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Abstract 

We report the investigations of the plasma response associated with the application of Resonant 

Magnetic Perturbation (RMP) fields in KSTAR H-mode plasmas using small edge perturbations 

produced by a modulated Supersonic Molecular Beam Injection (SMBI) during steady state RMP. 

The modulated SMBI provides a time varying perturbation to both the plasma density source in 

the region just inside the LCFS (via modulation of the neutral density) and a modulated flow 

damping rate (via ion-neutral charge exchange and elastic scattering). The results show that the 

perturbation field first excites a plasma response on the q=3 magnetic surface and then plasma 

response propagates inward to the q=2 surface with a radially averaged propagation velocity of 

resonant magnetic perturbations (VPRMP) response equal to 32.5 m/s. As a result, the 

perturbation field brakes the toroidal rotation on the q=3 surface first causing a momentum 

transport perturbation that propagates both inward and outward. The propagation velocity of 

the resonant magnetic perturbations response on the q=2 surface is larger than the radial 

propagation velocity of the perturbed toroidal rotation.  
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1. Introduction 

Large edge-localized mode (ELM) bursts in ITER plasmas are expected to release peak thermal 

energies about 20-30 MJ in several hundred microseconds. A big challenge is to preserve the 

lifetime of the plasma facing components due to the ELM-driven transient erosion. This large 

transient erosion has the potential to trigger plasma disruptions that can result in large thermal 

loads onto the first wall material, the in-vessel components and the vacuum vessel itself [1]. 

Based on the big challenge, a most important ELM control method, Resonant Magnetic 

Perturbation (RMP) fields, was demonstrated for the first time more than ten years ago [2]. 

Corresponding physics analyses have been reported in many significate papers [3-13], which 

have focused on the plasma response to 3D magnetic perturbations as well as how to control 

and mitigate the Large ELM bursts, even in the helium plasmas [14]. These studies have focused 

on the mechanisms of the RMP fields needed to control ELMs based on global effects, such as the 

density profile changes, resulting in a pedestal pressure decrease and a reduction in the pedestal 

gradient along with changes in the magnetic topology of the pedestal that impact the ELM 

stability.  

Applied RMP fields can cause stochasticity and transport [15], however, we report the first 

investigations of the plasma response propagation dynamics to applied Resonant Magnetic 

Perturbations (RMPs) fields in KSTAR H-mode plasmas using small edge perturbations produced 

by a modulated Supersonic Molecular Beam Injection (SMBI) system. We show that the plasma 

response to the n=1 RMP in q95~5.0 KSTAR H-mode plasmas is initially localized at the q=3 

rational surface, where a resonant magnetic island is predicted to exists due to a weak screening 

by the MHD plasma response. Subsequently, the response to the RMP field is observed at the q=2 

rational surface with a time delay, demonstrating the propagation of the RMP plasma response 

radially across the plasma. In addition, we also show that the plasma response to the RMP field 

results in a modification of plasma turbulence. These results provide a new understanding of 

how RMP fields can affect the magnetic resonant response on specific rational surfaces as well 

as the subsequent impact of the modified magnetic topology on the plasma turbulence and 

transport. RMP fields have been successfully used to control edge-localized modes (ELMs) [2] 

and will be used in ITER [16] in order to avoid large energy transients on the divertor produced 

by type-I ELMs. The mechanism of RMP control of ELMs, as originally suggested by the first 
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experiments [2], assumed the control of the pedestal pressure with the help of an enhanced 

transport in the stochastic magnetic field region formed by externally applied RMPs. 

Subsequently, an analysis using a linear kinetic model of RMP penetration into a plasma was 

developed in [17] and a quasi-linear model was introduced [18]. Here, the direct measurement 

of the plasma response to an applied RMP field in magnetically confined plasmas is reported for 

the first time. The experimental results answer the questions of “how far and how quickly” the 

RMP field penetrates into the plasma before triggering a change in the transport and how the 

transport propagates following the arrival of the RMP field on each of two primary resonant 

surfaces. Previous studies have relied on indirect observations of how far and how quickly the 

RMP penetrates into plasma [19] and on modulations of the RMP field that provide a causal 

connection between the plasma response and the time variations of the magnetic perturbation 

field [20]. 

In order to probe the propagation dynamics of the RMP fields in plasma [21], we actively induce 

perturbations in the plasma response by applying small edge plasma perturbations with a train 

of pulsed Supersonic Molecular Beam Injections (SMBI) [22] during a steady state RMP. The use 

of modulated SMBI provides a time varying perturbation to both the plasma density source in 

the region just inside the LCFS (via modulation of the neutral density) and a modulated flow 

damping rate (via ion-neutral charge exchange and elastic scattering). The resulting periodic 

perturbations then allows the application of transient transport analysis techniques to 

determine the location of the first resonant plasma response to the RMP field. Such 

perturbations in the plasma response to RMP can be observed by measuring the resulting 

changes in the plasma toroidal rotation and thus the propagation of the change in plasma 

response to RMP can be directly measured. The radial phase of the perturbed toroidal rotation 

velocity (v) has two minima located at the q=2 and 3 rational surfaces. Each of these phase 

minima represents the location of the first and the second plasma response to RMP field since 

the formation of a phase minima is associated with the presence of source term [23], which in 

this case is due to the perturbed RMP braking term in the toroidal momentum balance equation. 

The radially averaged propagation velocity of the RMP (VRMPP) between the two rational surfaces 

can be thus inferred from the phase difference between the two minima since such a phase 

difference represents a time delay. We also show that the perturbed momentum transport 



4 
 

during application of the RMP is both inward and outward from the q=3 surface. In addition, the 

radial correlation length of the density fluctuation increases in the region around the q=3 surface 

with the application of RMP field. 

This paper is organized as follows. Section 2 presents an overview of the experiment set-up, 

including the plasma condition, the frequency of the SMBI pulses, the NBI power and the 

operating window for the RMP combined with the SMBI pulses. Section 3 presents the 

experimental results and the theoretical analysis for the response of RMP field, including the 

phase profile of the perturbation toroidal rotation velocity during the RMP combined with the 

SMBI pulses, the temporal evolution of the toroidal rotation when the RMP field is applied and 

the theoretical analysis of the perturbation magnetic field in the plasma. Section 4 discusses the 

density fluctuations. The summary is presented in section 5. 

 

2. Experimental conditions 

The experiments were carried out in lower single null KSTAR [24] plasmas (BT =1.6 T, Ip =0.5 

MA, ne=3.0-4.0×1019 m-3, R0=1.8m, Rsep=2.23m). The RMP coil current was set for n=1 in the 

upper coil (+ + - -) with 2.40 kAt, n=1 in the middle coil (- + + -) with 2.52 kAt and n=1 in the 

lower coil (- - + +) with 2.46 kAt. A period of small perturbations was induced by the SMBI, which 

is the key small perturbation tool in this experiment. The SMBI system was installed at an 

equatorial port of the vacuum vessel in KSTAR. The SMBI pulses can be injected into the plasma 

at room temperature or low temperature. The gas pressure and pulse duration of the SMBI 

pulses for injection in KSTAR are from 0.4 to 2.2MPa and 8 and 10 ms, respectively. The particle 

number calibration curve of one SMBI pulse with temperature 105K and gas pressure 1.0MPa is 

shown in figure 1. Thus, the particle number of one SMBI pulse is estimated based on this curve. 

The neutral particle deposition of one SMBI pulse at the pedestal foot in H-mode plasma was 

reported in [25]. In this experiment, the parameters of the SMBI system were as follows: the 

frequency of the SMBI modulation is 5 Hz, the pulse duration is 6 ms and the SMBI plenum gas 

pressure is 0.8 MPa. The particle number of one SMBI pulse is slight less than 4 × 1020. Thus, the 

deposition of the neutral particle induced by SMBI is shallow with small perturbations localized 

to the edge of the H-mode plasmas in KSTAR.  
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Figure 1. The particle number calibration for one SMBI pulse in KSTAR. The SMBI duration (τpulse) 

is the nozzle opening to closing time [22]. 

 

The discharge time is more than 11 second for shot 10884 in KSTAR. The general discharge 

parameters are shown in figure 2. The discharge parameters represent from top to bottom, (a) 

the MHD mode spectrum, (b) the Da signal, (c) the RMP coil current per turn and the SMBI pulse, 

(d) the line averaged density and (e) the toroidal rotation v resolution with discharge time. Here, 

the RMP coil current is different at different times during the discharge. The current increases 

as the discharge time increase. The largest coil current is applied from 9 second to 11 second. 

The Magnetohydrodynamics (MHD) mode spectrum is from the Mirnov signal. In general, the 

frequency of the MHD spectrum decreases slightly as the current in the RMP coil increases. The 

MHD frequency is modulated slightly by the SMBI pulses injection during the period from 9 

second to 11 second in figure 2.  
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Figure 2. the discharge parameters for shot 10884. From top to bottom, (a) the MHD mode 

spectrum, (b) the Da signal, (c) the RMP current per turn (each coil has 4 turns) and the SMBI 

pulse and (d) the line averaged density and (e) the toroidal rotation resolution with discharge 

time.  

 

A detailed parameter descriptions for this shot are shown in figure 3, where the focus is on the 

period between 9 to 11 s with the RMP and the SMBI. Here, the Neutral Beam Injection (NBI) 

heating power is 4.2 MW, as shown in figure 2 (a). Measurements of toroidal velocity v of C+6 

using Charge Exchange Spectroscopy (CES) [26] are shown in figure 3 (b), where the v evolution 

with time at different spatial positions for shot 10884 is indicated. The positions of the v 

measurements are at normalized radial positions  = 0.43, 0.7, 0.87, 0.92, 0.96. Here, the 

normalized radial position is scaled by minor radius a. Figure 3 (c) shows the spectrum of the 

Mirnov signal, which is noted in figure 2 (a). Based on figure 3, a clear Magnetohydrodynamics 

(MHD) mode with a frequency of about 11-8 kHz from 9 to 11 seconds is observed. Figure 3 (d) 

shows the time traces of the RMP coil current (red) and the SMBI pulsed (blue).  

The MHD mode frequency and the toroidal velocity v both were influenced by the SMBI pulse 
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injected, although the SMBI particle do not penetrated beyond the foot of the pedestal. The MHD 

mode frequency and the v decreased very quickly once the SMBI injection, then slowly recover. 

We also observed, however, some accidental PNBI events at 9.5s, 10.0s, 10.5s and 10.9s, as shown 

in figure 2 (a) by the red arrows. These accidental events are from the NBI beam drops, which 

influences the rotation and decreased v abruptly at the corresponding time of the NBI power 

drops. It is clear that the period of the NBI are random and accidental and different from the 

period of the SMBI pulses (~5Hz), as shown in figure 2 (b) and (c). The influence of the NBI drops 

for the period of the SMBI pulses can be removed using the Fourier transform (FFT) analysis, 

which is similar to a filter used to eliminated the influence of the accidental NBI drops as accident 

cases. The details will be discussed in next section. 

 

 

 

Figure. 3. (a) the NBI power is about 4.2 MW and the NBI power drops are shown by the red arrows. 

(b)V is modulated by small edge perturbations from the SMBI during the steady state RMP phase. 

(c) is the spectrum of the Mirnov signal is shown in arbitrary unit. (d) The red curve is the current 

control signal of three RMP coils with ~2.4 kA and the blue pulses are the SMBI control signal. 
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3. The experimental results and the theory analysis 

3.1 The perturbation analysis of the v induced by the SMBI pulses 

In this experiment, we used the SMBI to induce a small perturbation to explore the influence of 

the RMP field propagation on the plasma response (not momentum transport) since we can NOT 

find any other experimental method to extract this information when the RMP is held in a steady 

state. Here, the time delay in the plasma response to changes in the RMP field penetration are 

used as a proxy for the propagation of the RMP field since we are not able to made a direct 

measurement of the RMP field on various resonant surfaces. Thus, a small change in the poloidal 

rotation of the plasma will change the RMP screening factor, which can enhance the field 

penetration and increase the magnetic island width resulting in a measurable plasma response. 

This is the basis of our research approach on the propagation dynamics, related to the impact of 

the RMP fields on the particle, heating and momentum.  

Based on the experimental data, there are few accidental events of the NBI power drops during 

the SMBI pulse injection from 9 s to 11 s, especially at about 10.0s. Thus, the FFT analysis method 

is very important and effective for reducing or removing the influence of the accidental 

perturbation events from the NBI since if we only focus on one SMBI pulse propagation, the 

accidental NBI power drop will induce a large influence for the propagation analysis. Actually, 

when we do the FFT analysis for all SMBI pulses, the one NBI pulse influence at about 10 s will 

be reduced since this one is a noise source in the FFT analysis. Basically, the most effective use 

of the FFT analysis is to remove noise sources in the data analysis. In the experiment, for the FFT 

analysis of the SMBI period, we know the frequency of the SMBI is 5Hz, while the accidental NBI 

power drop frequency is about 2Hz in the period from 9 second to 11 second. The accidental NBI 

power drops can’t be actively controlled by the experimental design. However, the SMBI period 

5Hz can be actively controlled. In this way, the 5Hz of the SMBI pulses is our useful experimental 

signal for the perturbation method. Finally, we can filter and reduce the influence of the 

accidental NBI power drops used in the SMBI perturbation analysis.  

Detailed results of the FFT analysis for the perturbation of v at different radial positions in the 

plasma are shown in figure 4 (a) and figure 4 (b). The FFT results for v at ρ=0.43 and ρ=0.7 can 

be observed, which is induced by active SMBI injection. This is the useful signal for the 

perturbation analysis in the experiment, while the effect of the SMBI pulses almost disappears 
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at the edge plasma, as shown in figure 4 (c). The window for the FFT analysis is from 9.18 s to 

11.0 s, including all SMBI pulses in this shot. Based on the results, as shown in figure 4, we do 

not observe the NBI frequency during the SMBI injection period from 9 to 11 seconds. Thus, we 

can ignore the accidental events from the NBI power drops.   

 

Figure 4. Perturbation analysis using the FFT method for the v at different radial positions. The 

red dashed line represents the 5 Hz of the SMBI pulses modulation frequency. The modulation 

effect of the SMBI pulses almost disappeared at the edge plasma, as shown in this figure (c). 

 

The small perturbations of v were induced by the SMBI pulses as mentioned above, and as 

shown in figure 3 and figure 4. We applied the purbative transport analysis method [23] based 

on Fourier transform (FFT) for v(t) at each normalized radius and extracted the propagation 

characteristics of perturbed v, which is shown in figure 5. Figure 5 (a) shows the safety factor 

(q) profile, which is important for determining the resonant location of the RMP [20, 21]. The 

phase profile of the perturbed v is shown in figure 5 (b) where the SMBI modulation is used as 

the phase reference. We emphasize that there are two phase minima. One is at q=2 located at  

= 0.42 and another is at q = 3 located at  = 0.7, as seen in figure 5 (b). In perturbative plasma 
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transport experiments, a minimum phase position generally indicates the position of an induced 

perturbation source [23, 27, 28]. The induced minimum phase in v is unlikely to be due to a 

modulation of the “neutral particle source” because SMBI neutral particles cannot penetrate 

through the edge plasma to reach the q=3 position, let alone q=2 positions in KSTAR H-mode 

discharges [22] and would not result in the localized minima seen at q = 2 and 3. We also 

discussed the neutral particle deposition in section 2 for a shallow neutral particle deposition 

induced by SMBI. Thus, the perturbation source in the plasma, corresponding to the minimum 

phase location, must be induced by a difference in plasma response due to the RMP field. 

Comparing figure 5 (a) and (b), we see that the phase minima are close to the q=3 and q=2 

rotational surfaces, as shown by the red bars. The phase difference () ~ 0.11 rad, denoted by 

the vertical arrows in figure 5 (b), between two locations at q=3 to q=2 indicates the propagation 

delay associated with a first responses at the q = 3 surface, followed by the response at the q=2 

rational surface. This indicates that there is a time delay of the effect of the RMP field on the 

transport from q=3 to q=2 [21]. These experimental results support the current RMP physics 

hypothesis being used for ITER, which states: “The RMP coils are shown to induce a layer of 

stochastic magnetic fields near the last resonant magnetic surface, typically q = 3 in the tokamak” 

[29].  

  

Figure 5 (a) the safety factor profile and (b) the phase profile of the perturbed v as shown by the 

blue curve. The vertical double red lines and the red bars represent the uncertainties of the safety 
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factor profiles and the minimum phase locations, respectively. The dashed lines indicate the 

locations of the q=3 and q=2 rational surfaces separated by 13 cm. The black circle will be discussed 

in section 3.4. 

 

Although, no phase minima are observed when the modulated SMBI is applied without the RMP 

in KSTAR H-mode plasmas, there is a uniform reduction in the rotation profile due to the edge 

localized drag from the SMBI [22]. Thus, the presence of the RMP field in plasma and the 

presence of a phase minima in the plasma response to the RMP field can be uniquely determined 

by using small edge perturbation caused by SMBI pulses. As expected from our guiding idea 

envisioned for the experiment, we measured a clear first response originating on the q=3 surface, 

which we presumed is the location near the zero crossing of the perpendicular electron E×B 

rotation frequency [30]. In addition, we see a radial propagation of the changing rotation from 

the q=3 point of origin both inward and outward with a subsequent change in the rotation profile 

at q=2 as shown in figure 5. Our physics hypothesis for this change in the RMP field originating 

at the q=3 and shortly afterwards at q=2 surfaces is that the SMBI creates a drag on the edge 

plasma. The scenario envisioned here is that the drag from the SMBI pulses causes a change in 

the electron poloidal E×B and diamagnetic flow near the q=3 rational surface which reduces the 

resonant field screening and allows a larger magnetic island to form. The larger q=3 magnetic 

island causes an additional drag on the poloidal flow [31], which subsequently results in a 

reduction of the resonant screening on the q=2 surface. We described our physics conclusion as 

a hypothesis since there is no a direct measurement of an increase in the magnetic island size on 

the q=3 surface or the q=2 surface. We prefer to remain conservative on this point until we can 

make a direct measurement of the changes in the islands on the q=3 and 2 surfaces. We hope to 

be able to extend our results in the future on KSTAR by making measurements in the q=3 and 

q=2 islands using the Electron Cyclotron Emission (ECE) and ECE imaging (ECEI) [32] 

diagnostics to observe the Te flattening and phase inversion associated with these magnetic 

islands. 

3.2 The Radially averaged propagation velocity of the RMP field 

A speed of the propagation can be determined by a displacement and the time in the 
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displacement. As we know, it is very difficult to measure the resonant locations of the 

perturbation magnetic field inside the high temperature plasma using the experimental method, 

expect by carrying out a theoretical analysis. The main difficulty is not only the high temperature, 

but also the fact that there is no diagnostic tool to “see” the perturbation magnetic field in the 

plasma. In order to trace the propagation velocity of the perturbation field in the plasma, an 

active small perturbation was performed using SMBI pulses at the plasma edge during a steady 

state RMP field in this experiment. This small perturbation at the plasma edge will cause a 

change in the electron poloidal EXB and diamagnetic flow which reduces the resonant field 

screening. In other words, a change in the coupling of the RMP field to the resonant surfaces in 

the plasma is induced by the SMBI. In this way, based on figure 5 one can calculate the 

propagation distance and the time during the corresponding distance. First, we will calculate the 

time associated with the propagation distance of the RMP field. A time delay for the propagation 

of the RMP resonance to move from the q = 3 to q = 2 surfaces, given by t = / = /(2f) 

Hz-1, can be calculated using the  and the f. Here, f is the modulation frequency of the SMBI 

(5Hz) and  is the phase delay of the RMP propagation from the q = 3 to q = 2 surfaces, which 

is 0.11 rad corresponding to t = 4×10-3 s. Thus, t is about 4ms. This experimental result agrees 

with a modeling study result presented in [33] where the estimated RMP propagation time is 

shown to be on the milliseconds time scale. Second, we will calculate the propagation distance 

of the RMP field. The radial mid plane distance from the rational q = 3 to q = 2 surfaces is 

(Rsep-R0) ~ 0.3(Rsep-R0) =0.13 m based on the machine scale. Then, the radial averaged 

velocity of the RMP field (VRMPP) in H-mode plasma may be obtained using the distance and the 

time delay. VRMPP is shown in figure 3 by the black dashed arrow with an inward propagation 

velocity of 32.5 m/s. The change related to the momentum transport in the toroidal phase 

response of v is calculated in a similar way. One can define the radial propagation velocity of V 

away from the q = 3 as vp using r/t. Here, the r is about 0.15(Rsep-R0) =0.07 m and t is 

/(2f) Hz-1 ~0.22/(25) Hz-1= 7×10-3 s, as shown in Fig. 5 (b) where t is the time needed 

for the v disturbance to propagate. Thus, the vp is about 10 m/s from the q=3 resonant surface 

to the point approximately half way between the q=2 and q=3 resonant surfaces, as shown in 

figure 5 (b) by the red arrow. This indicates that the momentum transport of the perturbation 

v is induced by the small perturbation of the SMBI when the RMP field is present. We note that 
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VRMPP is faster than the vp in the region between the q=3 to q=2 rational surfaces. This means 

that the RMP field influences the plasma on faster time scale than the radial propagation velocity 

of the v related to the momentum transport. The ion sound speed, cs, can be calculated using the 

cs=9.79×105(ZKTe/µ) 1/2 with =2, Z=2, µ= mi/me = 2 and Te=1keV, then cs ~ 1.4×103 m/s. Thus, 

VRMPP is about 2 orders of magnitude smaller than the ion sound speed. It is also much slower 

that the Alfven speed (2.9×105 m/s) indicating that it may be associated with a change in the 

Neoclassical Toroidal Viscosity (NTV) associated with a change in the non-resonant eigenmodes 

of the applied 3D field from the RMP coil [34] when the SMBI is applied. Here, the Alfven speed 

is VA = 2.18×1011µ-1/2ni-1/2Bt with =2, ni=6×1013 cm-3, Bt =1.5×104 Gauss. Therefore, based on the 

comparisons, the VRMPP is slower than the ion sound speed and also much slower that the Alfven 

speed, while VRMPP is little bit faster than the vp (radial propagation velocity of the v) related to 

the momentum transport in same time scale.  

 

3.3 The temporal evolution of the v with and without RMP field 

The temporal evolution of the toroidal rotation when the RMP field is present can be seen in 

figure 6 (a). The results show how the rotation profile changes as a function of time following 

the application of the RMP field at t = 9.0 s and demonstrates the importance of the RMP fields 

on the q=3 rational surface. In figure 6 (b), v(0) (black) is an averaged profile of the toroidal 

rotation just before the RMP is applied from 8.9s to 9.0s, and the v(t) is the toroidal rotation 

profile at different times with RMP. The q=3 rational surface and the pedestal top are denoted by 

black and red vertical dashed lines, respectivley. It can be clearly seen in figure 6 (a) that the 

braking in v occurs strongly around the q=3 rational surface following the application of RMP 

statring from t= 9.0 s, altough the braking is further enhanced and transiently spreads inward 

and outward following the SMBI pulse at t=9.2 s. A more detailed analysis of the induced V 

braking by the RMP field is shown in figure 6 (b). The black curve is the v profile without RMP 

at t = 8.9 s, the red curve is with the RMP at t = 9.15 s and the blue curve is the difference between 

the black and the red curves (multiplied by a factor of 8). Figure 6 (b) clearly shows that the 

largest change in v occurs at  = 0.7, which corresponds to the location of the q = 3 rational 

surface, showing that the v braking occurs aournd the q = 3 rational sureface, as shown in figure 
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6 (b) by the red arrow. This v braking induces the propagation of the toroidal momentum inward 

and outward from the resonant location, as shown in figure 6 (b) by the blue arrows. We 

emphasize again that the presence RMP is required for the localized braking as shown in figure 

6. In contrast, without the RMP, applying SMBI only led to a uniform reduction in toroidal rotation 

without a localized v braking around the rational surface [22]. 

 

Figure 6. (a) v  as a function of time following the application of the RMP field. (b) the v profiles 

without and with RMP for shot 10884 as shown using the black curve and the red curve, respectively. 

The v x 8 is shown as blue dashed line. The inner small box represents the RMP time trace, and 

the black vertical line and the red vertical line in the small box indicate the time points of the v  

profiles obtained at 8.9 s and 9.15 s, respectively.  

 

3.4 The theory analysis of the perturbation magnetic field in the plasma 

An analysis of the RMP spectrum via vacuum superposition for shot 10884 at 10.0s is shown in 

figure 7. The color bar indicates the intensity of the perturbation amplitude of the RMP. 

According to this figure, although it is vacuum superposition, the applied n=1 RMP field is 

resonant on each of the m/n rational surfaces from m=1 to m=7 in this charge. We also can see 

that there is a gap in the peak RMP amplitude around the normalized flux from 0.45 to 0.52, as 

shown by the red circle in figure 7. This indicates that there is reduction in the non-resonant 
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eigenmode perturbation amplitude of the RMP from the plasma edge to the core. In other words, 

there are two strong regions of non-resonant RMP field based on the discontinuous intensity 

profile. The discontinuous intensity profile phenomena was also observed in EAST [35]. In figure 

7, the gap or the discontinuous intensity profile of the perturbation amplitude of the RMP (as 

shown by the red circle) is consistent with a bulge atρ~0.58 of the phase profile of the 

perturbation v in figure 5 as shown by the black circle. Thus, theoretical analysis of the RMP 

spectrum is consistent with the experimental results. This means that the theoretical analysis 

and the experimental results support the experimental results showing that there are two 

resonant locations of the RMPconnected by a discontinuous non-resonant field in the vacuum f 

ield that are likely to be altered by the change in the boundary conditions imposed bey the SMBI 

pulses. The error of the positions between the gap of the theoretical analysis of the RMP 

spectrum and the bulge of the phase profile of the perturbation of v results from the difference 

between the experiental measurment and theoretical boundary setup. The key point is that there 

is a non-continuous change of vacuum RMP field in the plasma. In other words, there is a non-

monotonic profile of the phase in the toroidal rotation as observed in the experiment. In addition, 

the results of the theoretical analysis from the DIII-D [20, 36] and the KSTAR [27] also show that 

there are two changes in the perturbation amplitude of the RMP near the rational surfaces.  

 

 

Figure 7. Contour plot of Contour plot of Br(m,1) for vacuum superposition for shot 10884 at 

10.0s based on the equilibrium. The color bar indicates the intensity of the perturbation 
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amplitude of the RMP. There is a reduction as shown by the red circle. The gap or the 

discontinuous intensity profile of the perturbation amplitude of the RMP as shown by the red 

circle is consistent with a bulge atρ~0.58 of the experimentally measured phase profile of the 

perturbation v in figure 3 as shown by the black circle. 

 

4. The density fluctuations analysis during the RMP and the SMBI 

Density fluctuations induced by the SMBI were reported in KSTAR [22]. The edge density 

fluctuations was measured by beam emission spectroscopy (BES) [37] (BES channel 6 at R = 

2.277 m, the RLCFS = 2.278). In figure 8, the blue curve and the red curve show the analysis of 

results without and with SMBI, respectively. The obvious difference is that the low-frequency 

content of the edge density fluctuation spectrum decreases, while the higher frequency content 

increases as the basic mechanism of the ELM mitigation using the SMBI injection. The 

mechanism of the ELM mitigation using the SMBI have been reported since the ELM mitigation 

results from an increase in higher frequency fluctuations and transport events in the pedestal 

caused by SMBI, and inhibit the occurrence of large transport events which span the entire 

pedestal width [25]. 

 

Figure 8. Comparison of the density fluctuation obtained from BES for shot 6352 in the pedestal 

region for the ELM mitigation. The SMBI influence time is more than 300 ms.  

 

The SMBI parameters for the ELM mitigation using the SMBI are: duration is 10ms, the gas 

pressure is 1MPa and the gas temperature is 104k. The SMBI influence time, 𝜏I, is longer than 

300 ms for shot 6352 in KSTAR. Here, the SMBI influence time τI is defined as the time interval 
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during the Dα amplitude decrease or disappearance to the first Dα amplitude recovery. The 

experimental design for research into RMP propagation dynamics, uses SMBI injection induce 

small perturbation during steady state RMP field. As reported on ELM mitigation using the SMBI, 

the SMBI influence time is more than 300 ms. This is not the basis of our proposal on research 

for understanding RMP propagation dynamics. Here, we designed the experiment to show that 

the small perturbation induced by the SMBI during the steady state RMP field can provide the 

information needed to understand the RMP impact on the plasma. Thus, we used the SMBI pulse 

parameters with a duration of 6 ms, a gas pressure of 0.8 MPa at room temperature, to induce 

small perturbations at the plasma edge. In this case, the SMBI influence time, 𝜏I, is about 12 ms, 

as shown in figure 9(a). This 𝜏I time scale is used for our RMP field propagation research since it 

is much short than that in ELM mitigation using SMBI injection. Thus, the SMBI parameters, 

especially the gas temperature, are different in the two different experiments.  

 

Figure 9. The edge small perturbation was induced by the SMBI pulses during the steady state 

RMP field. The SMBI duration is 6ms, the gas pressure is 0.8MPa with room temperature. The 

SMBI influence time is about 12ms. 

 

In addition to braking toroidal rotation, RMP has also been shown to induce changes in plasma 

turbulence and thus local transport. Here, we compare the radial density fluctuation profiles 

with and without RMP using the 416 BES arrays in KSTAR. The analysis range of the BES 

measurements in the experiments is from -5.1 cm to -13.8 cm below the mid plane and from the 

separatrix to a distance 12cm inside of the plasma. The density fluctuations can also be changed 
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by the SMBI pulses injection, as has been reported in our previous work on the ELM mitigation 

by the SMBI [19]. In order to avoid the influence of the SMBI injection on the turbulence analysis, 

two special time windows for turbulence analysis were chosen: the time window without RMP 

is from 9.0-9.006 s, and the time window with RMP is from 9.7-9.706 s, which is far from the 

SMBI injection time. A basic measurement of the density fluctuations by the BES system is shown 

in figure 10 at at ρ~1.0 position. In this figure, the blue curve and the red curve show the analysis 

of results without and with RMP, respectively. This is very similar to the case of the ELM 

mitigation using SMBI injection: the low-frequency content of the edge density fluctuation 

spectrum decreases, while the higher frequency content increases slightly when the RMP field 

was applied into the plasma.  

 

Figure 10. The density fluctuation measured by the BES at ρ~1.0 position for shot 10884. The red 

curve shows the density fluctuation with RMP from 9.7-9.706 s and the blue curve shows the 

density fluctuation without RMP from 9.0-9.006 s. 

 

In order to observe a wider region change of the density fluctuation, the radial correlation length 

of the density fluctuation with and without the RMP was analyzed using BES for shot 10884, as 

shown in figure 11. Here, the 1/e coherence value is designated as the radial correlation length 

(Lr) [38]. The radial measurement range is inward beginning from the pedestal top, which is the 

reference point located at the pedestal top for the coherence (). With the RMP, Lr increases from 

1.4 cm to 2.2 cm for fluctuations with f >30 kHz (denoted ambient turbulence, AT) and increases 

from 2.6 cm to 3.2 cm for fluctuations with f <30 kHz (denoted low frequency turbulence, LFT), 

as shown in figure 11 (a) and (b), respectively. This means that there are no SMBI pulses during 
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the time windows of the turbulence analysis. This shows that the density fluctuation radial scale 

length increases with the application of a steady state RMP. This is consistent with the turbulence 

causing additional radial transport during the RMP [39]. The increased turbulence and v 

braking produced by the RMP result in the reduction of the pedestal toroidal rotation (figure 3 

(b) by the black arrow). 

 

Figure 11. (a) the coherence coefficient () profiles and radial correlation length (Lr) without RMP 

during 9.0-9.006 s and (b) the same as in (a) but with RMP during 9.7-9.706 s. No SMBI pulses were 

injected during the time windows. The position of the pedestal top is at  = 0.9, as shown by the red 

dot line.  

 

5. Conclusions and Discussions 

We report the first investigations of the plasma response propagation dynamics of Resonant 

Magnetic Perturbations (RMPs) fields in KSTAR H-mode plasmas using small modulated edge 

perturbations produced by a Supersonic Molecular Beam Injection (SMBI) system during the 

steady state RMP regime. The experiments demonstrate that the RMP penetrates the pedestal 

region where it first resonates at the q=3 rational surface and then at the q=2 rational surface. 

From the q=3 rational surface to q=2 rational surface, the radial averaged velocity of the RMP 

plasma response to the change in the penetration of the perturbation field (VRMPP) in the H-mode 
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plasma is about 32.5 m/s, which is much slower than either the ion sound or Alfven velocity but 

more than 4 times faster than the radial propagation of the change in the toroidal rotation. The 

RMP field resonates at the rational surface, brakes the toroidal velocity v, induces the 

propagation of the toroidal momentum inward and outward from the resonant location, and 

increases the density fluctuation, which finally results in a reduction of the pedestal toroidal 

rotation. A theoretical analysis of the RMP spectrum via vacuum superposition for shot 10884 

at 10.0s based on the equilibrium shows that there is a gap or a discontinuous intensity profile 

of the non-resonant amplitude of the RMP in figure 7, which is also consistent with a bulge atρ

~0.58 of the phase profile of the perturbation v in figure 5.  

Density fluctuation radial correction length increase during the RMP phase, similar to the density 

fluctuation change with the SMBI pulses injection in ELM mitigation experiments. In order to 

avoid the influence of the SMBI injection on the turbulence analysis, two special time windows 

for turbulence analysis were chosen. A wider region of the density fluctuations is researched 

using the analysis of the density fluctuation radial scale length. It indicates that the density 

fluctuation radial scale length increases with application of a steady state RMP. This is consistent 

with the turbulence causing additional radial transport during the RMP. The increased 

turbulence and v braking produced by the RMP result in the reduction of the pedestal toroidal 

rotation. These new results provide further physical insight needed to refine our knowledge 

related to the physics of RMP propagation dynamics and ELM control using RMP in H-mode 

plasmas and extend the current understanding of the RMP physics required for developing 

reliable ELM control in ITER.  

 

It should be noted that two important physics topics are highlighted by the experiment of the 

propagation dynamics associated with resonant magnetic perturbation fields in KSTAR H-Mode 

plasmas, the RMP plasma response propagation velocity from the q=3 rational surface to the q=2 

rational surface and the perturbation field braking of the toroidal rotation on the q=3 surface 

first causing a momentum transport perturbation that propagates both inward and outward. The 

physics issues connected with this experiment could be improved in the future: 

(i) The real process of RMP plasma response propagation in the plasma is a complex in 

experiments because of the toroidal plasma rotation such that even the small 
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perturbations induced by the supersonic molecular beam injection (SMBI) could reduce 

the influence of these small perturbations in the plasm edge. Thus, it is very important to 

focus on the plasma response propagation dynamics of the RMP field in the core plasma, 

such as from the rational surface q=3 to the rational surface q=2. However, in this case, 

we can only get the averaged velocity of the RMP field in the plasma. Indeed, it is very 

difficult to get the accurate and detailed process of the changes in the RMP field 

penetration from the q=3 to q=2 in the experiments. Thus, a theoretical analysis can 

provide key points for understanding the physics responsible for our results in more 

detail. We also believe that it is necessary to improve the measurement results based on 

the higher spatial and time resolutions in order to assess the key physics issues.  

(ii) In order to more accurately determine the properties of the global propagation dynamics 

of the RMP plasma response from the plasma edge to the core, it is also worthwhile to 

explore the existence of the relatival minimum phase of the toroidal rotation velocity in 

the plasma edge if possible. However, the experimental error of the measurement in the 

edge plasma or in the pedestal region is very large, which makes this quite difficult. The 

possible reasons that may cause the large error in the plasma edge are as following:  

(1) the small perturbation induced by the SMBI and the complex turbulence transport 

including the ELM bursts in the pedestal region can influence the perturbation analysis.  

(2) the steep edge safety factor profile (q profile) in this narrow region is another limiting 

factor for the experimental measurements as well as the possibility of a small plasma shift 

which will induce a large error. 

Thus, experimental diagnostics with higher spatial resolution used for the local 

measurements are needed to improve and to explore the global propagation dynamics of 

the RMP plasma response from the plasma edge to the core. 

(iii) As a general remark, the RMP fields always has resonant and non-resonant components. 

The resonant components propagate on the several ms timescale, as concluded from the 

experimental research, while the non-resonant components are expected to penetrate on 

a much faster timescale so this is an open and important topic for the RMP field 

propagation dynamics. More importantly, the non-resonant component can also damp the 

plasma toroidal flow via NTV. Currently, we do not have any experimental data to make 
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comments on the NTV torque effect in these experiments. We would need to do either an 

ideal or resistive MHD simulations of the plasma to see how important the non-resonant 

(NTV) response is in this case. Normally, we expect the non-resonant MHD response to 

depend on the plasma beta. In conventional aspect ratio tokamaks like KSTAR the non-

resonant MHD response increases with beta-normal. In addition, we expect the NTV 

torque density to be peaked near the edge of the discharge, which will affect the edge 

rotation more that the core rotation (for example at q =2). This is another important topic 

to be looked at with ideal MHD simulations with a code like MARS-F or IPEC/GPEC in a 

future experiment with improved profile data.  
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