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Abstract  

The global dispersion of unstable drift modes and associated turbulent transport is investigated through 𝛿𝑓-based 

global gyrokinetic simulations, modeled for JT-60U strongly reversed magnetic shear (RS) plasmas, exhibiting L-mode 

characteristics with constrained profiles dominated by large-scale avalanches. Owing to the distinct profiles of ion/electron 

temperatures and density, two different branches with respect to the toroidal mode number 𝑛 are identified, mapped onto the 

radius 𝑟. One is the density gradient driven trapped electron modes (∇𝑛-TEMs) in the inner region with lower 𝑛 values. As 

𝑛 increases, they transit to ubiquitous modes and then to toroidal ion temperature gradient (ITG) modes, while the other 

branch corresponds to the slab-like non-resonant ITG modes at higher 𝑛 values, all localized at the minimum 𝑞 (𝑞𝑚𝑖𝑛) 

surface. Here, the maximum growth rates in each branch are almost the same, i.e. 𝛾𝑚𝑎𝑥
𝑖𝑛 ~𝛾𝑚𝑎𝑥

𝑜𝑢𝑡 , indicating that unstable free 

energy sources are configured to be globally balanced, preventing unbalanced transport between the inner and outer regions. 

Correspondingly, the turbulence is initiated from both inside (𝑟~𝑟𝑖𝑛) and outside (𝑟~𝑟𝑚𝑖𝑛). Then, each of them spread to both 

sides coupled with geodesic acoustic modes (GAMs), generating three regions, i.e., [A] the inside region (𝑟 ≤ 𝑟𝑖𝑛), [B] the 

intermediate region (𝑟𝑖𝑛 ≤ 𝑟 ≤ 𝑟𝑚𝑖𝑛), and [C] the outside region (𝑟 ≥ 𝑟𝑚𝑖𝑛). In region [B], turbulence from both directions 

coalesces, forming a novel state coupled with counter propagating GAMs. In region [C], the turbulence excited near 𝑞𝑚𝑖𝑛 

surface transfers energy to propagating GAMs. With associated oscillating radial electric field 𝐸𝑟 and its radial gradient 

(𝜕𝐸𝑟 𝜕𝑟⁄ ) advected outward and dissipated, thereby suppressing turbulence. A similar process is found to take place in the 

inside region [A]. These results indicate that two ITBs can be triggered, one is near the outside of the 𝑞𝑚𝑖𝑛 surface, the other 

is inside of the maximum density gradient, serving as a seed for triggering ITBs consistent with those observed in JT-60U 

discharge. 

1. INTRODUCTION 

Reversed magnetic shear (RS) plasmas, where the safety factor profile 𝑞 has a minimum value 𝑞𝑚𝑖𝑛  at a certain 

radius 𝑟 = 𝑟𝑚𝑖𝑛, have attracted attention, leading to internal transport barriers (ITBs) [1]-[8]. However, even with 

such non-monotonic 𝑞-profiles, plasmas are found to exhibit L-mode characteristics with strongly constrained 

profiles under the sub-critical input neutral beam injection power, dominated by large scale avalanches, as studied 

in JT-60U [5][6]. This leads to the conjecture that L-modes are universal without strictly depending on the 

magnetic structure. Given that the mode distribution is regulated by the 𝑞 profile via the resonance, 𝑛𝑞~𝑚, it is 

important to unravel the underlying physics. Based on the understanding of such L-mode plasmas with RS 𝑞 

profile, we revisit the properties of instability free energy sources for plasmas with strongly RS 𝑞 profiles, 

modelled for those in JT-60U, as shown in Figs. 1(a) (b), and their nonlinear dynamics based on the simulations 

using the global gyro-kinetic code (GKNET) [7]-[10]. An interesting feature is that the ion/electron temperature 

scale lengths 𝐿𝑇 and the density scale length 𝐿𝑛 are separated, i.e. the maximum of the inverse density scale 

length (𝑅0/𝐿𝑛) is localized in the inner region with negative magnetic shear (𝑠̂ < 0) at 𝑟~𝑟𝑖𝑛(~0.4), while those 

of the temperatures are localized in the outer region around the 𝑞𝑚𝑖𝑛  surface with 𝑠̂~0 at 𝑟~𝑟𝑚𝑖𝑛(= 0.7). It 
should be noted is that, unless otherwise specified, the spatial coordinates (particularly the radial coordinate) are 
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normalized by the minor radius 𝑎0 throughout the remainder of this article. Due to the presence of different 

instability free energy sources in different radial locations, multiple branches and associated eigen-modes are 

thought to exist, which makes the transport process more complicated.  

2. NUMERICAL MODEL 

Based on the above discussed motivation, 𝛿𝑓-based electrostatic gyro-kinetic simulations, including both linear 

and nonlinear calculations, are performed using the GKNET code [7]-[10], which solves the Vlasov equation in a 

five-dimensional gyro-center coordinate system (𝑹, 𝜇, 𝑣∥) for both electrons and ions. The particle index 𝑠 

denotes either the deuterium ion (𝑖) or electron (𝑒). The following equations describe the time evolution of the 

gyro-averaged distribution function 𝑓𝑠: 

𝜕

𝜕𝑡
(𝐽𝑓𝑠) + 𝐽

𝑑𝑹

𝑑𝑡
⋅
𝜕𝑓𝑠
𝜕𝑹

+ 𝐽
𝑑𝑣∥
𝑑𝑡

⋅
𝜕𝑓𝑠
𝜕𝑣∥

= 0, (1) 

Here, 𝑹 ≡ (𝑟, 𝜃, 𝜙) represents the guiding center position, 𝑣∥ denotes the parallel velocity along the field line, 

and 𝜇 = 𝑚𝑠𝑣⊥
2 2𝐵⁄  is the magnetic moment for the particle 𝑠. 

𝑑𝑹

𝑑𝑡
=

1

𝐵∥,𝑠
∗ [𝑣∥(∇ × 𝑨) +

𝐵0
Ω𝑠

𝑣∥
2(∇ × 𝒃) +

𝑐

𝑒𝑠
𝐻𝑠∇ × 𝒃 −

𝑐

𝑒𝑠
∇ × (𝐻𝑠𝒃)] , (2) 

𝑑𝑣∥
𝑑𝑡

= −
1

𝑚𝑠𝐵∥,𝑠
∗ [(∇ × 𝑨) ⋅ ∇𝐻𝑠 +

𝐵0
Ω𝑠

𝑣∥∇ ⋅ (𝐻𝑠∇ × 𝒃)] , (3) 

where 𝐽 = 𝑟𝑅𝐵∥
∗ is the phase space Jacobian, 𝑩∥,𝑠

∗ = ∇ × 𝑨∗ = ∇ × (𝑨 + 𝐵0𝑣∥/Ω𝑠𝒃) is the modified magnetic 

field for the particle, 𝒃 = 𝑩/𝐵 denotes the unit vector in the magnetic field direction, 𝑨 is the vector potential, 

Ω𝑠 = 𝑒𝑠𝐵0/𝑚𝑠𝑐 is the gyro-frequency, the 𝑒𝑠 and 𝑚𝑠 represent the charge and mass of the particle 𝑠, and 𝑐 

is the speed of light. For geometry, we adopt a circular cross-section and define two-dimensional poloidal cross-

section 𝑹𝒑 ≡ (𝑟, 𝜃) in an axisymmetric system, so that the = 𝑅0 + 𝑟 cos 𝜃. The reference magnetic field 𝐵0 is 

defined at the major radius 𝑅0, 𝐻𝑠 = 𝑚𝑠𝑣∥
2 2⁄ + 𝜇𝐵 + ⟨𝜙⟩𝛼,𝑠 is the gyro-kinetic Hamiltonian for the 𝑠 particle, 

where ⟨𝜙⟩𝛼,𝑠 is the gyro-averaged electrostatic potential. 

The Eq. (1) is self-consistently coupled to the quasi-neutrality conditions 𝛿𝑛𝑖 = 𝛿𝑛𝑒 based on the hybrid kinetic 

electron model [11][12]. In this model, the adiabatic response is assumed for the passing electrons with (𝑚. 𝑛) ≠
(0,0), while all trapped electron and the (𝑚, 𝑛) = (0,0) passing electrons are treated kinetically. This hybrid 

treatment allows the reproduction of a wide range of ion and electron modes.  

3. LINEAR EIGEN-MODE DYNAMICS AND DISTRIBUTION 

From the series of simulations, we found qualitatively different two branches and associated modes, as shown in 

Fig. 1(c) for real frequency 𝜔𝑟 and (d) for growth rate 𝛾 with respect to 𝑛. One is ballooning type resonant 

modes with lower-𝑛 values for 2 ≤ 𝑛 ≤ 16 lying in the inner negative magnetic shear region (𝑟 < 𝑟𝑚𝑖𝑛, 𝑠̂ <
0), exhibiting highly localized structure in the poloidal direction, the other is non-resonant modes with higher-𝑛 

values for 18 ≤ 𝑛 ≤ 44 lie in the outer region, which are all localized around the 𝑞𝑚𝑖𝑛  surface. The former 

branch is identified as the density gradient driven trapped electron modes (∇𝑛-TEMs) [13][14], which show the 

largest growth rate at 𝑛 = 4 with positive real frequency (𝜔𝑟 > 0) rotating the electron diamagnetic direction. 

As 𝑛  increases, the real frequency crosses 𝜔𝑟 = 0  and becomes negative values, i.e. the ion-diamagnetic 

direction, indicating that the TEMs are thought to transit to ubiquitous modes, which is the non-resonant 

counterpart of TEMs, but rotate in the ion diamagnetic direction [15][16]. Furthermore, they tend to pure toroidal 

ITG modes [17]. Meanwhile, the latter branch is the slab-like non-resonant ITG modes, which show the largest 

growth rate at 𝑛 = 28. The radial location of each mode is mapped in the plain of (𝑅0 𝐿𝑇 ,⁄ 𝑅0 𝐿𝑛⁄ ) as shown in 

Fig. 1(e). The boundary of inner and outer branches can be seen in the region of 𝜂𝑖 = 2~4, which is mapped 

inside the 𝑞𝑚𝑖𝑛 surface at 𝑟 = 0.6. It is noted that each branch is found to have nearly the same maximum values 

for the growth rate in inner and outer regions, i.e. 𝛾𝑚𝑎𝑥
𝑖𝑛 ~𝛾𝑚𝑎𝑥

𝑜𝑢𝑡 , indicating that linearly unstable free energy sources 

are organized to be globally balanced so as not to cause unbalanced transport between inner and outer regions. 

This is considered to be a global version of such marginal stability. 
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Fig. 1 (a) Equilibrium profiles of the safety factor 𝑞, ion temperature 𝑇𝑖, electron temperature 𝑇𝑒, electron density 𝑛𝑒, and 

𝜏 defined by 𝑇𝑒/𝑇𝑖; (b) Inverse normalized scale length profiles (𝑅/𝐿) of 𝑇𝑖, 𝑇𝑒, and 𝑛𝑒; (c), (d) The dispersion relation of 

the real frequency 𝜔𝑟 , growth rate 𝛾  to the toroidal mode number 𝑛 . (e) Mode location in the parameter space of 

(𝑅0 𝐿𝑇 ,⁄ 𝑅0 𝐿𝑛⁄ ). 

4. NONLINEAR TURBULENCE SIMULATION 

Figure 2 illustrates the time evolution of (a) the radial distribution of the ion heat flux, 𝑄𝑖(𝑟, 𝑡), and (b) the space-

averaged ion heat flux, 𝑄𝑖(𝑡). The time history is divided into three phases: Phase-(I) 27 ≤ 𝑡 ≤ 35, Phase-(II) 

35 < 𝑡 ≤ 60, and Phase-(III) 60 < 𝑡 ≤ 120. Similarly, three radial domains are defined as: [A] the inside region 

0 ≤ 𝑟 < 0.34, [B] the intermediate region 0.34 ≤ 𝑟 ≤ 0.70 = 𝑟𝑚𝑖𝑛 , and [C] the outside region of the 𝑞𝑚𝑖𝑛 

surface, i.e., 0.70 < 𝑟 ≤ 1, as shown in Fig. 2.  

After the linear growth stage (up to 𝑡 = 27), the system enters the nonlinear growth phase, as Phase-(I), where 

the nonlinear interactions become dominant and drive heat transport. As indicated by the linear analysis, the mode 

for 𝑛 = 4 in the inner branch and 𝑛 = 28 in the outer branch, each exhibiting the largest growth rate in its 

respective region, begin to grow nearly simultaneously from 𝑟 = 𝑟𝑖𝑛(= 0.34) and 𝑟 = 𝑟𝑚𝑖𝑛(= 0.7) at 𝑡~27. 

Fig. 3(a) shows the turbulent potential structures at 𝑡 = 27, in which the linear mode structures are still retained. 

These modes then develop into turbulence, spreading both radially inward and outward, as illustrated in Fig. 3(b). 

the turbulence also spreads poloidally, but still shows features biased towards the outside bad curvature region of 

|𝜃| ≤ 𝜋 ⁄ 2.Subsequently, they merge and interact around the interface between the two branches (𝑟 = 0.6), as 

Fig. 3(c) shows. 

In Phase-(II), a strong burst occurs and persists from 𝑡~35 to 𝑡~60, characterized by a mesh-like avalanche 

pattern with the opposite phase velocities. Owing to the inverse cascade, low-𝑛  modes in region [B] with 

relatively larger 𝑞 values become dominant, forming large-scale eddies that enhance heat transport. In Phase-
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(III), the system evolves into a quasi-steady state with several small bursting events, the space-averaged amplitude 

of which is lower than that in the Phase-(II). The radial distribution of 𝑄𝑖(𝑟, 𝑡) develops distinct transport 

boundaries at 𝑟𝑖𝑛~0.2 and 𝑟𝑜𝑢𝑡~0.8. The persistence of a strongly reversed shear 𝑞 profile near the plasma core 

and edge is considered one of the key factors responsible for the formation of these transport boundaries. 

 

FIG. 2 The time evolution of the radial distribution of ion heat flux 𝑄𝑖(𝑟, 𝑡) (up), and the space-averaged ion heat flux 𝑄𝑖(𝑡) 
(down). 

 

FIG. 3 The two-dimensional electrostatic potential distribution 𝜙(𝑥,  𝑦) at (a) 𝑡 = 28, (b) 𝑡 = 30, (c) 𝑡 = 33, and (d) 𝑡 =
68, respectively. 
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Owing to the relatively high 𝑞 value in the system, geodesic acoustic modes (GAMs) can be easily excited [18]. 

Fig. 4 presents the time evolution of the radial electric field 𝐸𝑟 , showing a pronounced oscillatory feature that can 

be attributed to geodesic acoustic modes (GAMs) [19]-[22]. By decomposing 𝐸𝑟(𝑡) into a quasi-steady part 

𝐸𝑟̅̅ ̅(𝑡), and a fluctuation part 𝛿𝐸𝑟(𝑡), we found that the fluctuation amplitude 𝛿𝐸𝑟(𝑡) comparable in magnitude 

to 𝐸𝑟̅̅ ̅(𝑡). This result indicate that GAMs constitute one of the dominant components of the radial electric field. 

Furthermore, the frequency spectrum of 𝛿𝐸𝑟  lies within the typical GAM frequency range. However, the 

observed frequency exhibits little radial variation, especially near the 𝑞𝑚𝑖𝑛  region, suggesting the presence of a 

radially global mode. Such structures are interpreted as global GAMs [20]. 

The time evolution of 𝐸𝑟  exhibits structures similar to those of 𝑄𝑖 , allowing both time and space to be divided 

into three domains, respectively. The self-generated 𝐸𝑟  radial shear profile (𝜕𝑟𝐸𝑟) can also be decomposed into 

the quasi-steady component 𝜕𝑟𝐸𝑟̅̅ ̅, and the fluctuation component 𝛿𝜕𝑟𝐸𝑟 . A large variation of 𝐸𝑟̅̅ ̅(𝑡) around the 

boundaries of region [B] (near 𝑟 = 0.34 and 𝑟 = 0.7) forms a stable shearing layer with two local maxima, 

which is clearly visible in 𝜕𝑟𝐸𝑟̅̅ ̅ evolution subgraph. These shearing layers distort turbulent eddies, thereby 

reducing their radial correlation length and suppressing effective transport across the plasma. In contrast to 𝛿𝐸𝑟(𝑡) 
and 𝐸𝑟̅̅ ̅(𝑡), whose amplitudes are comparable, the amplitude of 𝛿𝜕𝑟𝐸𝑟 is nearly one order of magnitude larger 

than that of 𝜕𝑟𝐸𝑟̅̅ ̅, indicating that GAMs play an important role in this system. After entering Phase-(III), the 

quasi-steady state, well-organized structures of 𝛿𝜕𝑟𝐸𝑟 with opposite phase velocities appear in regions [A] and 

[C]. This behavior arises because the turbulence energy excited around the 𝑞𝑚𝑖𝑛  surface is transferred to 

propagating GAMs [21]. The associated oscillations in 𝐸𝑟  and 𝜕𝑟𝐸𝑟 are advected beyond the 𝑞𝑚𝑖𝑛 surface and 

dissipated into the plasma, thereby suppressing turbulence.  

 

FIG. 4 The time evolution of the radial electric field 𝐸𝑟, its quasi-static component 𝐸𝑟0 and oscillation component 𝐸𝑟1, and 

the corresponding radial gradient 𝜕𝑟𝐸𝑟, 𝜕𝑟𝐸𝑟0, and 𝜕𝑟𝐸𝑟1. 
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Correspondingly, the poloidally 𝐸 × 𝐵 shear flow, with two maxima located on the inside and outside of the 

plasmas, restricts the radial spreading of the heat flux in these regions, thereby forming certain heat flux boundaries 

at 𝑟𝑖𝑛~0.2 and 𝑟𝑜𝑢𝑡~0.8 , as shown in Fig. 2(a) and (b). In Fig. 5(a), the 𝐸 × 𝐵  shearing rate [23][24] is 

calculated from the radial electric field 𝐸𝑟  from Fig. 4 as 

𝜔𝐸×𝐵 =
𝑟

𝑞

𝜕

𝜕𝑟
(
𝑞

𝑟

𝐸𝑟

𝐵𝜙
) . (4) 

Owing to the large 𝜕𝑟𝐸𝑟, the amplitude of 𝜔𝐸×𝐵 (blue dotted line) can reach values four or five times higher 

than the maximum linear growth rate obtained from the linear simulations in Fig. 1(d), as indicated by the red line. 

However, because the fluctuating shear flow associated with GAMs has a finite oscillation frequency, the effective 

shearing rate 𝜔𝑒𝑓𝑓  should be reduced, as expressed by the formulation in [25] 

𝜔𝑒𝑓𝑓 = 𝜔𝐸×𝐵𝐻, (5) 

where 𝐻(𝐹) ≤ 1  is the oscillatory reduction factor, and 𝐹 = 𝜔𝑓
2/Δ𝜔𝑇

2  represents the square ratio of the 

fluctuating flow frequency to the turbulence decorrelation rate. The reduction factor accounts for the fact that the 

oscillatory nature of GAM-modulated flows limits their instantaneous effectiveness in suppressing turbulence. 

Even after accounting for this reduction, 𝜔𝑒𝑓𝑓 remains sufficiently large, comparable to the maximum linear 

growth rate and exceeding it in the outer region of 𝑞𝑚𝑖𝑛 , indicating that turbulence suppression is still effective 

despite the flow oscillations, as illustrated by the black line in Fig. 5(a).  

During this transport process, the system evolves into a quasi-stationary state, characterized by semi-globally 

relaxation of the profiles. The inner barrier corresponds to the region of maximum density gradient, where 

turbulence is suppressed by the combined action of quasi-steady and fluctuating 𝐸 × 𝐵 shears, while the outer 

barrier forms near the 𝑞𝑚𝑖𝑛  surface, where GAM-modulated flows further stabilize the plasma. These 

observations suggest that two ITBs are primed to be triggered, one outside the 𝑞𝑚𝑖𝑛  surface and the other inside 

the maximum density gradient region (Fig. 5(b)). In other words, a nascent double-barrier structure can emerge if 

the input heating power is sustained, providing favourable conditions for enhanced confinement. 

 

FIG. 5 (a)The effective 𝐸 × 𝐵 shearing rate 𝜔𝑒𝑓𝑓 (black line) and the initial shear rate 𝜔𝐸×𝐵 (blue dotted line); (b) The 

pressure normalized inverse scale length profile at initial stage (blue line) and quasi-steady stage (red line). 
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5. CONCLUSIONS 

We investigated the characteristics of L-mode plasmas exhibiting two spatially separated free energy sources in 

the inner and outer regions, each with approximately comparable linear growth rate, modeled for JT-60U strong 

RS discharges under strong profile constraints below the critical power 𝑃𝑐, above which ITBs are known to be 

triggered. Under the hypothesis that signs of an ITB trigger may already exist in such L-mode plasmas, we 

performed 𝛿𝑓-based gyro-kinetic simulations leading to the first-order redistribution of profiles induced by 

turbulence, while the system remained in the L-mode state. Our simulations reveal that global turbulence coupled 

with GAMs and resultant reduced transport are observed in both inner and outer regions, corresponding to the 

free energy sources localized at 𝑟~0.34 and 𝑟~0.7(= 𝑟𝑚𝑖𝑛), respectively. The turbulence is characterized by a 

smaller number of lower 𝑛 modes dominated by larger scale eddies in the inside region, whereas the outer region 

is dominated by a larger number of higher 𝑛 modes and smaller scales. These structures induce redistribution of 

profiles, forming two localized suppression layers: one is the inside region with a steep density gradient, and the 

other is outside the 𝑞𝑚𝑖𝑛  surface. These two layers are anticipated to serve as seeds for triggering ITBs when the 

input power is sufficiently high. Furthermore, global effects arising from the variation of profiles under weak or 

vanishing magnetic shear play a crucial role, which cannot be captured by local analyses alone. Such global 

coupling highlights the importance of considering both radial profile variations and turbulence-GAM interactions 

in understanding the early stages of ITB formation. 
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