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A capacitive probe [Tan et al., Rev. Sci. Instrum. 88, 023502 (2017)] is one of a few diagnostics
that is directly sensitive to the plasma potential. Using this diagnostic technique, a Multi-channel
Linear Capacitive Probe (MLCP) is developed for turbulence measurements. The MLCP has 10 spatial
channels and provides 9 points of radial electric field measurements simultaneously with a spatial
step of 7 mm. A new readout circuit and a correction technique for low frequency attenuation are
also developed to achieve the required spatial and time resolution. A performance test of the MLCP
using a reversed field pinch plasma confirms that the MLCP resolves sub-centimeter structures of the
equilibrium radial electric field profile and fluctuations up to 680 kHz. Published by AIP Publishing.
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. INTRODUCTION

Measurements of electric fields provide critical informa-
tion to understand transport in magnetized plasmas. For exam-
ple, in the case of stellarators and heliotrons, the transport of
ions and electrons depends strongly on the radial electric field,
E,. The E, profile is determined by the balance of the positive
and negative charge flux. In some parameter regimes, there are
two solutions for E, (ion root and electron root) that satisfy the
zero charge flux condition, and sudden changes in the sign of
E, have been observed.!+2 In the core of a Reversed Field Pinch
(RFP) plasma where magnetic fields are stochastic, a positive
E, develops in order to reduce the electron transport which is
otherwise much larger than the ion transport.>* In addition,
perpendicular electric fields drive flows in a plasma through
the E x B drift. Flow measurements are especially important
for characterizing turbulent transport which can be suppressed
by flow shear. Strong flow shear that has been observed at the
location of a transport barrier™® is believed to decorrelate fluc-
tuations and improve the confinements. Also, a zonal flow with
a radially localized and toroidally and poloidally symmetric
structure has been identified,” and the evidence of turbulent
transport regulation by the amplitude of the zonal flow has
been reported.®

Turbulence that arises from micro-instabilities has the
characteristic spatial scale of ion gyro-radii or smaller. As a
result, measurements of turbulence require high spatial and
temporal resolution of electric field measurements. Multi-
point simultaneous measurements are also necessary to study
the spatiotemporal structure.® A Langmuir probe (LP)*'0 is
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a widely used technique to measure electric fields and cor-
responding E X B flows because they are relatively easy to
implement and their good sensitivity to the plasma poten-
tial, Vjasma. However, the applicability of a LP is limited to
cold parts of a plasma where the probe does not suffer serious
damage especially when it is biased. Furthermore, a floating
potential, Vy, instead of Vplasma is often used for fast mea-
surements because of the difficulty of achieving high time
resolution and fidelity. While there are other diagnostic tech-
niques that provide the electric fields measurements, they tend
to require complex systems that are difficult to implement,
such as a heavy ion beam probe.*’

In an effort to characterize the Trapped Electron Mode
(TEM) turbulence and associated transport in the Madi-
son Symmetric (MST) Reversed Field Pinch (RFP) through
E, measurements, a Multi-channel Linear Capacitive Probe
(MLCP) is developed. In contrast to a LP which needs a volt-
age sweep or a triple Langmuir probe'! which needs biased
electrodes to obtain Vyjasma from Vy, a capacitive probe is
intrinsically sensitive t0 Vpjasma When the electron tempera-
ture is above 18 eV.!? Also, this probe remains operational as
long as a Boron Nitride (BN) particle shield, which is known
for its excellent thermal and chemical stability, survives the
environment. A previously developed capacitive probe demon-
strated that capacitive coupling with a BN particle shield
serving as a dielectric provides the measurements of Vjasma
fluctuations associated with sawtooth crashes, which have a
global spatial (MHD) structure and a characteristic frequency
of below 30 kHz.'> Based on the expertise obtained through
the previous probe development, the measurement capabili-
ties of a capacitive probe are extended from MHD scales to
micro-turbulence scales. The requirements for the MLCP are
to achieve a spatial resolution of <1 cm, which is about the
ion gyro-radius in MST plasmas, to measure radially local-
ized flows and a time resolution of from near 0 to above

Published by AIP Publishing.
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500 kHz in the frequency domain to investigate multi-scale
couplings.

In this paper, Sec. II discusses the design and specifi-
cations of the MLCP. The spatial resolution is quantitatively
evaluated through measurements. The new readout circuit,
resulting time resolution, and a new low frequency attenua-
tion correction technique are described. Preliminary results of
the E, measurements using the MLCP are discussed in Sec. II1.
Finally, a summary is given in Sec. IV.

Il. MULTI-CHANNEL LINEAR CAPACITIVE PROBE

New improvements to the concept of the capacitive probe
idea have been implemented to expand the spatial and temporal
capabilities. The radial size of the electrode is reduced for
better radial localization of the measurement. A completely
new readout and a gain correction technique are developed to
extend the temporal resolution as well as the gain at lower
frequency.

A. Electrodes and a BN particle shield

As Fig. 1(a) shows, the MLCP is equipped with 10 elec-
trodes separated by 7 mm. The diameter and the width of
the electrodes are 11 mm and 2 mm, respectively. The elec-
trodes are covered in a BN shield with the thickness of 2 mm,
as shown in Fig. 1(b) when inserted into a plasma. The BN
shield serves as a dielectric material, and the electrodes and
the plasma form capacitors. The dimensions of the electrodes
and the BN shield are determined so that the capacitance of
the plasma-electrode couping is sufficiently large for Vpiasma
to be read out. The BN shield is gradually eroded by plasmas
and replaced after having been used for several hundreds of
discharges.

B. Spatial resolution

While the width of the electrode (2 mm) is small compared
with the spatial separation between them (7 mm), the V pjasma at
the outer surface of the BN will vary along the probe axis, radial
extent, which will couple to the electrodes. If coupling between
an electrode and the plasma is not well localized and the elec-
trode is sensitive to the plasma potential farther than 7 mm,
the measured plasma potential difference will be smoothed
out. In order to confirm that the spatial resolution is not lim-
ited by the spatial extension of an electrode’s sensitivity, the
coupling between an electrode and the potential on the surface
of the BN shield is measured. The BN shield is covered by an
aluminum cylinder, as shown in Fig. 2. A function generator

FIG. 1. A multi-channel linear capacitive probe without BN particle shield
(a) and with BN particle shield (b).
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FIG. 2. (a) The MLCP and an aluminum cylinder with the red part driven and
the green part grounded. The position of the boundary between the driven and
grounded parts is X. The position of the electrode for which the sensitivity
is measured is a,. (b) The integrated sensitivity of one MLCP channel (blue
solid line) calculated by fitting the data points is shown in dots.

drives the potential of the left-half of the cylinder shown in red
by a sine wave while the right-half of the cylinder shown in
green is grounded. The cylinder is spatially scanned, and the
output signal level of one channel is measured. The potential
profile of the cylinder can be thought of as a step function. As
the driven part of the cylinder moves and covers the electrode,
the spatial profile of the electrode’s sensitivity is integrated.
The black dots in Fig. 2(b) show the peak-peak output of one
MLCP channel as the cylinder is swept through. The origi-
nal electrode’s sensitivity profile is assumed to be a Gaussian
function, and the integrated sensitivity profile is fitted using
the function

2

—00 a3

X ’ 2
X —
outputz/ alexp(—ﬂ~4ln2)dX’+a4, )

where X is the position of the cylinder and a;, az, as,
and a4 are the fitting parameters. The fitting function is
defined so that a, and a3 are the center of the electrode
and the FWHM of the Gaussian sensitivity profile, respec-
tively. Figure 2 shows that there is no serious smoothing
introduced to the electric field measurements because the
FWHM of the electrode’s sensitivity profile is 5.6 mm. This
result shows that the MLCP can measure the electric fields at
9 points simultaneously with a spatial resolution of 7 mm by
evaluating the plasma potential difference between adjacent
electrodes.

C. Readout circuit

For practical geometries, the capacitance of the plasma-
electrode coupling is on the order of pF, which leads to the
output impedance on the order of GQ at the characteristic
frequency of MST pulse duration and correspondingly small
input currents. Therefore, the readout circuit needs to have an
ultrahigh input impedance and be able to process the small
currents while keeping the noise level acceptable. The inter-
nal and external connection to each electrode is about 5 m in
length, which also poses a challenge since the capacitance
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FIG. 3. The circuit diagram of the MLCP readout circuit. The capacitor
between the plasma and an electrode is C;. When inserted into the plasma,
Vin corresponds to Vpasma- A digitizer with the sampling frequency of 2 MHz
is used to record V oy;.

of the cable (~500 pF) allows a significant portion of the
input current to flow to the ground and limits the maximum
achievable input impedance of the readout circuit. Whereas
a capacitive divider'? allows for a constant and reasonable
high gain over a wide frequency range, there is still signifi-
cant signal attenuation at low frequencies in the gains reported
by Refs. 12 and 13 due to insufficient input impedance. The
issues associated with a capacitive probe becomes even more
challenging as the size of an electrode is reduced to attain high
spatial resolution because the capacitance between a plasma
and the electrode decreases, resulting in an even larger input
impedance.

To simultaneously achieve fine spatial resolution with a
small electrode and a constant gain down to a low frequency,
a new readout circuit shown in Fig. 3 is developed for the
MLCP. This readout circuit employs a “driven-guard,”'* which
drives the potential of the shield to that of the central wire so
that no current flows between them. As a result, the capac-
itance of the coaxial cable is effectively canceled, and the
use of small electrodes and longer cables becomes possible.
The low-pass filter, which houses a five-pole Bessel filter, has
a unity gain in the frequency range of interest and removes
high frequency components above the Nyquist frequency of
1 MHz to prevent aliasing. The frequency characteristics of
the readout circuit shown in Fig. 4 are obtained by tightly
wrapping the BN shield with an aluminum foil and driving its
potential by a function generator. The gain stays almost con-
stant down to 10 Hz. The wide bandwidth (f34p = 680 kHz)
allows us to resolve Vpjasma or E,- fluctuations associated with
turbulence.

D. Correction for low frequency attenuation

The op-amp, LF356A,"> employs a junction gate field-
effect transistor and has the input impedance of ~1 TQ, which
is much larger than R = 110 MQ. Therefore, a low frequency
limitis given by 1/[27(C; + C3)R] =4.4 Hz. While this value is
a factor of three smaller than the low frequency limit reported
in Ref. 12, MST plasmas with a duration of <100 ms still need
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FIG. 4. The frequency characteristics of the MLCP readout circuit.
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FIG. 5. A square input pulse (green) and an output of the readout circuit
(blue).

corrections for low-frequency attenuation. Although this cor-
rection can be made in the frequency domain,'? FFT inherently
assumes periodic signals which are not necessarily appropri-
ate, and any window function has finite frequency resolution
which introduces errors.

A new correction method that is carried out in the time
domain is employed for the MLCP. In Fig. 3, Vj, in terms of
Vout 1s given by

Vin = Clc;lczvout + # /Vouldt- ()
The second term on the RHS corrects for low-frequency atten-
uation. The exact values for C;, C,, and R can slightly dif-
fer from one channel to another due to the non-uniformity
of the electrical components. The exact values are deter-
mined through calibration. At frequencies in the range
1/[27(C1 + C2)R] < f < f34B, the second term of the RHS
in Eq. (2) is negligible, and the power gain g is given by
V2,/V2~C}/(Cy + C2)* which corresponds to the constant
gain between 50 Hz and 300 kHz in Fig. 4. As shown in Fig. 5,
when Vi, is a square pulse, V, decays exponentially with
a time constant T = (C; + C»)R after Vj, switches from one
voltage level to the other. A tightly wrapped aluminum foil
and a function generator are used to drive the surface potential
of the BN shield, and g and 7 for each channel are measured.
The coefficients of the RHS of Eq. (2) are given by 1/g!/? and
1/(rg"?). In order to illustrate how the low frequency com-
ponents are recovered, the corrected outputs of one MLCP
channel for a triangle wave input are shown in Fig. 6. The blue
line is calculated by keeping only the first term on the RHS of
Eq. (2), and the red line is calculated by adding the correction
term for the low-frequency attenuation. By utilizing the new
readout circuit and Eq. (2), both the equilibrium and fluctuating
components of Vpjasma and E, can be measured reliably.

—Vi

—1st term only

— 2nd term included

potential (V)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
t (s)

FIG. 6. A triangle input pulse (green) and output signals with a low frequency
attenuation correction (red) and without alow frequency attenuation correction
(blue).
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lll. PRELIMINARY RESULTS

Preliminary E, measurements are made by using the
MLCP at MST. The edge of the MLCP is inserted by 5 cm
from the last closed flux surface. The time evolution of elec-
tron density and plasma current of a discharge are shown in
Fig. 7(d). A current profile control technique called Pulsed
Poloidal Current Drive (PPCD)!®!7 is applied at 10 ms in
order to achieve an improved confinement period. Figure 7(a)
shows the time evolution of the E, profile. It can be seen that
the sub-centimeter structure of the E, profiles is resolved. In
the case of the standard confinement period (¢ < 10 ms), the
E, well is localized near d = 1 cm, where d is the distance
from the last closed flux surface. This profile is consistent
with previous measurements,'® indicating that the MLCP is
sensitive to Vpasma as expected. At 10 ms when PPCD starts,
the E, well starts shifting inward. Around 15 ms, the E,
well stops moving, and a clear reduction in the magnetic
field fluctuations and an increase in the soft-xray emission
intensity follow as seen in Fig. 7(c). Figure 7(b) shows that
E, fluctuations also decrease especially near the limiter after
15 ms.

The E, power spectral densities for with and without
PPCD at d = 3.3 cm are shown in Fig. 8. Before the onset
of PPCD, most of the power is concentrated below 30 kHz
which is the characteristic frequency range of tearing modes. '’
During the PPCD-induced improved confinement period, the
E, fluctuations are reduced over all frequencies except near
50 kHz. This feature is thought to be related to the electron
density fluctuations that the peak near 50 kHz observed by
using far-infrared (FIR) interferometry?® and trapped-electron
modes is responsible for it as was shown in gyro-kinetic simu-
lations.?! For both time periods, the measured power spectral
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FIG. 7. Time evolution of (a) equilibrium E,- calculated by applying a moving
average filter of 500 us and (b) standard deviation of E, over a 500 us time
window. (c) Time evolution of magnetic fluctuation amplitude on the wall and
soft-xray emision intensity. (d) Time evolution of the line-averaged electron
density and plasma current. a = 50 cm. PPCD starts at 10 ms.
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FIG. 8. The power spectral density spectra of the E, fluctuation measured
at d = 3.3 cm for standard (6-10 ms) and improved confinement periods
(21-25 ms).

density of the E, fluctuations is well above the noise level up
to 680 kHz which is the 3 dB point of the readout circuit.

IV. SUMMARY

In order to characterize turbulence and associated trans-
port in a RFP plasma, the MLCP probe has been developed to
provide the £, measurements at 9 points with a separation of
7 mm simultaneously. The high time resolution has been made
possible through the new readout circuit with an extremely
high input impedance and a driven-guard. The new technique
to correct low frequency attenuation has also been developed
to calculate the equilibrium Vpjasma and E,. The preliminary
measurements have been conducted, and it is demonstrated
that the MLCP reliably provides the E, measurements with a
high signal-to-noise ratio and with improved time and spatial
resolution.

SUPPLEMENTARY MATERIAL

See supplementary material for the digital format of the
data shown in this paper.
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