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Understanding the nonlinear pnhysics of energetic particles Is essentia%‘;s\\)
for predicting next-generation burning plasmas =
* Fusion-born alphas are expected to linearly destabilize modes (AEs, EPMs) by a

resonant interaction

* The nonlinear saturation level of these modes is essential for predicting:
« EP transport
« Microturbulence transport (~ITG), through EP-driven zonal structures
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Understanding the nonlinear physics of energetic particles Is essentlaj(e N
for predicting next-generation burning plasmas =’

Fusion-born alphas are expected to linearly destabilize modes (AEs, EPMs) by a
resonant interaction

The nonlinear saturation level of these modes is essential for predicting:
« EP transport
* Microturbulence transport (~ITG), through EP-driven zonal structures

« Simulations [1], theory [2], and experiments [3] have shown that EP-driven modes can
generate zonal structures and have a positive effect on thermal confinement

 In this work, we focus on a recently-published experimental plasma condition in JET
[4] which observed nonlinear coupling between TAEs, high-frequency sidebands, and

a zero-frequency fluctuation :
» Bursty alternating behavior of the Alfvénic modes and the microturbulence (ITG)
* Nonlinear gyrokinetic simulations

[1] Mazzi Nat Phys 2022  [2] Chen PRL 2012/ NF 2025, Qiu NF 2017  [3] Du PRL 2025 / PoP 2026, Garcia Nat Comm 2024 [4] Ruiz Ruiz PRL 2025
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Outline

 Experimental observations
* Recap of JET plasma with MeV-range ICRF-heated ions
 Alfvénic bursts in the DBS spectrum

« Gyrokinetic modelling

 Linear gyrokinetic stability
* Local nonlinear simulations (TAE+ITG)
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Outline

 Experimental observations
* Recap of JET plasma with MeV-range ICRF-heated ions
 Alfvénic bursts in the DBS spectrum
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Recap: JET L-mode with ICRH MeV-range 3He exhibited confinement ==

iImprovement with unstable AEs

* ICRF heating [1] (no NBI) steps:
« 2 MW (low), 4 MW (medium) and 7 MW (high)

 Generated 4-5 MeV 3He

« Electron temperature T, increased (MeV - heat e-)

 Confinement factor Hgg ,, increase with ICRH power

[1] ICRH three-ion scheme: Kazakov Nat Phys 2017

=/

— e, axis [kEV]

Med ICRH  High ICRH
10 11 12 13 14 15
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Recap: JET L-mode with ICRH MeV-range 3He exhibited confinement ==

- : (_J)
Improvement with unstable AEs N
* ICRF heating [1] (no NBI) steps:  —— @)
« 2 MW (low), 4 MW (medium) and 7 MW (high) | — Inarnonn
« Generated 4-5 MeV 3He /V ﬂn

Electron temperature T, increased (MeV - heat e-)

. . . 1
 Confinement factor Hgg ,, increase with ICRH power Med ICRH  High ICRH
% 11 12 13 14 15 16 17
_ ] t[s]
* lon temperature ALSO increased in deep core 7.7, [keV]
5
(a) 4 T, (Low Picgrp)

—+T; (Low Picry)

4 T, (Med Picry)
—+T; (Med Picru)
4 T, (High Picry)
=T (High Pcpy)

%.0 0.2 0.4 0.6 0.8
[1] ICRH three-ion scheme: Kazakov Nat Phys 2017 P
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[1] ICRH three-ion scheme: Kazakov Nat Phys 2017

Recap: JET L-mode with ICRH MeV-range 3He exhibited confinement ==
iImprovement with unstable AEs

ICRF heating [1] (no NBI) steps:
« 2 MW (low), 4 MW (medium) and 7 MW (high)

 Generated 4-5 MeV 3He

Electron temperature T, increased (MeV - heat e-)
Confinement factor Hgg , increase with ICRH power
lon temperature ALSO increased in deep core

TRANSP power balance showed Q; decrease in

deep core

&
6
— e, axis [kEV] (a)
5. —— [ned![10°°m=2] |
—— Hso,p
4_
3

Te, T; [keV]

High ICRH

4 T, (Low Picry)
—4+T; (Low Picpy)
4 T, (Med Picry)
—+T; (Med Picry)
4 T, (High Picrp)
—+T; (High Pycgy)

13 14 15 16 17
t[s]
V- Qi[Wem™3]
(b)

0.06
0.04
0.001

— Low Picry

=0.021 — Med Pycg

-0.04

— High Picry

8.0

0.2

0.4 0.6 0.8
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Recap: JET L-mode with ICRH MeV-range 3He exhibited confinement )
improvement with unstable AEs S

* ICRF heating [1] (no NBI) steps:  —— @)
« 2 MW (low), 4 MW (medium) and 7 MW (high) | — Inarnonn
« Generated 4-5 MeV 3He [‘ /r

« Electron temperature T, increased (MeV - heat e-)

 Confinement factor Hgg ,, increase with ICRH power

* lon temperature ALSO increased in deep core

300

« TRANSP power balance showed Q; decrease in
deep core

Frequency (kHz)

N
(*4
o

« Unstable AEs (interferometer, SXR, DBS, faint in

magnetics) b p y i
[1] ICRH three-ion scheme: Kazakov Nat Phys 2017 Time (s)
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Doppler Backscattering (DBS) measurements at high ICRH power ()

DBS ray path reaches p = 0.3 Interferometer signal
W,/21(R, Z)
2 300
L T
= 275
—_ | =
E. 0- g
N )
-
o
—2
225
1.52.02.53.03.54.0 4.5 10 1 by %
RIm] Time (s)
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At high P,cry, DBS bicoherence exhibits nonlinear coupling between AEs {as}
and a zero-frequency fluctuation, spectrogram exhibits AE bursts !

p=03 | Bs (f1rf2)| (hlgh PICRH)
fTAE 3fTAE

—r 0.56

-0.48

0.40

0.32

0.24

. f2 [MHz]

0.16

_1.0.

0.08

L - 0.00
-1.0 -0.5 0.0 0.5 1.0

f1 [MHz]

« Bicoherence: NL coupling between AEs at frag, 2ftap 3fTag (Sidebands) and zero-frequency fluctuation
» Spectrogram: quasi-periodic bursts of AEs at fr,g + sidebands, and x5-10 decrease in microturbulence
amplitude at f - Atpgs = 4 ms
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At high P,cry, DBS bicoherence exhibits nonlinear coupling between AEs SN

and a zero-frequency fluctuation, spectrogram exhibits AE bursts =

p=03 |Bs(f1, f2)| (high Picrp) Spectrogram F(f, t) (high Picgry)

0.56

0.48

0.40

0.32

0.24

.1 fZ [MHZ] .

0.16

0.00

.. »\

=107

[

WWMWMva

fl [MHZ] ¢ : X t [S] . 14.49 14.50

« Bicoherence: NL coupling between AEs at frag, 2ftap 3fTag (Sidebands) and zero-frequency fluctuation

» Spectrogram: quasi-periodic bursts of AEs at fr,g + sidebands, and x5-10 decrease in microturbulence
amplitude at fi - Atpgs = 4 ms
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At high P,cry, DBS bicoherence exhibits nonlinear coupling between AEs {as}
and a zero-frequency fluctuation, spectrogram exhibits AE bursts !

p=03 | Bs (f1rf2)| (hlgh PICRH)
fTAE 3fTAE

056 Time traces of DBS power

— fTAE
— 2fTAE

— 3fTAE
— turb.
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0.24
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_1_0.

0.08
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t [s]
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« Bicoherence: NL coupling between AEs at frag, 2ftap 3fTag (Sidebands) and zero-frequency fluctuation
» Spectrogram: quasi-periodic bursts of AEs at fr,g + sidebands, and x5-10 decrease in microturbulence
amplitude at f - Atpgs = 4 ms
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At high P,cry, DBS bicoherence exhibits nonlinear coupling between AEs , =<
and a zero-frequency fluctuation, spectrogram exhibits AE bursts =

p=03 |Bs(f1, f2)| (high Picrn)
f’If‘AEE 3]?TAE

Ezf'iI‘AE '

]
V4
\\
N,

056 Time traces of DBS power

1.01

0.40

0.51

. f2 [MHz]

0.5+

0.16

_1_0.

14.455 14.460 14.465 14.470
t [s]

=1.0 -5 0.0 0.5 1.0

f1 IMHz]

In what follows, we give a candidate explanation behind the origin of the
Alfvénic bursts
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Averaging the Alfvénic bursts over cycles yields linear growth rate =

and evidence of beat-driven generation of sideband =

* QObtain average burst behavior by

15 averaging over 12 cycles
* Pr .. power at frag grows (primary)

20 * P, power at 2frag grows faster (sideband)
~2.5 * Pr_ . :power at f,,, decreases during burst

time within cycle [ms]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Averaging the Alfvénic bursts over cycles yields linear growth rate =

and evidence of beat-driven generation of sideband =
* QObtain average burst behavior by
15 averaging over 12 cycles
SR * Pr .. power at frag grows (primary) |
o * Py, power at 2frag grows faster (sideband)
T -259 * Pr_ . :power at f,,, decreases during burst
30t — P T Pru T Ppe—
* Define 2y; = dlog P;/dt
2000
_'; 0 * YTAE/fTAE ~ (0.6% —2> consistent with
oo similar JET experiments [1]

" time within cycle [ms]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

[1] Tinguely NF 2022
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Averaging the Alfvenic bursts over cycles yields linear growth rate ==

: : : . (_J)
and evidence of beat-driven generation of sideband =
_ Lilm*'_wit.hin C}-‘Ell‘r[lllh‘] _
e 0 1P T 28 e 9P % %« Obtain average burst behavior by
15 averaging over 12 cycles
~ * Pr .. power at frag grows (primary)
o * Py, power at 2frag grows faster (sideband)
~ -25; * Pr_ . :power at f,,, decreases during burst
30+t — P T P T Ppe—
15 ] - * Define 2y; = dlog P;/dt
e glOpe = 2
.
0 * yrae/frag = 0.6% —> consistent with
r:f;f 2.5 By similar JET experiments [1]
- -3.0 - / : -
ortof the cycie // . F.Ind Yotae/YTaE = 2 during growth of the
=351~ | sideband (burst): sideband is generated

—2.5 -2.0 -1.5 .
log1 Pj,., by beat-driven process

[1] Tinguely NF 2022

Juan Ruiz Ruiz |Optimum confinement regimes enabled by limit-cycle oscillations of Alfvénic modes near marginal stability 17



Outline

 Experimental observations
* Recap of JET plasma with MeV-range ICRF-heated ions
 Alfvénic bursts in the DBS spectrum

« Gyrokinetic modelling
 Linear gyrokinetic stability
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Local linear CGYRO at high P,-gy shows destabilization of fast-ion-driven @
instability consistent with an AE, and ITG

w [cs/a]

0.200

y [cs/al

0.175/

0.150
0.125. AE
»
0.100
0.075 %

0.050 »

b0 02

0.4

06 08 1.0
KyPs

wo/ EP
w/ EP

ITG

" o
1 0.0251 'I..'

U.U{]%;D

- Electromagnetic (¢, §4,)), fast-Maxwellian *He (T
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Local linear CGYRO at high P,cgy shows destabilization of fast-ion-driven @ 5})

S=2

instability consistent with an AE, and ITG =

w [cs/al 0.200 y [cs/al
] ¢ wo/EP
+f AE 01751 o wEp o O ®
&
3] 0.150 . .
L
0.125 AE ITG ’
2-
0.1001{% : . |
1 0.075 %
o ¢ ¢
o ¢ ° 0.050 e
0) o= ° ¢ ITG . L.
10.025] S

b0 02 04 o6 o8 10 299% 02 04 06 08 10
k-yps k],.rpg

Electromagnetic (6¢, 64,), fast-Maxwellian *He (T, =~ 168 T;) at p = 0.3
Highly driven AE (k, p; < 0.1), ITG (k, ps [0.3 — 1]) with y176 = 0.2 ¢;/a
* CGYRO wrpg~ 4 c;/a matches DBS frag = 270 — 300 kHz, n = 6 (ky,psp = 0.042)

Negligible effect of EPs on ITG - linear effects (dilution, £’, kinetic stabilization) are negligible
No low-k,, AE without EP
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Local linear CGYRO at high P,cgy shows destabilization of fast-ion-driven @

instability consistent with an AE, and ITG =

w [cs/al 0.200 y [cs/al

4 e wo/EP .
/ AE 0175 o wEP o ° .
3 0.150 . :
0.125  AE TG .
. 0 w@ : .
1 0.0758
o * ° °° |
0 .-. s ¢ ¢ TG . D.DED. . ...
10.025] $,°

b0 02 04 o6 o8 10 299% 02 04 06 08 10
k-yps k],.rpg

Electromagnetic (6¢, 64,), fast-Maxwellian *He (T, =~ 168 T;) at p = 0.3
Highly driven AE (k, p; < 0.1), ITG (k, ps [0.3 — 1]) with y176 = 0.2 ¢;/a
* CGYRO wrpg~ 4 c;/a matches DBS frag = 270 — 300 kHz, n = 6 (ky,psp = 0.042)

Negligible effect of EPs on ITG - linear effects (dilution, £’, kinetic stabilization) are negligible
No low-k,, AE without EP
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Local linear GK codes work in field-aligned coordinates + using the ballooning (AN

(@

representation = study nature of the mode by mapping to configuration space (r,6,{) ~=

//»-

6¢n(6b), kyps = 0.042

1.251 A
H —— Rel6¢]

1.001 Im[5¢]
0.75-
0.50-

0.251

0.00__—__,._—-..‘_/\\//\ {\//\_,,-—_ﬁ__,__

2

—0.501 , : .
—20 —-10 0 10 20
O,/

Ballooning space
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1.251

1.00+

0.751

0.50

0.251

0.00+

—0.254

—0.50

Local linear GK codes work in field-aligned coordinates + using the ballooning @
representation - study nature of the mode by mapping to configuration space (r,6,{) ™~

6¢n(6b), kyps = 0.042

|

|

Rel[6]
Im[6¢]

Nopo

—20 ~10

I

O,/

10

Ballooning space

20

%—_/

//"\

Field-aligned coordinates (r, 0, a) :
54(r,0,0) = ) 8 (r,0) exp(—ine)
n

Ballooning representation: _— CGYRO
8¢y (r,0) exp(—ing) = A(r) X; 6¢,(0 + 2mj) expiS(r, a(r, 6 + 2mj,{))
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Local linear GK codes work in field-aligned coordinates + using the ballooning @
representation - study nature of the mode by mapping to configuration space (r,6,{) *~

6¢n(6b), kyps = 0.042

1.251
[ S
1.00+
0.751
0.50+

0.251

0 00-——~J~—--_/\/\

—0.254 \J \/
—0.50

Rel[6]
Im[6¢]

Nopo

—20 ~10 0 10
O,/

Ballooning space

\\_/

//"\

Field-aligned coordinates (r, 0, a) :
54(r,0,0) = ) 8 (r,0) exp(—ine)
n

Ballooning representation:
8¢y (r,0) exp(—ing) = A(r) X; 6¢,(0 + 2mj) expiS(r, a(r, 6 + 2mj,{))

2.5

2.01

1.51

1.0

0.51

0.0

—0.5+

6¢n(r,6=0),n= 6

H n — Relé¢n]

Im[o¢n]

JUV

U\

ﬂ

U\

—0.4 -0.2

(r—

0.0 0.2

rO)/Lx

0.4

Configuration space
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* N=6 mode peaks 6 times

where L, = J./Anq’
> Aryat /L, = An/]n = 1/j];

j is the cardinal mode number of the
simulation corresponding to k,,

FOF]t=1,]=69AT'rat/Lx=1/6



Local linear GK codes work in field-aligned coordinates + using the ballooning /( )
representation - study nature of the mode by mapping to configuration space (r,6,{) *~ =
6(65), kyps = 0.042 Field-aligned coordinates (r, 0, a) :
1.254 H — Rel66] 5¢(r, 0, a) = Z 5¢n(7", 6) exp(—ina)
1001 "1 Ballooning representation: _— CGYRO
0.751 8¢y (r,0) exp(—ing) = A(r) X; 85¢,,(0 + 2mj) exp iS(r, a(r, 8 + 2nj, ())

0.501 6¢,(r,6=0),n= 6

* N=6 mode peaks 6 times

il 5| | T @
0.00 ===} os=~— L0 where L, = J./Anq’
—0.251 \j \/ 151 eArr‘at/l‘x = An/]tn — 1/]]1:

030 T U U U U j is the cardinal mode number of the
O/ simulation corresponding to k,,
0.51

Ballooning space
0.0 Forj,=1,j=6=> Ar.,./L, =1/6

—0.5+

O Rational surface g=m/n

—04 -02 00 02 04
(r—ro)/Lx
Configuration space
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Local linear GK codes work in field-aligned coordinates + using the ballooning (AN

™\

representation - study nature of the mode by mapping to configuration space (r, 6, {) =
6¢n(Op), k,ps = 0.042 Field-aligned coordinates (r, 0, a) :

e H —— Rel6¢] Sp(r,0,a) = Z 5, (1, 0) exp(—ina)

=09 e Ballooning representation: " . — CGYRO

0.757 §¢pn(r,0) exp(—ind) = A(r) X; 8¢, (6 + 2mj) exp iS(r, a(r, 6 + 2mj, )

0.501 Re[6¢,],n= 6

O¢n(r,6=0),n= 6
0.251 25| | n | RE[””]QP ﬂ 0.6]

—— Im[6¢n]
0.00- V1 5 0]
095, . 0.4
0
—0.50+ , , : 1.0 N
—20 —10 0 10 20 0.2
Bb/rf 0.51

Ballooning space

0.0+ 0.0+
O Rational surface g=m/n U U U v U U

—0.5+

O Half-rational surface q=(2m+1)/2n —04 =02 0002 04 2.8 3.0 3.2
(r—ro)/Lx R/a
Configuration space Configuration space
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Decompose o, (r, 8) Into poloidal harmonics =

=/

N
—> overlap of neighboring m (TAE) &=
do
Snm(r) = [ 5-86n(r, O)exp(~imb) Rel6 i, ), n = 6
141 005 : n

I
I
|
1

This confirms that n = 6 here is a local
TAE! [1]

[1] Cheng Chance 1985
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Decompose 0¢,, (1, 0) Into poloidal harmonics —

&
N\
/

\_/
"

—> overlap of neighboring m (TAE) =
1.0 T T T ]
de B 0.8 Continbum ]
6¢TL m(r) — 2_ 6¢n (r; H)exp(_lmg) % (Torus)
, n f o ontjihuum
§04; ' /(CCyIinder)
This confirms that n = 6 here is a local % o2
TAE! [1] o'%.o 0:2 0:4 0f6 0f8 1.0 [2]
MINOR RADIUS
Cr
m m+1
a,
MINOR RADIUS
[1] Cheng Chance 1985 [2] Heidbrink PoP 2008
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Decompose o, (r, 8) Into poloidal harmonics =

\
)
/

. . W__J)
—> overlap of neighboring m (TAE) =
1.0 T T T )]
d@ B 0.8 Continbum -
5¢nm(r) = 2_5¢n(r; H)EXp(_lmH) = (Torye)
, n 50'6 ontjnuum
% ',',‘f“k/__(CCyIinder)
This confirms that n = 6 here is a local " o2 g
TAE! [1] 0-%.() 0?2 O.l4 . 0j6 0f8 1-.0 [2]
._MINOR RADIUS
. . 141 ;2.
For a given n, distance between half- =
. Ll — m=17 ,
rational surfaces Ary4;: - m=s
— 1 ~ ’A 1.0
d2m+1 — Q2m-1 = 1/n = q'Ary, 0a
0.6
0.4
0.2
0.0+
[1] Cheng Chance 1985 [2] Heidbrink PoP 2008 027754 —62 00 02 04
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Decompose o, (r, 8) Into poloidal harmonics =

\
)
/

. . §_2)
-> overlap of neighboring m (TAE) =
10 T T A :
d@ B 0.8 Contintium -
Snm(r) = [ 5-86n(r, O)exp(~imb)
% 0:4 . o -;k/"((:ci?;gzl:)m
This confirms that n = 6 here is a local £l |

TAE! [1] o.%.() 0j2 0.l4 . 0j6 0f8 1.0 [2]

. MINOR RADIUS

For a given n, distance between half-
rational surfaces Ary,;:

Gom+1 — Q2m—-1 = 1/n = q'Aryyq

« Local CGYRO approximates continuum with a constant g’ at a given radius
« Coupling of poloidal harmonics (TAEs) is encoded in field-aligned representation

_O.ZJ . . . . . |
[1] Cheng Chance 1985 [2] Heidbrink PoP 2008 -0.4 -0.2 0.0 0.2 0.4
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CGYRO Dynamic-mode-decomposition (DMD*) for k,,p; = 0.042
(n = 6) shows EP *He-driven TAE and high-f AE by a/L 3ye

W/ (Ia;’cs) | v/ {f':':’cs}
eEsaEm—e—Ee—TAE | 0.125[ —— TAE
8} —— MTM . —e— MTM
—s— high-f AE | 0.100F —s— high-f AE
or 1 0.075f
A  e—e—e-e-e-e0—o—e o o 0.050r
™
0.025¢ .
2,_ _
0.000F /-
Or o-o-0-00-00—o—o ° ®- | . .
0 5 10 15 20 0 5 10 15 20
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Long-tail MTM-like mode independent of a/Lr ;. is fastest growing for a/Lt3ye < 7
TAE driven unstable for a/Lr 3. = 3 (marginal stability)
High-f AE potentially EAE driven by a/Ly 3ye
Experiment: yrag/frag = 0.6% =2 y1ag = 0.004 ¢, /a
=>» suggests that experiment is near TAE marginal stability
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CGYRO Dynamic-mode-decomposition (DMD*) for k,,p; = 0.042
(n = 6) shows EP *He-driven TAE and high-f AE by a/L 3ye
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High-f AE potentially EAE driven by a/Ly 3ye
Experiment: yrag/frag = 0.6% =2 y1ag = 0.004 ¢, /a
=>» suggests that experiment is near TAE marginal stability
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Outline

 Experimental observations
* Recap of JET plasma with MeV-range ICRF-heated ions
 Alfvénic bursts in the DBS spectrum

« Gyrokinetic modelling

 Linear gyrokinetic stability
 Local nonlinear gyrokinetic simulations (TAE+ITG)
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Local nonlinear CGYRO for high P,cry: turbulence is stabilized when the /A

Heat flux

Ny

0 p) 4 6 8

TAE is nonlinearly driven unstable ="
(therrrlwal) . * Electromagnetic (6¢, 64))), fast-Maxwellian
—— 0f'/Qgs 3He (Tf ~ 168 T;)
_+_ QD/QQB
—— Qu/Qs « TAE+ITG scales:
b 0w kypsp = [0.014,0.994], L, = 449p,, (An = 2)
k.psp =10.021,3.067], L, = 293p.p
* Full Sugama collision operator
« Heat flux dominated by H ions for no EPs
* Near TAE marginal stability (a/Lt 3ge = 3):
— . Q" exhibits a ‘dip’

alLt 3ne
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Local nonlinear CGYRO for high P,cry: turbulence is stabilized whenthe ==
TAE Is nonlinearly driven unstable =2

3
Heat flux (EP I I_lle'.tOtal). * Electromagnetic (6¢, 64))), fast-Maxwellian

-+- OfR'/Qqgs 3He (T; ~ 168 T;)
—+— Q3ne/Qygs
—— Qut/Qus « TAE+ITG scales:

kypsp = [0.014,0.994], L, = 449p,, (An = 2)
k.psp = [0.021,3.067], L, = 293p,,

* Full Sugama collision operator

« Heat flux dominated by H ions for no EPs
* Near TAE marginal stability (a/Lt 3ge = 3):
. Q" exhibits a ‘dip’

y Q3He ~ ch

allr, 3he
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Local nonlinear CGYRO for high P,cry: turbulence is stabilized when the /A

TAE is nonlineary driven unstable =2

Heat flux (EP 3He, total)
I I | |

- *' = Qttﬁ t/ QgB
—+— Ospe/ Qgs
—4— O:ot/Qgs

allr, 3he

* Electromagnetic (6¢, 64))), fast-Maxwellian
SHe (T ~ 168 T;)
« TAE+ITG scales:

kypsp = [0.014,0.994], L, = 449p,, (An = 2)
k.psp = [0.021,3.067], L, = 293p,,

* Full Sugama collision operator
« Heat flux dominated by H ions for no EPs

* Near TAE marginal stability (a/Lt3ge = 3):
. Q" exhibits a ‘dip’
* Q3ge ~ O
* Qior €Xhibits @ minimum!
= Optimum confinement
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Local nonlinear CGYRO for high P,cry: turbulence is stabilized when the /A

TAE is nonlineary driven unstable =2

Heat flux (EP 3He, total)
I I | |

- *' = Qttﬁ t/ QgB
—+— Ospe/ Qgs
—4— O:ot/Qgs

allr, 3he

* Electromagnetic (6¢, 64))), fast-Maxwellian
SHe (T ~ 168 T;)
« TAE+ITG scales:

kypsp = [0.014,0.994], L, = 449p,, (An = 2)
k.psp = [0.021,3.067], L, = 293p,,

* Full Sugama collision operator
« Heat flux dominated by H ions for no EPs

* Near TAE marginal stability (a/Lt 3ge = 3):
. Q" exhibits a ‘dip’
* Q3ge ~ O
* Qior €Xhibits @ minimum!
= Optimum confinement
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Energetic 3He heat flux exhibits bursty behavior that appears quasi-periodic for @D

marginally-unstable cases (a/L; 3y, = 2.8 — 3.4) ==
a/L T3He — = 2

(TAE linearly stable)
Q3He/Qgp = 0.2553 + 25.17%

0.4
0.3-
0.2-
0.1-
0.0-
0 2000 4000 6000
t[a/cs]

Qs Is predominantly due to k, p; = 0.042 (n = 6 TAE)
- TAE linearly stable (a/L; 3y, = 2): unsteady Q:y. With Atg;, ~ 5 ms
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Energetic 3He heat flux exhibits bursty behavior that appears quasi-periodic for @D

()
marginally-unstable cases (a/L; 3y, = 2.8 — 3.4) =2
a/L ,3He_2 Cl/L ,3He_3
(TAE linearly stable) (TAE marginally unstable)

Q3he/Qga = 0.2553 + 25.17%  Q34e/Qqp = 0.7277 + 130.17%

0.4 12 - — total
— O

10 ¢

0.3 _— 5A||
8_

0.2 6 -

0.1- 41
2_

0.0
D_

0 2000 4000 6000 0 2000 4000 6000 8000
t [a/cs] t [a/cs]

Qs Is predominantly due to k, p; = 0.042 (n = 6 TAE)
- TAE linearly stable (a/L; 3y, = 2): unsteady Q:y. With Atg;, ~ 5 ms
- TAE marginally unstable (a/L; 3y, = 3): quasi-periodic bursts with Atg;, = 2.5 ms (Atpgs = 4 ms)
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Energetic 3He heat flux exhibits bursty behavior that appears quasi-periodic for @
marginally-unstable cases (a/L; 3y, = 2.8 — 3.4)

0.4
0.3
0.2
0.1

0.0+

a/L ,3He — 2
(TAE linearly stable)

Q3he/Qgs = 0.2553 + 25.17%

0

2000 4000 6000
t [afcs]

12 -

10

Cl/L ,3He — 3
(TAE marginally unstable)
Q3ne/Qgp=0.7277 £ 130.17%

— total
— 60
—_— 5A||

0

2000

4000
t [a/cs]

6000 8000

Qs Is predominantly due to k, p; = 0.042 (n = 6 TAE)
TAE linearly stable (a/L 3y, = 2): unsteady Qsy With Atg, = 5 ms
TAE marginally unstable (a/L; 3y, = 3): quasi-periodic bursts with Atg;, ~ 2.5 ms (Atpgs ~ 4 ms)
TAE unstable (a/L; 3y, = 4): quasi-periodic bursts disappear
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Energetic 3He heat flux exhibits bursty behavior that appears quasi-periodic for @
marginally-unstable cases (a/L; 3y, = 2.8 — 3.4)
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(TAE linearly stable)

Q3he/Qgs = 0.2553 + 25.17%
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2000 4000 6000
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(TAE marginally unstable)
Q3ne/Qgp=0.7277 £ 130.17%

— total
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2000

4000
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Qs Is predominantly due to k, p; = 0.042 (n = 6 TAE)
TAE linearly stable (a/L 3y, = 2): unsteady Qsy With Atg, = 5 ms
TAE marginally unstable (a/L; 3y, = 3): quasi-periodic bursts with Atg;, ~ 2.5 ms (Atpgs ~ 4 ms)
TAE unstable (a/L; 3y, = 4): quasi-periodic bursts disappear
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Radial profile of ovg = by XV, 0¢/ B, reveals zonal flow is predominantly =<,
generated at TAE radial locations at the height of the burst >

BVE /s =~ psd(eb¢zITe)/0x 3
0.0005; Al w— t = 6700 (No burst) * SUE,X X a_y 5¢ (kyps — 0042 TAE)
A m— = 7280 (burst) ] .
0.0004- ;“‘u, ~-~ Relve, llkyps = 0.042) TAE peaks at three radial locations
i — half-rational surfaces!!
0.0003; i
0.0002;
0.0001+
0.0000"
—~0.0001"
-100 0 100
X/Ps
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Radial profile of ovg = by XV, 0¢p/ B, reveals zonal flow is predominantly =<
generated at TAE radial locations at the height of the burst =

BVE /s =~ psd(eb¢zITe)/0x 3
* OV, X a—y&p (kyps = 0.042 TAE)

0.0005
o = 6700 (no burst)
PN et = 7280 (burst) _ _
0.0004- ;“‘u, ~-~ Relve, llkyps = 0.042) TAE peaks at three radial locations
! — half-rational surfaces!!
0.00031 i
_ . Z o9 _
0.0002 5V, o =8¢ (kyps =0 EF)
0.00011 Height of the burst: §vg ,, is large at TAE
radial locations
0-00001 Outside of the burst: §vZ,, is smaller
—0.0001{
~100 0 100
X/Ps
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Radial profile of ovg = by XV, 0¢p/ B, reveals zonal flow is predominantly =<

£7 \\)\
generated at TAE radial locations at the height of the burst =’
BVE /s =~ psd(eb¢zITe)/0x 3
0.0005 Al w— t = 6700 (No burst) ° 5UE,x X a_y 5¢ (kyps — 0042 TAE)
A m— = 7280 (burst) ] .
0.0004 fpy mm Relvesllps =0.042) TAE peaks at three radial locations
“ ': — half-rational surfaces!!
0.0003; HIE
\" Z a
0.0002- * SvE, x5 (kyps = 0 ZF)
0.0001. Height of the burst: §v§ , is large at TAE
radial locations
0.00001 Outside of the burst: §vz , is smaller
—0.0001 1
~100 0 100
X/Ps

What matters is the ExB shearing rate wy produced by zonal flow
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Phenomenology of burst near marginal stability: TAEs generate local ==,
zonal shearing rate w , that overcomes yrag (S 0.01¢5/a ) =

We, z/(cs/a) = 83(51«% yfcs)/ax

0.06

0.04-

0.02;

0.00-

—0.02;

—0.04-

m { = 6700 (no burst) === Re[vg ;]lkyps=0.042)(x100)
m—— t = 7280 (burst)

-100 0 100
X/Ps
» wé ~[—0.03,0.06] c;/a > yrag (S 0.01 c,/a) at TAE radial locations! Suggests:
- TAE generates zonal flow that shears it apart and saturates it

- bursts in the CGYRO simulation might be predator-prey oscillations TAE-ZF

—0.06
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Phenomenology of burst near marginal stability: TAEs generate local ==,
zonal shearing rate w , that overcomes yrag (S 0.01¢5/a ) =

We, z/(cs/a) = 83(51«% yfcs)/ax

wE,Z/(Cs/a)

0.06 101,
1 — X/ps=-23.4 —_— (| WE, 2| )k,
] — x/ps =74.26 mmma e YR
0.041 —— X/ps =-121.05
0.02
0.00 1072
—0.02
—0.041
= t = 6700 (no burst) === Relvg (llkyps=0.042)(x100)
m— t = 7280 (burst) 10_3
~0.06"750 0 100 0 2000 4000 6000 8000

x/ps t [a/cs]
» wé ~[—0.03,0.06] c;/a > yrag (S 0.01 c,/a) at TAE radial locations! Suggests:

- TAE generates zonal flow that shears it apart and saturates it
- bursts in the CGYRO simulation might be predator-prey oscillations TAE-ZF
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Phenomenology of burst near marginal stability: TAEs generate local ==,
zonal shearing rate w , that overcomes yrag (S 0.01¢5/a ) =

We, z/(cs/a) = 83(51«% yfcs)/ax

wE,Z/(Cs/a)

0.06 1014
] —_— X/ps =-23.4 — (|we, 2|k,
' — Xlps=7426  ---- ~yme
0.04 —— X/ps =-121.05
0.02+
0.00- 1072
—0.02
—-0.04-
= t = 6700 (no burst) === Relvg (llkyps=0.042)(x100)
m— t = 7280 (burst) 10_3_
~0.067"750 0 100 0 2000 4000 6000 8000
x/ps t [a/cs]

» wé ~[—0.03,0.06] c;/a > yrag (S 0.01 c,/a) at TAE radial locations! Suggests:
- TAE generates zonal flow that shears it apart and saturates it
- bursts in the CGYRO simulation might be predator-prey oscillations TAE-ZF
* wé K yre = 0.2 c,/a and only at TAE radial locations = probably weak effect on ITG
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CGYRO simulation near TAE marginal stability can reproduce bursty quasi-
periodic behaviour of TAEs+sidebands, alternating with turbulence power

Time traces of DBS power Time traces of fluctuation power

N
N\
M
—

/,
(\&

10~ 10-1. CGYRO
— fTAE : ’
— 2frAE l _ h
— 3fTAE -2 '
— turb. J’ 10 ' ‘ \!'} ' " "
1072 ‘ _
‘ ‘ 10—3
’ A — [6¢1%,- 0
1074 512
5 —— |6A2 (TAE)
1073 { N" L N ! —— |62 (sideband)
' 1 — Ek,,ps::{).ﬁ“ﬁmz)rmE (turb.)
. . . : -5 . . | .
14.455 14.460 14.465 14.470 10 0 2000 4000 6000 8000
ts] t [a/cs]

ZF lags TAE, decays on v;* = 1000 a/c, =~ 2.5 ms = ZF collisional damping sets period between bursts
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Conclusions from analysis or JE | ICRH-heated L-mode with =
MeV-range 3He [7]

\
)
/

/E
(i
W

DBS measurements show bursty alternating cycles of Alfvéenic modes, high-f
sidebands, and microturbulence, sustained and quasi-periodic at high ICRH power.
« Growth rate of TAE ytar/frag = 0.6% is near marginal stability

Local CGYRO shows that, near TAE marginal stability (a/L; 3y, = 3):

* (3. Shows bursty cycles of TAEs with similar period to DBS (Atpgs = 4ms, Atgj,, = 2.5ms)
* wgz is locally greater than yr,g at height of the burst 2 ZF saturates the TAE

« ZF lags TAE and sideband growth, and decays on v;;* = 1000 a/c, ~ time of burst

Predator-prey limit cycles may be what was observed by DBS

Qtot 1S minimum near TAE marginal stability: EP and ExB flow profiles are not steady,
but rearranged dynamically to yield an optimum confinement regime

Open question: wé < yrg, what is stabilizing ITG?

[*] Ruiz Ruiz et al., PRL 2025
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  𝛿  𝜙 n  (  r , 𝜃 )   exp ⁡   (  − i n 𝜁 ) = A  ( r )  ∑ j  𝜹    𝝓 ^ 𝒏  (  𝜽 + 𝟐 𝝅 𝒋 )   exp ⁡  i S  (  r , 𝛼  (  r , 𝜃 + 2 𝜋 j , 𝜁 ) )  


   L x =    J t /  Δ n q ′


    Δ  r  rat /   L x =   Δ n /   J t n =  1 /  j  J t


  j


   k y


   J t = 1


  j = 6


    Δ  r  rat /   L x =  1 / 6


   (  r ,   𝜃 , 𝜁 )


   (  r ,   𝜃 , 𝛼 )  


  𝛿 𝜙  (  r , 𝜃 , 𝛼 ) =  ∑ n  𝛿  𝜙 n  (  r , 𝜃 )   exp ⁡   (  − i n 𝛼 )


  𝛿  𝜙 n  (  r , 𝜃 )   exp ⁡   (  − i n 𝜁 ) = A  ( r )  ∑ j  𝜹    𝝓 ^ 𝒏  (  𝜽 + 𝟐 𝝅 𝒋 )   exp ⁡  i S  (  r , 𝛼  (  r , 𝜃 + 2 𝜋 j , 𝜁 ) )  


   L x =    J t /  Δ n q ′


    Δ  r  rat /   L x =   Δ n /   J t n =  1 /  j  J t


  j


   k y


   J t = 1


  j = 6


    Δ  r  rat /   L x =  1 / 6


   (  r ,   𝜃 , 𝜁 )


   (  r ,   𝜃 , 𝛼 )  


  𝛿 𝜙  (  r , 𝜃 , 𝛼 ) =  ∑ n  𝛿  𝜙 n  (  r , 𝜃 )   exp ⁡   (  − i n 𝛼 )


  𝛿  𝜙 n  (  r , 𝜃 )   exp ⁡   (  − i n 𝜁 ) = A  ( r )  ∑ j  𝜹    𝝓 ^ 𝒏  (  𝜽 + 𝟐 𝝅 𝒋 )   exp ⁡  i S  (  r , 𝛼  (  r , 𝜃 + 2 𝜋 j , 𝜁 ) )  


   (  r ,   𝜃 , 𝜁 )


  𝛿  𝜙 n  (  r , 𝜃 )  


  m


  𝛿  𝜙  n , m  ( r ) = ∫    d 𝜃  2 𝜋 𝛿  𝜙 n  (  r , 𝜃 ) exp  (  − i m 𝜃 )  


  n = 6


  𝛿  𝜙 n  (  r , 𝜃 )  


  m


  𝛿  𝜙  n , m  ( r ) = ∫    d 𝜃  2 𝜋 𝛿  𝜙 n  (  r , 𝜃 ) exp  (  − i m 𝜃 )  


  n = 6


  𝛿  𝜙  n , m  ( r ) = ∫    d 𝜃  2 𝜋 𝛿  𝜙 n  (  r , 𝜃 ) exp  (  − i m 𝜃 )  


  n = 6


  n


  Δ  r  rat


   q  2 m + 1 −  q  2 m − 1 =  1 / n ≈  q ′ Δ  r  rat


  𝛿  𝜙 n  (  r , 𝜃 )  


  m


  𝛿  𝜙  n , m  ( r ) = ∫    d 𝜃  2 𝜋 𝛿  𝜙 n  (  r , 𝜃 ) exp  (  − i m 𝜃 )  


  n = 6


  n


  Δ  r  rat


   q  2 m + 1 −  q  2 m − 1 =  1 / n ≈  q ′ Δ  r  rat


  𝛿  𝜙 n  (  r , 𝜃 )  


  m


   q ′


   k y  𝜌 s = 0 . 042


  n = 6


  3 He


   a /   L  T , 3 He


   a /   L  T , 3 He


   a /   L  T , 3 He ≲ 7


   a /   L  T , 3 He ≳ 3


   a /   L  T , 3 He


     𝛾  TAE /   f  TAE ≈ 0 . 6 %


   𝛾  TAE ≈ 0 . 004    c s / a


   k y  𝜌 s = 0 . 042


  n = 6


  3 He


   a /   L  T , 3 He


   a /   L  T , 3 He


   a /   L  T , 3 He ≲ 7


   a /   L  T , 3 He ≳ 3


   a /   L  T , 3 He


     𝛾  TAE /   f  TAE ≈ 0 . 6 %


   𝛾  TAE ≈ 0 . 004    c s / a


  𝛿 𝜙 ,     𝛿 A  | |


   T f ≈ 168    T i


   k y  𝜌  s D =  [  0 . 014 ,   0 . 994 ] ,  


   L y = 449  𝜌  s D


  Δ n = 2


   k x  𝜌  s D =  [  0 . 021 ,   3 . 0 67 ] ,


   L x = 293  𝜌  s D


   a /   L  T , 3 He ≈ 3


   Q  th  tot  


  𝛿 𝜙 ,     𝛿 A  | |


   T f ≈ 168    T i


   k y  𝜌  s D =  [  0 . 014 ,   0 . 994 ] ,  


   L y = 449  𝜌  s D


  Δ n = 2


   k x  𝜌  s D =  [  0 . 021 ,   3 . 0 67 ] ,


   L x = 293  𝜌  s D


   a /   L  T , 3 He ≈ 3


   Q  th  tot  


   Q  3 He ∼  Q  th


  𝛿 𝜙 ,     𝛿 A  | |


   T f ≈ 168    T i


   k y  𝜌  s D =  [  0 . 014 ,   0 . 994 ] ,  


   L y = 449  𝜌  s D


  Δ n = 2


   k x  𝜌  s D =  [  0 . 021 ,   3 . 0 67 ] ,


   L x = 293  𝜌  s D


   a /   L  T , 3 He ≈ 3


   Q  th  tot  


   Q  3 He ∼  Q  th


   Q  tot


  𝛿 𝜙 ,     𝛿 A  | |


   T f ≈ 168    T i


   k y  𝜌  s D =  [  0 . 014 ,   0 . 994 ] ,  


   L y = 449  𝜌  s D


  Δ n = 2


   k x  𝜌  s D =  [  0 . 021 ,   3 . 0 67 ] ,


   L x = 293  𝜌  s D


   a /   L  T , 3 He ≈ 3


   Q  th  tot  


   Q  3 He ∼  Q  th


   Q  tot


   a /   L  T  , 3 He = 2 . 8 − 3 . 4


   a /   L  T  , 3 He = 2


   Q  3 He


   k y  𝜌 s = 0 . 042


  n = 6


   a /   L  T  , 3 He = 2


   Q  3 He


  Δ  t  sim ≈ 5   ms


   a /   L  T  , 3 He = 2 . 8 − 3 . 4


   a /   L  T  , 3 He = 2


   a /   L  T  , 3 He = 3  


   Q  3 He


   k y  𝜌 s = 0 . 042


  n = 6


   a /   L  T  , 3 He = 2


   Q  3 He


  Δ  t  sim ≈ 5   ms


   a /   L  T  , 3 He = 3


  Δ  t  sim ≈ 2 . 5   ms


  Δ  t  DBS ≈ 4   ms


   a /   L  T  , 3 He = 2 . 8 − 3 . 4


   a /   L  T  , 3 He = 2


   a /   L  T  , 3 He = 3  


   a /   L  T  , 3 He = 4


   Q  3 He


   k y  𝜌 s = 0 . 042


  n = 6


   a /   L  T  , 3 He = 2


   Q  3 He


  Δ  t  sim ≈ 5   ms


   a /   L  T  , 3 He = 3


  Δ  t  sim ≈ 2 . 5   ms


  Δ  t  DBS ≈ 4   ms


   a /   L  T  , 3 He = 4


   a /   L  T  , 3 He = 2 . 8 − 3 . 4


   Q  3 He


   k y  𝜌 s = 0 . 042


  n = 6


   a /   L  T  , 3 He = 2


   Q  3 He


  Δ  t  sim ≈ 5   ms


   a /   L  T  , 3 He = 3


  Δ  t  sim ≈ 2 . 5   ms


  Δ  t  DBS ≈ 4   ms


   a /   L  T  , 3 He = 4


   a /   L  T  , 3 He = 2


   a /   L  T  , 3 He = 3  


   a /   L  T  , 3 He = 4


  𝛿  𝒗 E =    𝐛 ^ 0 ×  ∇ ⊥   𝛿 𝜙 /   B 0


  𝛿  v  E , x ∝  𝜕  𝜕 y 𝛿 𝜙   (  k y  𝜌 s = 0 . 042   TAE )


  𝛿  𝒗 E =    𝐛 ^ 0 ×  ∇ ⊥   𝛿 𝜙 /   B 0


  𝛿  v  E , x ∝  𝜕  𝜕 y 𝛿 𝜙   (  k y  𝜌 s = 0 . 042   TAE )


  𝛿  v  E , y Z ∝  𝜕  𝜕 x 𝛿 𝜙    (   k y  𝜌 s = 0   ZF )


  𝛿  v  E , y Z  


  𝛿  v  E , y Z  


  𝛿  𝒗 E =    𝐛 ^ 0 ×  ∇ ⊥   𝛿 𝜙 /   B 0


  𝛿  v  E , x ∝  𝜕  𝜕 y 𝛿 𝜙   (  k y  𝜌 s = 0 . 042   TAE )


  𝛿  v  E , y Z ∝  𝜕  𝜕 x 𝛿 𝜙    (   k y  𝜌 s = 0   ZF )


  𝛿  v  E , y Z  


  𝛿  v  E , y Z  


  𝑬 × 𝑩


   𝜔 E


   𝜔  E , Z


   𝛾  TAE


  ≲ 0 . 01    c s / a


   𝜔 E Z ≈ [ − 0 . 03 , 0 . 06 ]


     c s / a ≫  𝛾  TAE   ( ≲ 0 . 01    c s / a )


   𝜔  E , Z


   𝛾  TAE


  ≲ 0 . 01    c s / a


   𝜔 E Z ≈ [ − 0 . 03 , 0 . 06 ]


     c s / a ≫  𝛾  TAE   ( ≲ 0 . 01    c s / a )


   𝜔  E , Z


   𝛾  TAE


  ≲ 0 . 01    c s / a


   𝜔 E Z ≈ [ − 0 . 03 , 0 . 06 ]


     c s / a ≫  𝛾  TAE   ( ≲ 0 . 01    c s / a )


   𝜔 E Z ≪  𝛾  ITG ≈ 0 . 2    c s / a


   𝜈  i i  − 1 ≈ 1000  a /   c s ≈ 2 . 5


  Time   traces   of   DBS   power


   f  TAE


  2  f  TAE


  3  f  TAE


  turb .


     𝛾  TAE /   f  TAE ≈ 0 . 6 %  


   a /   L  T  , 3 He = 3


  :


   Q  3 He  


  Δ  t  DBS ≈ 4 ms , Δ  t  sim ≈ 2 . 5 ms


   𝜔  E , Z


   𝛾  TAE


   𝜈  i i  − 1 ≈ 1000  a /   c s


   Q  tot


   𝜔 E Z ≪  𝛾  ITG

