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Mitigation and suppression of low-k turbulence are observed during the nonlinear evolution of
toroidicity-induced Alfvén eigenmodes (TAEs) in DIII-D experiments. Turbulence mitigation begins
when the dominant TAE starts to depart from the typical shear Alfvén wave polarization. TAE
activity then evolves into a new state, characterized by more discrete coherent modes, increased
total amplitude, and more localized radial structures. During this transition, a narrow shear flow
layer forms, driven by an enhanced Reynolds stress force, with a shearing rate that exceeds the local
turbulence decorrelation rate, leading to a full turbulence suppression. These observations indicate
the imbalance between Reynolds and Maxwell stress forces during the nonlinear evolution of the
TAE and their important roles in shear flow generation and turbulence reduction.

PACS numbers:

As nuclear fusion research advances towards the era1

of burning plasmas, the traditional division of plasma2

studies into distinct areas of thermal particles and ener-3

getic particles (EPs), and their associated confinement,4

is becoming increasingly inadequate. In burning plasma5

regime, drift waves driven by thermal particles, which6

govern thermal plasma confinement [1, 2], coexist with7

Alfvén eigenmodes (AEs) excited by fusion-born α parti-8

cles [3–9]. Theoretical studies predict cross-scale, nonlin-9

ear interaction among EPs, AEs and low-frequency drift10

waves, mediated by zonal flow and/or zonal fields [10–14].11

In present magnetically-confined fusion devices, im-12

proved thermal confinement in the presence of EPs and13

EP-driven instabilities has been reported across several14

experiments, such as ASDEX-Upgrade [15], LHD [16, 17],15

DIII-D [18, 19], JET [20] and KSTAR [21]. Interpreta-16

tions of these observations have largely relied on numer-17

ical modeling. Proposed physics mechanisms include the18

fast ion dilution effect [21, 22], enhanced zonal flow due to19

fast ions [23, 24], resonant interaction between fast ions20

and drift waves [15], non-ambipolar EP transport [16–21

19], zonal flow driven by EP-driven instabilities [25–27]22

or a combination thereof. However, a comprehensive un-23

derstanding grounded in detailed experimental measure-24

ments remains elusive, primarily due to the persistent25

challenges in diagnosing key plasma parameters relevant26

to these multi-scale, nonlinear interactions.27

In this Letter, we present experiments in the DIII-D28

tokamak that demonstrate mitigation and suppression29

of low-k turbulence, induced by toroidicity-induced AEs30

(TAEs). We present direct experimental evidence that31

the suppression of low-k turbulence results from the for-32

mation of a narrow, strong shear flow layer, whose shear-33

ing rate exceeds the observed turbulence decorrelation34

rate. Importantly, the mitigation of low-k turbulence35

precedes the formation of this shear flow layer and co-36

incides with an abrupt deviation of the TAE from the37

typical shear Alfvén wave polarization. This deviation38

reflects a breakdown in the balance between Reynolds39

stress (RS) and Maxwell stress (MX) force during the40

nonlinear evolution of TAE, which plays an important41

role in the mitigation and suppression of low-k turbu-42

lence.43

Experimental data - The experiment is carried out near44

the plasma edge at r/a ∼ 0.7, a location chosen for the45

coexistence of strong low-k turbulence and TAE under46

a monotonic safety factor (q) profile at toroidal field of47

Bt = −2.1 T. The beam emission spectroscopy (BES)48

system [28, 29] simultaneously measures the density fluc-49

tuations induced by TAE and by low-k turbulence. The50

system has 64 channels arranged in an 8× 8 array in the51

R-Z plane that covers a radial range R from 2.142 m to52

2.208 m (r/a ∼ 0.65 to 0.82) and vertical range Z from53

−0.042 m to 0.065 m. The setup of the BES system and54

plasma poloidal cross section are shown in End Matter.55

As shown by the solid arrow in Fig. 1(a), a dominant56

n = 4 TAE with a coherent frequency of f ∼ 120 kHz57

is observed by a BES channel at R = 2.142 m and58

Z = −0.012 m. As this TAE gradually disappears after59

∼ 0.6 s, multiple discrete coherent modes emerge across a60

broader frequency range of ∼ 90 to 145 kHz, comprising,61

at least, well-identified three n = 4 and two n = 3 modes62

(see the dashed arrows). Note that the n is determined63

from a toroidal array of the magnetics [30] and the details64

are included in End Matter. On the other hand, the mi-65

croturbulence, characterized by a broadband frequency66

*Published as: Du et al., Phys. Rev. Letters 135, 265101 (2025).
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FIG. 1: Time evolution of normalized density fluctuations
measured by BES at (R,Z) = (2.142,−0.012) m (a) and
(2.19,−0.012) m (b), respectively, (c) stored energy, electron
and carbon temperatures, (d) injected neutral beam power
and line-averaged density, and (e) safety factor and plasma
current. The vertical dotted line marks the end of the turbu-
lence suppression phase, as also indicated in Figs. 3..

spectrum, is observed in the lower frequency range of1

f < 100 kHz by the same BES channel. The δn/n, in-2

duced by the turbulence, decreases around 0.57 s and3

nearly complete suppression occurs between ∼ 0.65 s and4

∼ 0.78 s, lasting about four energy confinement times.5

The turbulence re-emerges at ∼ 0.782 s, as indicated by6

vertical dotted lines in Fig. 1.7

It is noteworthy that the mitigation/suppression of the8

turbulence is found in a very narrow radial region. For9

example, as seen from Fig. 1(b), δn/n measured by the10

BES channel at R = 2.19 m and Z = −0.012 m, i.e.,11

only ∼ 5 cm farther outward, exhibits distinctly different12

evolution. The turbulence persists with no indication of13

the mitigation or suppression between 0.6 s and 0.78 s,14

and meanwhile, only two weak TAEs are observed. The15

spatial resolution of BES system, obtained from the point16

spread function [31] accounting for beam-magnetic field17

geometry, optics and finite-excited state lifetime effects,18

is typically 1-2 cm. For the BES channel in Fig. 1(a), it19

is ∼ 1.9 cm radially and ∼ 1.2 cm vertically.20

Figure 2 provides a comprehensive view of the tem-21

poral evolution of TAEs and the turbulence across the22
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FIG. 2: Time evolution of δn/n induced by TAE (a) and ITG
(b) from radial range 2.142 m to 2.21 m, measured by BES
system. The mode amplitudes are obtained by integrating
over the corresponding TAE and ITG frequency bands with
high coherence (> 0.8) and relevant phase shift between a
BES pair, separated poloidally at the same radial location.

full radial region monitored by 8 channels of BES, whose23

positions are labeled by crosses. In Fig. 2(a), prior to24

∼ 0.65 s, the TAE exhibit a broad radial structure span-25

ning from R = 2.142 m to 2.208 m. Afterwards, the26

radial width of the mode structure abruptly narrows,27

while the amplitudes of the TAEs, integrated over 90 to28

145 kHz, increase significantly. The radial structure also29

expands outward by 1 cm before suddenly disappearing30

at ∼ 0.78 s, just prior to the ITG recovery at ∼ 0.8 s.31

The TAE with a global structure then reappears, but32

at much lower amplitudes. Additional examples of re-33

peated transitions between global, low-amplitude TAEs34

and localized, high-amplitude, TAE are shown in Figs. 835

and 9 of End Matter. In comparison, Figure 2(b) shows36

that the turbulence is present across all BES channels37

with stronger amplitudes at larger radii, before ∼ 0.6 s.38

An anti-correlation relationship between turbulence and39

TAE activities is observed: (1) During strong TAE activ-40

ity between 0.65 s and 0.79 s, the turbulence suppression41

occurs at R ∼ 2.14 m; (2) The turbulence mitigation42

extends radially outward up to 2.17 m, temporally and43

spatially coinciding with regions of increased TAE am-44

plitudes. (3) beyond ∼ 2.17 m, when TAE amplitudes45

decrease, ITG amplitudes increase.46

Images of turbulent eddies, measured by BES system,47

show the poloidal wave numbers of kθ ∼ 0.8 cm−1 and48

tilted structures during the suppression at R = 2.143 m.49

CGYRO simulations[32] identify this low-k turbulence as50

ion temperature gradient (ITG) modes. It finds that the51

ITG modes with kθ = 0.8 − 1.4cm−1 are primarily re-52

sponsible for the largest electron and ion heat fluxes, with53

further details in End Matter.54

Although the ITG suppression is highly localized, a no-55
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FIG. 3: The measured turbulence poloidal flow vθ from
2.14 m to 2.21 m in (a). The negative sign in (a) indicates
the ion diamagnetic drift direction. The spatial and temporal
evolution of shearing rate of poloidal flow ∂vθ/∂r (b) and the
RS force in (c).

ticeable improvement in plasma confinement is observed.1

Figure 1(c) shows a clear increase of electron tempera-2

ture (Te) at R = 2.164 m, measured by electron cyclotron3

emission (ECE) [33], despite constant neutral beam heat-4

ing power. The impact of ITG on Te becomes partic-5

ularly evident upon its reappearance, which is marked6

by a sharp drop of Te by ∼ 30% at ∼ 0.8 s. Corre-7

sponding changes are also seen in core Te at R = 1.96 m8

and edge carbon temperature at R = 2.12 m, measured9

by charge exchange spectroscopy [34], as well as in the10

stored energy. In a well-diagnosed shot, seven additional11

high-resolution ECE channels, aligned with the localized12

ITG suppression region, observe Te profiles indicative of13

internal transport barrier (ITB) formation. In all shots14

with localized ITG suppression, ITB formation occurs at15

the locations where ITG is suppressed, and the beneficial16

effect extends much more broadly. For example, a clear17

increase in Te from ∼ 2.17 m to ∼ 2.0 m is observed18

in the experiment (see Figs. 9(e) and 9(f) in the End19

Matter).20

It is well known that shear flow and the RS force often21

play an essential role in suppressing turbulence [35, 36].22

To evaluate their roles in this case, the poloidal and ra-23

dial flow velocities, vθ and vr, are obtained with high24

temporal and spatial resolution by tracking the move-25

ment of turbulence eddies in a series of BES images, us-26

ing a velocimetry technique [37–39]. In similar plasma27

shots, the poloidal group velocity of the turbulence ed-28

dies studied here was previously shown to agree well with29

the measured E×B drift velocity over the radial range of30

r/a ∼ 0.6 to 1.0 [40]. Figure 3(a) shows the Z-direction31

averaged vθ at eight radial locations. From ∼ 0.6s, vθ32

begins to accelerate in the electron diamagnetic drift33

TAE1-4

TIME[s]
0.4 0.6 0.7 0.8

0 0.05

0

0.1

0.3
100

Po
la
riz
at
io
n

Fr
eq
ue
nc
y[
kH
z]

Polarization

0

0.2

0.4

-3.4

TAE-0

a1

0.1

ITG amplitude

120

140

0.5

-2.9

-2.4

log10(𝝳n/n)

log10(𝝳Te/Te)

100

120

140

Fr
eq
ue
nc
y[
kH
z]

100

120

140

Fr
eq
ue
nc
y[
kH
z]

𝛿n/n

TAE-0

1

2
3

4

a

b

c

d
0.2

FIG. 4: The δn/n and δTe/Te, measured by BES and ECE
at nearly the same (R, Z) locations are shown in (a) and (b),
respectively. (c) The polarization of all TAEs as function of
frequency and time. (d) The time evolution of polarization of
five TAEs, labeled as 0,1,2,3 and 4 in (c), along with the time
evolution of ITG amplitudes, integrated over the correspond-
ing frequency band.

direction within the radial range of 2.14 m to 2.17 m34

(r/a ∼ 0.65 to 0.72). At more outward radial positions, a35

slight increase in vθ is observed in the ion diamagnetic di-36

rection. This results in an enhanced shear flow layer, with37

a shearing rate reaching up to 160 kHz, as shown in Fig.38

3(b). The shear flow layer slowly expands outwards and39

then abruptly diminishes after ∼ 0.78 s. The evolution of40

this shear flow (see Fig. 3(b)) is temporally and spatially41

correlated with the development of the TAEs with high-42

amplitudes and narrower radial structures, shown in Fig.43

2(a), and is anti-correlated, in both time and space, with44

ITG dynamics, presented in Fig. 2(b). The ITG cor-45

relation rate, which characterizes how quickly turbulent46

eddies lose their radial coherence, is quantified by BES.47

At 2.14 m, the correlation rate is found to be ∼ 100 kHz48

over the time period of 0.5 s to 0.6 s. At 2.17 m, it is49

140 kHz from 0.5 s to 0.7 s. These values are smaller than50

and/or comparable to the measured flow shearing rate,51

suggesting that flow shear decorrelates turbulent eddies52

and suppresses the ITG.53

The RS force, defined as ∂
∂r 〈ṽrṽθ〉, is calculated from54

the measured fluctuating components of vr and vθ, aver-55

aged over every 3 ms. Figure 3(c) shows the RS force is56
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negative in the radial range of 2.14 m to 2.17 m, qual-1

itatively consistent with the observed acceleration of vθ2

in the electron diamagnetic direction. Moreover, the RS3

force exhibits an outward radial shift, closely matching4

the temporal and spatial evolution of shear flow layer in5

Fig. 3(b).6

An intriguing detail is that ITG mitigation begins from7

∼ 0.57 s, as seen from Fig. 2(b) and the integrated δn/n8

over the relevant frequency range, shown as the black9

line in Fig. 4(d). This occurs ∼ 30 ms earlier than the10

increase in shear flow at 0.6 s, as seen from Fig. 3(b).11

At the same time, figure 4(a) shows an increase of TAE-12

induced δn/n, measured by BES, while, at the same posi-13

tion, ECE detects a decrease in δTe/Te (see dashed lines14

and the arrows in Figs. 4(a) and (b)). This contrasting15

behavior signals a sudden change in TAE’s polarization16

[41]. Here, polarization is defined as |δφ󰀂|/(|δφ󰀂|+ |δψ|),17

where δφ󰀂 is the effective parallel electric potential, and18

δψ is the scalar potential. A polarization value of zero,19

i.e., δφ󰀂 = 0, corresponds to a pure shear Alfvén wave20

(SAW), while a value of one, i.e., δψ = 0, indicates a21

purely electrostatic mode.22

The polarization is calculated from the measured23

δTe/Te, δne/ne, and plasma profiles using a gyrokinetic24

formulation (see Eq. (7) of [41]) and the results are25

shown in Fig. 4(c). It is found that the dominant sin-26

gle TAE initially exhibits strong SAW polarization from27

∼ 0.4 s. However, around 0.57 s, its polarization rapidly28

increases towards ∼ 0.25, indicating a significant depar-29

ture from SAW behavior and coinciding with the onset of30

ITG mitigation in Fig. 4(d). As the up-shift of polariza-31

tion occurs, TAEs with pure SAW polarization (labeled32

as TAE1-4) begin to grow and eventually become the33

dominant instabilities, as shown in Figs. 4(a) and (b).34

The significant polarization difference can also be directly35

observed by the notably larger (δTe/Te)/(δne/ne) ratios36

associated with TAEs (labeled as TAE1-4), compared to37

that from the earlier single TAE (labeled as TAE-0).38

Systematic experimental investigation demonstrates39

that robust and reproducible ITG suppression via nonlin-40

ear evolution of TAE requires a sufficiently strong drive.41

In DIII-D, strong drive of TAEs is achieved via a large42

population of fast ions on passing orbits [42, 43], low43

electron density, and elevated q. For example, under the44

identical plasma equilibria, NBI heating scenarios, cur-45

rent ramp-up rates, and nearly identical q profiles, an46

increase in ne, i.e., reducing TAE drive, prevents the47

ITG suppression. Conversely, enhancing TAE drive by48

elevating q profiles and lowering ne significantly extends49

the ITG suppression periods, leading to formation of an50

ITB. Details of these two examples are given in the End51

Matter, underscoring the critical role of TAE drive in52

ITG suppression.53

Discussion – Several aspects of the observations chal-54

lenge the traditional theoretical definition of TAEs. For55

example, the n = 4 single TAE gradually evolves from56

a predominantly SAW polarization at 0.4 s to a mixed57

SAW/acoustic polarization, as shown in Fig 4(c). In ad-58

dition, coherent waves during ITG suppression exhibit59

very narrow radial structures, i.e., only a few cm wide,60

as shown in Fig. 2(a). Nevertheless, we empirically clas-61

sify these fluctuations as TAE instabilities, based on the62

following considerations: (1) both these coherent waves63

and the early stage of single TAE exhibit SAW polariza-64

tion; (2) their excitation correlates to the conditions of65

strong TAE drive, as discussed above; (3) the toroidal66

mode numbers are typical for TAEs in DIII-D; (4) the67

frequencies fall within the TAE bands and scale with the68

Alfvén velocity.69

Mean flows and zonal flows are both zero-frequency,70

with zonal flows exhibiting finite spectral broadening71

near zero frequency and a finite radial wave number kr,72

and both are known to affect the turbulence dynam-73

ics [44]. ITG-driven zonal flows can nonlinearly upshift74

the critical Te gradient for ITG destabilization, a phe-75

nomenon known as ‘Dimits Shift’ [45, 46]. Zonal flows76

driven by TAE and fishbone have been numerically ob-77

served in FAR3D code and GTC codes [47], and are in-78

voked to explain the confinement improvement in JET79

[25] and DIII-D [18]. Similar low-k turbulence suppres-80

sion via shear flows generated by non-ambipolar fast ion81

transport has been reported in LHD [16] and simulated82

in [48]. In our experiment, increased flow shear near83

zero frequency is sufficient to stabilize the ITG. However,84

due to the localized ITG suppression and a narrow ra-85

dial decorrelation length, distinguishing mean flows from86

zonal flows via kr in experiment is not possible. Never-87

theless, the data suggest that the poloidal flow is modi-88

fied by TAE waves through the MX and RS forces. Note89

that a theoretical framework describing how MX and RS90

are generated by a group of TAEs with different n, as91

observed in experiments, is currently lacking. The most92

closely related theory to date considers the MX and RS93

generated by a single-n TAE, as formulated in Equation94

(10) of [14]. Encouragingly, the key experimental findings95

align well with key elements of the theory: (1) Theory96

predicts that poloidal flow is generated by TAEs only97

when they deviate from a pure SAW; otherwise, MX and98

RS cancel each other out. This is consistent with the99

measurement. (2) Theory also suggests that the imbal-100

ance between MX and RS force is pronounced only when101

TAE exhibits fine-scale radial structure with large am-102

plitudes, as observed in experiment. (3) Experimentally,103

although MX force has not been directly measured, figure104

4(b) shows that the decrease in δTe for the single TAE105

after ∼ 0.57 s implies reduced local magnetic fluctuation,106

i.e., δTe ∝ δψ, while Fig. 3(c) demonstrates an increase107

in RS force. Together, these observations suggest an im-108

balance of RS and MX stress forces.109

It is important to note that, in the DIII-D tokamak,110

full suppression of ITG is observed only when the TAE111

drive exceeds a certain threshold, a key condition for112
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triggering full ITG suppression. One possible interpre-1

tation is that the intensity of zonal flows scales with the2

square of the TAE amplitude [49]. These flows can, in3

turn, modify TAE polarization, further enhancing the im-4

balance between MX and RS forces and thereby driving5

poloidal flow, thus establishing a positive feedback loop.6

It also facilitates nonlinear wave-wave coupling to drive7

more TAEs with different n. On the other hand, the re-8

quirement of TAE drive to exceed a certain threshold sug-9

gests that direct energy transfer from ITG to marginally10

stable TAE, a mechanism discovered in simulation [50],11

is not the dominant mechanism in this particular case,12

since it is less likely to exhibit a sharp threshold depen-13

dence. Other potential effects on ITG stability are also14

excluded: (1) fast ion dilution effects [22, 23]. TRANSP15

predicts a slight decrease of fast ion fraction by ∼ 2%16

across the ITG suppression phase, due to a slight in-17

crease of ne at constant neutral beam injection in Fig.18

1(d). (2) Profile changes. Using measured plasma pro-19

files and equilibrium, CGYRO finds similar linear growth20

rates across the suppression period without taking flow21

into account.22

A final remark is that the strong TAE drive in this23

experiment leads to substantial fast ion transport. But24

at a comparable levels of fast ion transport in this se-25

ries of experiments, a slight increase in TAE drive above26

threshold triggers the bifurcation in ITG behavior, from27

non-suppression to full suppression, resulting in a clear28

improvement of thermal plasma performance, especially29

at large radii. An intriguing concept for future reactors,30

suggested by this experiment, is the use of Alfvén anten-31

nas to externally excite AEs near the plasma edge, where32

the α particle population and associated losses could be33

low. By generating targeted TAE spectra, it may be pos-34

sible to form transport barriers at large radii on demand.35
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End Matter

Beam emission spectroscopy imaging system – The1

beam emission spectroscopy system (BES) consists of2

an 8 × 8 array, covering a radial range from 2.142 m to3

2.208 m and a vertical range from −0.042 m to 0.065 m.4

The vertical pairs of BES channels are nearly aligned5

with flux surfaces, as shown in Fig. 5(a). The im-6

ages of turbulence eddies at ∼ 0.5 s and ∼ 0.7 s, cor-7

responding to the times before and during the ITG sup-8

pression, are shown in Fig. 5(b1) and (b2). As seen9

in Fig. 5(b1), the poloidal wave number kθ before ITG10

suppression is about 0.8 cm−1. After the ITG suppres-11

sion, in the region of ∼ R = 2.17 m to ∼ 2.21 m, the12

eddies exhibit a tilted structure. It should be noted13

that toroidicity-induced Alfvén eigenmodes (TAE) and14

turbulence are distinguished by the phase difference ∆φ15

between poloidally separated BES channels. For low-16

k turbulence, ∆φ increases approximately linearly with17

frequency owing to the broad kθ spectrum, whereas for18

TAE, ∆φ ≈ 0 since the poloidal wavelength greatly ex-19

ceeds the channel separation.20

Identification of low-k turbulence – A linear gyroki-21

netic calculation using CGYRO, based on experimen-22

tally measured plasma profiles and equilibrium, is per-23

formed to identify the observed turbulence in Fig. 1. The24

simulation finds the modes are linearly unstable over a25

broad range of kθρs > 0.2, peaking at kθρs ∼ 0.4, i.e.,26

kθ ∼ 1.1 cm−1 and ρs ∼ 0.35 cm and have a real fre-27

quency of∼ 20 kHz in the ion diamagnetic drift direction.28

A parameter scan shows that the growth rate increases29
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FIG. 5: (a) Viewing geometry of the BES system overlaid on
the upper single-null plasma equilibrium. Examples of tur-
bulent eddies measured by BES before ITG suppression and
during ITG suppression are shown in (b1) and (b2), respec-
tively. The red and blue bands stand for the crest and trough
of the fluctuations measured by the BES system.
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FIG. 6: Gyro-Bohm-normalized heat fluxes, as the function
of poloidal wavenumber kθ for CGYRO calculations that use
the experimentally measured plasma profiles and equilibrium
in shot 200729 at 550 ms.

with steeper ion temperature gradients. The calculated30

linear growth rate spectra are used to determine the elec-31

tron and ion heat fluxes by applying the quasi-linear ap-32

proximation using SAT2 [Staebler Nucl. Fusion 2021].33

The result shows that the heat flux is primarily driven34

by modes in the range kθ ∼ 0.8 to 1.4 cm−1, with com-35

parable contributions from electrons and ions, as shown36

in Fig. 6. In comparison, the observed dominant kθ be-37

fore turbulence suppression is ∼ 0.8 cm−1, decreasing to38

∼ 0.53 cm−1 at R = 2.18 m, when turbulence is sup-39

pressed at R = 2.14 m (see Figs. 5(b1) and (b2)). This40

qualitatively suggests that the observed turbulence is ion41

temperature gradient mode (ITG). It should be empha-42

sized that a quantitative comparison of ITG kθ spectra43

between CGYRO and experimental data requires nonlin-44

ear simulations including cross-scale interactions among45

TAE, ITG and zonal flows, which remain for future work.46

Toroidal mode number n – The toroidal mode number47

n is determined from the phase variation over an array48

of toroidal magnetic loops that are located on the outer49

midplane of the torus. Figure 7 shows the best-fitted n50

at different frequencies and times. Note that magnetic51

loops detect magnetic fluctuations at the wall, generated52

by the plasma instabilities across all radii, whereas BES53

measures the local density fluctuation.54
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FIG. 7: Time evolution of frequency spectra for toroidal mode
numbers, determined by phase variation of a toroidal array of
magnetic loops.
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ITG suppression vanishes under weak TAE drive – A1

comparative experiment is performed to investigate the2

role of TAE drive in the nonlinear evolution of TAE and3

associated ITG suppression. The results are shown in4

Fig. 8. In both discharges, the plasma equilibria, cur-5

rent ramp-up rate and neutral beam heating scenario are6

kept identical, while the electron density is increased by7

∼ 30% to reduce the fast ion drive. The q profiles, re-8

constructed by EFIT code with MSE constraints, show9

reasonable agreement between these two cases at 0.62 s,10

0.66 s and 0.7 s, as seen from Figs. 8(a1)-(a3). The11

radial locations of ITG suppression are indicated by ver-12

tical dotted lines. It is found that, in the low-density13

case, i.e., stronger TAE drive, the system evolves into14

ITG suppression [see Figs. 8(b1) and (b2)]. In contrast,15

in the higher-density case, i.e., weaker TAE drive, ITG16

suppression is not achieved [see Figs. 8(c)].17

ITG suppression extends with strong TAE drive – An18

experiment is conducted to examine whether the ITG19

suppression window can be extended by increasing the20

TAE drive. The results are shown in Fig. 9. The21
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drive is enhanced by reducing the current ramp-up rate22

from 363 kA/s (shot 204232) to 220 kA/s (shot 204244),23

thereby sustaining elevated q for a longer duration. In24

addition, the electron density is lowered by 5 - 10%, rel-25

ative to shot 204232, with the same neutral beam heat-26

ing. Under these conditions, ITG suppression is observed27

from ∼ 0.85 s to ∼ 1.2 s, extending the duration from28

∼ 120 ms in shot 204232 [Fig. 8(b1)] to ∼ 350 ms, as29

seen from Fig. 9(a). Importantly, a second ITG suppres-30

sion window appears after 1.45 s, persisting until all of31

the neutral beams switch off at 1.8 s and TAEs disappear.32

In both suppression windows, local ITG suppression33

produces a measurable impact on the global confinement,34

as reflected in the normalized beta βN in Fig. 9(c). No-35

tably, a sudden drop in Te occurs at 1.2 s, coinciding with36

the loss of ITG suppression, despite nearly constant ne37

and neutral beam heating power. Seven high-resolution38

ECE channels with a radial resolution of ∼ 1 cm are39

aligned to the radii where local ITG suppression is ob-40

served. Figure 9(e) and (f) show that the Te profiles41

exhibit an internal transport barrier shape during ITG42

suppression, with the subsequent Te drop correspond-43

ing to a collapse of the transport barrier when the ITG44

reemerges.45
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