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Abstract: Gyrokinetic simulation of a dedicated pedestal density ramping-up discharge on DIII-D can 

reproduce the enhancement of magnetic turbulence in the pedestal, which is identified to be caused by micro-

tearing modes (MTM). An increase of MTM amplitude results in higher electron thermal diffusivity, 

consistent with experimentally observed lower electron temperature gradient and degraded pedestal height. 

Gyrokinetic simulation identifies the major cause of MTM enhancement to be the increase of collisionality, 

which has a significant impact on the MTM intensity and is beyond the description of any (quasi-)linear 

theory. 

I. Introduction 

ITER is designed to operate in the H-mode1, which is characterized by a transport barrier in the edge, 

also called the pedestal, whose strength can significantly affect the whole plasma performance2. The physics 

governing the pedestal strength is not fully understood yet3. Transport physics within the pedestal is believed 

to be vital in governing the pedestal structure because it forms the local constraint of the widely used EPED 

model4, which assumes the kinetic ballooning mode5, 6 to be the dominant transport mechanism. Moreover, the 

pedestal height is not always limited by MHD events7, such as in the case of  the QH mode8, 9, whose pedestal 

is argued to be limited by transport physics. Also, even for type-I ELMy H-mode10, where the EPED model 

applies, for most (>80%) of the time during an Edge Localized Mode (ELM) cycle, the pedestal structure is 

likely to be determined by transport dynamics11, 12, highlighting the importance of understanding transport 

physics in the pedestal. 

The pedestal is characterized by a strong radially sheared mean ExB flow shear8, prohibiting the existence 

of robust long wavelength drift-wave turbulence13. In addition to the kinetic ballooning mode, whose growth 

rate may surpass the ExB shearing rate, currently both the micro-tearing mode (MTM)14-17 and electron 

temperature mode18-20 (ETG) are plausible candidate instabilities in regulating the pedestal structure due to 

their resilience to mean flow shear. Also, both ETG and MTM fit well with the ‘transport fingerprints’21 of 

the pedestal. Even though the ion thermal transport is close to neoclassical22, electron thermal transport is still 

strongly turbulence-dominated, suggesting that the underlying micro-instabilities should have the transport 

‘fingerprint’ of 𝜒𝑖/𝜒𝑒 << 1 21(here 𝜒𝑖 and 𝜒𝑒 are the ion and electron thermal diffusivity, respectively). 

Indeed, both MTM and ETG have such a transport feature. While it is still a challenge to have solid 

experimental evidence for the existence of ETG in the pedestal due to its small spatial scale length, significant 

progress has been obtained in the MTM counterpart23, 24.  

The MTM has been theoretically/numerically predicted to be unstable in the pedestal15, 25, which is also 

suggested by experimental observations23, 26, 27. However, a comprehensive analysis of experimental data using 

first principles simulation to confirm MTMs to be the dominant mechanism in controlling the pedestal 



gradient is still lacking. In this paper, we will show that the decrease of experimentally observed pedestal 

electron temperature gradient (∇Te) is correlated with the enhancement of MTM amplitude, which occurs at 

higher collisionality and results in an increased 𝜒𝑒 . The strong dependence of the MTM amplitude on 

collisionality can be well reproduced in nonlinear gyrokinetic simulations, which can also qualitatively 

reproduce the frequency spectrum from Radial Interferometer Polarimeter(RIP)26, 28. RIP measures the internal 

magnetic perturbation that may be representative of MTM, which can be used to estimate the induced 

transport flux and evaluate its experimental relevance. The combination of experiment evidence and simulation 

supports the significant role of MTM in the pedestal transport for the discharges under investigation. Note 

this discharge is not unique, we hope this work can offer a blueprint for future experiments to further confirm 

the role of MTM in regulating the turbulence and can provide a data point to map the instabilities that can 

participate under different experimental conditions. 

The paper is organized as follows. Section II will show experimental observations and the MTM 

identification. Section III will argue the MTM to be the prominent instability in determining the pedestal 

gradient via a combination of gyrokinetic simulation and experimental analysis. The paper will be summarized 

in section IV. 

II. Experimental observation and MTM identification 

Our analysis focuses on a dedicated DIII-D29 discharge (#183225)30 to evaluate the role of MTMs in 

regulating the pedestal gradient. The experimental approach is to ramp up the pedestal density, and thereby 

the collisionality, which is believed to be a key parameter in controlling MTM intensity, and observe the 

pedestal gradient/height response to the change of MTM amplitude.  

The experimental dynamics are illustrated below: with the increase of pedestal density (Fig 1(b)), the 

pedestal collisionality increases accordingly (Fig 1(c)), and so does the magnetic turbulence intensity at a 

frequency of 200~400 kHz (Fig 1(a)), and the pedestal pressure height is observed to drop drastically (Fig 

1(d)). The amplitude of magnetic turbulence is represented by the cross power of RIP28 measured line-

integrated Faraday rotation (𝜙𝑅𝐹 = ∫ neδBRdR) and electron density (𝜙𝑛𝑙 = ∫ nedR) in the horizontal 

midplane chord along the major radius direction. Here, ne  is the electron density and δBR  is the 

radial/horizontal magnetic perturbation. The magnetic turbulence is inferred to exist in the pedestal region 

since it is correlated with the pedestal evolution as indicated by the periodic synchronization between the 

magnetic turbulence amplitude and the 𝐷𝛼  signal (Fig 1(e) and 1(f)) transiently emitted when ELMs occur. 

Magnetic turbulence is weakest after the pedestal collapses after the ELM and becomes stronger with advancing 

time until the next ELM event26. Such an observation does not seem to apply to the fluctuations <100kHz, 

suggesting it is unlikely to be relevant to the pedestal behavior and is out of interest in this paper. Even though, 

more efforts are also deserved to be invested to such a part in the future. 

  

Figure 1. (a) Crosspower of RIP density and Faraday angle measurement in the midplane chord. 



Temporal evolution of (b) pedestal density, (c) pedestal collisionality, and (d) pedestal electron pressure. 

Zoom view of the temporal dynamics of (e) RIP crosspower and (f)𝐷𝛼  signal. 

 

To identify the nature of the magnetic turbulence, its dispersion relation is examined. Take the time slice 

at t=3800 ms as an example, with the beam emission spectroscopy (BES) system31, 32, whose array covers the 

whole pedestal region for this discharge (Fig 2(a)), the coherence and cross phase between two radially aligned 

channels in the pedestal can be obtained (Fig 2(b)and 2(c)). The phase velocity of the mode in the laboratory 

frame can thus be estimated to be ~60 km/s as denoted by 𝑣𝐵𝐸𝑆 in Fig 2(d) marked with a purple dashed 

line (the purple shadow box represents the uncertainty). The inferred mode phase velocity 𝑣𝐵𝐸𝑆 matches well 

with the peak value of 𝑣𝑡𝑜𝑡, which is the sum of electron diamagnetic velocity (𝑣∗𝑝𝑒 ,) and ExB velocity (𝑣𝐸𝑟), 

consistent with the theoretical expectation of the MTM dispersion relation15, 33 and suggesting the mode to 

be excited around the peak gradient region in the pedestal. Also, the coherence peaks at a frequency of 

260~300 kHz (Fig 2(b)), consistent with the frequency spectrum of magnetic turbulence measured by RIP 

(Fig. 1(a)). The destabilization of MTM in the pedestal is also supported by both linear and nonlinear 

gyrokinetic simulations, as will be discussed in the next section, which argues the MTM to be the prominent 

mechanism regulating the pedestal (electron temperature) gradient.  

 

Figure 2. For DIII-D shot #183225@3800ms. (a) BES layout; (b) coherence and (c) cross phase between 

channel 20 and 53; (d) comparison between the phase velocity inferred from BES (𝑣𝐵𝐸𝑆) and the sum 

(𝑣𝑡𝑜𝑡) of electron diamagnetic (𝑣∗𝑝𝑒) and ExB velocity(𝑣𝐸𝑟) 

 

III. Gyrokinetic simulation  

Section II has identified the mode as MTM based on its dispersion relation. Experimentally it is observed 

that both the degradation of electron pressure and the enhancement of electron thermal diffusivity are 

correlated with the enhancement of MTM amplitude. In the following sections, we will pick time slices of 

2700ms and 3800ms to represent the early phase (low MTM amplitude) and later phase (high MTM 

amplitude), respectively, for comparative analysis. The goal is to quantify the role of MTMs in regulating the 

pedestal gradient. More specifically, we want to answer the following questions: 

1) Whether the experimental identified MTM can be reproduced by gyrokinetic modeling 

2) How big a role does MTM play in the pedestal transport 

3) What controls the MTM amplitude in its temporal dynamics 

It will be shown in this section that the experimentally identified MTM can be reproduced by gyrokinetic 

modeling, specifically, the MTM is linearly unstable for both phases. The RIP-measured magnetic turbulence 

frequency spectrum can be qualitatively reproduced by nonlinear gyrokinetic simulations, highlighting the 

relevance of MTM predicted by the gyrokinetic modeling to the experimentally observed magnetic turbulence. 

Here gyrokinetic simulations are performed in the (local) flux-tube mode with the CGYRO34 code, which is 

a first-principles tool optimized for studying electromagnetic instabilities. The induced flux 𝜒𝑒 obtained 

(a) 



from nonlinear simulations also predicts the MMTM-induced flux to be experimentally relevant. Partly 

because of the unavoidable uncertainties of input quantities(eg, kinetic gradients ∇Te ) for nonlinear 

simulation, estimation of the 𝜒𝑒 ratio between the two phases is also performed with the input directly 

coming from the RIP-measurement magnetic fluctuation intensity. It suggests 𝜒𝑒 to be ~40% higher in the 

later phase, consistent with the power balance analysis (which predicts a 50% increase of 𝜒𝑒 in the later 

phase35), indicating the significant ( or even dominant) role of MTM in regulating the pedestal gradient. 

Furthermore, dedicated analysis suggests that the enhanced collisionality is the dominant parameter amplifying 

the MTM intensity in the later phase. It is noted that in the pedestal region, a global code is better at capturing 

the comprehensive physical effect in principle. However, in practice, global codes sometimes encounter 

numerical issues due to the strong profile variation across the pedestal36. Here a flux-tube approach is employed, 

since it is more robust in the numerical algorithm, though at some cost of accuracy, and allows us to do more 

exploration of parameter space as will be shown in this paper. 

III.1 Verify the experimentally observed MTM to be produced by gyrokinetic modeling 

We will go step-by-step to show that CGYRO can well reproduce the RIP-measured magnetic turbulence. 

It will be shown that 1) MTM is linearly unstable for both phases from linear CGYRO simulation; 2) MTM 

persists as the dominant mode in the nonlinear phase; and 3) the nonlinear CGYRO-predicted MTM 

frequency spectrum can qualitatively match the RIP measurement. 

Step I. Linear CGYRO simulation to verify the MTM to be unstable in both phases 

Motivated by experimental observations that the MTM is excited in the peak gradient region of the 

pedestal ( Fig 2(c)), linear calculations for both time slices are performed at ρ = 0.96, where −dTe/dr 

peaks (Fig 3(a)). More background parameters are summarized in Table I. Here the normalized temperature 

gradient 𝑎/𝐿𝑇𝑒 = −𝑎 𝛻𝑇𝑒/𝑇𝑒, 𝑎/𝐿𝑇𝑖 = −𝑎 𝛻𝑇𝑖/𝑇𝑖, the ExB shearing rate 𝛾𝐸 =
𝑎

𝑐𝑠

𝑟

𝑞

𝜕𝜔0

𝜕𝑟
 where 𝜔0 is 

the toroidal rotation frequency induced by the radial electric field 𝐸𝑟. 37 Also, 𝛽𝑒,𝑢𝑛𝑖𝑡 = 8𝜋𝑛𝑒𝑇𝑒/𝐵𝑢𝑛𝑖𝑡
2  

where 𝐵𝑢𝑛𝑖𝑡  is the local effective field strength38, and 𝜈𝑒  is the collisional frequency defined as   𝜈𝑒 =

𝑎

𝑐𝑠

√2𝜋𝑒4𝑛𝑒

𝑚𝑒
0.5𝑇𝑒

1.5 𝑙𝑛𝛬 , where 𝑐𝑠  , 𝑚𝑒  and e  are the ion sound speed, electron mass and electron charge, 

respectively and 𝑙𝑛𝛬 is the Coulomb logarithm. 

With the up-down asymmetry of the shaping effect retained39, linear CGYRO simulation results are 

shown in Fig 3. MTM is shown to be robustly unstable with nominal experimental parameters. The mode is 

identified to be MTM for three reasons: 1) its frequency aligns well with the electron diamagnetic frequency 

𝜔∗𝑝𝑒(𝑐𝑠/𝑎) = −𝑘𝑦𝜌𝑠(𝑎/𝐿𝑇𝑒 + 𝑎/𝐿𝑛𝑒) (Fig 3(c)), here the minus sign denotes the electron diamagnetic 

direction; 2) ϕ is odd and 𝐴||  is even in its eigenfunction structure (though not in a perfect way probably 

due to shaping effect); 3) a quasi-linear calculation indicates the mode is most efficient in inducing electron 

thermal transport via magnetic fluttering (not shown here). It is worthwhile to mention that the stable gap 

(0.05>𝑘𝑦𝜌𝑠>0.03) in the case of 3800ms(Fig 3(d)) is caused by the branch transition of MTM, eg, the 

eigenfunction of 𝑘𝑦𝜌𝑠=0.02 and 𝑘𝑦𝜌𝑠=0.08 are qualitatively different, while why one MTM branch is 

suitable to exist in one certain 𝑘𝑦𝜌𝑠 range and the other one favors another 𝑘𝑦𝜌𝑠 range remains to be 

investigated. 



 

Figure 3. Comparison of  (a) −dTe/dr, (b)𝑎/𝐿𝑇𝑒 , (c) mode frequency 𝜔 and (d) growth rate γ between 

the two time slices. The eigenfunction of  (e) ϕ and (f) 𝐴|| of  𝑘𝑦𝜌𝑠 = 0.06 for time slice of  2700ms 

Table I. Experimental parameters of 𝜌𝑡𝑜𝑟=0.96 (183225@2700ms&3800ms) 

rmin/a 𝑎/𝐿𝑇𝑒  𝑎/𝐿𝑇𝑖  𝑎/𝐿𝑛𝑒 𝑎/𝐿𝑛𝑖  

0.973/0.974 69.1/70.1 13.6/5.95 31.7/15.4 30.1/11.7 

s q 𝛽𝐸,𝑢𝑛𝑖𝑡  𝛾𝐸(𝑐𝑠/𝑎) 𝜈𝑒(𝑐𝑠/𝑎) 

0.74/2.62 5.11/5.10 1.79e-

4/2.1e-4 

1.00/1.00 1.14/2.97 

Step II. Verify the persistence of MTM turbulence in the nonlinear phase 

It has been reported that the MTM can be eliminated in the nonlinear phase under some conditions40 

(eg. via nonlinear interaction with subdominant drift wave turbulence) even though it is linearly unstable, 

therefore, it is necessary to verify the persistence of MTM and test if  MTM is still important/dominant in 

the nonlinear phase. The nonlinear simulation is performed for both time slices with resolution parameters 

shown in Table II. Here, Δkxρs and Δkyρs are the interval (also minimum value) of the radial and bi-

normal wave number, which are determined by the simulation box size, kx,maxρs and ky,maxρs are the 

maximum resolved kxρs and kyρs, and 𝑁𝜃  is the number of  poloidal angle gridpoints.  

With experimental 𝐸𝑟 shear turned on, resultant temporal dynamics of fluxes are shown in Fig 4, in 

which the well-saturated state and sensible flux spectrum suggest the nonlinear run to be reasonable. Note 

that the reason that the 𝐸𝑟 shear is turned on is just to try to mimic the experimental conditions as closely 

as possible, we have dedicatedly tested the role of 𝐸𝑟 shear, which shows little effect on the predicted flux 

even though the 𝐸𝑟 shearing rate is larger than the maximum growth rate(not shown here). In addition, a 

box convergence check is also performed, and similar results are observed, further suggesting the nonlinear 

runs to be valid.  

Table II.  Resolution parameters in CGYRO nonlinear simulation 

Case Δkxρs kx,maxρs Δkyρs ky,maxρs 𝑁𝜃  

2700ms 0.023 2.96 0.01 0.23 96 

3800ms 0.082 5.18 0.01 0.23 96 

 



 

Fig 4 Comparison of (a) temporal flux dynamics, and (b) flux spectrum of the two slices. Comparison of 

fluctuation amplitude of the two slices in the saturated phase, averaged over 50~150 𝑎/𝑐𝑠 

To verify that the MTM persists in the nonlinear phase, a Fourier transform of 𝐴|| from temporal 

dynamics to frequency space is performed in the nonlinear phase41, and the nonlinear dispersion relation can 

be thus obtained (Fig 5). As can be seen, for every 𝑘𝑦𝜌𝑠, the nonlinear mode intensity peaks at the MTM 

linear frequency (denoted by the black dashed line), suggesting that the MTM persists and dominates in the 

nonlinear phase for both time slices.  

 

Figure 5. Comparison of the dispersion relation of the linear (black dashed line) and nonlinear 

simulation (contour plot) for both 2700 ms (left panel) and 3800 ms (right panel). Here the positive sign 

represents the electron diamagnetic direction 

Step III. Comparison of the magnetic spectrum between RIP and nonlinear CGYRO 

Although we have demonstrated the persistence of MTM in the nonlinear phase, the relevance between 

the MTM that CGYRO simulated and that observed in RIP requires verification. One way to link is to 

compare the RIP-measured magnetic frequency spectrum with that of the nonlinear CGYRO prediction, 

which is done in this section.  

RIP measures the line-averaged radial magnetic fluctuation amplitude (δB̅r) defined as27 

δB̅r ≈ δB̅R =
√(∫ neδBRdR)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

∫ nedR
                         (IV.1) 

Here ∫ dR means line integral along the horizontal direction in the major radius(R). δB̅r thus has 

the form of δBRΔR, with δBR the radial magnetic perturbation and ΔR of its radial width. Assuming 

ΔR~ΔZ~1/ky, here ky is the poloidal wave number and ΔZ  is the poloidal wavelength, we have  

δBRΔR~δBR/ky~A||                        (IV.2) 

Therefore, it makes sense to compare the frequency spectrum of δB̅r from RIP with A|| from 

nonlinear CGYRO with the assumption that δB̅r represents the strength of local magnetic perturbation. 

2700ms 3800ms 



Here we do not aim to compare the absolute amplitude between RIP and CGYRO output, but a qualitative 

comparison is doable (the amplitude of A|| in the CGYRO output is multiplied by the same scaling factor 

for the two phases for better visualization). Results are shown in Fig 6, clearly indicating that the nonlinear 

CGYRO simulation can reasonably well reproduce the magnetic frequency spectrum shape in both phases, 

suggesting the strong relevance between the CGYRO simulated MTM and experimentally observed magnetic 

turbulence. Here the frequency f in the x-axis is mapped from the 𝑘𝑦𝜌𝑠 in the nonlinear CGYRO 

simulation with f~ky(vphase + vExB), while vphase  and vExB are the phase velocity and ExB velocities, 

respectively. 

 

Figure 6. Frequency spectrum comparison between δB̅r from RIP and A|| from nonlinear CGYRO  

III.1 Quantify the role of MTM in pedestal transport 

To quantify the role of MTM in pedestal transport, two approaches are employed here. One is to 

directly compare the experimental power balance value to the nonlinear CGYRO prediction. Such an 

approach is justified by the demonstration of nonlinear CGYRO predicted MTM to be experimentally 

relevant in Section III.1. Since the CGYRO predicted fluxes can be affected by uncertainties in the input 

parameters, which are challenging to quantify in the pedestal, an alternative/supplementary approach is to 

compare the 𝜒𝑒,3800𝑚𝑠/𝜒𝑒,2700𝑚𝑠 ratio between the power balance value and the one inferred directly 

from the RIP δB̅r. It will be shown in this section that 1) the nonlinear CGYRO predicted fluxes based on 

nominal parameters are qualitatively consistent with the experiment, 2) direct estimation from RIP-measured 

δB̅r gives 𝜒𝑒,3800𝑚𝑠/𝜒𝑒,2700𝑚𝑠 ~1.4 while experimental value is ~1.5. Both results support the key role 

of MTM in pedestal transport. 

Approach I. Direct comparison of CGYRO predicted flux versus power balance value 

With the nominal parameters as input, flux comparison between nonlinear CGYRO prediction and 

power balance value is shown in Table III. The CGYRO prediction is higher than the experimental value, 

which is reasonable since CGYRO predicts that a broad range of 𝑘𝑦𝜌𝑠 (0.01~0.24) can contribute to the 

induced flux, whereas experimentally the contributing 𝑘𝑦𝜌𝑠 spectrum is narrower. As shown in Fig. 6, the 

high 𝐵𝑟 intensity predicted by CGYRO at low 𝑘𝑦𝜌𝑠(eg. 𝑘𝑦𝜌𝑠<0.05 for low pedestal case, roughly 

corresponds to f<200kHz in Fig. 6) is significantly diminished in the RIP measurement. This is 

understandable since CGYRO is a local code that assumes a rational surface exists for every 𝑘𝑦𝜌𝑠, but it is 

not always so under real experiments. A recent study utilizing global simulations42 suggests that the mode can 

be excited only when the peak gradient region is sufficiently close to the corresponding rational surface. Such 

a condition is more difficult to satisfy for lower 𝑘𝑦𝜌𝑠, consistent with the observation that the spectra 

match is poorer for the modes of lower 𝑘𝑦𝜌𝑠 (also thus of lower frequency, eg f<200kHz) in Fig. 6. On 

top of this, if  we then only consider the flux which is contributed by modes that are observed in experiments 

(eg. 𝑘𝑦𝜌𝑠 > 0.05), then the flux is clearly decreased but still higher than the experimental value, however, it 



makes the flux match feasible, eg, a 30% reduction of 𝑎/𝐿𝑇𝑒 (which is marginally within experimental 

uncertainties) gives a reasonable agreement with power balance value (Table III). Furthermore, the profile 

curvature, which is the second radial derivative of the kinetic profiles and is drastic in the pedestal region, can 

suppress the transport flux to some extent, eg, simulation with profile curvature can reduce the flux by 

~20% based on nominal parameters. Therefore, the requirement for the 𝑎/𝐿𝑇𝑒 reduction for flux match 

can be further relaxed if  the profile curvature is considered. It should be noted that since the MTM has a 

characteristic size of 𝑘𝑦𝜌𝑠~0.06 (corresponds to the peak of magnetic spectrum in Fig. 6 for the early 

phase, see Figure 4(b)), the corresponding radial width is quite large and therefore non-local effects on 

governing parameters (eg, collisionality and magnetic shear) might be important, especially considering it is 

located in the pedestal, where profile variation is strong. Both the uncertainties and global effect are difficult 

to quantify, so we do not pursue to accurately match the flux following this approach, even though it is 

doable with some assumptions. The qualitative comparison provides a sense that the CGYRO predicted flux 

is experimentally relevant and the discrepancy between the power balance value and CGYRO prediction is 

understandable. 

Table III Comparison of CGYRO predicted electron energy flux versus experimental power balance value  

Gyrobohm normalized 

electron thermal flux 

CGYRO Simulation 

(fully 𝑘𝑦𝜌𝑠) 

CGYRO Simulation 

(𝑘𝑦𝜌𝑠 > 0.05) 

2700ms (PB value: 150) Nominal 𝑎/𝐿𝑇𝑒 : 630 

-20% 𝑎/𝐿𝑇𝑒 : 390 

-30% 𝑎/𝐿𝑇𝑒 : 250 

Nominal 𝑎/𝐿𝑇𝑒 : 400 

-20% 𝑎/𝐿𝑇𝑒 : 250 

-30% 𝑎/𝐿𝑇𝑒 : 140 

3800ms(PB value: 300) 900 538 

Approach II. compare the 𝝌𝒆,𝟑𝟖𝟎𝟎𝒎𝒔/𝝌𝒆,𝟐𝟕𝟎𝟎𝒎𝒔 between PB value and inferred value from RIP 𝛅𝐁̅𝐫 

Starting directly from the RIP measured δB̅r, and assuming it represents the local magnetic 

perturbation, it can be inferred that the electron thermal diffusivity (χe,EM) contributed by MTM induced 

magnetic fluttering is higher for the later phase. Quantitatively, we use the following expression to relate the 

diffusivity χe,EM to the magnetic fluctuation intensity 𝐵𝑟̃ (See Appendix A),  

χe,EM~
𝑄𝑒

𝑛𝑒𝛻𝑇𝑒
~

1

𝑛𝑒

𝑇𝑒

𝛻𝑇𝑒
<

𝐵𝑟
2̃

ky
>                       (IV.3) 

While 
𝑇𝑒

𝛻𝑇𝑒
 is almost the same between the two phases(Fig 3(b) at the mode peaking location 

(ρ=0.96), 𝑛𝑒  and 𝐵𝑟
2/𝑘𝑦 is ~10% (at ρ=0.96 ) and ~50% higher, respectively(averaged over frequency 

of 150~400kHz where clear coherence is observed (Fig2.(b))). This results in the estimated χe,EM~40% 

higher in the later phase, which is close to the power balance value with χe~50% higher in the later phase.  

III.3 Evaluating the collisionality effect on the MTM 

Fig 3(d) shows that the growth rate is lower while the resultant flux is higher ( Fig 4(a)) in the later phase, 

which has higher collisionality. This section aims at understanding the role of collisionalty in the linear growth 

rate and nonlinear flux of MTM, hence explaining the observed experimental temporal dynamics. 

Q.1: Why the growth rate is lower in the later phase 

A detailed comparison of the parameters between the two phases (Table I) reveals that in addition to the 

more than doubling in collisionality, the magnetic shear also exhibits a drastic rise (Fig 7). This is reasonable 

since the combination of lower pedestal pressure and higher collisionality in the later phase lowers the 

bootstrap current, which makes it more difficult to reverse/flatten the q profile at the pedestal; higher 

magnetic shear is thus obtained.  



 

Figure 7. Comparison of collisionality (a) and magnetic shear (b) profile across the pedestal region; 

dependence of the growth rate of the two representative kyρs values on (c)collisionality and (d) magnetic 

shear 

By scanning collisionality and magnetic shear with background parameters coming from the early phase, 

it is found that while the higher collisionality can increase the growth rate (Fig 4(c)), the higher magnetic 

shear can enter linearly to significantly suppress the MTM43 (especially for kyρs=0.06 (Fig 7(d))) and thus 

leads to a lower growth rate in the later phase. However, this does not infer that the induced flux is lower. 

Q.2: Why the nonlinear flux is higher in the later phase despite of lower growth rate 

The higher flux in the later phase is partly attributed to its higher saturation amplitude (Fig. 8), which 

is consistent with experiments indicating that the later phase has a greater magnetic fluctuation intensity 

( Fig. 6). However, the fact that higher fluctuation intensity comes from lower growth rate suggests that 

quasi-linear theory44 cannot be applied to predict the MTM turbulent induced flux. Also, finite flux is 

generated at the linearly stable 𝑘𝑦𝜌𝑠 domain (eg 𝑘𝑦𝜌𝑠 > 0.1 for the later phase), which further 

substantiates the inadequacy of quasi-linear theory/model in describing the nonlinear MTM dynamics.  

 

Figure 8 (a) fluctuation electrostatic potential 
1

𝜌𝑠

𝛿𝜙

𝑒𝑇𝑒
; (b) magnetic vector potential 

𝑐𝑠

𝜌𝑠

𝑒𝛿𝐴||

𝑇𝑒
 and (c) parallel 

magnetic field strength 
1

𝜌𝑠

𝛿𝐵||

𝐵𝑢𝑛𝑖𝑡
. 

To further verify/understand both the linear and nonlinear results in both phases, we try quantifying 

the role of collisionality and magnetic shear on the flux (Fig. 9). The approach is to start with the 

background parameters coming from the early phase, and by changing the collisionality and magnetic shear 

separately to the values of later phase, we use CGYRO simulation to evaluate their roles on both the linear 

growth rate and nonlinear flux. While visually the magnetic shear can significantly suppress the linear growth 

rate and the collisionality enhancement of growth rate is limited (Fig 9 left panel), the flux change behavior 



shows an opposite trend (Fig 9 right panel), namely, the magnetic shear induced flux reduction is limited 

(40% decrease in total) while collisionality enhancement of the flux is drastic (3 times higher in total) . Fig 

9(b) is consistent with previous observations and highlights the significant role of collisionality in flux 

enhancement, which is well beyond what the quasi-linear theory can predict, and illustrates the varying 

impact of collisionality and magnetic shear on different wavenumbers. 

 

Figure 9. Spectrum of linear growth rate(a) and electron energy flux spectrum(b). Blue line: base case 

coming from the early phase; red: collisionality change only; black: magnetic shear change only 

The key finding of our nonlinear study is that the higher flux and fluctuation level in the later phase can 

be attributed to its higher collisionality. The collisionality induced nonlinear flux enhancement is far larger 

than the quasi-linear theory can describe. More generally, the quasi-linear theory is not expected to describe 

the nonlinear dynamics of MTM, which might be a challenge for developing reduced models accounting for 

MTM induced transport. 

 

IV. Conclusion 

In this paper, we have carefully examined the role of magnetic turbulence, which is identified to be an 

MTM, in pedestal transport in a DIII-D ELMy H-mode plasma. The conclusion is that MTM is likely to 

play a significant role in regulating the pedestal kinetic profiles based on the following rationales: 

1. Linear CGYRO calculations based on nominal experimental parameters predict the MTM to be 

unstable in the pedestal peak gradient region; 

2. Nonlinear CGYRO predicted frequency spectrum of magnetic turbulence is qualitatively consistent 

with experiments; this is essential to the successful validation of nonlinear CGYRO simulation, which 

predicts the MTM-induced flux to be experimentally relevant; 

3. Direct estimation of magnetic fluttering induced flux from RIP measured magnetic turbulence 

suggests higher electron thermal diffusivity in the later phase, consistent with experiments. 

Combining the 3 points above, we arrive at a coherent picture. Due to the enhanced collisionality in the 

later phase (caused by the density increase), the saturated level of  MTM becomes higher (reproduced by 

CGYRO and validated via RIP), which causes higher electron thermal diffusivity. Its level is within the range 

obtained from experimental power balance analysis and causes the pedestal gradient to drop, which explains 

the observed pedestal degradation. It should be noted that here 1) while we stress the dominant role of 

MTM in doing the thermal transport in the pedestal region, we do not mean to rule out the existence of 

other possible candidate transport mechanisms, like the dissipative trapped electron mode(DTEM), whose 

strength is also expected to increase with collisionality. However, we do not think the DTEM is taking the 

leading role in the pedestal transport that we studied here, since such an mode is efficient in driving both 

particle and electron thermal transport while experimentally no saturation of density channel is observed and 



electron temperature is clearly clamped, suggesting the dominant underlying mode should drive more electron 

thermal flux than its particle counterpart, and MTM fits better in such a transport fingerprint. But anyway, 

more work should be done to figure out additional candidates and their roles in the pedestal transport; 2) in 

the comparison between experimental energy flux and CGYRO prediction, a flux-tube approach is employed, 

which overpredicts the flux. A global treatment should be used to resolve the discrepancies and is left for 

future work. 

As an interesting theoretical observation, a comparison between linear and nonlinear CGYRO 

calculations reveals that  

1. the flux enhancement by collisionality is beyond quasi-linear prediction; 

2. Non-negligible flux is contributed by modes of 𝑘𝑦𝜌𝑠 which are linearly stable. 

The two observations suggest that nonlinear MTM dynamics are unlikely to be described by 

(quasi-)linear estimations, raising a challenge for developing reduced models for MTM. To proceed, it is 

required to dig more into the saturation physics of the MTM. And here we raised two observations, as 

shown above, that future theories should be able to explain when they are proposed. 

 

Appendix1 : Derivation of expression for χe,EM 

From the continue equation, we have 

𝜕𝑝𝑒̃

𝜕𝑡
~𝑉̃ ∙ 𝛻𝑝𝑒                           (A.1) 

Here, 𝑝𝑒̃ is the perturbed electron pressure, and 𝑉̃ is expressed in the form of 𝑣𝑒,||𝐵𝑟̃, where 𝑣𝑒,|| 

and 𝐵𝑟̃ is electron parallel velocity and radial perturbed magnetic field, respectively. Performing Fourier 

transformation to the frequency space will lead to 

ω𝑝𝑒̃~𝑣𝑒,||𝐵𝑟̃𝛻𝑝𝑒                        (A.2) 

The dispersion relation for the MTM has 

ω~ky𝛻𝑝𝑒                            (A.3) 

Combining Eqn(A.2) and (A.3) gives 

𝑝𝑒̃~
𝑣𝑒,||𝐵𝑟̃

ky
                            (A.4) 

The electron thermal flux induced by magnetic fluttering takes on the form 

𝑄𝑒,𝐸𝑀~ < 𝑄𝑒,||
̃ 𝐵𝑟̃ > ~𝑣𝑒,|| < 𝑝𝑒̃𝐵𝑟̃ >                (A.5) 

The expression 𝑄𝑒,||
̃ ~𝑣𝑒,||𝑝𝑒̃ is used in the above equation. Substituting Eqn(A.4) to Eqn(A.5) will 

give 

𝑄𝑒,𝐸𝑀~𝑣𝑒,|| < 𝑝𝑒̃𝐵𝑟̃ > ~𝑣𝑒,||
2 <

𝐵𝑟
2̃

ky
> ~𝑣𝑡ℎ,𝑒

2 <
𝐵𝑟

2̃

ky
> ~𝑇𝑒 <

𝐵𝑟
2̃

ky
>      (A.6) 

The diffusivity χe,EM is related to Qe 

χe,EM~
𝑄𝑒

𝑛𝑒𝛻𝑇𝑒
                           (A.7) 

Substitute Eqn(A.6) to Eqn(A.7) gives 

χe,EM~
𝑄𝑒,𝐸𝑀

𝑛𝑒𝛻𝑇𝑒
~

1

𝑛𝑒

𝑇𝑒

𝛻𝑇𝑒
<

𝐵𝑟
2̃
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>               (A.8) 
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