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Electrical probe measurements are carried out at the scrape-off-layer (SOL) and divertor regions in order to in-
vestigate the characteristics of edge plasmas during H-mode discharges in the Korea Superconducting Tokamak
Advanced Research (KSTAR) device. Radial profiles of plasma parameters such as electron temperature Te,
plasma density ne, and parallel flow velocity v// are measured by using a fast reciprocating Langmuir probe
assembly (FRLPA) at the SOL region. From the FRLPA measurements, it is found that the decay length of
temperature λTe and that of density λne are 2 ∼ 4 cm and 1 ∼ 3 cm, respectively. The magnitude of v//

near the last closed flux surface (LCFS) is 4 ∼ 15 km/s. The radial flux due to edge turbulence at the SOL
region is investigated by using spectra analysis on electrostatic fluctuation levels such as ion saturation current
Ĩis and floating potential Ṽf obtained from the FRLPA measurement. The value of the flux is estimated as
∼1020 particle m−2 s −1 near the LCFS. The poloidal distribution of the ion saturation current density jis is
measured by fixed edge Langmuir probe array (ELPA) at the divertor region, and it is found that the positions
of strike points from the ELPA measurement agree well with those reconstructed from the EFIT result using
magnetic diagnostic data. From the spectrum analysis on the ELPA measurements at the divertor region during
edge localized modes (ELMs) control in the H-mode discharges, it is observed that the magnitude of j̃is(ω) near
strike point decreases when the ELMs are suppressed or mitigated.

1 Introduction

The characteristics of edge plasmas at the scrape-off-layer (SOL) and divertor regions during a plasma discharge
in tokamaks have been investigated to study edge plasmas which gave boundary conditions affecting the plasma
discharge performance [1], and to study the edge particle transport due to electrostatic turbulence [2]. Electric
probe diagnostics (EPDs) have been used as one of useful tools for the experimental investigation at the edge
region in tokamaks.

In the Korea Superconducting Tokamak Advanced Research (KSTAR) device, various H-mode discharges
have been able to be reproduced by injecting the neutral beam (NB) heating of 1.1 ∼ 1.6 MW for diverted
plasmas (BT = 1.6 ∼ 2.4 T, Ip = 0.6 ∼ 0.7 MA, ne = (1.2 ∼ 4.3) × 10 19 m−3, R ∼ 1.8 m, a ∼ 0.5 m, κ =
1.6 ∼ 2.0) since the first plasma of up to 100 kA had been successfully achieved 2 years ago. Several types
of edge localized modes (ELMs) were observed during H-mode discharges in the KSTAR device. The control
of the ELMs is one of key issues in future tokamak such as ITER because the ELM burst is strongly related
to heat load on plasma facing components (PFCs) during H-mode discharges. It was observed that the ELMs
were mitigated or suppressed by using the supersonic molecular beam injection (SMBI) or by non-axisymmetric
magnetic perturbations due to the resonant magnetic perturbation (RMP) coils during the experimental campaign
in the KSTAR device [3,4]. Thus, the investigation of the characteristics of edge plasmas at the SOL and divertor
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regions were carried out from the probe measurements as the first step for study of edge particle transport in the
KSTAR H-mode plasmas.

The EPDs for the KSTAR, which were composed of the fast reciprocating Langmuir probe assembly (FRLPA)
and the fixed edge Langmuir probe array (ELPA), were used to diagnose the SOL and divertor regions during
plasma discharges in the KSTAR device [5]. Radial profiles of plasma parameters were obtained from the FRLPA
measurements at the SOL region during H-mode discharges in the KSTAR device. The characteristics of the SOL
such as e-folding lengths λne and λTe were investigated from the radial profile measurements, and the parallel
flow velocity v// at the SOL was also measured by using the FRLPA. The radial particle flux was able to be
estimated by using the fluctuating quantities such as ion saturation current Ĩis and floating potential Ṽf during
the H-mode plasmas. In addition, the poloidal distribution of the ion saturation current density jis at the divertor
region was obtained from the ELPA measurement in the H-mode discharges, and Ĩis related to electrostatic
turbulence near strike point was investigated from the ELPA measurement during ELM controls in H-mode
discharges.

In this paper, the probe system for KSTAR is described in Sec. 2, and the results from probe measurements
are presented in Sec. 3. Finally, the summary is given in Sec. 4.

2 Description of the KSTAR probe system

Figure 1 shows EPDs for KSTAR inside the vacuum vessel (VV). Probe head in the FRLPA consisted of three
probe tips for triple probe (TP) measurement and two tips for Mach probe (MP) measurement. The separation
between two adjacent tips was 5 mm. Three tips were biased to about - 200 V to measure ion saturation current
Iis. Details on the probe head and probe circuit were described in Ref. 5. The radial profiles of Iis, plasma
potential Vp and floating potential Vf were obtained from the TP measurement at the SOL region during KSTAR
H-mode discharges. The v// at the SOL region during the discharges was obtained by using two ion saturation
currents at up and down stream sides measured with the MP. The fixed ELPA, which consisted of 57 probes
mounted poloidally on the inboard limiter and divertor tiles in the KSTAR VV, was used to measure the poloidal
distribution of Iis in the divertor and limiter regions (see Fig. 1(b)). The details on ELPA for KSTAR were
described in Ref. 5.

a) b)

Fig. 1 Electric probe diagnostics (EPDs) for KSTAR : (a) poloidal cross-sectional view of EPDs, and (b) the probe head in
the FRLPA for the measurement at the SOL region and the ELPA consisting of dome-typed probes for the measurement at
the divertor region.

The maximum speed in the FRLPA movement was up to 1.5 m/s and the time elapsed for the radial scan of
∼8 cm in the SOL region during a reciprocating motion was about 0.2 s. Sampling rate of data in the FRLPA and
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ELPA measurements was set to higher than 100 kHz in order to measure plasma parameters and their electrostatic
fluctuation levels in the SOL and divertor regions. For spectra analysis on the fluctuation quantities from the
FRLPA measurements, the FRLPA data during a inward radial motion (∼0.1 s) were divided into 13 segments.
Each segment consisted of 4096 samples, and the radial profiles were obtained from time averaging over each
segment. The fluctuation spectra were obtained from frequency averaging over 32 samples in the FFT spectrum
of each segment.

3 Results from probe measurements

3.1 Radial profiles at the SOL region

From the TP principle for sufficiently large probe bias VB (VB � Te/e), electron temperature Te and plasma
density ne are given by

Te = e (Vp − Vf ) /ln (2) , ne = 2Iis/(e
√
Te/MiA) (1)

where Mi and A are ion mass and collecting area of probe, respectively. The radial profiles of Te and ne
are obtained from the FRLPA measurement at the SOL region during the H-mode discharge as shown in Fig. 2.
Each value in the radial profile was obtained from time-averaged one for the selected time of 8.196 ms in the
probe signal. The location of the last closed flux surface (LCFS) was estimated from the EFIT results, and the
poloidal limiter was located at R = 2.315 m from radial center in the KSTAR device. From these radial profiles,
the characteristics decay lengths such as λTe and λne were obtained from the e-folding lengths in the linear fit
for natural logarithm of the measured values versus radius. For several H-mode discharges with plasma current
of 600 ∼ 630 kA, plasma density of (3 ∼ 4) × 1019 m−3 and toroidal field of 1.964T, λTe and λne were 2 ∼ 4
cm and 1 ∼ 3 cm, respectively. λTe was longer than λne in the profile measurement.

Fig. 2 Radial profiles from the FRLPA measurement in
the SOL region during a H-mode discharge: (a) electron
temperature, (b) plasma density, (c) Mach number, and (d)
parallel flow velocity. The gray area and blue box in fig-
ures indicate the radial position of separatrix within the un-
certainty of ∼2 cm and the radial location of the poloidal
limiter, respectively.

Mach number of the parallel flow at the SOL was calculated from Hutchinsons formula [6] by using two ion
saturation current densities jUP

is and jDOWN
is measured at up and down stream sides in the MP, respectively.

M// =MC · ln (
jUP
is /jDOWN

is

)
(2)

Where MC = 0.43. Parallel flow velocity v// was obtained by using v// = M//CS where plasma sound speed
CS was estimated from electron temperature. Fig. 2(d) shows radial profiles of v// at the SOL region during a H-
mode discharge in the KSTAR device. The value of v// near the separatrix was ∼14 km/s, and the core velocity
vcore measured by the charge exchange spectroscopy(CES) [7] was ∼110 km/s. For several H-mode discharges,
v// at the SOL was in the co-direction with plasma current, and its magnitude near the LCFS was 4 ∼ 15 km/s.

3.2 Radial particle flux due to electrostatic turbulence at the SOL region

The radial particle flux Γ due to edge turbulence at the SOL region under toroidal field Bφ can be calculated by
using the density fluctuation level ñe and the velocity fluctuation level ṽr from the FRPA measurement as given

www.cpp-journal.org c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



72 J.G. Bak et al.: Electric probe measurements . . .

by Eq.(3) [8].

Γr = 〈ñeṽr〉 = 1

Bφ

〈
ñeẼθ

〉
=

2

Bφ

∫ ∞

0

k(ω) | PneVp(ω) | sin
(
αneVp(ω)

)
dω, (3)

where αneVp (ω) is the phase angle between ñe and Ṽp, and poloidal electric field fluctuation level Ẽθ can
be written as Ẽθ = - ∇Ṽf = jkṼf . The wave number k(ω) is written in terms of phase difference between two
potentials αVpVf

(ω) and the poloidal separation between two probes Δxθ as k(ω) = αVpVf
(ω)/Δxθ [9,10]. The

cross-power spectrum PneVp
(ω) between ñe and Ṽp is calculated as PneVp

(ω) = F∗ne
(ω) FVp

(ω) [8]. The coherence
spectrum |γneVp (ω)| between ñe and Ṽp is written in terms of auto- and cross-power spectra of two fluctuations
as follows [8],

| γneVp(ω) |=| PneVp(ω) | /
√(

Pnene(ω)PVpVp(ω)
)
. (4)

A typical result from one 8.193 ms time-series of ñe and Ṽf data is shown in Fig. 3, which are factors con-
tributing to obtain the radial particle flux. In this work, ñe was interpreted by using Ĩis. The largest components of
ñe and Ṽf are at low frequencies f < 50 kHz, as shown in Fig. 3(a), (b) and (c). The phase and coherence between
the two signals are shown in Fig. 3(d) and (e). For the calculation of these quantities, a frequency average was
performed over Δf ∼ 4 kHz. The wave number spectrum between two potential signals is shown in Fig. 3(f),
where Δxθ was 5 mm.

Fig. 3 Fluctuation spectra from spectral analysis
technique for a H-mode discharge : (a) auto power
spectrum of Ṽf , (b) auto power spectrum of Ĩis , (c)
cross power spectrum of Ĩis and Ṽf , (d) phase differ-
ence between Ĩis and Ṽf , (e) coherence between Ĩis
and Ṽf , and (f) wavenumber from phase difference
between Ṽp and Ṽf .

Figure 4 shows radial profiles of the fluctuating quantities and the turbulent-induced particle flux calculated
by using Eq.(3). The density, temperature and potential fluctuation levels are Ĩis/Iis= 0.1 ∼ 0.4, T̃e/Te ∼ 0.2,
and Ṽf /Te ∼ 0.2 respectively. The magnitudes of the fluctuation levels are similar to those from other tokamaks
[11]. The magnitude of radial particle flux is Γ ∼ 2 × 1020 particle m−2 s −1 at the separatrix, and the direction
for the net flux is radially outward in sign. Figure 5 shows the fluctuation levels of density and temperature for
individual frequency components of 20 kHz, 50 kHz and 100 kHz. From the fluctuation levels for individual
frequency components, it can be found that the low frequency parts of the spectrum at f < 50 kHz are mainly
contributed to the radial particle flux at the SOL region.

3.3 Poloidal distribution of jis at the divertor region

Figure 6 shows the result of the EFIT reconstruction by using magnetic diagnostic data and the poloidal distribu-
tion of the ion saturation current density jis measured by using the ELPA at the divertor region during H-mode
discharges in the KSTAR device. Each point in the poloidal distribution was the averaged value of jis during 5
ms in the probe signal. The location of strike points estimated from the ELPA measurement agreed well with
those from the EFIT reconstruction within 2 cm. It was found that the poloidal distribution of jis from the FLPA
measurement was able to verify the reconstructed strike points from the EFIT. In addition, the distribution of
the heat load on divertor tile will be estimated by using the poloidal distribution of jis if the temperature can be
diagnosed at the divertor region.
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Fig. 4 Radial profiles of fluctuating quantities and turbulent-
induced flux in the KSTAR H-mode plasma : (a) normalized
density fluctuation Ĩis / 〈 Iis 〉, (b) normalized electron temper-
ature fluctuation T̃e / 〈 Te 〉, (c) normalized floating potential
fluctuation Ṽf / 〈 Te 〉 and (d) turbulent-induced particle flux.

Fig. 5 Fluctuation profiles for individual frequency of
20, 50, and 100 kHz for the the KSTAR H-mode dis-
charge in Fig. 4 : (a) normalized density fluctuation
Ĩis(ω) / 〈 Iis 〉 and (b) normalized floating potential fluc-
tuation Ṽf (ω) / 〈 Te 〉 .

Fig. 6 Comparison of positions of
strike points in the divertor region during
a H-mode discharge by using two meth-
ods: (a) poloidal distribution of the ion
saturation current density jis from the
ELPA measurement and (b) EFIT results
from magnetic measurement.

3.4 Electrostatic fluctuation level near the strike point

It was observed that the ELMs in H-mode discharges were suppressed with small edge magnetic perturbations
provided by the RMP coil currents and were also mitigated with small edge density perturbations provided by the
SMBI in the KSTAR device[3]. During the ELM controls, the FFT spectra of Ĩis were investigated from the ELPA
measurements near strike points in the divertor region because Ĩis is related to electrostatic turbulence. Figures 7
and 8 show the FFT spectra of Ĩis(ω) during the ELM control by the RMP coil and the SMBI, respectively. The
magnitude of Ĩis(ω) decreases when the ELM is suppressed during the activation of RMP coil, and it increases
again after the back transition from H to L. During the ELM mitigation due to the SMBI, the magnitude of Ĩis(ω)
gradually decreases as time is elapsed after the SMBI although the decrease of Ĩis(ω) due to the SMBI is smaller
than that in the case of the ELM suppression due to the RMP.
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Fig. 7 Measurements during the activation of the RMP
coil: (a) time evolutions of plasma current and RMP coil
current, (b) time evolutions of Dα and stored energy from
diamagnetic loop measurement, (c) time evolutions of Iis
from one probe of the ELPA near strike point, and (d) FFT
spectra of Ĩis(ω) at several times with Δt ∼ 40 ms.

Fig. 8 Measurements during activation of the SMBI sys-
tem: (a) time evolutions of plasma current and the SMBI,
(b) time evolutions of Dα and stored energy from diamag-
netic loop measurement, (c) time evolutions of Iis from one
probe of the ELPA near strike point, and (d) FFT spectra of
Ĩis(ω) at several times with Δt ∼ 20 ms.

4 Summary

Characteristic decay lengths such as λTe and λne and parallel flow velocity v// during H-mode discharges were
investigated from the radial profile measurements by using the FRLPA at the SOL region in the KSTAR device.
The flow velocity near the LCFS was up to about 13 % of the core velocity, and both core and SOL velocities were
in the co-direction to the plasma current. Radial flux at the SOL region due to edge turbulence during H-mode
discharge was investigated from electrostatic fluctuations measured with the FRLPA, and the magnitude of the
flux was about ∼1020 m−2s−1 at the separatrix. The location of the strike points reconstructed from the EFIT was
able to be verified from the poloidal distribution of jsat in the ELPA measurement at divertor region. From the
ELPA measurements during the ELM controls in the H-mode discharges, it was also observed that the magnitude
of Ĩis(ω) near strike point was clearly decreased when the ELMs were suppressed by the RMP coil. The probe
measurements at the SOL and divertor regions during H-mode discharges were thought to be the first step for the
study on edge region in the KSTAR device, thus the radial flux at the SOL region and poloidal distribution of jsat
at divertor region will be further investigated during the H-mode discharges for study on particle transport at the
edge region in the KSTAR device. In addition, the characteristics of the ELM and the electrostatic fluctuation
level near the strike point during the ELM controls will be further studied from the probe measurement.
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