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=PFL  Changing the shape of plasma flux surfaces drastically :
affects the stability and confinement
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=PFL  Changing the shape of plasma flux surfaces drastically
affects the stability and confinement
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[1] F. Wagner et al., 1982 5
PRL 49 14081412

Positive Triangularity (PT) plasmas
can enter the H-mode (High
Confinement) regime:

Discovered in 1980 on ASDEX [1]

Accessed when heating power
exceeds a power threshold

Turbulence suppression at the
edge and formation of External
transport barrier (ETB)
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PRL 49 14081412

Positive Triangularity (PT) plasmas
can enter the H-mode (High
Confinement) regime:

Discovered in 1980 on ASDEX [1]

Accessed when heating power
exceeds a power threshold

Turbulence suppression at the
edge and formation of External
transport barrier (ETB)

0 Plasma core ——H-mode Plasma Ed@lge |

=—|_-mode

| Formation of a steep pressure
Pedestal | gradient, i.e. the pedestal

P [kPal

N =9 Confinement and performance

are doubled!

| | | | | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
normalized radial coordinate



=PFL  Positive THangularity plasmas and H-mode:
a poisoned chalice

H-mode is plagued by severe
issues, and the most important
being the presence of Edge
Localized Modes (ELMs)

Courtesy of M. Zurita and Y. Wang

Periodic relaxations of the
pedestal trigger ELMs which flush
huge amount of energy and
particles against the wall of the
I machine

In a reactor, a single ELM can

potentially destroy part of the
wall

W Swiss 1, TCV #87081

Center { 1.5254 s +2.5ms
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H-mode is plagued by severe
issues, and the most important
being the presence of Edge
Localized Modes (ELMs)

Courtesy of M. Zurita and Y. Wang

Alternatives? ich flush

paicles against the wall of the
machine

In a reactor, a single ELM can

potentially destroy part of the
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Negative Triangularity plasmas:
H-mode performance without
H-mode

Experiments (TCV, DIII-D, AUG)
and simulations showed that
Negative Triangularity (NT):

= Robustly inhibits access to
H-mode [1,2,3]

@

Intrinsically ELM-free

» Reduction of turbulent
transport [4,5,6,7,8]

¥

Recover H-mode performance

[1] A. Merle et al., 2017 PPCF 59 104001
[2] A. O. Nelson et al., 2024 PPCF 66 105014 9
[3] O. Sauter et al., 661" APS 2024

[4] A. Marinoni et al., 2009 PPCF 51 055016

[5] G. Merlo et al, 2023 PoP 30 102302

[7]1A. Balestri et al., 2024 PPCF 66 075012

[6] G. Di Giannatale et al., 2024 PPCF 66 095003

TCV: #73391 #73382

[8] A. Mariani et al., 2024 NF 64 106024

i—PT H (P, =0.8 MW)|

—NT (P, =0.4MW) || )
}_PT L (P, =0.4 MW)

Adapted from A. Balestri et al.,
2024 PPCF 66 065031



[1]A. Merle et al., 2017 PPCF 59 104001

=PrL Negative Triangl.llal'ity plasmas: [2] A. O. Nelson et al., 2024 PPCF 66 105014 l“’

- [3] O. Sauter et al., 661" APS 2024
H-mode perforn]ance W|th0l|t [4] A. Marinoni et al., 2009 PPCF 51 055016

[5] G. Merlo et al, 2023 PoP 30 102302
H-mode [7] A. Balestri et al., 2024 PPCF 66 075012
[6] G. Di Giannatale et al., 2024 PPCF 66 095003
r [8] A. Mariani et al., 2024 NF 64 106024

Experiments (TCV, DIII-D, AUG)
and simulations showed that » , A '
Negative Triangularity (NT): T |  [—PTHE,08MwW)

—NT (P, =0.4MW) [| N
—PTL (P, =0.4 MW)

* Robustly inhibits access to b I Adapted from A. Balestri et al.,
H-mode [1,2,3] 2024 PPCF 66 065031

@

Intrinsically ELM-free

» Reduction of turbulent
transport [4,5,6,7,8]

When, how and is it

$ compatible with reactor- ' /
Recover H-mode performance like conditions?

f
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=P7L What do we know from simulations? (some highlights) *

(- ) —
HE [11 A. Marinoni et al., 2009 PPCF 51 055016
= NT strongly Stab'l'zes_lTG and TEM [2] G. Merlo et al., 2015 PPCF 57 054010
turbulence in conventional aspect [3] G. Merlo et al, 2023 JPP 89 905890104
. [4] G. Merlo et al, 2023 PoP 30 102302
ratio tokamaks [1-11] [5] J.Ball et al., 2023 PPCF 65 014044

e [6] A. Mariani et al., 2024 NF 64 106024
= NT stabilizes ITG turbulence at low [7] A. Balestri et al., 2024 PPCF 66 065031

aspect ratio (spherical tokamaks [8]) [8] A. Balestri et al., 2024 PPCF 66 075012
[9] G. Di Giannatale et al., 2024 PPCF 66 095003

=  Stabilizing effect of NT on ITG and [10] A. C. D. Hoffman et al., 2024 PPCF 67
: 015031
TEM enhanced t_))’- [11] G. Di Giannatale et al., 2025 PPCF 67
= |arge magnetic shear [3] 085003
. [12] L. De Gianni et al., 2026 NF 68 065008
= |arge elongation [8] [13] M. Becoulet et al., 2026 PPCF 68 035031

= No p* effect observed in ITG/TEM
dominated regime [5,9]

= No effect of collisions on NT

= suiss beneficial effect [10]
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=P7L What do we know from simulations? (some highlights) “
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NT strongly stabilizes ITG and TEM

turbulence in conventional aspect
ratio tokamaks [1 11]

[1]1A. Marinoni et al., 2009 PPCF 51 055016
[2] G. Merlo et al., 2015 PPCF 57 054010
[3] G. Merlo et al, 2023 JPP 89 905890104
[4] G. Merlo et al, 2023 PoP 30 102302

[5] J BaII et aI 2023 PPCF 65 014044

Most of the work has focused

on the electrostatic regime with
low g

dominated regime [5,9]
No effect of collisions on NT
beneficial effect [10]




=PFL  Motivation 13

45 . .
Fusion plasmas are supposed to achieve large S regimes, where

electromagnetic instabilities can play a dominant role:

= Micro-Tearing Modes (MTMs)

\- Kinetic Ballooning Modes (KBMs) y
4 N C | | o
Particularly of interest for rov
Spherical Tokamaks (STs), 151 e
kwhere large [ is achieved )

B3 [%]

Investigate if and how

triangularity affects MTMs
stability

B Swiss
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Center




=PFL  What are the MTMs? (A general and simplified picture)

_— B3>0

Radial perturbation
\/ of magnetic filed B, _\
-

Coupling
Formatlon of smaII between B and
scale_ (f pi) MTM VT through drag
magnetic islands
g D force RxB- VT

create a thin current sheet

\[ Oscillations in drag force ]/ \
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=PFL  How to identify MTMs?

K Mode moving in the electron \

diamagnetic direction

= Even parity of 4, in ballooning f:
space X
= Electromagnetic component of £
electron heat flux dominates over <

electrostatic one (Q¢ e1m> Qe es)
& Negligible particle transport /
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=prL  Simulations set-up

7

D

GENE local gradient-driven

-I!]Iﬁlm
gyrokinetic simulations of several

NT and PT scenarios in the outer D] HES 0.75 0.88
core 0.75 < pgor < 0.9. ) A 5 4 3.5 2.2 1.8
MAST-U 47090
TCV 69273 , DIN-D 171421 . _SMART —PT
’:EI —NT I Ll
0.5 o T sl | 1
- Z2 | Z2 NI 2\
> > \s27 '
0.5 _/C 1 . 05! A
-1 ‘ . -2 ‘ ‘ 1 | 2|
0 0.5 1 0 1 2 0 0.5
R Im] R tml Rm Sy



[ | ||
=PFL Linear k,, spectra (ion scale)
2 : . ; .
TCV 0 95 pII-D )
15 1 04
x X o3
o o’
- ' 02!
0.5
0.1
0 0
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
k p k p

17

Conventional A: NT
more stable and
ITG/TEM dominate
Low A: NT worse and
MTMs dominate

~

J




=L Role of 5 and S in MTM stability
L rcrLotD Lotko | suARt L wastu

Pror 0.85 . 0.75 0.88
A 3 4 3.5 2.2 1.8
B [%]| 0.16  0.13 0.14 0.6 0.7
$ 2.5 1.8 2.0 3.75 4.9
1\
Conventional A scenarios Low A scenarios
characterized by low 8 and characterized by large
ksmall S ) kand large §
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=P*L " Role of 5 and S in MTM stability

DIII-D T _
<NT We imposed the nominal
0.5+ - A
+>-PT value of  and s from
SMART (low A) in the DIII-D

4 ! scenarios (conventional A)
— 1\ J
& 03
=

0.2}

0.1

O L
0 02 04 06 08 1
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=P*L " Role of 5 and S in MTM stability

== NT ref.

PT ref

~@-NT w/ 3 =0.6%, =35
0.5/-@=PT w/ 3 =10.6%, 5=3.5

DIlil-D

(We imposed the nominal
value of  and s from
SMART (low A) in the DIII-D

04 -
X 03
w
O, >
?—.
0.2+ P
/f
0.1 IN
|
0o ¥
0 0.2
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scenarios (conventional A
g ios (conventi ))

/VVhen f and § are \

sufficiently large:

= MTMs are destabilized
across the full ion scale
in NT

= NT becomes more

\ unstable than PT /

20



=PFL  Linearscanof 5,5 and R/Lr,

Kl'o better understand the role of 8, § and R/L, in \
destabilizing MTMs NT and PT, we performed multiple linear
scans for all the previous scenarios:
= Fixed k,p;=0.2
= Scaninf
= Scanin§

\- Scan in R/Lz, (keeping fixed R/Lr;) /
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EPFL
§=15
§=25
§ =35
§=45

TCV DIII-D DEMO

SMART MAST-U |=

0.5 1 1.5
Wre/WT;

0

05 1 1.5
Wre/WT;

2 0 05 1 15 2 0 05 ! 15

1 15
Wre/ W

WTe/WT;

0.5 1 15 2 25

Wre/Wr;

0.5 1 15 2 25

Wre/Wr; o8

06"

0.4

[ NT scenarios

§“
QDZ
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TCV

DIII-D

DEMO

SMART

MAST-U |=

EPFL
§=15
§=25
§ =35
§=45

2 0 0.5 1 15

0

0.5

g

aﬁl(/lwﬂ\/l modes ca#Té{)&r’rginate at:
- Large
- Large §
- wTe/wTi >1

1 15 2
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)
Q

06"
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TCV

DIII-D

1.5

>
|

2.5

>
[l

0.5

WTe/WT;

1 15

DEMO

SMART

MAST-U

1 15

Wre/WT;

2

PT scenarios




=PrL
§=15
§=25
§=3.5

MAST-U




MAST-U |~

=PrL

ITG

0 0.

1.5 2

.5 1
wTe/wTi 0 05 (1)11'8/(1:)1'1'2 25

05 1 15

wTe/wTi . - a;Te/&’Tiz
§—45 When ITG When MTMs .
dominate, NT is dominate, NT is more |= ..

more stable than PT unstable than PT




MAST-U

=PrL
§=15
§=25

S

.5 1 15
Wre/Wr;

0 0. 2

15 0

1 5 1 15
WrolWr: W71e/WT]

05

At reference parameters, only
spherical tokamaks can achieve
sufficiently large shear and




=PFL  Nonlinear simulations confirm the linear picture 29

1 f I I f f I

05l | / DEMO \
obemeeee | Low § (§ = 2.5)
'ag 05 1 MTM not triggered
¢ at any
s | ‘
ITG dominate
15" 1 turbulence and NT
ref. 3 DEMO better than PT
s J
W Swiss 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Plasma

Center ﬁ [%]



=PFL  Nonlinear simulations confirm the linear picture 30
1 ‘ |
—=—DEMO
\+SMART /T smart )
05 .
ref. 3 SMART
High s (8 = 3.7)
0 _______________________________________ —_
% MTMs (green dots)
= -0.5 triggered at
<5 sufficiently large g in
- NT
Ak ‘
NT worse than PT
45t 1 when MTM
dominate
ref. 3 DEMO \ /
. -2 ‘ ! ! ‘ ‘ !
W Suiss 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Center [7‘ [% ]



=PrL

MTM simulations show
great stochastization of
magnetic field lines

SMART NT - 3=0.1%

:

x/pS

SMART NT - ﬂ_o 3%
}%ﬁﬁﬁ;‘ ,, 7&%:;"“ -

0
X/,oS

C’v 'ﬁ%

q_{'; o3 %. _".“‘"‘.- 1,.‘.- ok "?L" i
s 1 *‘f‘*r-,;.%‘» ",{v’f -:« \’.v e
k

o‘ ; oy ;ﬁ:}:‘;’é. P ‘.‘ %,.Q‘f oo f
o e S
. "l..:("'.{f 7 L \',, 2753 ‘5‘%?"'
ATieh 7 ;'- i
,_:igfsi?ﬂ%g%* l,g‘;‘ a\ik ‘ 0
éj""j:,- IR BRI "“' *"1"’""' N D

100

ts
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L IMTM simulations show

great stochastization of .
magnetlc ﬂeld “nes Stochastization in MTM-
dominated regimes is reflected
10° ‘ . ' ' ' ‘ in large diffusion of magnetic
~3—NT SMART field lines
—PTSMART| | -
- PT DEMO
-¥ ‘NT DEMO

,__,_—_.’.-"—-'""‘: . [T'(l, p) _ T(l, O)]z
,/><: Dp(lp) = 2mqoR(p + 1)

Where [ is a magnetic field line, p the
number of poloidal turns, r(l, p) the
radial position of the line at the
outboard midplane




=PFL A brief summary 3

(- NT is more sensitive to MTMs than PT. When MTMs dominate, A

NT is much more unstable than PT

= Aspect ratio does not play a direct role in destabilizing MTMs
in NT.

= To destabilize MTMs in NT we need large f AND large s AND
large electron temperature gradient.

= These conditions can be met only in STs. Should not be an
issue in conventional A tokamaks.

= For the same parameter PT stays dominated by electrostatic

9 turbulence. P

Why MTMs are stronger in NT?

M Swiss
Plasma
Center




=F*L Fundamental study of impact of geometry on MTM
turbulence

To study the impact of geometry on MTM turbulence we
considered a simplified scenario:

|

(Pure-MTM (PMTM): A

-
* R/L;y; =0 Isolate the impact of
 R/L,=0 _——>1 magnetic drift and FLR

J

e B =0.7% keffects
\ )

B Swiss
Plasma
Center
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=PFL  Why the large aspect ratio case? 38

Aspect Ratio
Complexity

Finite Larmor Radius (FLR) effects: /,(k, p,)
kT =Pxe—Foyhes +2EPx—Foderh, + (Vy - Vy)ky aspect ratio,

/At large )

geometry
enters the
GK equation

Magnetic drift: w, ’?vr\)cl)ytg}ﬁggh
wp =vp - ky < k; - (bXVB) < Geptp, + kyVpy) \_ )
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=PFL  Geometric dependence of FLR effect
| FLR e‘ffect e ,
I .

] |

|

| |

|

1 |

I
|
|
|
|
|
|
-0.5 I

Poloidal angle

B Swiss [ NT makes the FLR effects stronger ]
at the outboard midplane
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=PFL  Geometric dependence of magnetic drifts
Magnetic drift

3 0.5
2 7 | I
1 L 4
> gl
;.0
2 >
-1r
2 r
-3r
-4 ‘ ‘ ‘ -0.5
4 -2 0 2 4
Poloidal angle
o Suics NT increases the magnetic drift of the
Plasma ionS
Center
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of magnetic drifts, we
have modified artificially
the original NT magnetic
drift profile:

Kl'o understand the impact\

KvDy(Z) = ovpy (2) + vDyO/

For each modified
magnetic drift profile, we
run a linear simulation at

Q‘ixed ky

\

J

VDy

Magnetic drift scan (methodology)

o=0.1

T
—NT
—PT
——NT modified

poloidal angle

38



=L Magnetic drift scan in pMTM regime

0.6 l.(yp:o'.z —
——=0.1 ! :
f o \ I |
MTMSs sensitive only 05 o
to average magnetic !
i i 0.4+ .
kdrlft velocity. y \
I |
~ 03 : '
o |
| < 02- :
I
. . I
This penalizes NT o1 i
against PT. |
0 |
I
I
I
-0.1 ‘ ! ' S '
" Ploma 12 10 -8 -6 4 2 0
Center <y >



=PFL  FLR effects in pMTM regime

06
05
04 |
- ~
MTMs almost i
insensitive to FLR e O3 Y
8. I I
keﬂ’ec;ts VECETY o
L
I |
0.17 Full dots: FLRofNT | ! !
Empty dots: FLR of PT i i PT
O NT ! I
I I
I |
| -0.1 ‘ ' ' R
m suiss 12 10 8 6 4 2 0
Center <y_ >
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NL simulations confirm the linear picture

——NT
—PT

0 100 200
t[c/R]

300

400

500

K NT much worse \

than PT with self-
consistent equilibria

= When v, profile
from NT is imposed
in PT, MTM strongly
destabilized

= When FLR effects
from NT are
imposed, no

\ difference /




Ly = L

=L NL simulations confirm the linear picture

1020 el K NT much worse \
i T ] than PT with self-
10" consistent equilibria
N e pEsaneeastiys 1w \When vy profile
g 10 ff,\;w-’“‘/v from NT is imposed
o° —NT | in PT, MTM strongly
107} ewinTy, destabilized
) | = When FLR effects
10 from NT are
o | | | | | imposed, no
10 0 100 200 300 400 500 \ difference /
t[cS/R]
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=PFL NL simulations confirm the linear picture

1020 el K NT much worse \
S = o] than PT with self-
10" consistent equilibria
@ e e e el e ;ﬁ;“,;ﬁ;t;«:\;nmmww = \\Vhen Vp prof”e
g 10 JW\/ from NT is imposed
o° o | in PT, MTM strongly
107 PTWINTv, destabilized
. TR ] = When FLR effects
10 from NT are
o | | | | | imposed, no
%% 100 200 300 400 500 \ difference /
t[cS/R]
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Cpe [ ] | | | [
=PFL  Realistic nonlinear simulations
1 a N
Magnetic drift profile
05" 1| from PT imposed in
NT SMART
S RSN R R ref. A SMART . simulations
'2; —=—DEMO
= ——SMART
05 svarT w swappedv_| | | MTMS suppressed
<} y — 2
I y . forf =0.3%and f =
y 0.5%
151 ref. 3 DEMO | | Physical model valid
even in more realistic
1 012 0!3 014 05 0.6 o‘.7 08| SceNarios

B [%]
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Summary & Conclusions

(

= NT is more sensitive to MTMs than PT. When MTMS.w
dominate, NT is much more unstable than PT

= Aspect ratio does not play a direct role in
destabilizing MTMs in NT.

= To destabilize MTMs in NT we need large f AND
large § AND large electron temperature gradient.

= These conditions can be met only in STs. Should
not be an issue in conventional A tokamaks.

= MTMs are more unstable in NT than in PT because
of faster magnetic drift velocities

46
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Thank you!
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Backup slides
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=PFL  Where does geometry enter the gyrokinetic equation? 4

ag ’ H
E - L[g] i N[g] + GK Maxwell's equatlons Pressure term  Parallel advection term
Drive term / /
3 . _ BTy Y
m<wn + (vuz + By — 5) wTa> FogtkyX — ?BEVMZ Dpligy|~ ]73 Uiloz

Toe(2vff + uB v of
n oa( IIB 0) (‘Fay +‘Fax) n To .Ua_a+ (Co'(f)>
ot a0 ‘. v
Curvature terms — \
Nl[g] = — Z(k'xky — kxkglz)f(kl) (k, — k') Trapping term Collisions
k)

_ FLR effects from
X =Wolkipdx —— gyroaverage operator

w s k= @x - VX)k; + 2Wx -V kyky, + Wy - Vy)ky



=PFL  Magnetic drift scan in pMTM regime

I 1
I 1
- — ~ 12} L
MTMs sensitive only Lo
to average magnetic a L
drift velocity. L
\_ ) 0.8 1 |
T L
o 06 T
- I
1
¥ 04} !
This penalizes NT
. 0.2
against PT.
0 -
-0.2 ' ' '
| ggz’r‘;a -15 -10 -5 0
Center <y_ >



=PFL  Magnetic drift scan m pMTM regim_0 o

A M

MTMs sensitive only .6l
to average magnetic |

\d rift velocity. ) 4f
@ -4.5

5 s

This penalizes NT ol

against PT. 6|

6.51
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a [11D. J. Cruz-Zabala et al., 2024 NF 64 126071
=P7L  Aspectratio scan

3 ASMART ‘ ‘ ‘ ‘ ‘ T I I I ‘ ( )
- \ DD ATOY Flux-tube (p;, = 0.85)
. 257 \ / 1| nonlinear gradient-
= driven GENE
*??J' 27 1 simulations
T
. I |
Z
B Aspect ratio (A)
‘:(% artificially changed
L o5 1| from reference TCV,
DIII-D and SMART [1]
| scenarios
10 S -




EPFL Aspect ratio scan gé S\%SBOaBstri et al., 2024 PPCF ITG regimes
3 . . —
ASVART o TCV pure-ITG-1 1
o, \ Sy i T iwpuwenne2 | | NT has always better
X ' \ / -+ DIID ITG-dominated confinement than PT
= . _J
S22 i
()
- 150 ] (. Stronger FLR R
E effects around the
< outboard
s e s midplane (LFS)
= [1]
L 05- R e . | . | = Faster magnetic
_ | 3 ' drifts around the
o | - outboard
10" midplane (LFS)
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Heat flux NT/ Heat flux PT
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Aspectratioscan 165

3

2.5

1.5

ASMART

ADIII-D

\

TCV pure-ITG-1
ATSY ——TCV pure-ITG-2

——SMART pure-ITG
——DIIID ITG-dominated

ITG regimes

!

NT has always better
confinement than PT

. J

( )

Still unclear, strong
nonlinear
interaction between
magnetic drifts, FLR
effect and parallel
dynamics

54



=P7L  Aspectratio scan

3 ASMART ‘ ‘ T : —— |
——TCV TEM-dominated
\ ADIID AT ——TCV pure-R/Ln-TEM
251 \ / 7
4 ] )
)| ] TEM regimes

NT better than PT at
large and

conventional A.

NT worse at small A.
\_ J

Heat flux NT/ Heat flux PT
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Heat flux NT/ Heat flux PT
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Aspectratio scan

3

2.5

ASMART

ADIII-D

\

ATCV

——TCV TEM-dominated

——TCV pure-R/Ln-TEM

TCV pure-ITG-1
——TCV pure-ITG-2
——SMART pure-ITG
——DIIID ITG-dominated

4 "\ 56
Conventional and large
Atoliamak
NT has better
confinement than PT in
ITG and TEM regimes.

Consistent with previous
works [1-6] and
experimental results on
TCV and DIII-D

. J

[1] A. Marinoni et al., 2009 PPCF 51 055016
[2] G. Merlo et al., 2015 PPCF 57 054010
[3] G. Merlo et al, 2023 PoP 30 102302

[4] A. Mariani et al., 2024 NF 64 046018

[5] G. Di Giannatale et al., 2024 PPCF 66
095003

[6] A. Balestri et al., 2024 PPCF 66 065031
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Heat flux NT/ Heat flux PT
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Aspectratio scan

3

2.5

ASMART

ADIII-D

\

ATCV

——TCV TEM-dominated

——TCV pure-R/Ln-TEM

TCV pure-ITG-1
——TCV pure-ITG-2
——SMART pure-ITG
——DIIID ITG-dominated

.

Spherical Tokamak

|

First observations
that NT better than
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=PFL  Magnetic drift scan in pITG regime
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=PFL Magnetic drift scan in pITG regime
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=P7L NL simulations - Large A pITG
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NL simulations - Large A pITG

We can conclude that faster magnetic drifts and stronger FLR effects are
the only responsible for the reduction of ITG turbulence at large Ain NT

PT NT NTw/PTw,  NTwPTFLRNTw/ PTw, &FLR
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NL simulations - Large A pITG

The same observations hold for
conventional A, i.e. faster magnetic drifts
and stronger FLR effects cause the
reduction of ITGs in NT

This physical picture breaks down at
small A, i.e. magnetic drifts and FLR
effects play marginal role
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