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Based on success of low-frequency zonal potential measurement (~400Hz) in the large mirror de-
vice [Y. Nagashima JPSJ 77 114501 (2008)], a multi-channel Reynolds stress probe system has been de-
veloped in the large mirror device-upgrade. The system can simultaneously detect fluctuation Reynolds
stress at poloidally different 8 locations. Preliminary results from the system demonstrate that poloidally
symmetric potential oscillations exist in a frequency range of 200-600 Hz.
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1. Introduction

Understanding of turbulence and transport in self-
regulated plasma structure is one of the most im-
portant research themes in plasma physics and nu-
clear fusion research. The drift wave turbulence is
considered to dominate in magnetically confined non-
uniform plasmas[1l]. Recent progress of turbulence
study shows that secondary instabilities driven by
nonlinearity of the drift wave turbulence may play
important roles in self regulation of turbulence [2].
Therefore, observation of self-regulation in turbulent
fluctuations (i.e., nonlinear energy transfer among var-
ious fluctuations) is a crucial task in turbulence re-
search. In order to investigate the nonlinear energy
transfer between drift-wave fluctuations and the sec-
ondary instabilities, it is necessary to evaluate off-
diagonal terms in momentum balance equations (i.e.,
the Reynolds stress in the poloidal plane). In par-
ticular, the zonal flow and its drive force are pre-
cisely defined as poloidally averaged parameters. In
the large mirror device (LMD) [3], we measured the
local Reynolds stress as well as the zonal potential [4].
In the next stage, we have developed a multi-channel
Reynolds stress probe in the large mirror device-
upgrade (LMD-U) [5].
duce results from Reynolds stress measurement in lin-

In this manuscript, we intro-

ear devices of Kyushu University.
First, we briefly describe results from the large
mirror device (LMD). Next, experimental apparatus
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of a new probe system in the large mirror device-
upgrade (LMD-U) is introduced. Finally, we present
preliminary results from the probe system in experi-
ments of the spectral transition.

2. Summary of the Reynolds Stress
Measurement in the LMD
In LMD, secondary instabilities of the drift-wave

spectrum have been investigated intensively [4, 6, 7].
A qualitative transition of fluctuation spectrum oc-
curs from combination of coherent spectral peaks to
a signature of broadband spectrum due to reduc-
ing filling Ar gas pressure P, under the fixed mag-
netic field B of 0.12 T [8]. Previous researches on the
transition of fluctuations have been studied in ba-
sic plasma experiments in detail, and relationships
between the transition and appearance of the low-
frequency fluctuations were presented [9, 10]. The co-
existence of low-frequency zonal potential (~400 Hz)
and the drift-wave spectrum (7-8 kHz) is observed un-
der the discharge conditions that Pa, ~3.5mTorr,
RF input power is 2kW, and B=0.12T. The case
of Pa, ~3.5mTorr is the boundary condition of the
transition. Nonlinear couplings between the Reynolds
stress of the drift-wave spectrum and the zonal po-
tential are successfully detected by a Reynolds stress
probe.

©2009 by The Japan Society of Plasma
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Fig. 1 (a, ¢) Schematic views and (b, d) photographs of
the multi-channel Reynolds stress probe (MCRSP)
system. (a) Enlarged view of the probe head draw-
ing, and (b) photograph of the manufactured probe
head. The scale unit is mm. (c¢) Arrangement of
8 probes at the radial location =40 mm, and (d)
calibration scene of the arrangement of the MCRSP
system.

3. Experimental Apparatus in the

LMD-U

Based on the success of the Reynolds stress mea-
surement in LMD shown in section 2, a new probe sys-
tem, multi-channel Reynolds stress probe (MCRSP)
system, has been developed in LMD-U, where the
nonlinear dynamics of fluctuations have been investi-
gated in detail [11, 12]. A purpose of the system is to
measure poloidal variations of the Reynolds stress for
investigating the energy transfer among fluctuations
with finite poloidal wave numbers. In addition, the
system could observe temporal behaviors of poloidal
averaged zonal flow and Reynolds stress.

The MCRSP system is located 125 cm away from
the end of the vessel (source side). The MCRSP has 8
probes, and each probe head houses six tungsten elec-
trodes which covers simultaneous measurement at dif-
ferent six locations on the poloidal cross-section. The
cylindrical electrodes with a diameter of 0.8 mm are
bent at tips of the electrodes, as shown in Figs. 1(a)
and 1(b). In this experiment, we present observation
of the floating potential fluctuation (®¢). Neglect-
ing the temperature fluctuation, we assume that <i>f
is corresponding to the electrostatic potential fluctua-
tion. The electrodes #3-6 are used mainly for measur-
ing the fluctuation Reynolds stress per mass density
(RS). The poloidal and radial distances among the
electrodes are 10 mm. The poloidal electric field fluc-
tuation Ey and poloidal wave number kg are derived
from the electrodes #4 and #6, and the radial elec-
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Fig. 2 Transition of spectrum during the discharge.
(a)Time evolution of the floating potential at
r=4 cm. Fluctuation spectra before (b) or after (c)
the transition.

tric field fluctuation E, and radial wave number k,
are measured by the electrodes #3 and #5. Then we
obtain the fluctuation Reynolds stress per mass den-
sity —(0,09) = (EgE,). The electrodes #1 and #2 are
available for various purposes. We can check effects of
spatial aliasing on fluctuation measurements by use of
the electrodes #1-2.

Each probe can move radially, therefore, it is pos-
sible to measure poloidal structures of fluctuations at
arbitrary radial locations. Figures1(c) and 1(d) show
an arrangement of the 8 probes at the radial location
r=4cm. A schematic view of the arrangement is seen
in Fig. 1(c), however, the real position of the 8 probes
is not the same as the view. Therefore, we calibrated
the arrangement by use of polar tick marks printed
on a circular transparent board. The center of the
transparent board should be set to be in the plasma
center. Plasmas in LMD-U are produced in a quartz
tube with a length of 40 cm, and we let the laser light
through two 0.1 cm holes located at the both ends of
the tube. Then, the center of the transparent board is
arranged to hit the laser. The laser light also hits the
tip of the 2D probe electrode that is located at the
plasma center. The 2D probe system detected that
our plasmas have circular profiles with poloidal sym-
metry [13], and this method for identifying the plasma
center is valid. The tick marks are adjusted horizon-
tally and vertically by a plumb bob, as shown a yellow
vertical line in Fig. 1(d).

4. Preliminary results from the
MCRSP

4.1 Transition of spectrum during dis-
charge

A qualitative transition of spectrum is also found
in LMD-U [14, 15]. A boundary condition of the tran-
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sition is that Pa, is 3.6-3.9mTorr and B is fixed at
0.09T. The transition in LMD-U occurs much faster
than that in LMD. The reflected RF power changes
just after the transition, and returns gradually to
the power level of discharges without the transition
(less than 10% of the forward RF power). Figure 2(a)
demonstrates the transition during a discharge. The
DC floating potential decreases at about 0.15s, and
the first back transition can be seen at about 0.24s.
Two distinctive features of spectrum are found. One
is a qualitative change of the spectrum. The spectrum
in the beginning of the discharge looks like a combina-
tion of coherent spectral peaks in the frequency range
of 1-10 kHz as shown in Fig. 2(b). After the transition,
the spectrum tends to be closed to broadband one in
Fig.2(c). The other is a behavior of low frequency
fluctuations (<1kHz). The low frequency components
increase after the transition. If nonlinear couplings be-
tween the low (<1kHz) and high (1-10 kHz) frequency
components occur, it is natural that the bandwidth of
the spectrum broadens. Here, we abbreviate the inter-
val before or after the transition as phase B or phase
A, respectively. We use the word “the transition” in
the case that the transition occurs from the phase B
to the phase A, and the inverse transition is called
“the back transition” in this manuscript.

4.2 Arrangement of the probes in the

poloidal plane

We calibrated the arrangement of the 8 probes at
the same radial location. Based on the observation,
here we check the validity of the calibration by mean
of polar plots (plot radii or angles are corresponding
to potential intensities or probe location angle, respec-
tively) of the stationary ®; which reveal difference of
the center location of between plasmas and the ar-
rangement [13].

First, Figure 3(a) shows radial profiles of the sta-
tionary floating potential ®;. The profiles were mea-
sured by shot-to-shot radial scans of one probe in the
MCRSP system. The ®; after the transition becomes
more negative than that before the transition inside
the plasma (r <5cm). Figure3(b) shows profiles of
the amplitude of the floating potential fluctuation in
the frequency range higher than 1kHz |éf7>1 kiz|- The
|(§f’>1 kHz| increases after the transition at the radial
location r >3 cm. Next, Figure 3(c) shows polar plots
of the ®; at r=4cm after the transition. Black data
indicates plots at the electrodes #1, 2, 4, 6, blue plots
are measured at #5, and red plots are the data at
#3, respectively. The profile of the ®; in Fig.3(a)
shows a positive gradient at =4 cm, and the relation-
ship among black, blue and red plots corresponds to
the positive gradient of the ®; profile. Considering
the variance of the ®;’s at the same radial locations,
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Fig. 3 (a, b) Radial profiles of the floating potential. Pro-

files of (a) stationary component and (b) fluctu-
ation (f >1kHz) component. In (a, b), plots in
black or red mean profiles before or after the tran-
sition. (¢, d) Polar plots of the floating poten-
tial at r=4 cm. Plots of (c) stationary component
and (d) fluctuation component. Diamond plots or
solid lines indicate measurements by each probe or
poloidal averaged values at the same radial loca-
tions, respectively. Plots in black indicate data ob-
tained at the electrode#1,2,4,6. Points in blue or
red are measured at the electrode #3 or #5, re-
spectively.

discrepancy of the center position between the plas-
mas and arrangement is roughly ~0.5cm. In contrast
to this, the profile of the ‘éf7>1kHZ‘ in Fig. 3(b) does
not show a clear gradient at r=4 cm, therefore, polar
plots of the |éf’>1 kiz| in Fig. 3(d) could not discrim-
inate blue and red plots from black plots in terms of
the gradient.

4.3 Low-frequency potential oscilla-

tions and the Reynolds stress

The zonal potential is observed in LMD discharges
where the transition occurs. Existence of the low-
frequency zonal potential as well as the Reynolds
stress are also examined in LMD-U. The zonal poten-
tial is related to the Reynolds stress through the vor-
ticity equation 0;A¢/B = 0 (EgE,)/B* — uA¢/B.
Therefore, the relationship between the zonal poten-
tial and the Reynolds stress can test the causality
in the drift wave-zonal flow system. Figure4 shows
spatio-temporal structures of fluctuations in the fre-
quency range of 200-600Hz. The aliasing in the
poloidal direction does not occur. Poloidally sym-
metric potential oscillations are dominant in Fig. 4(a).



Y. Nagashima et al., Reynolds Stress Measurements for Investigation of Nonlinear Processes of Turbulence in the Large Mirror Device and in the Large...

8 [rad/(zm)]

=3
]

8 [rad/(2m)]

0.165

time [sec]

0170 0.175 0.180

Fig. 4 Temporal behaviors of fluctuations in the frequency

range of 200-600 Hz at r=4cm. (a) ®¢(0, t), and
(b) EgE./B*(6,t). In calculating the Reynolds
stress, the electric field fluctuations are selected in
the frequency range of 1-40kHz. Poloidal profiles
are measured by the 8 probes, and void points are
interpolated in the contour plots.

However, the poloidal correlation of the oscillations
are transiently small, and fluctuations with m <1
may be sometimes seen. Fluctuations in the frequency
range of 200-600 Hz looks like mixture modes in which
the m=0 mode is dominant. Figure 4(b) demonstrates
that the amplitude of the Reynolds stress oscillation
significantly has variation in the poloidal direction.

In reality, to investigate the relationship between
the zonal potential and the Reynolds stress, the en-
semble average of the vorticity equation performed in
the poloidal direction should be considered. We in-
vestigated relationship between the transition and the
Fig-
ure b shows waveforms of fluctuations in the frequency
range of 200-600 Hz. The contour maps in Figs. 5(a)
and 5(c) are the transient behaviors of the poloidal
profiles. The waveforms in Figs.5(b) and 5(d) are
averaged poloidally. The transition occurs back and
forth, and temporal behaviors of the waveforms are
well correlated with the transition phase. All of the
fluctuation amplitudes in the phase A increase clearly
relative to those in the phase B.

Our main interest is the correlation of the low-
frequency (®;)(t) with the (FpE,/B?)(®¢)(t). The
amplitude of the cross-product of them in Fig.5(e)
(black) also increases after the transition. The red
line in Fig.5(e) is the 10ms temporal average of the
cross-product, and supports the increase. It should
be noted that signs of the (EpE,./B?)(®;)(t) are not
unique transiently. The positive sign indicates that
the (®¢)(¢) and the (EyE,/B?)(®¢)(t) are in phase,
and the negative sign means the opposite. The pos-
itive sign of the (FEyE,/B?)(®;)(t) tends to be seen
just after the transition, and the negative one can be
seen just after the back transition. Further studies are
necessary to conclude the tendency of the appearance

waveforms including poloidally averaged ones.
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Fig. 5 Relationships between the transition and the wave-
forms in the frequency range of 200-600Hz at
r=4cm. (a) P¢(0, 1), (b) (P¢)(t), (c) Reynolds
stress EoE,/B%(0,t), (d) (EeE,./B?)(t), and (e)
(EoE,/B*)(®¢)(t). The black line in (e) is a raw
plot of the (EgE,./B?){®)(t), and the red line is
given by multiplying the 10 ms temporal average of
the black line by 16.

of the positive and negative signs.

5. Summary and Future Direction

In summary, to investigate nonlinear dynamics
of fluctuations poloidally and radially in detail, the
multi-channel Reynolds stress probe system has been
installed in the large mirror device-upgrade. The sys-
tem is successfully arranged in the poloidal direction
at the same radial location, and validity of the ar-
rangement is confirmed by a test using the experimen-
tal profile data. We applied the system to experiments
of the discharge in which the spectral transition oc-
curs. The preliminary results from the system demon-
strates that the low frequency (200-600Hz) floating
potential fluctuations with m=0 are observed. In ad-
dition, fluctuations with m <1 at the same frequency
as the m=0 modes may be observed transiently. Os-
cillation of the poloidally averaged Reynolds stress is
correlated with the m=0 modes. and The correlation
after the transition becomes larger than that before
the transition.

To identify the nonlinear energy transfer between
the zonal flow and the Reynolds stress gradient in
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terms of the poloidal average, it is necessary to mea-
sure poloidal profiles of the fluctuations at two dif-
ferent radial locations. Therefore, installation of the
additional 8 probes as well as diagnostics for the direct
ion flow such as the Mach probe is under consideration
in the future.
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