECH only: flux levels and ’
varying R/Lmi,

stiffness explained by ion-
scales;

* Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness
are under-estimated.
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Nonlinear ion-scale gyrokinetic simulations (@)
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Adapted from [Mariani A. et al., NF (2019)] Adapted from [Mantica P. et al., to be submitted]

[Bonanomi N. et al., to be submitted]
* First: gi is matched

varying R/Lri, then: two
runs varying R/Lre;

ECH only: flux levels and
stiffness explained by ion-

scales;

Mixed NBI-ECH: ion-scales

stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness

are under-estimated.
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RIL S RIL 0 5 10 15
Te 1 Te
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Te
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]

* First: gi is matched
varying R/Lri, then: two
runs varying R/Lre;

* ECH only: flux levels and
stiffness explained by ion-
scales;

* GENE slightly
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.

* Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness
are under-estimated.
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Nonlinear ion-scale gyrokinetic simulations (@)
gy i
) |  [rev e ~ [auG " - [sET
il S)ngale T 80 & oo A o
- —_— o 31506 g% e
70 (stars) ¢ 1 701 2 5 >—+—< ] 70 12, B
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60 | 1 60| ] 60+ = i
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@ 90T — 1 o 50F % 5 10/ ] @50 ° = 4 e s
2 3 RiLy, f ? !
© 40 c 40 - } 315016 1 O 40 [ | ‘v
30 ¢ 59113 (T~T,) 300 Exp. ' ] 30! Exp. ‘ Il |GENE: |
(T~T) <— GENE (T~T:) v |Flp=48
20 ] a0l ion-scale | o0 | e ; ; RIL, =577
_,%_ ; (Zeft=1) os RIL, =577
10‘7T| . 7 10+ —— ] 10+ RIL_ +40% ||
Pior="- =0.5 RIL_ =6
% - A 10 15 0 lo : : 0 Pior=0-5 —
RIL,, 0 >l ° 15 0 5 10 15
Te R/L
Te
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]

* First: gi is matched
varying R/Lri, then: two
runs varying R/Lre;

* ECH only: flux levels and
stiffness explained by ion-
scales;

* GENE slightly
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.

* Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness
are under-estimated.
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Adapted from [Mariani A. et al., NF (2019)]

* ECH only: flux levels and

stiffness explained by ion-

scales;

e  Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness

are under-estimated.

JET
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[Bonanomi N. et al., to be submitted]

First: gi is matched
varying R/Lri, then: two
runs varying R/Lre;

GENE slightly
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.
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Adapted from [Mantica P. et al., to be submitted]

* lons are very stiff
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Adapted from [Mariani A. et al., NF (2019)]

* ECH only: flux levels and
stiffness explained by ion-

scales;

e  Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness

are under-estimated.
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[Bonanomi N. et al., to be submitted]

First: gi is matched
varying R/Lri, then: two
runs varying R/Lre;

GENE slightly
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.
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Adapted from [Mantica P. et al., to be submitted]

* lons are very stiff and R/Lri also
impacts ge (similar for R/Lne);
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Nonlinear ion-scale gyrokinetic simulations ©
\=
) | ~ [rev e  [auc -
sol GENE 80F 80
ion-scale 20 31506 .
70F (stars) e 7 05 $ + 1 70 [Fu
20
60 60 - . 60
(T/T;~3) 0 / ¢
o 20T 1 @ 50F 0 5 10 1 & 50
g 2 ALy / >
o 40 S 40 | 81508 ] o 40
” -%—’ =R 30 :ETX::Ti) r i f«GENE ’ 30/ = 4
20 1 20| ion-scale | 20| R/, =577 ||
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10 7 10 L }_§_| ] 10 L R/L” +40% ||
0 Pior=0-5 _» 0 Py =0-5 R, =6
0 5 10 15 00 s 10 15 0 :
R/L 0 5 10 15
. RIL
Te R/LTe
Adapted from [Mariani A. et al., NF (2019)] [Bonanomi N. et al., to be submitted] Adapted from [Mantica P. et al., to be submitted]
* First: gi is match * lons are very stiff and R/LTi al
«  ECH only: flux levels and st. gi is matched .o s are very stiff and R/Lmi also
varying R/Lri, then: two impacts qe;

stiffness explained by ion-

runs varying R/Lrte;
scales; ying R/Lte;

* However: they do not impact
* GENE slightly the stiffness;
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.

* Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness
are under-estimated.
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Adapted from [Mariani A. et al., NF (2019)]

* ECH only: flux levels and
stiffness explained by ion-

scales;

e  Mixed NBI-ECH: ion-scales
stabilised by a sinergy of Fl and
ExB: both fluxes and stiffness

are under-estimated.
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1

Exp.

'Otor=0'5

0
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First: gi is matched
varying R/Lri, then: two
runs varying R/Lre;

GENE slightly
underpredicts the flux,
but strongly under-
predicts the stiffness
from ECH modulation.

T <~——GENE |
ion-scale |

é (Zeff=1)
—— ]

[Bonanomi N. et al., to be submitted]
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90 =
o ) JET
80 60 e 95457 A
8% e, ¢
70 & 40 .-.. )
60| = i
10 o ‘
® 50 % 2 4 6 8
Cg} R,
D-q) 40 I il ‘v
30 - Exp. \ 'L, |GENE:
LA g
L ' Ti T 1
20 %_ RIL, =5.77
10+ RIL, +40% ||
0 ptor=0'5 . R/LTI -°
0 5 10 15
R/L

Te
Adapted from [Mantica P. et al., to be submitted]
* lons are very stiff and R/Lri also
impacts qe;

* However: they do not impact
the stiffness;

* Possible to match ge,gs but not
the stiffness with ion-scale
runs.
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Nonlinear multi-scale gyrokinetic simulations (@)
e (Cases with Te~Ti: ion scales not sufficient to explain both exp. flux levels and stiffness;
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Nonlinear multi-scale gyrokinetic simulations @&

e (Cases with Te~Ti: ion scales not sufficient to explain both exp. flux levels and stiffness;

e Multi-scale NL GENE runs for AUG and JET (TCV: ‘global’ effects could play a role and a
global multi-scale run was not affordable);
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Nonlinear multi-scale gyrokinetic simulations @&

Cases with Te~Ti: ion scales not sufficient to explain both exp. flux levels and stiffness;

Multi-scale NL GENE runs for AUG and JET (TCV: ‘global’ effects could play a role and a
global multi-scale run was not affordable);

Collisions, electromagnetic effects and real electron/ion mass ratio are kept;
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Nonlinear multi-scale gyrokinetic simulations (@)
Cases with Te~Ti: ion scales not sufficient to explain both exp. flux levels and stiffness;

Multi-scale NL GENE runs for AUG and JET (TCV: ‘global’ effects could play a role and a
global multi-scale run was not affordable);

Collisions, electromagnetic effects and real electron/ion mass ratio are kept;

JET case impurities: taken into account.
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AUG: nonlinear multi-scale GK simulations (@)

150 60 w
+ |AUG 10° - T T T
* AUG GENE: g_spectra
40 e ]
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01k 4
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50 | multi-scale * 31506‘ ] - - R/LTe=8, ion-scale
lon-scale - 103 |- = RlLy =11, ion-scale ]
—R/LT =8, multi-scale
e
{ ——R/L_ =11, multi-scale
oLt e ‘ 107 107! 10° 10° 102
0 5 RIL,, 10 15 ky Pe
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AUG: nonlinear multi-scale GK simulations O
150 —5 ‘ ‘ AUG 1
Y 10 o =TT
GENE: g_spectra
40 * 31506 AUG © :
& t + 100
20 [
100l ag(k,pg>1)~ 59%
~. 4n-1
5 00 5 10 é>1o
o'd R/LTi chD
L 02
GENE (Zeff=1): ° 107
50 ,.multi—soale * / ¢ ] -- R/LTe=8, ion-scale
ion-scale ¥ 315?6 10_3 - R/LTe=11, ion-scale e
= N R/LTe=8, multi-scale
dA ——R/L. =11, multi-scale
_ m Exp. 10-4 Te f e N
. PO | T Ty | 102 107 10° 10’ 10°
0 5 RIL,, 10 15 ky Py

* Impact of ETGs on qge (kyps>1): increases with increasing R/Lre:

moderate/large (~32%) at exp. R/Lte=8
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AUG: nonlinear multi-scale GK simulations O
e /% |AUG !
* 10 T AENE . ]
. * . AUG GENE: g, spectra |
m
= ¥ -$- 100
20 [ o
1001 Ak, p>1)~ 59%
~. 101
@ % 5 10 <10
o‘d R/LTi ccnn
L 02
GENE (Zeff=1): S 107}
50 [ multi-scale * n‘ 1 - - R/L, =8, ion-scale
ion-scale 3150 103 |- - RlLg=11, ion-scale
S R/LTe=8, multi-scale
— m Exp;. 10 —R/LTe=11,muIti-scaIe‘ | - N
Lo 0T | 1072 10" 10° 10" 102
0 5 RIL,, 10 15 ky P

* Impact of ETGs on qge (kyps>1): increases with increasing R/Lre:

moderate/large (~32%) at exp. R/Lte=8 > large (~59%) at R/Lre=11;
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AUG: nonlinear multi-scale GK simulations @)

150 —¢; —t
+* |AUG
i L
40 * 1 p
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1 / [
0
@ 0 5 10 ,:' / =
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tor ,
0 L 'l I}
0 15

1074

 GENE:q_ spectra

- - R/L_ =8, ion-scale
- - RL
—RIL
—RI/L

=11, ion-scale
=8, multi-scale

Te
Te
Te
Te

=11, multi-scale

a,(k,p>1)~ 59%

1072 10~

* Impact of ETGs on qge (kyps>1): increases with increasing R/Lre:

moderate/large (~32%) at exp. R/Lte=8

> large (~59%) at R/Lte=11;

* Multi-scale stiffness: high <= well aligned with the ECH modulation result;

JET
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150 60 w T AUG 1
oY 10 " T T
+* | AUG GENE: g, spectra
o0 31508 | TGLF:Z . =1
5 * >'< 100 ;
20 i (k p >1)~ 59%
100 "TGLF:Z, = 1.4° | Ge'"yPs
1 > U E
0 % 5 10! ?< <10
- RILy, ! ! g
! . S o |
GENE(Zeﬁ=1): ' ; T 10} |
50 | multi-scale ,,,,,,,»* 1 - = R/LTe=8, ion-scale
10817 - R/LTe=11, ion-scale |
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p. x. 10_4 —R/LTe=11, multi-scale )
Pior=0-3 = (T~T) 2 r 0 1 2
0 | 1) ‘ 10 10 10 10 10
0 5 10 15
RIL,, Ky Pg

TGLF [staebler G.M. et al. PoP 2007] Standalone R/Lte scans with and without impurities

———> test the effect of Zeff on the ‘ETG wall’ position: non-negligible.
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JET

1 00 100 . !
. JET | & 10 GENE. @
. JET : qe spectra
80 g %* 95457 0
e R —e— ¢ 10 ;
" 60 N S * 8 >0 |
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40 | o 102 cre .
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. 10° ‘ ‘ :
oLPwe=05 | | | 107 10" 10° 10’ 102
0 5 10 15 Ky s
F{/LTe [Mantica P. et al., to be submitted]

Adapted from [Mantica P. et al., to be submitted]

Alberto Mariani | 28th IAEA Fusion Energy Conference (FEC 2020), 10-15 May 2021 | Page 13



)
/)
e

.
[Tl
—1
)
@)
=]
=
(q))
Q
-
3
C
ﬁ
CT).
@)
QO
(D
@)
A\
28
3
C
Q
—
@)
)
w
=\

R/L7i=5.77
(gi at the
upper end

of the exp.

error bar)

JET

1 00 100 - !
. JET | % 10 ‘ GENE. @
. JET : qe spectra
80 4 %* )5457 0
R 10
" 60 S — * 1 ;;10-1 L
28] RIL —
5 T‘ 5 q.(k p_>1)~ 18%
40 o 102 cre .
Exp. -- R/LTe=9, ion-scale
(Te™T) éENE' 1073 |= =R/Ly =14, ion-scale
20 + multi-scale —R/L; =9, multi-scale
§ * ion-scale A R/L,=14, multi-scale qe(ky/’s>1 )= 5% N\
. 107 ‘ ‘ :
oLPwe=05 | | | 107 10" 10° 10’ 102
0 5 10 15 Ky s
F{/LTe [Mantica P. et al., to be submitted]

Adapted from [Mantica P. et al., to be submitted]
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Adapted from [Mantica P. et al., to be submitted]

o
e
N
10" : ‘
JET GENE: q, spectra
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e
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102 107" 10° 10
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[Mantica P. et al., to be submitted]

* Impact of ETGs on ge: negligible (~5%) at exp. R/Lte=9

JET
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JET: nonlinear multi-scale GK simulations {

¢
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100 100 ! ‘
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ol , JET 1 q, spectra
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F{/LTe [Mantica P. et al., to be submitted]

Adapted from [Mantica P. et al., to be submitted]

* Impact of ETGs on ge: negligible (~5%) at exp. R/Lte=9 —>» moderate (~18%) at R/Lte=14;
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JET: nonlinear multi-scale GK simulations O
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i Of the eXp. i Exp. - -R/LTe=9, ion-scale
! i (Te™T)) ‘ - 3 |= =R/L_ =14, ion-scale
! ! ENE:
error bar) 20 § L [GENE: O R, mtscal
/,E* ’, ion-scale 10_4 —R/LTe=14, multi-scale ‘ qe(kyps>1)z‘5% \
O.E s ! | 102 107! 10° 10° 102
0 5 10 15 K, /s
Fi/LTe [Mantica P. et al., to be submitted]

Adapted from [Mantica P. et al., to be submitted]

* Impact of ETGs on ge: negligible (~5%) at exp. R/Lte=9 —>» moderate (~18%) at R/Lte=14;

* Multi-scale stiffness: moderate, it still does not explain the exp. stiffness (run at R/Lte=11
with reduced R/Lti: ongoing);
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Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,

AUG and JET is presented
transport;

JET

impact of ETG modes on the electron heat
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Conclusions Q)

 Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,
AUG and JET is presented impact of ETG modes on the electron heat
transport;

e Results ETGs could impact ge for cases with Te~Ti and high R/Lre, (conjunction of

electron and ion heating): in line with the actual theoretical understanding of ETGs;
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 Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,
AUG and JET is presented impact of ETG modes on the electron heat
transport;
e Results ETGs could impact ge for cases with Te~Ti and high R/Lre, (conjunction of

electron and ion heating): in line with the actual theoretical understanding of ETGs;

 TCV, mixed NBI-ECH case: a synergy of fast ions and ExB shearing, stabilizing the TEM-
dominant ion scales, allows ETGs to possibly play a role;
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Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,
AUG and JET is presented impact of ETG modes on the electron heat
transport;

Results ETGs could impact ge for cases with Te~Ti and high R/Lre, (conjunction of

electron and ion heating): in line with the actual theoretical understanding of ETGs;

TCV, mixed NBI-ECH case: a synergy of fast ions and ExB shearing, stabilizing the TEM-
dominant ion scales, allows ETGs to possibly play a role;

AUG and JET: ITG-dominant ion scales high ion stiffness allows possible
destabilisation of ETGs varying R/Lti within error bar;
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Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,
AUG and JET is presented impact of ETG modes on the electron heat
transport;

Results ETGs could impact ge for cases with Te~Ti and high R/Lre, (conjunction of

electron and ion heating): in line with the actual theoretical understanding of ETGs;

TCV, mixed NBI-ECH case: a synergy of fast ions and ExB shearing, stabilizing the TEM-
dominant ion scales, allows ETGs to possibly play a role;

AUG and JET: ITG-dominant ion scales high ion stiffness allows possible
destabilisation of ETGs varying R/Lti within error bar;

High impact of impurities for JET case: more results on the impact of impurities on ETGs are
needed;
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Conclusions Q)
Comparison: experimental data gyrokinetic simulations of dedicated pulses of TCV,
AUG and JET is presented impact of ETG modes on the electron heat
transport;

Results ETGs could impact ge for cases with Te~Ti and high R/Lre, (conjunction of

electron and ion heating): in line with the actual theoretical understanding of ETGs;

TCV, mixed NBI-ECH case: a synergy of fast ions and ExB shearing, stabilizing the TEM-
dominant ion scales, allows ETGs to possibly play a role;

AUG and JET: ITG-dominant ion scales high ion stiffness allows possible
destabilisation of ETGs varying R/Lti within error bar;

High impact of impurities for JET case: more results on the impact of impurities on ETGs are
needed;

Need of exp. measurements of density and temperature fluctuations at electron scales.
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Backup slide: simulations input parameters )
TABLE 1. Main plasma parameters for the analised pulses at ps, = 0.5
TCV ECH TCV ECH+NBI TCV NBI AUG JET
(59113) (59113) (59113) (31506) (95457)
T,/T; 3.04 ~1 1.16 ~1 ~1
Zest 2.50 2.80 2.80 1.4 1.5
R/L;, 10.59 10.20 8.71 8 9
R/L; 5.94 5.55 15.07 6.5 4.59
R/Ly, 3.69 4.85 6.07 091 3.12
q 1.65 1.34 1.42 2.07 1.82
S 0.99 1.19 1.14 6.85 1.05
L. [1073] 2.01 2.37 1.54 5 1.12
v, [1073] 0.91 1.33 1.77 1.87 0.57
Ve [cs/R] ~0 0.14 0.34 0.04 ~0

JET



. -1 . - - (77
Backup slide: Linear multi-scale GK simulations 1))
TCV AUG | (GKw) JET
All cases with ECH on-axis Exp. case with largest Exp. case with largest ge,gs: R/LTe
and NBI only case: Qe,g8: R/LTe scan (Zeff=1): scan also varying R/Lri:
5 | L ——R/L; =9
ECH TG TCV iol e SN 15| Solid: RIL =577 RIL. =11
: e er e / \ T Ti Te
2.5 [on-axis 1 .6 £ mn Dashed: R/L|,=5.17 RIL =14
—~, —NBI ; . N U . .
SU- RS —NBI+ECH|] “E Va Wi \ =) JET
< —ECH 2 - §>~ 1 :
" TEM ETG - |
Ty Ve o
< = " ] = 05
0.5 /\ =
0 . _ , «|m ]
10.2 100 102 \ 0 ‘
k p 100 10° 102
y s
kyps
Adapted from [Mariani A. et al., NF (2019)] [Ryter F. et al., NF (2019)] Adapted from [Mantica P. et al., to be submitted]

__________________________________________________________________________________________________________________________________________

Simple criterion: ETGs impact qe if y/ky is larger at electron scales (ETGs) [Staebler, G.M. et al., NF (2017)] :

* ETG impact: mixed * ETGrole for R/L1e>6 ; * ETGrole: R/L>11
NBI-ECH case (Te~Ti); * (lower boundary since when R/Lri=5.77, R/

* Due to Fl stabilising Zeff=1<1.4=Zeffexp. in Lte>9 when R/
TEMs at ion scales. the simulations). Lti=5.17.

JET




