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Abstract. This paper describes two new helical arrays of magnetic coils
recently installed inside the TJ-II vacuum vessel. Their main objective is the
precise measurement of the spatial periodicity of the magnetohydrodynamic (MHD)
perturbations usually found in the TJ-II plasmas. Given the high probability of coil
failures due to the harsh plasma environment and in view of the extremely difficult
access to the TJ-II vessel interior for maintenance, the coil system has been divided in
two quasi-identical helical arrays. Both arrays consists of 32 triaxial sensors measuring
orthogonal components of the local magnetic field along an ideal helical path whose
trajectory run close to the plasma edge. A description of the main characteristics of
coils and arrays as well as their nominal positioning along an ideal helical path, inside
the vessel, is given. A precise experimental determination of the real spatial orientation
of the coils is performed by comparing the signals measured in current ramp-up and
ramp-down experiments with calculations based on a filamentary model for the TJ-
II magnetic coils. After this fine calibration procedure it is possible to analyse the
dependence of the amplitude of the measured magnetic field and its fluctuations as a
function of the coil distance to the last closed flux surface. The study of the phase
evolution of the parallel and perpendicular oscillatory components is also enabled.
Finally two examples of mode number determination are shown. One corresponds to a
low frequency mode appearing in pure ECRH plasma and the other one shows several
modes observed during combined injection of both co and counter neutral beams and
identified as Shear Alfvén Waves.

1. Introduction

The TJ-II stellarator (heliac type, major radius 1.5 m, minor radius < 0.22 m, four
periods, average magnetic field on axis 0.95 T, plasma volume < 1 m?) is on its third
decade of operation. Both ECRH (two gyrotrons, 53.2 GHz, P < 300 kW each, suitable
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for X2 heating) and NBI heating (two H? injectors, E < 30 kV, P < 600 kW each) can
be used to produce and sustain the plasma discharge. Moreover, the interaction of fast
ions generated by the NBI system with the complex structure of MHD modes typical of
a three-dimensional magnetic field generates different types of Alfvén instabilities that
have been investigated and reported in previous papers [1-4]. Among other diagnostics,
the arrays of magnetic probes distributed around the plasma play an essential role in
determining the frequency, amplitude, periodicity (mode numbers) and polarization of
the magnetic fluctuations [5-8].

Three groups of magnetic coils have been installed so far in TJ-II along the years
of operation of the device. They have been described in detail elsewhere [1,9,10].
Two of them are straight sets, located at toroidal planes ¢ = 142° and ¢ = 208°, with
12 coils each, which measure the three cylindrical components of the magnetic field at
four positions along a vertical line over the plasma column. The third is a set of 25
coils located at a fixed toroidal plane (¢ = 315°), distributed in poloidal direction and
covering an angular range of roughly 37/2. The latter allows extracting information
on the poloidal mode number of the MHD plasma instabilities observed. But, overall,
the three existing coil systems located at just three toroidal angles are not enough to
provide sufficient information on the toroidal periodicity of the MHD modes.

The new system recently installed spans a full TJ-II magnetic field period, i.e 90
degrees in toroidal direction. It consists of two nominally identical arrays that run
helically, in phase with the TJ-II plasma column, along the line that connects the
vacuum vessel inner corners shown in figure 1. These corners form in the intersections
between the circular portions of the vacuum vessel and the indented region forming a
groove. The groove is needed to accommodate the central conductors-which provide
most of the poloidal magnetic field component of the device-as close as possible to
the plasma column. Thus, the helical path described by the arrays is in phase with
the helix described by the TJ-II plasma column. A similar design was also used for
the helical Mirnov array installed years ago in the H-INF heliac [11]. In the TJ-
IT case described in this work, the good coverage in toroidal direction (2.9 degrees
separation between adjacent coils) allows the determination of high toroidal MHD mode
numbers. In principle, both arrays provide redundant measurements, which is considered
an advantage not only for comparison purposes, but also as a contingency measure in
case of individual coil failure.

2. Description of the system

Both arrays consist of 32 sensors, each one of them composed by three individual coils,
see figure 2, carefully mounted in order to measure the orthogonal components of the
local magnetic field in their common centre.

The final desired system required a series production of 2 x 32 triaxial sensors, i.e.,
a total number of 192 properly wound individual coils. After a validation phase of the
fabrication and assembly procedure, the design of the triaxial sensor unit ended up in a



Figure 1. Left: View of the helical trajectory followed by the tubes that support and
protect the coils inside the TJ-II vacuum vessel. Right: Top view of the arrangement
of the supporting helical tubes. The upper part of the vessel is not drawn.

Figure 2. Left: CAD sketch of the final triaxial sensor design showing the three spools
(two of them identical) orthogonally arranged, still without the copper wire wound in
place. Right: Picture of a prototype sensor.

system composed of two identical coils inserted orthogonally one in another and a third
one whose frame is slightly larger and can be finally mounted to become also orthogonal
to its two companions, see figure 2. Adjusting properly the number of turns of the third
larger coil the sensitivity of the two types of coils became nearly identical, while keeping
similar resistance and comparable inductance and capacitance, as seen in table 1 below.

In this way the 3 x 64 individual coils could be wound in series by an external
specialized company on the frames previously machined by another company. The final
assembly of the coils inside the protecting tubes and the installation of the full system
inside the TJ-IT vacuum vessel were done altogether at CIEMAT.



2.1. Coil characteristics

The material chosen for the coil frames has been PEEK polymer due to its excellent
mechanical and sliding properties combined with its outstanding wear resistance, very
good dimensional stability and low outgassing rate, essential to operate under high
vacuum conditions. The material used for winding the coils was Kapton-coated AWG
30 (P 0.25 mm) copper wire. Its dipping-applied, uniform Kapton coating provides
2 kV DC insulation, ultra-high vacuum compatibility and operating temperature up
to 250°C. After manufacturing, the coils have been tested to discard isolation failures.
Table 1 contains the electrical parameters of the two types of individual coils.

Table 1. Electrical parameters of the two types of coils

‘ size (mm?) ‘ nr. windings ‘ eff. area (cm?) ‘ R (©2) ‘ L (uH) ‘ C (uF)
141 3.7 110 10

141 3.3 37 4

small

15x8 88, in seven layers
22x15

large 41, in four layers

2.2. Inter-sensor elastic couplers. Protective and guiding corrugated tube

The angular separation in toroidal direction between consecutive sensors is fixed, 90/31
~ 2.9 degrees. Elastic couplers fastening consecutive sensors allow a precise positioning
while providing the full system with the required flexibility to follow the desired helical
path (see pictures in figure 3). The elastic couplers, though, allow fixing the desired
angular position of a given sensor within the sensor train. Thus, to facilitate the
interpretation of phase differences measured by adjacent coils, we have imposed to
each triaxial sensor a fixed right-handed twist of 360/31 ~ 11.6 degrees respect to its
preceding neighbour. In this way, the first and the 32-th sensor have identical nominal
position and orientation with respect to the TJ-II magnetic field. This is illustrated
later in figure 8 where the result of calculating the position and orientation of the coils
in respect to the static field and the plasma is shown.

The external jacket that guides the magnetic coil array and provides protection
against plasma is a corrugated AISI316L stainless steel flexible tube with inner diameter
20.5 mm. A longitudinal cut is made along the tube to avoid the induction of
eddy currents along the short path and the concomitant reduction in coil frequency
bandwidth, see picture in figure 4.

2.8. Installation in the vacuum vessel

The TJ-II inner vacuum vessel groove mentioned in the introduction is covered
with shaped detachable stainless steel plates, 2 mm thick, for thermal shielding
purposes. Clamps accurately welded to these plates at appropriate locations support
the corrugated tubes and define the desired helical path to be followed by the sensor
arrays, see pictures in figures 5 and 6. In order to extract the signals out of the vacuum



Figure 3. Top left: arrangement of two magnetic sensors and two elastic couplers
Top right: measuring with an inclinometer the required angular twist between
adjacent sensors Bottom: train composed of nine triaxial magnetic sensors with their
corresponding couplers in between neighbours Note the progressively increasing twist
imposed to the sensors.

Figure 4. Detail of a portion of the finished sensor train, seen through the cutting
machined in the corrugated jacket.

vessel, the 2 x 192 terminals carrying the voltages measured by the 192 coils are grouped
into eight bundles corresponding to sub-arrays with eight triaxial coils each. In turn,
bundles corresponding to adjacent sub-arrays are merged, resulting in four groups of
bundles that are connected to two identical DN 160 CF feedthrough flanges located in
two TJ-II ports, namely D3BOT and D5 SIDE. Figure 6 shows the protecting junctions
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used to extract the cable bundles of two of the groups. Each commercial feedthrough
flange is equipped with eight DB-25 D-sub connectors, hosting 25 pins each. The five
meters distance between both feedthrough flanges and the rack hosting the digitizers
in the TJ-II experimental hall is covered by coaxial cables ended in standard BNC
connectors.

Figure 5. Left: Assembly tests. Piece of supporting corrugated tube positioned inside
a 1:1 scale wooden vacuum vessel mockup. Clamps welded to three shaped protecting
plates support and guide the tube along the desired path. Right: Final positioning of
both helical arrays inside the TJ-II vacuum vessel. Just the initial parts corrugated
tubes, starting at ¢ = 270°, are seen. The white hanging curved tube is a LED array
used for illumination purposes during assembly.

Figure 6. T-junctions to extract the cable bundles corresponding to sub-arrays 1-2
(left picture) and 5-6 (right picture). The thinner corrugated tube protects and guides
the cable bundles up to the feedthrough flange located in the D3BOT vacuum vessel
port.



2.4. Data acquisition system

Two types of commercial solutions are used to digitize and acquire the measured data.
The 96 signals corresponding to the so-called upper helical array are connected to
24 four-channel PCI-DAS4020/12 boards (from Measurement Computing Corporation)
logged into six industrial (rugged) IPC-602 PCs. The PCI channels have 12 bits ADC
resolution and software-configurable 1 V or £5 V input range. The 96 signals of the
lower helical array are connected to 6 sixteen-channel PXIe-6368 boards (from National
Instruments) logged into a PXIe-1082 PXI Express chassis. The PXI channels have 16
bits ADC resolution and software-configurable £1 V, £2 V, +5 V or £10 V input range.
The typical sampling rate used is 1MS/s for all channels, except when acquiring signals
in calibration shots. In this latter case, the full magnetic field pulse, lasting 2.5 seconds,
has to be registered and the sampling frequency must be reduced to 0.5 MS/s.

3. Results

3.1. Position and design orientation of each magnetic coil

The nominal position and orientation of the 64 triaxial sensors that compose the two
helical arrays are defined by the helical path described by the supporting corrugated
tube and the length and twist imposed to the elastic couplers between sensors. The
determination of the orthogonal axis system associated to each sensor, where each axis
defines the orientation of each different coil within a triaxial sensor, is performed by
following the two-step process illustrated in figure 7.

In a first step, if 7,(s) is the curve followed by a given array and t(s) = 97./ds the
vector tangent to the curve at every point along the curve, an orthogonal coordinate
system, defined by the unit vectors ﬁ(s), 13%-(5), é(s), can be associated to the center
of every triaxial sensor, where

# o — ) 3 (s _ Ti(s)x 2
L= 9= 5

Z]

Ny

In these definitions, Zis the vertical direction. At this stage, the R; and P, vectors
still lie in horizontal and vertical planes respectively, as shown in the upper plot of
figure 7. Then, in a second step, each coordinate system is rotated around T, by an
angle of 360/31 degrees, consistently with the twist imposed during manufacturing.
The result is shown in the lower plot of figure 7. For a better understanding of the
sensors position and orientation in respect to the plasma, the central position of each
array is shown in figure 8 for six given toroidal angles taken along one period of the
device. Flux surfaces and field intensity map are those of the standard TJ-II magnetic
configuration. The projections of éd and ]3d — the rotated ﬁz and f’l vectors — on
each toroidal plane are given as well as the direction of the poloidal component of the
magnetic field (B, = (B2+4 B2)z) The array that has positive z at ¢ = 270° is the upper
array while we will refer to the other array as the lower array. This is only for naming
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Figure 7. The upper panel shows the nominal orientation of the coils in case of no
twist applied to the sensors around the tangential direction. The final nominal position
and orientation of the orthogonal coordinate system associated to each triaxial sensor
is shown in the lower panel.

purposes since the 3D excursion of both arrays make them explore regions above and
below the horizontal plane of the device, as shown in figure 7.

While ‘T’ indicates the direction tangential to the curve described by each array
and therefore the “T” coils measure the field along this direction, ‘R’ and ‘P’ stand for
radial and poloidal respectively since, as it is shown in figure 8, the perturbations to the
poloidal static field along the radial direction (taking the origin at the plasma center)
will impact primarily the signal measured by the ‘R’ coils.

3.2. Comparing the total measured field to the theoretical equilibrium field

The flat-top magnetic field at any given position of the TJ-II vacuum vessel can be
accurately calculated using the model that describes the TJ-II coils [12]. On the other
hand, the integration of the signals recorded by the individual coils during the ramp-up
of the configuration currents in a TJ-II shot yields the corresponding total measured
magnetic flux. Since the effective areas of the coils are known, the vacuum equilibrium
magnetic field measured at each location can be compared to the corresponding values
of the theoretical field calculated at the center of every triaxial sensor. Needless to say
that this comparison is meaningful only if a constant value of the magnetic field over
the coil surface can be assumed. This is indeed the case due to the relatively small
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Figure 8. Central position of the upper (black closed circles) and lower (open circles)
arrays and projection of Ry (in blue) and P, (in green) on the toroidal plane. The
direction of the poloidal field component is represented with black arrows. Flux surfaces
(red lines) and magnetic field intensity are plotted for reference.

dimensions of the coils and the relatively low magnetic field gradient along the path
followed by the arrays. To reduce statistical errors the signals of nine identical TJ-II
discharges (51337-51345) have been averaged.

Figure 9 compares the module of the measured magnetic field at the center of each
triaxial sensor with the corresponding calculated value, for both helical arrays. It must
be noted that, out of the 192 individual coils, six of them (five from the upper array and
one from the lower array; see figure 9) were out of order during the calibration shots.
This is the reason why only 58 (out of 64) experimental points are displayed, showing
an excellent agreement with the calculation. The reproducibility of the measurements is
very good and the error bars accounting for their dispersion are smaller than the size of
the markers. The eight toroidal field coils per period of the TJ-II configuration produce
a noticeable magnetic field ripple. This comparison was done for the standard magnetic
configuration illustrated in figure 8.

3.3. Fxperimental determination of the coils spatial orientation

The result shown in figure 9 confirms that the spatial location of each set of coils is
given by its design values to a reasonable degree of accuracy. The final orientation
of each coil and the deviations from the design values, given by fid, f’d and fd = fi,
must be experimentally determined after the installation, as the deformation in the
elastic couplers between sensors due to the curved path of the sensor train can induce
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Figure 9. Comparison between the measured module of the local static magnetic field
at the nominal position of the triaxial sensors centres (blue dots) and the calculated
value of the magnetic field along the nominal path of the helical arrays (black curves),
for both arrays. Red stars distributed along the coordinates axis indicate the nominal
positions of the coils whose signal was missing during the measurement (also indicated).
The horizontal axis corresponds to the toroidal position of each triaxial sensor.

additional rotations in each tri-axial group. Furthermore, there is an additional degree
of freedom in the polarity of each individual sensor, that depends on its wiring and must
be corrected in order to measure unambiguously the relative phases between coil signals
and the temporal and spatial periodicity of the observed modes.

For this purpose, four different current ramp-up and ramp-down sequences in the
main field coils of the device were used (figure 10) in order to obtain a variable field at
the sensor positions.

The magnetic field applied to the center of each sensor can be calculated to a
reasonable precision using a filamentary model of the TJ-II magnetic coils, given the
currents that go through them. Finding an orthogonal transformation between the
components of the magnetic field in cartesian coordinates calculated with this model
and the ones measured by the sensors is an orthogonal Procrustes problem [13], for
which a solution using singular value decomposition has been implemented.

For each set of coils, consider the 3 x n matrices Bey, and By, given by the
column vectors {B!_} and {B},} that correspond to the magnetic field at instant i,
experimentally measured by the triaxial sensor in the first case and calculated from the

exp

field currents in cartesian coordinates in the second one. We want to find the orthogonal
transformation M that, applied to this particular set, minimizes:

) o)

—

M = arg}r{nm (zzj ‘XBl i

exp  th
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Figure 10. Current waveforms used in the calibration shots. TF, CC, VF, and HX
are the currents in the toroidal, central, vertical and helical conductors of the device,
respectively.

It can be shown [14] that, if
BepBE = UXVT (3)

is the singular value decomposition of the 3 x 3 cross-covariance matrix Bey,Bj, the
orthogonal transformation M that aligns M B, with By, in the least squares sense,
and therefore minimizes the term on the RHS of equation 2, is given by:

M=VvU" (4)

This orthogonal matrix M can be either a rotation or a reflection matrix, depending
on the handedness defined by the wiring of the triaxial sensors. If By, is expressed in the
cartesian coordinate system, the columns of M are the final vectors T, P and R that give
the real orientations of the probes. The results of this calibration are shown in figure
11. As expected, most deviations from the design orientations are small. Moreover, the
calibration experiments have been essential to identify a group of sensors for which the
R and P labels were accidentally switched during installation. These are represented by
green triangles in figure 11.

3.4. Raw data and magnetic fluctuations spectrogram

As a first example, the raw data of one of the signals measured by the ‘P’ coils and its
spectrogram calculated with the Short Time Fourier Transform (STFT) algorithm, are
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Figure 11. Relative angle between the design orientation vectors and the vectors
determined from the calibration experiments.

shown in figure 12. In this case, a low frequency mode appearing in pure ECRH plasma
has been chosen to illustrate the capabilities of the diagnostic.

The information about the spatial structure of the perturbation contained in the
raw data is better understood in terms of the total amplitude of the perturbed field
(|5§ |) and the projections of §B along the directions parallel and perpendicular to the
static field By. The total perturbed field can be written in either of these two ways:

0B = 6Byb+ 0B, = 6BrR + 6BpP + 0BT (5)

where b = By/|By| and 6Bg(t), 0Bp(t) and 6Br(t) are the perturbed field
amplitudes measured by each of the ‘R’, ‘P’ ‘T’ coils respectively. Therefore, the parallel
and perpendicular components of the perturbation can be defined as:

8By = 0B -b=0Bg(R-b)+ dBp(P-b) + dBp(T - b) (6)

8B, = 6B — 6Bb (7)

The perpendicular component of the perturbation can be written in terms of the
polarization basis vectors as

§B, = 0B, 1€ + 6B, 26, (8)
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Figure 12. On top, the raw time signal of one of the upper array coils together
with the line density (blue line) and the central electron temperature (red line). The
spectrogram of magnetic fluctuations is shown in the bottom panel.
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Defining €7 perpendicular to R, (or P, alternatively) makes the basis vector rotate
following the helical excursion of the plasma column. Building these quantities from
the originally measured ones provides insight into the mode polarization properties
by separating the perpendicular field oscillations (which, for instance, are typical of
a shear Alfvén wave) from the ones parallel to é{). We can calculate the envelope
of the oscillations by taking the absolute value of the Hilbert transform of the raw
signals, band-pass filtered around the mode frequency, as it is shown in figure 13.
This information will be useful when studying the dependence of the perturbed field
amplitude on the distance from the sensor location to the plasma. One of the oscillatory
components perpendicular to the magnetic field (6B »), evaluated from the lower array
measurements, is shown in figure 14. The signals have been normalized to easily visualize
the phase difference between them.

The analysis presented in figures 13 and 14 has been performed for the mode
pictured in figure 12, filtered between 10 and 30 kHz in the interval 1090 ms < ¢ < 1100
ms.
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Figure 13. Decomposition of the signal measured by the first set of coils in the upper
array in its parallel and perpendicular components. Signals envelope (green line) and
their corresponding mean value (red line) and standard deviation (shaded red area)
are shown.

3.5. Mode number determination

To measure the periodicity (mode numbers) of a perturbation of frequency w we need
first an estimation of the position of the sensors in magnetic coordinates, those in which
the mode structure can be expressed in its simpler form, and which is commonly given
by

5Btot(p779 ot Zéan zml?—l—mp wt) . (]_1)

In expression 11, ¢ and ¢ are the angles in magnetic coordinates, usually Boozer
coordinates, n and m are the toroidal and the poloidal mode numbers respectively and
p = /4, being 1 the normalized toroidal flux. The radial eigenfunctions (complex
scalar amplitudes (5§mn(p)) take into account the phase difference between modes with
same frequency and different mode numbers that for instance may be encountered when
gap modes belonging to the shear Alfvén waves spectrum are considered [4].

To determine the magnetic coordinates corresponding to the position of each set of
triaxial coils, each set location has been mapped to its closest position to the plasma.
The corresponding values of the magnetic angles for this position have been calculated
with the BOOZ_XFORM code using the output of a VMEC vacuum equilibrium. The
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figure 12.

result is shown in figure 15 for the two triaxial arrays and also for the poloidal array.
The precise mapping actually depends slightly on the real plasma equilibrium whether
is it modified by plasma pressure or by the plasma current produced by the different non
inductive current sources (i.e. bootstrap, ECCD (Electron Cyclotron Current Drive) or
NBCD (Neutral Beam Current Drive)).

When measuring the poloidal mode number with detectors distributed in a vertical
plane of the device, the angle ¢ can be considered approximately constant (see figure
15) and usual two-dimensional FFT analysis [10, 15] for probes equally spaced in ¢
or singular value decomposition (SVD) of the data matrix [1, 16] have been used to
provide an estimation of the poloidal mode number. However, because of the plasma
helicity, an array of probes installed along the toroidal direction of the device will provide
measurements that depend equally on the toroidal and the poloidal mode number of the
underlying perturbation and numerical tools specifically adapted to the problem must
be used. In particular, analysis tools as the one based on the 3D Lomb periodogram [17],
which allow to consider arbitrary distributions of coils in the (p,4) coordinates space,
may be used to determine n and m. Applying the Lomb periodogram technique to the
low frequency mode that appears in figure 12 provides the result shown in figure 16.
Only the analysis of the perturbations along the parallel direction is shown, being very
similar to the one obtained using any of the other two components.

Note that, because of how they have been deployed inside the device, both helical
arrays describe a straight path in magnetic coordinates defined by 9 =~ 9y — Ny, where
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Figure 15. Mapped position in boozer angles of each set of triaxial coils for both
helical arrays (blue and red dots). The coordinates of the coils of the poloidal array
are also shown (green dots) illustrating the smaller variation in toroidal boozer angle.
Below, the distance of the coils to the last closed flux surface is represented, along the
toroidal angle ¢ for the upper and lower arrays, and along the poloidal angle 6 for the

poloidal array.

N = 4 is the device period and ¥, the intercept, which is different for each array (see
figure 15). This has an immediate consequence on the phase difference information
provided by one single array. For a mode with mode numbers n and m, its spatial phase
X = m¥ + ngp, evaluated along any of the two arrays, is given by x = m(t¥y — 4¢) + ne,
and all (n,m) pairs such that dx/dy = n — 4m is constant will result in same phase
differences measured between different coils and therefore will be singled out in the
analysis. For the case represented in figure 16, dy/dy =~ 12 and therefore m ~ n/4 — 3.
The only pair of mode numbers which is consistent with the rotational transform of the
device is n/m = —8/ — 5. The data measured by both helical arrays have been used to
get the result shown in figure 16. Had we used separately any of the two arrays, we would
have seen all the possible combinations of n, m values in the periodogram result. Using
both arrays simultaneously helps reducing the indeterminacy. In this case, this and the
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Figure 16. Central panel shows the Lomb periodogram result obtained for the low

frequency mode shown in figure 12. Side panels show the periodogram amplitude along
the axes determined by each (n,m) pair. In this case all pairs satisfy m ~ n/4 — 3.

knowledge of the available values of rotational transform narrows the possibilities to the
pair of mode numbers mentioned above.

As shown in figure 15, the distance from the coils to the last closed plasma surface
depends on the toroidal angle since the plasma shape suffers slight variations as it
wounds around the central and helical conductors of the device. The mean of the
oscillations envelope introduced in figure 13, which can be taken as a measure of the
intensity of the fluctuations in each location, is represented in figure 17 against the
distance that separates each set of coils from the plasma.

The amplitude of the perturbed magnetic field decays with the distance the faster
the higher the mode numbers. Thus, the study of the dependence of the relative
intensities of the oscillations with respect to the probe distance to the mode, whose
radial location may be determined experimentally using heavy ion beam probes (HIBP)
or tomographic diagnostics, might also provide useful mode number information. This
is left for future work.

We now turn to another example of mode number analysis. In this case, different
modes are observed during the combined injection of both co and counter neutral beams.
These are identified as Shear Alfvén Waves [18] as it follows from the dependence of
its frequency on line density. Figure 18 shows the spectrogram of magnetic fluctuations
measured with one of the lower array coils. A rich spectrum of modes generated by both
injectors appears.
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Figure 18. On top, the raw time signal of one of the lower array coils (black line)
together with the line density (blue line) and the central ECE electron temperature
(red line). Bottom panel shows the spectrogram of magnetic fluctuations is shown as

well as the 1/ \[(ne) behaviour. Only counter-NBI power waveform is shown.

The mode number analysis is performed for the high frequency mode that appears in
the interval ¢ ~ 1180 — 1200 ms at f ~ 160 kHz. Following the previous discussion, the
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analysis shows now that several values of dx/dy are present in the detected signals,
where each value corresponds to a different combination of (n,m) pairs such that
n —4m = dx/de. In this case, where the mode under study is very likely an Alfvén gap
mode, the interpretation of the result requires a theoretical assessment with is beyond
the scope of this paper. Each of the different ”branches”, or straight lines with N=4
slope, actually correspond to a different mode family (N; = 0,1,2) and to determine
whether or not the measured (n,m) pairs actually correspond to helical or toroidal
mode couplings needs a more thorough study that also involves poloidal mode number
measurements. This is left for future work.
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Figure 19. Central panel shows the Lomb periodogram result obtained for the high
frequency mode (f ~ 160 kHz) shown in figure 18. Side panels show the periodogram
amplitude along the axes determined by each (n,m) pair.

4. Summary

This work describes a new set of triaxial magnetic pick-up coils that has been recently
installed inside the TJ-II vacuum vessel, with the main purpose of measuring the
spatial periodicity of the MHD modes observed in the plasmas of this device. The
design features of the coil arrays (geometry, topology, electrical parameters, supporting,
positioning and installation inside the vessel) are reported in detail. The calibration
procedure, intended to determine the precise orientation of each coil after its installation,
is explained. As a result, we have measured the deviation of each triaxial coil from its
nominal design orientation, checked its polarity and brought to light potential errors in
the coils identification. This knowledge enables the mode number analysis and allows
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us to investigate the amplitude decay of the perturbed magnetic field produced by
a given MHD mode, which is also related to its spatial periodicity. Omnce properly
calibrated, the triaxial setup also provides additional information on the polarization of
the field perturbations. The highly 3D structure of the plasma column and the precise
distribution of the coils along the toroidal direction has important consequences on
the underlying phase difference information which has to be considered carefully when
extracting the mode numbers of a particular perturbation. Two examples of application
of this diagnostic to the identification of MHD modes are presented and discussed. The
3D Lomb Periodogram has been applied for this purpose, performing a previous mapping
of the coils position to magnetic coordinates. This mapping actually reveals that the
measured phase differences also depend on the poloidal mode number m, and that both
helical and poloidal arrays of Mirnov coils must be used in a combined way in order to
determine m and n unambiguously. The results obtained are very promising. Taking
advantage of the rich spectrum of instabilities observed in TJ-II NBI plasmas, several
activities related on the one hand to the development of numerical analysis tools and,
on the other hand, devoted to explore new experimental scenarios, are now ongoing.
Their outcome will be presented in the future.
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