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Recent RMP ELM experiments in KSTAR have successfully demonstrated that ELMs 
can be controlled and avoided by utilizing low n RMPs, where n is a toroidal mode number 
being 1 or 2. Unlike DIII-D, it is shown that the effect of RMPs on particle and thermal 
confinement is directly related to the state of ELMs, otherwise it is proportional to applied 
field strength. Most importantly, it is observed that the global particle and thermal 
confinement are improved significantly by suppressing ELMs, so that the typical large 
degradation of confinement in ELM control by using RMPs can be minimized.

1.Introduction

As the most plausible technique to control the edge localized modes (ELMs) of high 
confinement mode (h-mode) plasmas, which is critical for ITtsR and beyond, non- 
axisymmetric resonant magnetic perturbations (RMPs) have been actively investigated in 
KSTAR. Since the first success of ELM suppression using n=l(+90 phase) RMPs in 2011
[1], we have extended its control capability to the case using n=2 (+90 phase) RMPs. 
Consequently we have demonstrated as shown in Figure 1 that the ELMs can be completely 
suppressed by properly configuring the RMP spectra for low n RMPs, where n is toroidal 
mode number and can be 1 or 2 in KSTAR. Also, we have found several interesting, edge- 
localized phenomena that are thought to be directly linked to the physics mechanism of ELM- 
suppression，such as a broadband increase of magnetic fluctuation, a saturated evolution of 
edge electron temperature, and rapidly repeating spikes on the ion saturation current 
measured from divertor Langmuir probes. It is conjectured that these are as a result of a 
persistent, rapidly repeating bursty event which is localized in the edge region under RMP 
fields. A detail description on these observations is found elsewhere [2-3].

A new ITER/DEMO-relevant issue, which is recently highlighted in this ELM-RMP 
physics, is to mitigate or suppress ELMs with minimal degradation of confinement by RMP 
fields. According to the DIII-D ELM-RMP experimental results [4], it is shown that the 
global confinement, particularly particle confinement, is significantly degraded by the strong 
RMP field that is needed to control the ELMs. This degradation of confinement is roughly 
proportional to the applied field and is not related to the ELM response or state. In other 
words, the amount of confinement degradation is just a function of applied RMP field 
strength and is independent on ELM response. Therefore, it suggests that we need to find out 
an optimal condition that requires a minimal RMP field to get the JbLM-suppression.

However, in KSTAR, we have found a different and conflicting behavior on ELM- 
suppressed discharges. Interestingly the confinement of both particle and thermal energy is 
dependent on the ELM state or response as well as the applied RMP field strength. In fact, 
the confinement was improved as ELMs were suppressed. As a result, the confinement 
degradation due to the RMP fields was significantly reduced by suppressing ELMs. It is 
definitely a good aspect of ELM-RMP for application to ITER and beyond. Thus we will 
describe and discuss these new experimental observations here in detail.
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Figure 1・ ELM-suppressed discharges using low n RMPs; (a) n=l RMP at q9S-6.0 and (b) n=2 RMP at 
q95 〜4.0
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2. Typical change of global confinement by RMP fields

One universal observation in ELM-RMP interactions is an increase of particle transport, 
so called density pump-out. This density pump-out is proportional to applied RMP field 
strength and has a broad q95 window. And thus it seems to be one of fundamental and direct 
response of plasma to the applied perturbed field. Therefore we can observe this density 
pump-out in L-mode plasmas [5]，in H-mode plasmas without any change of ELMs，and in 
H-mode plasmas with mitigated or suppressed ELMs [4].

In H-niode plasmas, when a sufficient RMP field was applied under proper q95 condition, 
the ELMs were mitigated or suppressed. Current understanding on this ELM-RMP 
interaction is that the applied perturbed field leads magnetic island overlapping on rational 
surfaces and thus produces a stochastic edge region. Then the increased edge transport though 
the open-field lines reduces the pedestal pressure height (or width). The resultant changes on 
edge stability and transport make the ELMs mitigated or even suppressed. One important 
observation according to DIII-D ELM-RMP experiments is that the application of RMP field 
leads first ELM-mitigation with relatively small field strength and then as the field strength is 
increased, the ELMs were finally disappeared (i.e. suppressed). It suggests that in a sense, 
whether the ELMs become mitigated or suppressed is just a matter of RMP field strength. 
This is the main reason why many of previous studies in various devices have been 
addressing the physics mechanism of ELM-suppression even though they haven't succeeded 
in ELM-suppression except DIII-D and KSTAR.

One good and latest example related to the connection between ELM mitigation and 
suppression under RMP fields in DIII-D is shown in Figure 2 [6], where the changes of 
electron temperature and density in the pedestal region depending on applied perturbed field 
strength are shown including ELM-responses. The key message here is that the changes of 
pedestal plasma parameters are strongly proportional to the applied field strength and there is 
no clear dependency on ELM response or state. In other words，the change of ELM state 
didn’t make any change on pedestal parameter response. Therefore, it suggests that the 
increase of edge transport (or reduction of edge confinement) seems to be a fundamental and 
direct response to applied perturbed field. Thus probably these fundamental responses may 
not be sufficient to explain the physics mechanism of ELM-suppression (or even ELM- 
mitigation). In fact, this type of behavior (i.e. seemingly fundamental) can be found in 
various parameters such as thermal stored energy, beam stored energy, and energy
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confinement time. Shortly summarizing, most of global or edge-localized plasma parameters 
showed a fundamental response (i.e. dependent only on applied field strength and 
independent on ELM-state) for the case of DIII-D experiments.

Nc .lc(kA) Nc lc{kA)

Figure 2. Plasma responses to applied RMP field strength in connection to the ELM-response (mitigated 
or suppressed) in DIII-D |6). Here Nc is a number of coil turn and Ic is the coil currents.

3・ Distinctive and conflicting observations in KSTAR ELM-RMP experiments

The increase of edge transport (or reduction of edge confinement) is thought to be a 
universal phenomenon related to RMP interaction as described above. It is valid to the 
KSTAR plasmas as well, so that some amounts of density pump-out have been routinely 
observed if the applied field is configured properly (i.e. in resonant condition). In fact, we 
have used the density pump-out as an indicator whether the perturbed field is resonant or 
non-resonant to the plasma.

However, contrarily to DIII-D observations, we have found a clear dependence of plasma 
response on ELM-state. One representative example is shown in Figure 3. There are two 
types of RMPs applied with same coil currents. One (green line in the first row) was 
configured using top- and bottom-FEC coils, and the other (red line) was using top-, mid-， 
and bottom-FEC coils together. The former RMP #9286
was less resonant, while the latter one was more 
resonant. Consequently the ELM-suppression was 
achieved in the latter RMP phase. As shown, the 
less resonant perturbation field led ELM- 
mitigation from 3.0 to 5.0sec with strong 
reductions of particle (nc) and thermal energy 
(Wtot or pp). After that when the stronger RMP 
field was applied from 5.0 to 7.5sec, the ELMs 
were initially further mitigated and then suddenly 
disappeared (i.e. suppressed). Interestingly when 
the ELMs were suppressed, although the applied 
RMP fields remained constant and unchanged, the 
electron density, stored energy, and poloidal beta 
were increased (i.e. confinement improved). In 
other words, the global plasma parameters were 
responded to the change of ELM-state (from

dependent on ELM state. Red-dotted 
horizontal lines show the unusual 
responses.
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mitigated to suppressed). Consequently the reductions of particle and thermal confinements 
became pretty small, compared with those in ELM-mitigated phase (from 5.0 to 6.0sec) under 
same RMP fields.
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Figure 4. Distinctive response of global plasma parameters to applied RMP fields and ELM-states in 
KSTAR ELM-RMP experiments

The uniqueness and validity of this dependency on ELM-state is more clearly seen from 
Figure 4. On the left figure, the ELM frequency was increased linearly proportional to 
applied field strength, i.e. ELMs were mitigated by applied fields. The corresponding 
responses of global plasma parameters are shown on the right figure with circle markers. 
Blue markers with dotted line show the electron density response, while the red markers with 
dotted line do the total stored energy response. As expected (similarly to DIII-D), the global 
plasma responses are linearly dependent on applied field strength (i.e. a fundamental 
response). However, by slightly increasing the RMP field further in the identical discharge, 
the changes of global parameters were significantly reduced as the ELMs were suppressed 
(see the diamond marker with green box). According to the observations in DIII-D, the case 
of ELM-suppression is expected to be marked in-line with those of ELM-mitigation. Thus 
this result clearly shows a unique response of KSTAR plasmas to the change of ELM state 
(from mitigated to suppressed). Considering the figure 3, where two distinctive ELM states 
(ELM mitigation from 5.0 to 6.0sec and ELM suppression from 6.0 to 7.5sec) were sustained 
stationary, the unusual dependency on ELM state suggests that the ELM-suppression might 
be a secondary (not fundamental) response that is initiated by a certain triggering mechanism. 
And this secondary response is a transition phenomenon (from mitigated to suppressed ELMs) 
that is accompanying an improvement of global confinement.

4. Summary and discussion

Recently the ELM-RMP experiments have been successfully conducted in KSTAR. As 
results, it has been demonstrated that the ELMs can be mitigated or suppressed by properly 
configuring the low n (n=l or 2) RMPs in a wide range of q95. Surprisingly we have found 
that the global confinement can be improved by suppressing ELMs under RMP fields. A 
conventional wisdom in ELM-RMP physics is that applying RMP fields leads an increase of 
edge transport (reduction of edge confinement) and this effect is proportional to the applied 
fields but independent on ELM-state. It is equally valid in KSTAR if the ELM state doesn’t 
change. If the ELM state is changed in KSTAR plasmas, for instance, if a transition from 
mitigated to suppressed ELM-state is occurred, then the proportionality of edge transport 
change to applied field strength is broken and reversed, so that the global confinements are 
improved significantly. Consequently, it demonstrates that we could achieve the ELM- 
suppressed H-mode discharge without any significant reduction of global confinements, that 
is highly required for ITER and beyond.
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