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Abstract: 

The propagation dynamics of resonant magnetic perturbation fields in KSTAR H-mode plasmas with 

injection of small edge perturbations produced by a supersonic molecular beam injection is 

reported for the first time. The results show that the perturbation field first excites a plasma 

response on the q=3 magnetic surface and then propagates inward to the q=2 surface with a 

radially averaged propagation velocity of resonant magnetic perturbations field 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. Higher density 

fluctuation level is observed. The propagation velocity of the resonant magnetic perturbations field 

is larger than the radial propagation velocity of the perturbation in the toroidal rotation.  
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Transport in stochastic systems is an important branch of research that crosses a wide range of 

physics disciplines including dynamical systems theory [1,2], fluid dynamics [3] as well as space, 

solar and astrophysics[4]. In magnetically confined plasmas, applied resonant magnetic 

perturbation (RMP) fields can cause stochasticity and transport [5]. Here, we report the first 

investigations of the propagation dynamics of Resonant Magnetic Perturbations (RMPs) fields in 

KSTAR H-mode plasmas using injection of small edge perturbations produced by a Supersonic 

Molecular Beam Injection (SMBI) system. We show that the plasma response to the n=1 RMP on 

q95~5.0 KSTAR H-mode plasmas is initially localized at the q=3 rational surface, where a resonant 

tearing mode is predicted to be unstable, and then the response to the RMP field is subsequently 

observed at the q=2 rational surface with a time delay, demonstrating the propagating of the RMP 

field in 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 magnetic tearing and stochasticity 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) [6] and will be used in ITER [7] 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 experiments [6], 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 [8] and a quasi-linear model was introduced [9]. 

However, the direct measurement of RMP propagation in magnetically confined plasmas has not 

been reported yet, and there are only indirect observations of how far and how quickly the RMP 

penetrates into plasma [10, 11].  

In this letter, to probe the propagation of the RMP fields in plasma, we actively induce 

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

pulsed Supersonic Molecular Beam Injections (SMBI) [12] 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 allow application of transient transport analysis techniques to determine the location of the 
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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 (δvφ) has two minima located at the q=2 and 3 rational 

surfaces, respectively. The two phase minima represents the location of the fist and the second 

plasma response to RMP since the formation of a phase minima is usually due to the presence of 

source term [13] and in this case, due to the perturbed RMP braking term in the toroidal 

momentum balance equation. The radial 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 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 was also observed. 

 

The experiments reported were carried out in lower single null KSTAR 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. Measurements of vφ of C+6 using Charge Exchange Spectroscopy (CES) [14] are 

shown in Fig. 1. Fig. 1 (a) shows the vφ evolution with time at different spatial positions for shot 

10884. From top to bottom, the positions of the vφ are at normalized radial positions ρ = 0.43, 0.7, 

0.87, 0.92, 0.96. Fig. 1 (b) shows the spectrum of the Mirnov signal. There is a clear 

Magnetohydrodynamics (MHD) mode with a frequency of about 8-11 kHz from 9 to 11 seconds. Fig. 

1 (c) shows the time traces of the RMP coil current and the SMBI. The frequency of the SMBI 

modulation is 5 Hz, with a pulse duration of 6 ms. The SMBI plenum gas pressure is 0.8 MPa. The 

MHD mode frequency and the magnitude of vφ both decrease after the SMBI pulse is injected, and 

then slowly recover.  

 

FIG. 1. (a) Vφ is modulated by small edge perturbations from the SMBI during the steady state RMP 
phase. (b) is the spectrum of the Mirnov signal in arbitrary unit. (c) 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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With multiple Vφ perturbations measured, as shown in Fig. 1, we applied the perturbation transport 

analysis method [13] based on Fourier transform (FFT) of the Vφ(t) at each minor radius and the 

propagation characteristics of perturbed Vφ can be extracted, which is shown in Fig. 2. Fig. 2 (a) 

shows the safety factor (q) profile, which is important for determining the resonant location of the 

RMP. The phase profile of the perturbed vφ obtained is shown in Fig. 2 (b) where the SMBI 

modulation is used as the phase reference. We emphasize that there are two phase minima - one at 

q=2 located at ρ = 0.42 and another at q = 3, located at ρ = 0.7, as seen in Fig. 2 (b). In perturbative 

plasma transport experiments, a minimum phase position generally indicates the position of an 

induced perturbation source [13, 15]. The induced minimum phase in vφ 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 [12]. 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 static RMP field with and 

without the edge SMBI perturbation. This is also consistent with the modulations in MHD mode 

frequency in corresponding to the SMBI directly as shown in Fig. 1 (b). Comparing Fig. 2 (a) and (a), 

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 (Δφ) ~ 0.11 rad, denoted by the vertical arrows in Fig. 2 (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. 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” [16].  

  

FIG. 2. (a) the safety factor profile and (b) the phase profile of the perturbed Vφ. The vertical double 
red lines and the red bars represent the uncertainties of the safety 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. 

 

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

KSTAR H-mode plasmas, there is a uniform reduction in the rotation profile due to the edge 
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localized drag from the SMBI [12]. Thus the presence of the RMP field in plasma and the presence 

of a phase minima in the plasma response to RMP 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 rotation frequency [17]. In 

addition, we saw 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 Fig 2. 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 plasma as well as a change in the edge pressure 

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

electron poloidal EXB 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 [17] 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 and2 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 

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

islands. 

A time delay for the propagation of the RMP resonance to move from the q = 3 to q = 2 surfaces, 

given by Δt = Δφ/ω = Δφ/(2π⋅f) Hz-1, can be calculated using the Δφ and the f. Here, f is the 

modulation frequency of the SMBI (5Hz) and Δφ is the phase delay of the RMP propagation from 

the q = 3 to q = 2 surfaces, which is 0.11 rad corresponding to Δt = 4×10-3 s. Thus, Δt is about 4ms. 

This experimental result is in agreement with a modeling study result presented in [18] where the 

estimated RMP propagation time is shown to be on the milliseconds time scale. The radial mid 

plane distance from the rational surfaces q = 3 to q = 2 is Δρ×(Rsep-R0) ~ 0.3×(Rsep-R0) =0.13 m. Then, 

the radial averaged velocity of the VRMPP in H-mode plasma may be obtained using the distance and 

the time delay. VRMPP is shown in Fig. 2 by the black dashed arrow with an inward propagation 
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velocity of 32.5 m/s. The change in the toroidal phase response velocity of the perturbation Vφ is 

calculated in a similar way. One can define the Vφp using Δr/Δt. Here, the Δr is about 0.15×(Rsep-R0) 

=0.06 m and Δt is Δφ/(2π⋅f) Hz-1 ~0.22/(2π⋅5) Hz-1= 7×10-3 s, as shown in Fig. 2 (b) where Δt is the 

time needed for the Vφ disturbance to propagate. Thus, the Vφp is about 7.1 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 Fig. 2 (b) by the red arrow. This indicates that the momentum transport of the 

perturbation Vφ is induced by the small perturbation of the SMBI when the RMP field is present. We 

note that VRMPP is faster than the Vφp in the region of from q=3 to q=2 rational surfaces. The ion 

sound speed, cs, can be calculated using the cs=9.79×105(γZKTe/µ) 1/2 with γ=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 lower than the ion 

sound speed. It is also much slower that the Alfven speed indicating (2.9×105 m/s) that it may be 

associated with a change in the Neoclassical Toroidal Viscosity (NTV) torque [19] when the SMBI is 

applied. Here, the Alfven speed is VA = 2.18×1011µ-1/2ni
-1/2Bt with γ=2, ni=6×1013 cm-3, Bt =1.5×104 

Gauss.  

The temporal evolution of the toroidal rotation when the RMP field is presented, as shown in Fig. 3 

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

application of the RMP field and demonstrates the importance of the RMP fields on the q=3 

rational surface. In Fig. 3 (b), Vφ(0) is an averaged profile of the toroidal rotation just before the RMP 

is applied from 8.9s to 9.0s, and the Vφ(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 horizontal dashed lines, 

respectivley. It can be clearly seen in Fig. 3 (a) that the braking in Vφ occurs strongly around the q=3 

rational surface for all the time after 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=9.2s. A more detailed analysis of the induced Vφ braking by the RMP field is shown in Fig. 3 (b). 

The black curve is the Vφ 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). Fig. 3 (b) clearly shows that the largest change in Vφ occurs at ρ=0.7, which corresponds to the 

location of the q=3 rational surface, showing that the Vφ braking occurs aournd the q=3 rational 

sureface, as shown in Fig. 3 (b) by the red arrow. This Vφ braking induces the propagation of the 
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toroidal momentum inward and outward from the resonant location, as shown in Fig. 3 (b) by the 

blue arrows. We emphasize again that the presence RMP is required for the localized braking as 

shown in Fig. 3. In contrast, without RMP, applying SMBI only led to a uniform reduction in toroidal 

rotation (not a localized Vφ braking around the rational surface) [12]. 

 

Fig. 3. (a) ΔVφ  (in km/s ) as a function of time following the application of the RMP field. (b) the Vφ 

profiles without and with RMP for shot 10884 as shown using the black curve and the red curve, 
respectively. The ΔVφ 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 Vφ profiles obtained at 8.9s and 9.15s, respectively.  

 

In addition to braking toroidal rotation, RMP may also 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 Beam Emission Spectroscopy (BES) arrays in KSTAR [20]. 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 radial correlation length of the density 

fluctuation with and without the RMP was obtained using BES for shot 10884, as shown in Fig. 4. 

Here, the 1/e coherence value is designated as the radial correlation length (Lr) [21]. The 

measurement radial range is inward beginning from the pedestal top, which is the reference point 

located at the pedestal top for the coherence (γ). 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 Fig. 4 (a) 

and (b), respectively. 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 9.0-9.006s, and the time window with RMP is from 9.7-9.706s, which is far from the SMBI 

injection time. This means that there are no SMBI pulses during the time windows of the turbulence 

analysis. This shows that the density fluctuation radial scale length increases with application of a 

steady state RMP for both the LFT and the AT. This is consistent with the turbulence causing 

additional radial transport during the RMP [22]. The increased turbulence and Vφ braking produced 

by the RMP result in the reduced height of the pedestal toroidal rotation (Fig. 3 (b) by the black 

arrow). 
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Fig.4. (a) the coherence coefficient (γ) profiles and radial correlation length (Lr) without RMP during 
9.0-9.006s and (b) the same as in (a) but with RMP during 9.7-9.706s. No SMBI pulses were injected 
during the time windows. The position of the pedestal top is at ρ = 0.9, as shown by the red dot line.  

 

In conclusion, we report the first investigations of the propagation dynamics of Resonant Magnetic 

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

produced by a Supersonic Molecular Beam Injection (SMBI) system. 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 penetration (VRMPP) in the H-mode plasma is about 32.5 m/s that 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 Vφ, induces the propagation of the toroidal momentum inward 

and outward from the resonant location, and increases the density fluctuation, finally results in the 

reduced height 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 the 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.  
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