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The turbulence fluctuation spectra of linear magnetized plasmas are measured under various neutral pressure
conditions. Strong turbulent waves and symmetric waves are observed in low and high neutral pressure condi-
tions. In this study, we compare the radial structure of the probability density function (PDF) of these fluctuations.
The characteristics of the PDFs are related to those of the radial and poloidal turbulent structures.
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1. Introduction

Turbulence-driven transport is crucial to the realiza-
tion of a thermonuclear fusion reactor. Understanding the
turbulence structure and its formation mechanism gives
insight into nonlinear radial turbulent energy transport.
For tokamak devices, intermittent phenomena known as
plasma blobs in the scrape-off-layer (SOL) strongly influ-
ence recycling processes and impurity generation by dam-
aging the first wall [1]. Phenomena observed in inhomo-
geneous magnetized plasma are considered to be the re-
sult of structure formation and have been studied in vari-
ous laboratory plasmas [1-8]. Intermittency produces an
asymmetry in the probability density function (PDF) of
fluctuation signals. The PDF radial profile characterizes
the spatiotemporal formation of turbulence. Such pro-
files have been reported in low neutral pressure conditions
(~ 1 mTorr) in linear magnetized plasmas [6]. To com-
prehensively understand intermittent phenomena and re-
lated turbulence structures, more precise observations are
required in a systematic manner.

In the Large Mirror Device Upgrade (LMD-U), the
fluctuation spectra change depending on the neutral pres-
sure because of drift wave damping through collisions with
neutral particles [9-11]. In this paper, we report differ-
ences in the radial profiles of the density fluctuation PDF
in two different turbulent states. The turbulence structures
responsible for causing the differences in the PDFs are dis-
cussed.
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2. Experimental Setup

Turbulence excitation experiments were performed on
the LMD-U [12,13]. A cylindrical plasma with approxi-
mately 0.1 m in diameter and 3.74 m in axial length is pro-
duced by an RF wave in a quartz tube (0.4 m axial length
and 0.095 m inner diameter) and radially confined by a
magnetic field (z: axial, r: radial, 8: poloidal direction).
The typical operational conditions and plasma parameters
are an RF power of 3 kW, a magnetic field of 0.09 T, a neu-
tral argon pressure of 2 or 5 mTorr, a peak electron den-
sity of 6 x 10" m™3, and an electron temperature of 3 eV.
The diagnostic tools for turbulence are a two dimensionally
movable Langmuir probe [13] and a 64-channel poloidal
Langmuir probe array [14]. A movable probe, which is
adjustable in the radial direction, is installed at the axial
position z = 1.375 m and can measure from » = 1.5cm to
r = 6cm at intervals of 0.5cm. The axial and radial po-
sitions of the 64-channel probe array are z = 1.885m and
r = 4 cm, respectively. The sampling frequency in this ex-
periment is 1 MHz. In this study, we characterized the ra-
dial profiles of turbulence fluctuation PDFs for two neutral
pressure conditions (2 and 5 mTorr, argon gas) and com-
pared the turbulence structures.

3. Density and Potential Fluctuations
and PDF Analysis
Figure 1 shows typical time evolutions of the ion satu-
ration current (/;s) and floating potential (V) at r = 3.5cm
at a neutral pressure of 2 or 5 mTorr. The fluctuations in
Iis and V¢ at 2 mTorr vary randomly and are thus strongly
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Fig. 1 Typical time evolutions of (a), (b) /i and (c), (d) V¢ at r
= 3.5cm. Neutral pressures are (a), (c) 2 mTorr and (b),
(d) 5 mTorr.
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Fig.2 PDFs of (a), (b) I;s and (¢), (d) V¢ at r = 3.5cm. The
experimental conditions are (a), (c) 2 mTorr and (b), (d)
5 mTorr.

turbulent. In contrast, those at 5 mTorr are similar to rect-
angular or triangle waves. The PDFs for these cases are
shown in Fig.2. In both Figs.1 and 2, (a) shows Ij at
2 mTorr, (b) shows I;5 at 5 mTorr, (c) shows V; at 2 mTorr,
and (d) shows V; at 5 mTorr. The characteristics of the
PDFs differ. At 2 mTorr, they are nearly Gaussian with a
slightly positive skew. While at 5 mTorr, double peaks and
a negative tail appear consistent with rectangular and/or
triangular wave forms. The skewness and kurtosis of each
PDF are 0.4 and 3.3 for I;; at 2 mTorr, 0.1 and 1.8 for Ij
at 5 mTorr, 0.1 and 3.3 for V¢ at 2 mTorr and —0.5 and 1.9
for V¢ at 5 mTorr, respectively. (The skewness and kurtosis
are defined as ()/(¥?)*/? and (&*)/(¥*)?, respectively [1].
The normal Gaussian distribution has skewness = 0 and
kurtosis = 3.)

Figure 3 shows radial profiles of the PDFs of (a), (b)
Iis, (¢), (d) fluctuation components normalized by the stan-
dard deviation [i /o, and (e), (f) Is power spectra. The
neutral pressure in Figs. 3 (a), (¢), and (e) is 2 mTorr, and
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Fig. 3 Radial (r = 1.5-6 cm) PDF spectra of (a), (b) I, (c), (d)
Ii/o1,,, (e), (f) power spectra of [, taken by 2D-movable
probe. Neutral pressures are (a), (c), (¢) 2 mTorr and (b),
(d), (f) 5 mTorr. o, is the standard deviation of I.

that in Figs. 3 (b), (d), and (f) is 5 mTorr. The power spec-
trum time window is 16384 usec and 84 ensembles are av-
eraged at each radial position. At 2 mTorr, the [j; gra-
dient takes a maximum at r = 3.5cm (Fig.3(a)). The
PDFs of fis/(rlis at r < 2.5cm and r > 4 cm have positive
tails, and those at » ~ 3.5 cm have a broader, Gaussian-like
spectrum (Fig.3(c)). A low-frequency (~ 1 kHz) mode
is observed at r < 3cm and r > 4cm but is weak at
3cm < r < 4cm region. Broadband modes (> 2kHz)
appear at the 2.5cm < r < 4cm region. At 5 mTorr,
the maximum density is larger than that at 2 mTorr, and
the maximum of the /s gradient appears at r = 3.5cm
(Fig.3(b)). The PDFs of [i/o, have negative tails at
r = 1.5-2.5cm, double (positive and negative) peaks at
r = 3-4cm, and have positive tails at r > 4.5cm region
(Fig.3 (d)). The double peaks in the PDFs are observed at
the location where the maximum density gradient, largest
fluctuation amplitude, and broadband modes are observed.
Low-frequency (< 1 kHz) modes are observed over the en-
tire plasma radius. The power spectra of V¢ have similar
characteristics.

4. Spatiotemporal Structure of Tur-

bulence

We will now discuss the spatiotemporal turbulence
structure on the basis of the above analysis of the PDFs
and power spectra.

At the 2 mTorr, the PDFs of [is/ oy, at r > 4cm have
a positive tail, and the I}; power spectra at r ~ 3.5 cm have
a broadband mode (f > 2kHz). This indicates that posi-
tive density bursts generated by turbulence near r = 4cm
propagate outward. Similar PDF spectra and time evolu-
tions of I;s have been observed in plasmas at ~ 1 mTorr
neutral pressure, as shown in Ref. [6], Figs. 5 (d-i). The
PDFs at r ~ 3.5 cm tend to be broad and Gaussian-like, as
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Fig. 4 Normalized power spectra of I at r = 4 cm measured by
64-channel probe array. Neutral pressures are (a) 2 mTorr
and (b) 5 mTorr. The time window of the power spectrum
is 4096 us and 840 ensembles are averaged.
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Fig. 5 Typical time evolution of /;; by 64-channel probe array at
5 mTorr.

in Fig.2(a). This can be explained by the radial profile
of the power spectrum (Fig. 3 (e)) and the power spectrum
in m-f space at r = 4 cm, where m is the poloidal mode
number and f is the frequency. Figure 4 shows the S(m, f)
power spectra observed with the poloidal probe array at (a)
2 mTorr and (b) 5 mTorr. The time window of the power
spectrum is 4096 us and 840 ensembles are averaged. The
electron and ion diamagnetic directions are indicated by
m > 0 and m < 0, respectively. The peaks in Fig. 4 (a) in-
dicate that both m > 0 waves and m < 0 waves are excited,
and the phase velocities f/m (including the £ X B veloc-
ity, in this case) of m > 0 waves are not the same as those
of m < 0 waves [13]. These turbulent waves have many
degrees of freedom and thus have nearly Gaussian PDFs.
For 5 mTorr at r = 4cm, the [ power spectrum
peaks measured by the 64-channel probe array, shown in
Fig. 4 (b), are on a straight line [14]. Straight aligned peaks
indicate that the phase velocity f/m is the same with re-
spect to all modes. Figure 5 shows a typical time evolu-
tion of [js observed with the 64-channel probe array. The
poloidal structures of the wave at r = 4 cm rotate while
maintaining the phase. Moreover, the radial profiles of

the I and V; power spectrum have the same frequency
peaks (Fig.3(f)) and the typical time evolutions repeat
those rectangular or triangle wave forms, as in Figs. 1 (b)
and (d). The poloidal structures at each radial position also
rotate while maintaining the phase. The PDF structures in
Fig. 3 (d) may correspond to the wave forms at each radial
position. The positive peaked PDFs at r = 1.5-4 cm indi-
cate that the plasma remains for a long time at a higher
density level. At the plasma edge, the plasma is at a lower
density level, as indicated by the negative peaked PDFs at
r > 3cm. The residence time at both density levels is al-
most the same in the 3cm < r < 4cm region. Thus, the
PDF has double peaks.

5. Summary

In this study, we observed the radial profiles of den-
sity and potential fluctuations and analyzed the PDFs and
power spectra. At a neutral pressure of 2 mTorr, the
PDFs are Gaussian-like (kurtosis ~ 3, skewness ~0) at
r = 2-4cm and have positive tails in the edge region
(r >4 cm). At a neutral pressure of 5 mTorr, the PDFs have
double peaks at 3cm < r < 4cm. The poloidal structures
at each radial position are related to the these PDFs.
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