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Introduction

One of the key challenges to successful fusion energy production is
understanding the anomalous cross-field transport in tokamak plas-
mas, that is heat and particle transport rates exceeding neoclassical
predictions based on single particle motions. There is now agreement
that anomalous transport is caused by plasma turbulence which con-
tributes considerably to particle and energy loss, thus to the confine-
ment, as well [Wesson and Campbell, 1997].

Beam emission spectroscopy

In order to study plasma turbulence, sophisticated measurement
techniques were developed throughout the years of fusion research.
One of these measurement techniques is beam emission spectroscopy
(BES). BES utilizes a neutral beam such as a Deuterium heating beam
or a Lithium diagnostic beam to measure the local electron density
and its fluctuations in fusion plasmas. The neutral beam is injected
into the plasma and the beam atoms get excited during the beam-
plasma interaction. Then they are spontaneously de-excited while
a photon is emitted. The intensity of the emitted light is a function
of the local electron density and its fluctuations. The BES diagnostic
measures this light emission with a suitable optical system and high
speed detectors.

Due to their deep penetration, BES with 50-100 keV heating Deu-
terium (Deuterium) beams focus on plasma turbulence measurements
[McKee et al., 2003], while the strongly attenuated 30-60 keV Lithium
beam BES was originally developed for measuring the plasma edge
density profile [McCormick et al., 1997] and it was only later extended
for edge turbulence measurements [Zoletnik et al., 1999].

Deuterium BES (DBES) measures the Doppler-shifted Deuterium
alpha line (≈ 656.1 nm ± λDoppler) of the Balmer-series emitted by
50-100 keV Deuterium atom beams. Heating beams are available on
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most large fusion devices, and thus for the diagnostic, only an obser-
vation system needs to be built. On the other hand, the observation
direction should ensure sufficient Doppler-shift to separate the beam
radiation from the intensive Balmer-alpha line emission of the cold
edge plasma. Additionally, the heating beams are much wider than
the spatial resolution needed for turbulence studies, therefore, the ob-
servation system should also look along magnetic field lines in the
region illuminated by the neutral beam. All these conditions are dif-
ficult to meet at the same time. Therefore, diagnostic performance
is often compromised in resolution and/or background suppression
typically at the plasma edge and in the scrape-off layer (SOL). Due to
the above reasons, the primary use of DBES diagnostic systems is the
measurement of core and edge turbulence.

Lithium BES (LiBES) measures the photon emission from the 2p-
2s atomic transition (≈ 670.8 nm) of a 30-60 keV Lithium atomic
beam [Thomas et al., 2008]. This technique allows the measurement
of plasma density fluctuations [Zoletnik et al., 1999] and density pro-
file measurements [Fischer et al., 2008] in the SOL and at the edge of
the plasma (2-10 cm penetration depth). Since a diagnostic Li-beam is
part of the diagnostic setup, the technology is more complex than for
Deuterium beams. On the other hand, the beam diameter is only 1-2
cm therefore cm-scale spatial resolution can be achieved for all obser-
vation directions. The Lithium beam has very low power (≈ 100W ),
therefore, it is a non-perturbing diagnostic. It can also be modulated
at up to a few hundred kHz frequency [Zoletnik et al., 2005], enabling
background light measurement even on turbulence and magneto-
hydrodynamic timescales.
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Turbulent transport in the scrape-off layer

Ever since the discovery of filamentary structures in the plasma
scrape-off layer (SOL) [Zweben, 1985], rapidly growing computa-
tional and experimental effort was devoted to their research. These
coherent filamentary structures are called blob-filaments or simply
blobs. They transport particles, heat, momentum and parallel cur-
rent across the scrape-off layer region of the plasma and enhance the
plasma interaction with the surrounding structures on the vacuum
vessel.

In recent years, the interest in SOL plasma transport has contin-
ued to grow due to its effect on interactions with the first wall and
the divertor. Blobs can increase unwanted heat load on limiters, ra-
dio frequency antennae and the first wall. Furthermore, they carry
significant amount of heat and particles across the SOL possibly ef-
fecting the SOL width on the divertor. Blob momentum could influ-
ence the edge velocity shear layer and thus, the core plasma confine-
ment, as well. Theory and simulation also suggests that blob momen-
tum transport provides a mechanism for spinning up the edge plasma
[Myra et al., 2008]. As one can see, blobs contribute significantly to the
transport and confinement of the entire plasma and hence their anal-
ysis is crucial for the sake of a future fusion reactor.

Results agree that blobs extend along the magnetic field lines and
they are propelled radially outwards by the E ×B drift due to charge
separation driven by the curvature and the gradient of the magnetic
field [Cheng et al., 2010]. The poloidal propagation of the blobs was
found to be in the ion diamagnetic direction. Measurements also
showed density depressions, holes, born around the birth-location of
blobs which are traveling in the opposite direction, radially inwards
and poloidally in the electron diamagnetic direction [Xu et al., 2009].

The dependence of the blob dynamics on plasma parameters was
studied in detail on several tokamak devices. Measurement results
from Alcator C-mod and ASDEX agree that L-mode and H-mode SOL
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turbulence is qualitatively similar. Statistical analysis showed that the
probability distribution functions (PDFs) of the fluctuations of SOL
turbulence are not changed between the two regimes, showing that
diffusion and convection are not modified with respect to each other.
Both their power spectra and plasma profiles were found to be similar
in L-mode and H-mode plasmas [Fuchert et al., 2014].

One of the key aspects of the intermittent plasma transport is the
formation of the events and the connection of blobs and holes. This
aspect was studied extensively on several tokamak devices in low
temperature Ohmic plasmas. Results from different tokamak devices
agree that blobs and holes are born at the edge of the plasma inside
the edge shear layer [D’Ippolito et al., 2011].

The bulk of the above results were obtained using Langmuir
probes. Probe measurements cannot provide data in the plasma edge
and close to the last closed flux surface for an entire high performance
discharge due to the heat-load which they would have to withstand.
To extend the results to the high-power regime and obtain systematic
data in most operation conditions it would be necessary to develop di-
agnostic techniques which have less limitation. One likely solution is
to make use of the aforementioned BES diagnostic for scrape-off layer
turbulence measurements.

Objectives

The aim of this thesis is to contribute to the research of plasma tur-
bulence, one of the most important transport mechanisms in fusion
plasmas. One of the main goals was to develop a novel beam emis-
sion spectroscopy diagnostic which can measure electron density fluc-
tuations resulting from turbulence by either utilizing a Deuterium
or a Lithium beam. The most important objective was to utilize the
measurement data gathered by the BES diagnostic and characterize
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plasma turbulence in the plasma edge and the scrape-off layer in dif-
ferent plasma scenarios. In order to achieve these goals, a combined
Deuterium-Lithium beam emission spectroscopy diagnostic was built
on the KSTAR tokamak, its main parameters and measurement ca-
pabilities of the system were investigated. At the end, scrape-off layer
and edge plasma turbulence was characterized in Ohmic, L-mode and
H-mode plasma discharges on KSTAR.

Methods

I used linear algebra and vector calculus to develop a spatial calibra-
tion method for the beam emission spectroscopy diagnostic. I ana-
lyzed electron density fluctuations with auto- and cross-power spec-
tral density calculations in order to identify the quasi-coherent modes
of turbulence. I filtered BES signals to the frequency range of turbu-
lence with finite impulse response filtering. I utilized cross-covariance
and coherence analysis to obtain the poloidal propagation velocities of
turbulent structures in Ohmic and L-mode plasmas. I used skewness
and kurtosis calculation to find the location of the birth zone of inter-
mittent events in the scrape-off layer plasma. I utilized conditional
averaging to characterize the average properties of these events: I de-
termined their characteristic radial and poloidal sizes, velocities, and
propagation directions along with their generation rate.

New scientific results

The main results of my thesis are summarized in the following five
thesis points.

• I developed the measurement control hardware and software
for the combined Deuterium and Lithium beam emission spec-
troscopy diagnostic on the KSTAR tokamak, which made major
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contribution to the success of electron density fluctuation mea-
surements. During the commissioning of the diagnostic I devel-
oped a spatial calibration method which made the determina-
tion of the size of turbulent structures, correlation lengths and
velocities possible. [1, 2]

• I compared the signal-to-background ratio, signal-to-noise ra-
tio and the turbulence detection limit between the Deuterium
and Lithium beam measurements. I demonstrated that the two
methods provide complementary information: the Lithium BES
diagnostic can measure the radial electron density profile in
the edge plasma while the Deuterium BES diagnostic can mea-
sure two-dimensional electron density fluctuations with higher
signal-to-noise ratio. [1]

• I characterized the electron density fluctuations of the quasi-
coherent mode of edge plasma turbulence during different
plasma regimes. I determined the spectrum, frequency range
and the poloidal propagation velocity of the turbulence. [1,3]

• I demonstrated that Deuterium beam emission spectroscopy di-
agnostic is feasible for measuring intermittent density fluctua-
tions at the plasma edge and in the scrape-off layer. By utilizing
conditional averaging I determined the characteristic radial and
vertical size and velocity and the generation rate of blobs and
holes in KSTAR L-mode and H-mode plasmas. [4]

• I determined the turbulence spectrum and fluctuation ampli-
tudes of an L-mode plasma from Langmuir-probe ion-saturation
current measurement. I compared the results with the Deu-
terium beam emission spectroscopy diagnostic measurement in
the same plasma shot. According to the results, Langmuir-probe
measurements are more adequate to measure small scale events.
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However, it can only provide limited measurement of the two-
dimensional properties and it also perturbs the plasma. The
DBES measurement can however provide 2D fluctuation data
for the whole plasma shot in the edge and scrape-off layer, but
only with lower spatial resolution. Considering these limita-
tions, the two measurements provide consistent results. [4].

Publications

My scientific results, corresponding to the thesis points above, were
published in the following papers:

[1] M. Lampert, G. Anda, A. Czopf, G. Erdei, D. Guszejnov, Á.
Kovácsik, G. I. Pokol, D. Réfy, Y. U. Nam, and S. Zoletnik. Com-
bined hydrogen and lithium beam emission spectroscopy obser-
vation system for korea superconducting tokamak advanced re-
search. Review of Scientific Instruments, 86(7):073501, 2015.

[2] Y. U. Nam, S. Zoletnik, M. Lampert, and Á. Kovácsik. Analy-
sis of edge density fluctuation measured by trial KSTAR beam
emission spectroscopy system. Review of Scientific Instruments,
83(10):10D531, 2012.

[3] W.W. Xiao, P.H. Diamond, W.C. Kim, L.H. Yao, S.W. Yoon, X.T.
Ding, S.H. Hahn, J. Kim, M. Xu, C.Y. Chen, B.B. Feng, J. Cheng,
W.L. Zhong, Z.B. Shi, M. Jiang, X.Y. Han, Y.U. Nam,W.H. Ko,
S.G. Lee, J.G. Bak, J.W. Ahn, H.K. Kim, H.T. Kim, K.P. Kim, X.L.
Zou, S.D. Song, J.I. Song, Y.W. Yu, T. Rhee, J.M. Kwon, X.L.
Huang, D.L. Yu, K.D. Lee, S.I. Park, M. Jung, S. Zoletnik, M.
Lampert, G.R. Tynan, Y.S. Bae, J.G. Kwak, L.W. Yan, X.R. Duan,
Y.K. Oh, J.Q. Dong, the KSTAR Team, and the HL-2A Team. Elm
mitigation by supersonic molecular beam injection: KSTAR and
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HL-2A experiments and theory. Nuclear Fusion, 54(2):023003,
2014.

[4] M. Lampert, S. Zoletnik, J. G. Bak, Y. U. Nam, and the KSTAR
Team. 2d scrape-off layer turbulence measurement using deu-
terium beam emission spectroscopy on KSTAR. Physics of Plas-
mas, 25(4):042507, 2018.

Utilization of the results

The beam emission spectroscopy measurement, for which I was re-
sponsible during my PhD studies, was operating during 6 measure-
ment campaigns in 2012-2017. It gathered electron density fluctuation
data in several thousand plasma shots. The results of the BES mea-
surements contributed to several other scientific publications, which
are not strongly connected to my thesis.

David Guszejnov validated the RENATE three-dimensional beam
emission spectroscopy simulation toolkit based on my measurements
[5]. Yong Un Nam reported measurement of edge electron density
profiles and fluctuations from BES data measured by me [6]. Gabor
Nafradi analyzed the radiation damage of the CCD camera in the
KSTAR BES measurement which was operated by me [7]. Based on
my measurements with the BES diagnostic, the reliability of two-point
measurement of the electron density fluctuation correlation length
was investigated [8]. My BES measurements at KSTAR contributed
to the development of the high current neutral lithium beam injector
[9]. These advancements were later utilized at EAST tokamak and
W7-X stellarator, as well.

Further publications

[5] D. Guszejnov, G. I. Pokol, I. Pusztai, D. Refy, S. Zoletnik, M.
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Lampert, and Y. U. Nam. Three-dimensional modeling of beam
emission spectroscopy measurements in fusion plasmas. Review
of Scientific Instruments, 83(11):113501, 2012.

[6] Y. U. Nam, S. Zoletnik, M. Lampert, Ákos Kovácsik, and H. M.
Wi. Edge electron density profiles and fluctuations measured
by two-dimensional beam emission spectroscopy in the kstar.
Review of Scientific Instruments, 85(11):11E434, 2014.

[7] Gábor Náfrádi, Ákos Kovácsik, Gábor Pór, Máté Lampert, Yong
Un Nam, and Sándor Zoletnik. Radiation damage of the pco
pixelfly vga ccd camera of the bes system on kstar tokamak. Nu-
clear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment, 770:21 –
28, 2015.

[8] Jaewook Kim, Y.U. Nam, M. Lampert, and Y.-C. Ghim. Reli-
ability of the two-point measurement of the spatial correlation
length from gaussian-shaped fluctuating signals in fusion-grade
plasmas. Nuclear Fusion, 56(10):106016, 2016.

[9] G. Anda, D. Dunai, M. Lampert, T. Krizsanóczi, J. Németh, S.
Bató, Y. U. Nam, G. H. Hu, and S. Zoletnik. Development of a
high current 60 kev neutral lithium beam injector for beam emis-
sion spectroscopy measurements on fusion experiments. Review
of Scientific Instruments, 89(1):013503, 2018.
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