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For the first time, two-dimensional temporal behavior of the edge localized mode (ELM) filament is
measured in the edge tokamak plasma with a multi-channel electrical probe array (MCEP). MCEP, which
has 16 floating probes (4 � 4), is mounted at the far scrape-off layer (SOL) region in the KSTAR. An
electron temperature and an ion flux are measured by sideband method (SBM), which can achieve two-
dimensional measurements with high time resolution. Furthermore, temporal evolutions of the electron
temperature and the ion flux are obtained during the ELM occurrence. In the H-mode period, short
spikes from ELM bursts are observed in measured plasma parameters, and the trend is similar to that of
typical Ha signal. Interestingly, when blob-like ELM filaments crash the probe, the heat flux is signifi-
cantly higher in a local region of the probe array. The results show that our probe array using the SBM
can measure the ELM behavior and the plasma parameters without the effect of the stray current caused
by the huge device. This study can provide valuable data needed to understand the interaction between
the SOL plasma and the plasma facing components (PFCs).
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In a tokamak plasma, the high confinement mode (H-mode) is
characterized by the presence of an edge transport barrier (ETB)
resulting in enhanced confinement that is almost twice that of the
low confinement mode (L-mode) [1,2]. Thus, it is a promising
operation mode for future fusion plasma devices [3]. In H-mode
operation, the plasma density and the pressure gradients signifi-
cantly increase due to the high confinement and stored energy.
Furthermore, filamentary perturbations of the plasma density that
form along the local magnetic field lines occur frequently in the ETB
region (i.e., pedestal) due to instability. Consequently, the edge
pedestal structure produces periodic losses of particles and energy
from the edge region, i.e., edge-localized mode (ELM) [4e6].

The ELM, first discovered in the ASDEX, is an important phe-
nomenon for the edge plasma in the H-mode operation [2,7]. The
filamentary structure of the ELM can be observed andmostly losses
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to the divertor plate along the magnetic field lines. In addition, the
ELM burst leads to a rapid propagation of heat and particles into
localized regions of the first wall [8,9]. This propagation can also
form a blob structure and is typically observed near the separatrix
region, also called the scrape-off layer (SOL) region [10]. These ELM
blob and the ELM filament can be extended outward to the SOL
region because the confined plasma is typically subjected to radial
expansion forces (curvature and VB forces in toroidal plasmas)
[9,11]. Thus, the heat load due to the ELM burst can reach the
plasma facing component (PFC) and exceed a tolerance level of
typical PFC materials, such as those of the International Thermo-
nuclear Fusion Reactor (ITER) [12]. This indicates that the ELM can
cause severe damage and erosion to PFCs of tokamak devices
[13e17]. Therefore, it is essential to understand the characteristics
of the ELM to improve the lifetime of the fusion device. As a result,
many studies have been performed on the characteristics of the
ELM and its effects on the boundary plasma in various fusion de-
vices [18e25].

The diagnostics of the tokamak plasma are indispensable for
understanding the interaction between the core plasma and the
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PFCs, thus many efforts to diagnose the tokamak plasma have been
reported for a stable operation of the fusion device [26e30]. In
particular, two-dimensional measurements with high time reso-
lution are required to capture temporal behaviors such as the ELM
burst. Thus, several studies have performed diagnostics through
two-dimensional optical measurements [10,31e34]. Yun et al.
observed the rotating ELM filaments in 2D via an electron cyclotron
emission imaging (ECEI) system which has sufficient temporal and
spatial resolution [35e38]. A single Langmuir probe measurement,
one of the well-known electrical diagnostic methods, can obtain
plasma parameters by analyzing the probe current, but it requires
time to perform a voltage sweep; high temporal resolution from
this measurement is therefore unattainable [39]. A triple probe
method, which does not require a voltage sweep, is a suitable
diagnostic method for high-resolution measurements [40].
Recently, the time trace and radial profile of the plasma parameters
were measured using the triple probe method in the Korea
Superconducting Tokamak Advanced Research (KSTAR) [41e44].
Moreover, a floating-type method was developed to measure the
temporal behaviors with high time resolution [45e47]. Lee et al.
developed the floating harmonic probe (FHP), based on the har-
monic method [48]. This probe can get not only the electron tem-
perature but also the ion flux. Recently, a floating harmonic
sideband method (SBM) was developed which provides accurate
measurements of the plasma parameters even when the measured
currents are influenced by considerable stray currents [49,50].
Therefore, SBM is suitable for measuring the tokamak plasma
where the cable between the measurement probe and control
system is quite long, causing significant stray current [51,52].
However, two-dimensional measurements through the electrical
diagnostic method were not performed. Park et al. developed a
plasma measurement system applying the sideband method (SBM)
that can measure the two-dimensional plasma parameters simul-
taneously [53]. In this study, SBM was applied to measure the far
SOL region of the tokamak plasma, and two-dimensional electrical
diagnosis was performed for the first time.

We investigated the two-dimensional spatial evolution of the
ELM in the edge tokamak plasma. A multi-channel electrical probe
array (MCEP) was mounted on the outboard midplane wall of the
KSTAR. The electron temperatures and ion fluxes were obtained by
using SBM. In the H-mode period, measured plasma parameters
have numerous short spikes that are in good agreement with those
of typical Ha signal of the KSTAR. This indicates that the ELM
Fig. 1. The multi-channel electrical probe array: (a) components of a probe head for the mul
simultaneous measurement system of the multi-channel electrical probe array.
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occurrence can be observed using our measurement method. In
addition, the spatial evolutions of the electron temperature and the
ion flux were measured during the ELM occurrence. Interestingly,
experimental results show that there are significant increases in
the heat flux at a local region of the probe arraywhen blob-like ELM
filaments crash the probe.
2. Experimental setup

2.1. Multi-channel electrical probe array at the far SOL region

The multi-channel electrical probe (MCEP) array, which consists
of 16 probes, was used to measure the plasma parameters at the far
SOL region in the KSTAR. The far SOL region, represented as being
beyond a few centimeters outside the last closed flux surface (LCFS),
is characterized by flat profiles of the plasma density [54,55]. Fig.1(a)
shows the components of probe head for MCEP. Each component
was modular for easy replacement. The probe head consists of the
probe tip, insulating alumina, graphite housing, and signal line. The
probe tip was made of cylindrical carbon fiber composite (CFC),
which can resist high heat fluxwithoutmelting, (maximum1,200�C)
and was 12 mm in diameter. The entire tip was covered with an
alumina (Silicon nitride, Si3N4) tube to insulate it from the outer
graphite housing, except for the flat end that serves as the actual
probe tip. The distance between adjacent tips is 50 mm. The signal
line was covered with a Kapton film which has a high thermal
resistance. As shown in Fig.1(b), the assembledMCEPwas composed
of 16 probe heads installed on a square plate. To measure the two-
dimensional spatial behavior of the ELM filaments at the far SOL
region, MCEP was designed in a 4� 4 array (0:2� 0:2 m2).

The electron temperature and ion flux at the far SOL region of
the KSTAR tokamak plasma was obtained by MCEP. MCEP was
mounted on the outboard midplane wall of the KSTAR B-port, as
shown in Fig. 2. It was located 125 mm behind the toroidal limiter
and 210 mm behind the typical separatrix position of the KSTAR
diverted plasmas. The signal lines, which are connected to the
measurement control system through a vacuum feed-through,
were applied through twisted cable to reduce noise and shielded
by a stainless-steel tube (SUS316L) to prevent damage from the
tokamak plasma. The coaxial type transmission-line was used for
the signal cable outside the tokamak device and total length of the
outer cable was about 20 m, which is long enough to generate
considerable stray current.
ti-channel electrical probe array, (b) assembled multi-channel electrical probe array, (c)



Fig. 2. View of the multi-channel electrical probe array in the KSTAR: (a) poloidal
cross-sectional view of the tokamak device, (b) the multi-channel electrical probe
array mounted in the B-port of the KSTAR.
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The measurement control system was composed of a data
acquisition system (DAQ) and a driving circuit board, as shown in
Fig. 1(c). Two amplifiers were used, one for buffer and one for
sensing voltage. The model of DAQ is PXIe-6358 (National In-
struments, NI), which has 16 simultaneous analog inputs with a
1.25 MHz sampling rate for each channel, and it was mounted on
the PXI Express Chassis (NI, model: PXIe-1073).

2.2. Principles of the measurement

All measurements were recorded as raw data and analyzed by
post-processing method which is effective to obtain high time
resolution [51]. The number of data points measured in 1 s is
1,250,000 because the sampling rate of DAQ is 1.25 MHz. The time
resolution is determined by the number of data points: 1 ms is the
time resolution for 1,250 data points. In addition, the time resolu-
tion was enhanced by selecting the frequency of applied voltage
and the number of data points. When the frequency of 125 kHz was
selected for the applied voltage, 10 data points (1 period of the
125 kHz at the sampling rate of 1.25 MHz) are analyzed for the time
resolution of 8 ms at our DAQ. But high signal-to-noise ratio is
necessary for reasonable measurement because random noise in-
creases as the number of data points decreases. Here, the time
resolution is 200 ms for each channel and that resolution yields an
appropriate signal-to-noise ratio (SNR). In this study, all measure-
ment data were recorded at 12 s.

After we analyzed by post-processing, the electron temperature
and ion fluxwere obtained by applying the sidebandmethod (SBM)
[49,50]. The SBM that can measure plasma parameters such as the
electron temperature and ion flux is an application of the floating
harmonics probe developed by Lee et al. [48]. The sinusoidal AC
voltage, v0½cosðutÞþcosðu2tÞ�, was applied to each probe tip from
the circuit board. Here, the applied AC signal frequency (u, u2) was,
respectively, 125 kHz and 25 kHz, and the applied AC voltage (v0)
was 3 V. The SBM assumes that the electrons are in a Maxwellian
distribution, and with this assumption, the electron temperature
(Te) and the ion flux (Gi) are obtained as follows:

Tez
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�2
; (2)

where Iu±u2 , Iu±2u2
, I0, I1, e, and Ap are the first and second inter-

modulation frequency currents the zero- and first-order modified
Bessel functions, the electron charge, and the area of the probe,
respectively. Note that the Bohm velocity is not needed to deter-
mine the ion flux in this method [48,49]. The AC signal voltage was
applied near the floating potential where the electron and ion
currents are equal because the blocking capacitor (CB ¼ 100 mF)
was connected in series with the probe tip. The ion flux, Gi, is
collected by the flat probe tips almost perpendicular to the mag-
netic field. Thus, a parallel ion flux (Gi:k) can be expressed as Gi ¼
Gi:k sin q, where qz5� is the angle between the magnetic field line
and the surface of the probe tip. In huge plasma facilities such as
tokamak devices, typical electrical measurements can be affected
by large stray currents due to the stray capacitance in long and
dense measurement cables. However, the intermodulation fre-
quency currents are not influenced by the stray current, because
the intermodulation current is generated by the nonlinearity of the
plasma sheath rather than by stray capacitance of themeasurement
system. Moreover, there is numerous fluctuations in various fre-
quency bands and these fluctuations can cause the interference in
the measurements. In SBM, the plasma parameters are obtained
from the selected frequency combination among the various fre-
quency combinations (e.g., Iu�u2 & Iu�2u2

, Iuþu2 & Iuþ2u2
, and Iuþ2u2

& I2u). Among these combinations, we can choose the frequency
combination with the least fluctuation. Here, the combination of
Iu�u2 and Iu�2u2

was selected. Thus, SBM is very useful when the
measured currents are influenced by the considerable stray cur-
rents and the fluctuations in various frequency bands generated in
the system [51,52].

In this paper, the modified Shepard method was applied, which
is a suitable interpolation for constructing the two-dimensional
distribution of the plasma parameters [56,57]. The two-
dimensional measurement can be achieved through a combina-
tion of various features of our diagnostic method: the floating
harmonic probe (FHP) method that allows real-time measurement
of Te and Gi without the voltage sweep, the SBM that can provide
accurate measurements of the plasma parameters even when
affected by stray currents, and the post-processingmethodwhich is
effective to obtain high time resolution.

3. Results and discussion

Fig. 3 shows time traces of NBI heating powers, electron line
densities, and Ha signal intensities in the discharge No.18847 of the
KSTAR. The plasma was mainly heated by NBI (neutral beam in-
jection) in the KSTAR. The experimental conditions in the discharge
No.18847 are as follows: toroidalmagnetic field, BT ¼ 1:8 T; plasma
current, Ip ¼ 600 kA. The NBI power (PNBI) is about 1.7 MW from 2 s
to 6 s and about 4 MW from 6 s to 16 s. There are three regimes in
the duration of the measurement: initial regime (0e2 s), low PNBI
regime (2e6 s), and high PNBI regime (6e16 s). The line-averaged
electron density, ne, are shown in Fig. 3(b). ne measured with
millimeter-wave interferometer [58] represents plasma density in
the entire region of the tokamak plasma.

Ha signal is measured by Ha monitor arrays [59]. Numerous
short spikes of Ha signal (l ¼ 656 nm) are observed after the NBI
heating power is applied, as shown in Fig. 3(c). These spikes indi-
cate that the edge-localized mode (ELM) occurred in the edge
tokamak plasma and the plasma is in the ELMy H-mode operation.



Fig. 3. Typical time traces of several plasma parameters in discharge No. 18847 of the
KSTAR. (a) NBI heating power, (b) line-averaged electron density, (c) Ha signal.

Fig. 4. Time traces of measured plasma parameters in the far SOL region of channel 9
in discharge No. 18847 of the KSTAR: (a) electron temperature and (b) parallel ion flux.
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The frequency of the ELM occurrence can be obtained by counting
these spikes. The frequency of the ELM occurrence increases by
about 4.6 times in the high PNBI region than in the low PNBI region.
Moreover, the intensity of the Ha signal spike increased by about
1.3 times.

Fig. 4 shows time traces of the electron temperature (Te) and the
parallel ion flux (Gi:k) at the far SOL region as measured byMCEP. In
enlarged view of Fig. 4(b), Te and Gi:k from 6.69 s to 6.75 s are also
presented to verify that the events are synchronized. Since the
background Te and Gi:k are much lower than those from the ELM
filament, the ELM occurrence is distinctly observed by the
measured parameters. Te of about 1.4e4 eV and Gi:k of about
8� 1019 m�2s�1 were obtained when the ELM occurred. Te and Gi:k
are compared to those measured by the triple probe under almost
similar experimental conditions [41e44]. Te and Gi:k measured by
the triple probe were slightly higher than our results; Te was up to
about 40 eV and Gi:k was about 1020 � 1021 m�2s�1 when the ELM
occurred. This difference is because MCEP was installed about
50e100 mm behind the triple probe, resulting in a slightly lower
value.

Note that short spikes of Te are observed during the H-mode
operation, and these values are about 1.4 times higher in the high
PNBI regime. The trend of Te is in good agreement with that of Ha
signal, as can be seen in Fig. 3(c). This can be understood in that
when the ELM occurs, the ELM filament crashed to MCEP and a
short spike of Te is observed at the same time. By counting the
spikes of Te, the ELM occurs about 4.9 times more frequently in the
high PNBI regime than in the low PNBI regime. The fact that the ELM
occurs more frequently in the high PNBI regime is consistent with
the characteristics of type I ELM [60].
4

In Fig. 4(b), Gi:k also has a similar trend; numerous short spikes
are observed, and the value of Gi:k and the frequency of the ELM
occurrence are different depending on the period of the discharge
(low PNBI regime and high PNBI regime). Furthermore, the spike
values of Gi:k also increase by about 1.7 times. These imply that as
the applied PNBI increases, the ELM occurs more frequently and the
strength of the ELM, i.e., the energy loss, also increases.

To understand the temporal behavior of these ELM filaments,
measured Te and Gi are imaged in 2D. Fig. 5 shows the two-
dimensional spatial evolution of Te and Gi measured by MCEP.
The analysis time resolution is 200 ms, and the period is about
6.703e6.706 s (see enlarged view of Fig. 4(b)). The position of each
probe channel is marked in 3,000 ms of Fig. 5(a).

At 200 ms, the measured Te is relatively high in channels 10 and
14. Moreover, the high Te is measured in channel 1 at 400 ms and
then the spatial distribution of Te is almost uniform up to 800 ms.
Interestingly, Te has a lower value first on the right side with
increasing time-step. The distribution of Gi is consistent with that
of Te, as shown in Fig. 5(b). The spatial evolution of the plasma
parameters at 200 ms can be understood as the behavior of the
expanding ELM filament. Since the confined plasma is generally
subjected to radial expansion forces, the ELM filament can be
extended outward to the LCFS. Thus, not only the radially propa-
gated blob-like ELM filament, but also the ELM filament can be
measured when the filamentary structures are extended to the
probe array in the far SOL region. The expanded ELM filament
temporarily reaches a local region of the probe array, resulting in a
sharp increase in the plasma parameters of the corresponding
channel and this increment vanishes almost immediately as time
passes.



Fig. 5. Two-dimensional (a) electron temperature and (b) ion flux measured by MCEP.
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On the other hand, the spatial evolution of the plasma pa-
rameters from 400 ms to 2,000 ms shows a different trend from that
of 200 ms. This spatial evolution at this period seems to be that the
blob-like ELM filament crashes and escapes the probe array. When
the ELM filaments burst, the filament can escape from the
confinement in form of a blob [61]. It can be predicted that the
blob-like ELM filament covers the entire probe array and exits to
the left side. This may indicate that the blob-like ELM filament
that collides with the divertor or the wall can flow along their
surface rather than transferring energy to the target and dis-
appearing. It is also noted that the blob-like ELM filament seems
to exit downwards. In the KSTAR, the rotation of the ELM filaments
generally is counterclockwise (electron diamagnetic drift direc-
tion) in the poloidal cross-sectional view of Fig. 2(a) [36,37]. This
suggests that the radial propagation direction of the ELM blobs is
independent or less dependent on the direction of the ELM
filaments.

The heat flux is a crucial factor for consideration to stably
operate the ELMy H-mode. The parallel heat flux at the sheath
edge, qk;se, can be derived using the following equation:

qk;se ¼geTeGi:k; (3)

where e is the electron charge and g is the sheath transmission
coefficient as given in g ¼ 7 [43,62,63]. During the ELM burst, qk;se
of about 10 kW=m2 is obtained at the far SOL region. As
mentioned above, the spike value of Te and Gi:k increased at the
high PNBI regime. Since qk;se is proportional to both Te and Gi:k,
thus it is approximately doubled at the high PNBI regime. In gen-
eral, about 20e30% of the power applied to the plasma is radiated
and lost to the first wall. Thus, the effect of the heat flux by the
ELM burst on the PFCs is negligible compared to the radiated
energy flux in the KSTAR. Nevertheless, it should be noted that at
200 ms, the heat flux of channel 14 is about 102 times higher than
that of channel 8. This implies that the heat flux is concentrated in
the local region, as can be inferred from Fig. 5. In practice, the
averaged heat flux at 200 ms is only 8 kW=m2 while the heat flux of
channel 14 is 35 kW=m2. Therefore, even though the heat flux per
unit area under these experimental conditions is not critical
enough to damage the walls or divertors, the investigation of
these concentrated heat fluxes would be necessary for larger
5

fusion devices, such as DEMO (demonstration power plant) and
ITER.

In future work, we will improve the time and spatial resolution
of MCEP to observe the behavior of the ELMmore precisely and will
measure the tokamak plasma in the divertor region of the KSTAR by
installing the enhanced MCEP. Furthermore, the valuable data
needed to understand the interaction between the edge plasma
and the PFC can be obtained by installing MCEP in critical region of
PFCs.
4. Conclusion

In this study, the temporal behaviors of the ELM are measured
by MCEP in the KSTAR tokamak plasma for the first time as elec-
trical probe diagnostics. The plasma parameters (Te; Gi:k) are ob-
tained by using SBM with high time resolution (200 ms) at the far
SOL region. In the H-mode period, numerous short spikes in the
electron temperature as well as in the ion flux are observed, and the
trend is consistent with typical Ha signal of the KSTAR. These spikes
are caused by the ELM occurrences which are characterized by
periodic losses of particles and energy from the SOL region. When
the ELM occurs, the measured electron temperature is about
1.4e4 eV and the parallel ion flux is about 8� 1019 m�2s�1. Note
that the ELM occurs about 4.9 times more frequently in the high
PNBI regime than in the low PNBI regime. This is consistent with the
characteristics of type I ELM.

Through the two-dimensional measurements and interpolation
of the plasma parameters, the spatial evolution is obtained. The
radially propagated blob-like ELM filament as well as the extended
ELM filament is observed in 2D. When the blob-like ELM filaments
crash the probe, the parallel heat flux, qk;se, obtained from the
measured plasma parameters is significantly higher in the local
region of the probe array. This indicates that the heat flux from the
ELM burst is concentrated in the local region. These concentrated
heat fluxes can damage the first walls for larger fusion devices
where the applied power is much higher such as DEMO and ITER.
Therefore, the results show that our method for the far SOL region
diagnostics can give useful data such as the plasma parameters and
the ELM behaviors needed to understand the interaction between
the edge tokamak plasma and the PFCs.
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