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Abstract: We report the observation of a set of coherent high frequency electromagnetic 

fluctuations that leads to a turbulence induced self-regulating phenomenon in the 

DIII-D high bootstrap current fraction plasma. The fluctuations have frequency of 

130~220kHz, the poloidal wave length and phase velocity are 16~30 m-1 and ~30 km/s, 

respectively in the outboard midplane with the estimated toroidal mode number n~5-

9. The fluctuations are located in the internal transport barrier (ITB) region at large 

radius and are experimentally validated to be kinetic ballooning modes (KBM). Quasi-

linear estimation predicts the KBM to be able to drive experimental particle flux and 

non-negligible thermal flux, suggesting its significant role in regulating the ITB 

saturation. 

1.Introduction 

Fusion tokamak reactors are desired to operate in a fully non-inductive high-

performance state1. Creation of an internal transport barrier2-4 (ITB) can strongly 

elevate the plasma performance and facilitate steady-state operation by increasing the 

so-called ‘bootstrap current’ fraction 𝑓𝐵𝑆 (= 𝐼𝐵𝑆/𝐼𝑃, here 𝐼𝐵𝑆 and 𝐼𝑃 are the bootstrap 

current and total plasma current, respectively)5, 6. The bootstrap current is 

spontaneously generated by the pressure gradient due to a toroidal geometry effect in 

tokamaks7-9.  

It is common wisdom that the high plasma pressure gradient in the ITB region 

can drive a broad range of micro-instabilities, like the ion temperature gradient mode 

(ITG)10, trapped electron mode (TEM)11, 12 and electron temperature gradient(ETG) 

mode13 etc., which can efficiently drive thermal and/or particle transport and in turn 

limit the pressure gradient as a self-regulating process. Understanding the underlying 

mechanisms for the self-regulation of ITB is a strong leverage for optimization of fusion 

plasma performance and the verified dynamics could be generalized to other 

experimental conditions.  

While ITG is amenable to strong electromagnetic stabilization and mean flow 

shearing, theory predicts electromagnetic turbulence, like micro-tearing modes 

(MTM)14-16 and kinetic ballooning modes (KBM)17, 18, can remain unstable and be 

particularly relevant for transport barriers in high performance plasmas. While the 

MTM is efficient in electron thermal transport, it has little effect on the other transport 
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channels (e.g., particle, ion thermal and momentum transport). KBM can drive 

transport in all channels in a highly stiff manner as predicted by theory and 

simulations, which argues for KBM being a strong candidate in setting a hard limit for 

the pressure gradient of transport barriers, even though an access to the 2nd stability 

region of KBM might be required as an intermediate process for the formation of 

transport barrier19-21, like the H-mode pedestal18. By a phenomenological description, 

‘stiffness’ means that the micro-instability can drive rapidly increasing transport flux 

once its threshold is reached22, 23. 

While KBM is frequently discussed and emphasized in the theory/simulation 

literature24, 25, little experimental evidence is reported to support its role in the ITB 

saturation26. A convincing experimental validation effort requires the confluence of 

background profile information, as well as spatial and temporal fluctuation 

measurements throughout the evolution of the ITB, in addition to linear and nonlinear 

gyrokinetic simulations that quantitatively represent the experiment. Such confluence 

is rarely satisfied in a complex, large-scale experiment. The study reported herein is 

an exception. In this letter, 1) the first comprehensive experimental validation of the 

KBM in the core of DIII-D27 high-performance high-𝑓𝐵𝑆 plasmas is performed in the 

metric of mode eigenfunction, dispersion relation and toroidal mode number 26, 28; 2) 

Quasi-linear estimation predicts the KBM can fully account for the experimental 

particle flux and contributes a non-negligible fraction of thermal flux, suggesting the 

importance of KBM in regulating the ITB saturation. 

 

2.Experimental observations 

The key fluctuations that are a signature of the KBM are observed in a DIII-D 

high 𝑓𝐵𝑆 discharge5 (#185959, Fig. 1). Due to the enhanced confinement (Fig 1(b)), the 

line averaged density ( 𝑛𝑒,𝑙𝑖𝑛𝑒 , Fig 1(c)) increases even though 𝑃𝑁𝐵𝐼  drops a bit, 

suggesting the decrease of fast ion fraction. Specifically, 𝑛𝑓 /𝑛𝑒 &𝑃𝑓 /𝑃𝑡𝑜𝑡  drops from 

0.038&0.19(t=2700ms) to 0.017&0.10(t=3350ms) at ρ = 0.55 (where the fluctuation 

peaks as will be discussed in section 3). 𝑛𝑓 and 𝑃𝑓 are estimated via NUBEAM code29 

with classical slowing down assumption of fast ions. Here ρ  is a radial coordinate 

defined as the square root of the normalized toroidal magnetic flux, 𝑛𝑓 and 𝑛𝑒 is the 

fast ion density and electron density respectively while 𝑃𝑓 is the fast ion pressure and 

𝑃𝑡𝑜𝑡 the total pressure.  

A new set of high frequency (130 kHz~220 kHz) coherent fluctuations (Fig 1(a)) 

appears in the top performance phase (TPP), t>2860ms marked by the red dashed line 

in Fig 1(b), which has lower 𝑃𝑓/𝑃𝑡𝑜𝑡, suggesting it is unlikely to be caused by fast ions. 

The plasma performance increment is mostly attributed to the enhancement of the 

ITB strength (𝑃𝐼𝑇𝐵), rather than pedestal height (𝑃𝑝𝑒𝑑), as is evidenced by Fig 1(b) and 

1(d), suggesting that the fluctuation excitation is likely related to core dynamics. Here 

𝑃𝐼𝑇𝐵 = 𝑃𝜌=0.3 − 𝑃𝜌=0.7, 𝑃𝑝𝑒𝑑 = 𝑃𝜌=0.9  as  defined in Fig 1(d), which shows both the 

pressure and q profiles of two representative time slices before(2700ms) and entry 

into(3350ms) the TPP. 𝑃is the total pressure of the thermal species. The enhancement 

of ITB is enabled by the buildup of a stronger density transport barrier (Fig 1(e)). The 

temperature profiles are roughly unchanged, with on-axis value of 2.7 and 3.5keV for 



electron (Fig 1(f)) and ion channels (Fig 1(g)), respectively. 

Both theoretical and experimental analysis indicate that the ITB attainment 

mostly relies on the α(~dP/dr) stabilization of drift-wave instabilities30-34, which is a 

spontaneous turbulence stabilization effect coming from modification of the magnetic 

drift frequency, rather than the toroidal rotation shear, which is expected to be small 

in future machines35. With a strong ITB, the plasma performance reaches a very high 

level with relevant global parameters in the TPP (t=3350 ms, Fig 1(b)) shown in Table 

I. Here, 𝐵𝑇 is the external imposed toroidal magnetic field at the tokamak geometry 

center, q95 is the safety factor at 95% of the normalized poloidal flux, 𝐻98(𝑦,2) =

𝜏𝐸/𝜏𝐸,𝑡ℎ
𝐼𝑃𝐵98(𝑦,2)

, with 𝜏𝐸 being the energy confinement time and 𝜏𝐸,𝑡ℎ
𝐼𝑃𝐵98(𝑦,2)

 a parametric 

scaling of energy confinement time based on a multi-machine database36. 𝛽𝑁 =

𝛽𝑡/(𝐼𝑝/𝑎𝐵𝑇)  with β
t

=
2μ0p

BT
2 , β

p
=

2μ0p

Bp
2 , μ0  is the vacuum magnetic permeability, p, 

𝑎 and 𝐵𝑝 is the total plasma pressure, plasma minor radius and the poloidal magnetic 

field, respectively. The quantity 𝑓𝑁𝐼 is the non-inductive current fraction (sum over 

both the bootstrap current and external driven current), and 𝑓𝐺𝑊 = 𝑛𝑒,𝑙𝑖𝑛𝑒/𝑛𝑒,𝐺𝑊with 

𝑛𝑒,𝐺𝑊 the Greenwald density limit. The compatibility of good confinement (𝐻98(𝑦,2)=1.7), 

good MHD stability (𝛽𝑁=4.2), high 𝑓𝐵𝑆(=80%, calculated by Sauter model7), high 𝑓𝐺𝑊 

and compatibility with an edge exhaust solution21 makes such a scenario highly 

attractive for the steady state operation of future fusion reactors. In addition, several 

global parameters (e.g., 𝐻98(𝑦,2) , 𝛽𝑁 , 𝛽𝑝 , 𝑓𝐵𝑆) have reached or exceeded the desired 

range for some attractive fusion power plant(FPP) designs37-41. Although the 

equivalent fusion gain 𝑄𝐷𝑇,𝑒𝑞𝑢𝑖𝑣𝑙𝑒𝑛𝑡 is only ~0.01 for this DIII-D discharge since the 𝑇𝑖 

value is low, extrapolating such a discharge with reasonable additional assumptions 

to the proposed fusion test reactor CFETR42 suggests that a fusion gain of 15.0 can be 

achieved according to systems code(GASC43) estimation, highlighting the relevance of 

transport physics in this discharge to the FPP. 

Table I. Global plasma parameters at t=3350ms 

𝐼𝑝(MA)/𝐵𝑇(T) q95/𝐻98(𝑦,2) 𝛽𝑁/𝛽𝑝 𝑓𝐵𝑆/𝑓𝑁𝐼 𝑓𝐺𝑊 

0.78/1.7 7.7/1.7 4.2/3.0 80%/95% 1.01 

The fluctuation signal comes from the crosspower between the line integral 

measurement of density and magnetic fluctuations of the Radial Interferometer 

Polarimeter (RIP)44, 45, more elaborate calculations suggest the mode has (δBr/BT)/

(δne/ne)~0.1, which is comparable to the value of pedestal micro-tearing modes44-48, 

suggesting the magnetic nature of such a mode. Here δBr is defined as the root mean 

square line-averaged magnetic fluctuation amplitude45 with δBr/BT~10-4 , δne/ne(~10-

3) is the normalized density fluctuation coming from local beam emission spectroscopy 

(BES)49 measurement with more details shown in the next section.  



 

Figure 1(a), The correlation frequency spectrum between the RIP density and magnetic 

measurement, (b) temporal evolution of the ITB strength (black dotted), pedestal height 

(black dashed line), 𝐻98(𝑦,2)(blue dashed) and 𝛽𝑝(blue solid), (c) temporal evolution of NBI 

power(𝑃𝑁𝐵𝐼) and line averaged density(𝑛𝑒,𝑙𝑖𝑛𝑒) (d) profiles of thermal pressure(black) and 

safety factor q(blue) before (t=2700ms, dashed) and after (t=3350ms, solid) the 

fluctuation onset with uncertainties marked with shadows. Kinetic profiles of (e) electron 

density 𝑛𝑒, (f) electron temperature 𝑇𝑒 and (g) ion temperature 𝑇𝑖 of t=2700ms(red) and 

t=3350ms(blue) 

 

3.Fluctuation Characteristics and Comparison with Theory & Simulation 

In this section, it will be demonstrated that the experimental features of the 

fluctuations are consistent with the theoretical expectations of KBM50 in the following 

metrics: mode location, dispersion relation and toroidal mode number. 

Mode location. The eigenfunction of the radial perturbation displacement 𝜉𝑟 of 

the fluctuations (Fig 1(a)) is inferred based on the following expression51, 52  

𝛿𝑛𝑒

𝑛𝑒
= −𝛻 ∙ 𝜉 − 𝜉 ∙

𝛻𝑛𝑒

𝑛𝑒
                         (1) 

Here, we ignore the compression term (𝛻 ∙ 𝜉) and then have 

|𝜉𝑟|=|
𝛿𝑛𝑒

𝑛𝑒
| 

𝑛𝑒

−𝛻𝑛𝑒
                             (2)                                                         

The use of Eq. (2) should suffice for our goals since we are mostly interested in the 

rough position of the mode location rather than the accurate amplitude of 𝜉𝑟. Here,  

𝛿𝑛𝑒

𝑛𝑒
 is measured by the BES system on DIII-D, which spans over ρ = [0.5,0.7] for this 

discharge. Specifically, it can be calculated by integrating the fluctuating density cross 

power between poloidally displaced channels pairs (∆Z~1.5 cm in the same magnetic 

surface) over the frequency range of 130 to 220 kHz, which is the relevant frequency 

range of such a mode and averaging from 3000 to 3400 ms. By repeating the calculation 

for each poloidally displaced BES channel pair along the radial direction, the |
𝛿𝑛𝑒

𝑛𝑒
| 

profile can be obtained. The equilibrium density profile 𝑛𝑒 is measured via Thomson 

scattering53 and its gradient 𝛻𝑛𝑒  is estimated from a dedicated profile fitting tool 

OMFITProfiles54 in the OMFIT framework55. With |
𝛿𝑛𝑒

𝑛𝑒
|  and 

𝑛𝑒

−𝛻𝑛𝑒
 information 



obtained, based on Eq. (2), the |𝛿𝜉𝑟| is estimated to locate in the ITB region and peaks 

at 𝜌 = 0.55(Fig 2(a)), consistent with the inference in section 2 that the mode is 

correlated with core dynamics rather than edge. 

For quantitative validation, our approach here is to perform multiple linear ion-

scale (𝑘𝑦𝜌𝑠<1, here ky = 𝑛𝑞/𝑟 is the poloidal wave number with n, q and r the toroidal 

mode number, safety factor and the minor radius, respectively56, 𝜌𝑠 is the gyroradius 

of ion sound velocity cs) flux-tube gyrokinetic simulations (with measured profiles at 

t=3350 ms) across the desire radial range using the high-fidelity gyrokinetic code 

CGYRO57. It predicts the KBM to be robustly unstable within the ITB region and has 

the largest growth rate at ρ  = 0.55 (Fig. 2(b), consistent with the measured 

eigenfunction shown in Fig 2(a). These calculations have been verified against 

independent calculations made with GYRO58, which uses different coordinate grids 

and numerical algorithms than CGYRO. Comparison with global models for further 

validation is left for future study. 

 

Figure 2 (a) the amplitude of eigenfunction 𝛿𝜉𝑟, with density gradient plotted 

alongside, (b) the linear growth rate spectrum at different radii. The KBM is denoted 

with circles(o) while the asterisk (*) represents the drift wave instabilities 

Mode dispersion relation. The coherence (Fig 3(a)) and the cross phase (Fig 3 (b)) 

of two poloidally displaced BES channels located at ρ = 0.55  are presented, from 

which the phase velocity of fluctuations is estimated to be ~30 km/s at the outboard 

midplane. Poloidal channels which have the largest poloidal separation (∆Z~0.1 m) are 

chosen to reduce the uncertainties in the cross-phase, and hence the phase velocity 

calculation. 

The estimated phase velocity(𝑉𝐵𝐸𝑆 ) matches the sum (𝑉𝑡𝑜𝑡 ) of ion diamagnetic 

velocity (𝑉∗𝑝𝑖) and 𝐸𝑟 × 𝐵 velocity (𝑉𝐸𝑟) within the BES error bar (~12%, denoted by the 

purple shadow) at ρ = 0.55 (Fig 3(c)), consistent with theoretical expectation of the 

KBM dispersion (which has phase velocity of order the ion diamagnetic velocity and 

propagating in the ion diamagnetic direction)50 and the mode location inferred in Fig 

2(a). 



 

Figure 3. (a) coherence and (b) cross phase between two BES channels at ρ = 0.55; 

(c) the background 𝐸𝑟 × 𝐵 velocity (𝑉𝐸𝑟, blue dashed), diamagnetic velocity (𝑉∗𝑝𝑖, blue 

solid) and the sum of them (𝑉𝑡𝑜𝑡, red). The mode phase velocity inferred from BES (𝑉𝐵𝐸𝑆) is 

represented with purple dashed line with the uncertainties denoted with purple shadows 

Toroidal Mode number. Theories predict that the beam-like KBM with kyρs
 

satisfying ω
∗pi

~ω
GAM

 will strongly react with geodesic acoustic mode(GAM59, 60), 

gaining energy and become most unstable (least stable) 50, here ω
∗pi

 and ω
GAM

 are 

the ion diamagnetic frequency and GAM frequency, respectively. With this, the most 

unstable mode is predicted to have kyρs
~0.1 (consistent with CGYRO linear spectrum 

shown in Fig. 2(b)) and n~6 across the peak gradient region (ρ= [0.4,0.6]) as plotted in 

Fig 4. BES analysis of the mode with the strongest coherence (frequency~158 kHz, also 

has the highest amplitude) in Fig 3(a) shows it has wave number ky,loc~20 m-1 at the 

outboard midplane, which corresponds to 𝑛~6 and agrees well with the theoretical 

prediction50 very well. Here 𝑛 is estimated via 

𝑛 = 𝑟ky,loc/qloc                            (3). 

Here qloc(=
𝑑𝜈

𝑑𝜃
, where 𝜈 is the eikonal phase function as defined in Ref40, while 𝜃 is the 

generalized poloidal angle) is the local q value (of ρ = 0.55), which is poloidal-angle 

dependent, at the outboard midplane where the BES locates. With Eq. (3), the 𝑛 of 

the other harmonics shown in Fig 3(a) can be similarly estimated and it shows that 

𝑛=5~9 is excited (represented by the blue shadow in Fig 4), consistent with theoretical 

predictions. 



 

Figure 4. The kyρs (red) and 𝑛 (blue) that enables 𝜔∗𝑝𝑖 = ω
GAM

. Experimentally 

observed toroidal mode number in the BES detected radial range is represented with 

blue shadow 

 

4. Transport capability  

The transport capability of the mode is quantified to address the role of KBM in 

the ITB saturation. Here we employed a quasi-linear approach61, with the fluctuation 

intensity coming from the BES measurements (Fig 5(a)) and the quasi-linear weight 

from the linear CGYRO calculation of ρ = 0.55 (Fig 5(b), which has gyroradius 𝜌𝑠= 

2.2mm (corresponding to the normalized gyroradius 
𝜌𝑠

𝑎
 = 3.8e-3). The validity of the 

quasi-linear approach is justified based on the fact that the density fluctuation 

intensity is comparable to 
𝜌𝑠

𝑎
，with both quantities in the order of 10-3. By assuming 

𝑒𝛿𝜙

𝑇𝑒
=

𝛿𝑛𝑒

𝑛𝑒
  (here 𝛿𝜙 is the fluctuating electrostatic potential), the flux spectrum can 

then be obtained (Fig 5(c)). Sum of the flux contributed by each toroidal mode gives the 

total flux for each transport channel (Fig 5(d)). KBMs are shown to be able to account 

for almost all the particle flux and non-negligible fractions of thermal fluxes.  Initial 

encounter of KBM is enabled by the combination of bootstrap and inductive current 

evolution resulting in magnetic shear changes from negative to positive at ρ=0.55 

(Fig1 (d) ) and the density increase, as evidence by the CGYRO calculation, which 

predicts both the growth rate and quasi-linear weight of particle flux to increase with 

enhancement of 𝑎/𝐿𝑛𝑒(= −
𝑎

𝑛𝑒

𝑑𝑛𝑒

𝑑𝑟
, calculation is based on n=6, Fig 5(e).), indicating the 

strong capability of KBM for regulating the density profile in the temporal dynamic of 

the TPP(Fig 1 (c)), which is also consistent with the saturation of density profile after 

the KBM onset. Note Fig 5(e) is calculated with self-consistent α and Shafranov shift 

values. It would be worthwhile to mention that while α(~dP/dr) is stabilizing, Grad-

Shafranov shift, which is proportional to the 𝛽𝑝 value in a given enclosed magnetic 

surface and generally increase with local α in real experiments, is destabilizing due 

to the widening of the bad curvature. More details will be discussed elsewhere. Since 

~50% of the pressure gradient is contributed by the density gradient for this discharge 



(𝐹𝑛 =
𝑇𝛻𝑛

𝛻𝑝
=

𝑇𝛻𝑛

𝑇𝛻𝑛+𝑛𝛻𝑇
~50%), it is therefore justifiable to conclude that the KBM plays a 

significant role in regulating the ITB strength. 

 

Figure 5. (a) density fluctuation amplitude measured by BES at ρ = 0.55 for each 

toroidal mode; (b) the quasi-linear weight of different transport channels from linear 

CGYRO simulation, error bar comes from the consideration of uncertainties in magnetic 

shear; (c) estimated quasi-linear flux spectrum; (d) comparison between the gyrobohm 

normalized quasi-linear flux and the power balance value. The green bars denotes the 

flux obtained via subtracting the neoclassical transport contribution (calculated by the 

NEO62, 63 code) from the power balance value (estimated via the TRANSP code64, 65) while 

the KBM induced transport is represented by the purple bars. (e) The dependence of 

quasi-linear weight of electron particle flux (blue) and growth rate (black) on 𝑎/𝐿𝑛𝑒, 

calculation is based background parameters of t=3350ms 

5. Conclusion & Discussion 

A self-regulating phenomenon induced by high frequency core coherent 

magnetic and density fluctuations is identified for the first time, in the ITB region 

of a DIII-D high-performance high bootstrap current fraction plasma. The 

experimental features of the fluctuation are in quantitative agreement with 

gyrokinetic theory and two state-of-the-art gyrokinetic models for KBMs. Quasi-

linear estimation of the fluctuation induced flux is comparable to the experimental 

power balance value (especially for the particle channel), suggesting its important 

role in the ITB self-regulation process，in which the experimental appearance of 

the KBM fluctuations can be correlated with the saturation of plasma performance. 

Our work provides a blueprint for future experiments to confirm the robust role of 

KBM in ITB saturation of high confinement plasmas, and to explore self-

regulating phenomena in other transport channels. 
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