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The gedge <2 regime had long been regarded as an experimentally forbidden regime 
due to magneto-hydrodynamic instabilities. However, RFX-MOD experiment demonstrated 
that the control of error field could enable the entrance and sustainment of the discharge even 
in the forbidden regime. We explored ^edge <2 regime in Korea superconducting tokamak 
advanced research (KSTAR) without any feedback or feedforward control of error field since 
the intrinsic level of error field in KSTAR is inherently comparable to the controlled level of 
other device. The discharge sustained at ^95 〜1.9 for 800 ms that is at least one order of 
magnitude longer than the resistive wall time of the device. Furthermore, simulated error 
field applied by field error correction coils prevented the passage of ^edge=3 integer rational 
surface before reaching qQ^Q=2. The detailed analysis is on-going for revealing the role of 
error field in the excitation of limiting instability.

L Introduction

Confinement in toroidal magnetic fusion devices has a tendency to increase linearly 
with the plasma current. On the other hand, magneto-hydrodynamic (MHD) stability 
requirement limits the allowed plasma current for a given toroidal magnetic field generated 
by external coils. For this reason, the safety factor q, which is proportional to the ratio of the 
toroidal field to the poloidal field (z.e.5 the plasma current), is used as a metric of MHD 
stability in toroidal magnetic devices.
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Figure 1.a) plasma current, b) edge safety factor ¢95, c) internal inductance A, and d) 
spectrogram of Mirnov coil.

As calculated by MHD theory, the discharge becomes unstable when the edge safety 
factor, gedge passes certain rational surfaces such as q=4, 3? and 2. The instability near the
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integer rational surfaces could cause a plasma disruption, and the ^edge <2 regime had been 
generally regarded as an experimentally forbidden regime. Moreover, even the passage of 
gredge=:=4 or 3 is also difficult depending on the plasma parameters such as the current 
distribution profile or edge current density.

External kink mode driven by plasma current is regarded as a typical MHD instability 
in determining the allowed level of ^edge- It is known that the stabilities of external kink mode 
and resistive wall mode are affected by non-axisymmetric field components in intrinsically 
axisymmetric toroidal magnetic device。Thus RFX-MOD and Dill-D recently achieved the 
operation of gedge (^95) <2 regime through the dynamic error field correction and feedback 
suppression of resistive wall mode (i.e. the control of non-axisymmetric field components) 
[・.

In the 2013 campaign, level of intrinsic non-axisymmetric field (z. e. intrinsic error 
field) in KSTAR was found to be at least one order of magnitude lower than the seen in other 
major devices [3]，The intrinsic level of non-axisymmetric field in KSTARs 6S/Bt^10"5 is 
inherently comparable to the controlled level of other major devices. From the above result， 
we attempted the exploration of ^edge <2 regime without any feedforward correction or 
feedback control of the non-axisymmetric field.

・綱

Figure 2. a) plasma current, b) safety factors,物 and 物，e) internal inductance A, d) 
spectrogram of Mirnov coil, and e) enlargement of figure 2b) during 物 <2 regime・

2・ Attempt of extremely low（gredge regime
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At the initial attempts, we approached the gedge <2 regime in pure Ohmic discharges 
without any auxiliary heating in order to exclude unintended stabilization effect from plasma 
rotation or fast ions. However, the discharges included a tearing-like MHD mode from an 
early phase due to the nearly circular plasma shape. We adopted a small circumference for 
discharges to lower ^edge in moderate levels of plasma current. Consequently, the pre-existing 
mode prevented the passage of ^edge=2 since it locked and caused a disruption when ^edge 
reached 2 as shown in figure Id).

Therefore, neutral beam was injected in order to avoid the locking of the pre-existing 
mode and the discharge sustained in 仍5〜1.9 for 800 ms. Furthermore, it stably came back to 
"edge〉2 regime as shown in figure 2. The 800 ms duration is at least one order of magnitude 
longer than the resistive wall time of KSTAR. The usage of neutral beam could be justified if 
the kink mode driven by plasma current is the ultimate obstacle to passing through ^edge=2 
since plasma rotation or fast ions cannot stabilize the current driven kink mode [4]。
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Figure 3„ a) plasma current, b) edge safety factor 物，c) internal inductance and d) 
current of field error correction coiL

As previously mentioned, we conjectured that extremely low level of intrinsic error 
field in KSTAR enabled the achievement of 分edge <2 regime without any error field 
suppression while other devices almost unconditionally need dynamic error field correction 
or feedback suppression of resistive wall mode. In order to verify the hypothesis，simulated 
error field was intentionally applied by field error correction coils and the passage of integer 
rational surfaces was attempted in exactly same way. The level of simulated error field， 

〜10-4 was comparable to the typical level of intrinsic error field in other major devices.
As depicted in figure 3, the simulated error field caused a disruption even near gedge〜3 

before reaching gedge=2. From this result，we concluded that the control of error field is a 
crucial in enlarging the operational boundary of toroidal magnetic devices and the intrinsic 
level of error field in KSTAR is really low when compared with other major devices [3].

3, Summary and discussion

In this research, we demonstrated that ^edge <2 regime is not an absolute operational
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boundary of toroidal magnetic devices and non-axisymmetric fields such as the intrinsic error 
field could play a crucial role in passing through critical integer rational surfaces. The result 
suggests detailed study in uncovering the relationship among the non-axisymmetric fields， 
external kink mode，and resistive wall mode [5]. For the purpose, we will extend our 
exploration of the forbidden regime with including the active control of non-axisymmetric 
fields in the 2015 campaign.

In addition, as gedge becomes low, the importance of ^=1 surface also increases since 
the inversion radius and the area affected by the q=l instability (i.e. sawtooth crash) increases 
in low 分edge operation. Thus we should take into account the whole q or current profile in 
order to control both the internal and external MHD instabilities. In this sense, internal 
inductance A could act as a useful metric.

So far, we solely focused on the limiting MHD instability for entering《edge <2 regime. 
Based on this experience, we plan to conduct a systematic exploration of new operational 
regimes where both enhanced confinement and MHD stability are satisfied. For this purpose, 
the follow・up experiments in the 2015 campaign need to be conducted in diverted instead of 
limited plasmas for reducing the interaction with plasma facing wall.
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