Dual Langmuir-Probe Array for 3D Plasma Studies in TORPEX

M. Baquero-Ruiz,! F. Avino,! O. Chellai,! A. Fasoli,® I. Furno,! R. Jacquier,! F. Manke,! and S. Patrick?
Swiss Plasma Center (SPC), Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne,

Switzerland

(Dated: 4 November 2016)

We have designed and installed a new Langmuir-probe (LP) array diagnostic to determine basic 3D features
of plasmas in TORPEX. The diagnostic consists of two identical LP arrays, placed on opposite sides of the
apparatus, which provide comprehensive coverage of the poloidal cross-section at the two different toroidal
locations. Cross-correlation studies of signals from the arrays provide a basic way to extract 3D information
from the plasmas, as experiments show. Moreover, the remarkable signal-to-noise performance of the front-
end electronics allows us to follow a different approach in which we combine information from all probes in
both arrays to reconstruct elementary 3D plasma structures at each acquisition time step. Then, through data
analysis, we track the structures as they evolve in time. The LP arrays include a linear-motion mechanism
that can displace radially the probes located on the Low Field Side for experiments that require fine-tuning of
the probe locations, and for operational compatibility with the recently-installed in-vessel Toroidal Conductor.

I. INTRODUCTION

Langmuir-probes (LPs) are some of the most widely
used diagnostics in experimental plasma physics!. They
consist of a small metallic tip that is inserted into a
plasma which, upon measurement of the current-voltage
(I-V) characteristic, makes it possible to deduce the local
plasma density (n), plasma potential (V},) and electron
temperature (7).

Provided the tip can tolerate the plasma environment?,
LPs can be used for measurements even in the plasma
bulk. This is routinely done in basic plasma physics ex-
periments like TORPEX (Sec. II), where the low plasma
densities and temperatures allow LP access in essentially
all the interior of the apparatus. In fact, several LPs
can be inserted at the same time to perform measure-
ments simultaneously at different locations. TORPEX?™
as well as other experiments with toroidal® or linear
geometries™®, have used two-dimensional (2D) arrays of
LPs to observe and study the evolution of plasma struc-
tures in 2D sections of the devices. These studies have
significantly contributed to the understanding of perpen-
dicular dynamics (across magnetic field lines) of plasma
blobs? of importance for fusion grade devices. LP arrays
have also enabled experimental studies of parallel dy-
namics (along the magnetic field), leading to important

results in, among others, wavenumbers of fluctuations!C.

There are still, however, many open questions on the
experimental three-dimensional (3D) dynamics of blobs.
Furthermore, 3D effects are suspected to be at the ori-
gin of many differences currently observed between ex-
perimental data and models of blobs®. Indeed, many
theories neglect variations along the magnetic field lines,
an assumption that is well motivated in most cases but
may not be appropriate in general®. It can happen, for
example, that parallel variations trigger instabilities!!.
Observations of blobs that include 3D information are
therefore important to expand the understanding of blob
dynamics and to help develop more complete theoretical
models.

In this paper, we describe the design, calibration and
implementation of the HEXagonal Turbulence Imaging
Probe Upgrade (HEXTIP-U), a new diagnostic consist-
ing of two LP arrays installed on different toroidal lo-
cations that allows us to determine basic 3D features of
TORPEX plasmas in different magnetic field configura-
tions.

Fully exploiting the ability to change magnetic fields in
TORPEX without sacrificing poloidal cross-section cov-
erage is a challenging requirement that calls for an in-
novative array design (Sec. II). Comprehensive cross-
section coverage also requires the use of a significant num-
ber of probes (190), each one with its own front-end elec-
tronics. A careful calibration and characterization of the
electronics, as described in Sec. III, is therefore needed to
assure data consistency across all channels (probes) and
for a correct interpretation of front-end output signals.

The capabilities of the complete, calibrated, system are
determined with experiments performed in TORPEX.
The results, shown in Sec. IV, are followed by a discus-
sion and an outlook of potential studies made possible by
HEXTIP-U (Sec. V).

Il. TORPEX AND THE HEXTIP-U DIAGNOSTIC

The TORoidal Plasma EXperiment (TORPEX)312 is
a toroidal plasma device of major radius R = 1 m and mi-
nor radius a = 20 cm located at the Swiss Plasma Center
(SPC) in Lausanne, Switzerland. To obtain a hydrogen
plasma (other gases can also be used?®), Hy gas is intro-
duced in the experimental vessel (initially at a pressure
p < 2 x 1075 mbar) until reaching p ~ 1075 —10~* mbar,
and then microwaves of frequency funw = 2.45 GHz and
power Py, < 1.0kW are injected to produce a discharge
by absorption at the electron-cyclotron and upper-hybrid
resonances'®. In Simple Magnetized Torus (SMT) con-
figurations, a small vertical magnetic field B, < 5mT
is superposed on a dominant toroidal magnetic field
By ~ 70mT. In that case we obtain hydrogen plasmas
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FIG. 1. Each of the two LP arrays of HEXTIP-U is made of
a set of Low Field Side (LFS) probes resting on movable ce-
ramic arms and a complementary set of fixed High Field Side
(HFS) probes. (a) When the LFS arms are not displaced, the
system forms an hexagonal grid which provides comprehen-
sive LP coverage of the entire poloidal cross-section. Notice
the definition of the coordinates r, z (in red). (b) The LFS
arms can be displaced radially (along r) to allow the TC to
move unobstructed.

with typical densities n ~ 10'® — 10'"m~3, temperatures
T, ~ 5¢eV and plasma potentials V,, =~ 10 —20V.

More complicated magnetic configurations have re-
cently become possible with the use of the in-vessel
copper Toroidal Conductor'*!5 (TC). These include
closed magnetic flux surfaces'®, X-points'” and magnetic
snowflakes'®, which require the TC to be set at different
vertical positions in the vessel. This constraint conflicts
with the installation of LP arrays because their delicate
structure could be damaged during the displacement of
the TC to new locations. Indeed, former LP arrays'®
had to be uninstalled every time the TC needed adjust-
ment. This sensitive operation could itself damage the
diagnostics. HEXTIP-U solves this issue with a linear
actuator that displaces part of the array so that a gap is
opened in the region where the TC is expected to move
(Fig. 1). The actuator can also be used to fine-tune the
radial location of the Low Field Side (LFS) probes for
studies that require a precise radial positioning of the
probes (see Sec. IV).

HEXTTP-U comprises two identical LP arrays installed
on opposite sides of the toroidal vessel. Each array is
composed of 95 LPs made of stainless steel. The probes
are hollow cylinders of inner diameter 3.05mm, thick-
ness 0.5mm and length 2.0mm. They are beaded on
hollow cylindrical ceramic supports, or arms, of inner
diameter 2.0 mm, outer diameter 3.0 mm and length up
to 269 mm. Holes are laser-drilled into the ceramic at
a constant spacing of 35mm to provide a path through
which teflon-insulated stainless-steel wires connect to the

FIG. 2. HFS probes. Final assembly of two stainless-steel
rings holding the ceramic arms with LPs (a) before and (b)
after installation in the vacuum vessel.

probes by spot-welding. This in turn fixes the spacing
between probes along the arms at (35 £+ 1) mm.

The 95 probes are distributed on a total of 22 arms.
Eleven of these arms are mounted on two stainless-steel
rings of diameter 39 cm and glued using liquid-ceramics
(Fig. 2a). This is similar to a setup used in earlier
studies'®. For installation, the rings (complete with arms
and probes) are placed next to one another and secured
to the inner wall using screws. Together, the two rings
form a hexagonal 2D array of 36 LPs that covers most
of the High Field Side (HFS) area of the poloidal cross
section (Fig. 2b). Coverage is restricted to r < —35 mm,
where r is the radial poloidal coordinate (see Fig. 1), to
provide enough space around r = 0 to allow the TC to
move unobstructed in the vertical direction when needed.

The remaining 59 probes rest on a different set of 11
arms. These are not fixed to rings but rather are secured
to two stainless-steel arcs attached to a newly-designed
in-vacuum linear-motion structure (Fig. 3). One arc
holds five arms (27 probes) while the other holds six arms
(32 probes) using a clamping mechanism that guarantees
a good horizontal alignment. We estimate a vertical po-
sition uncertainty < 2mm (typically less) for all probes
from measurements during assembly. Each full arc as-
sembly can be moved in the radial direction, indepen-
dently of the other, by up to 20mm towards the HFS
(negative r) or up to 70 mm towards the LF'S (positive r).
The precision is better than 1 mm. When neither of the
arcs is displaced, this setup provides complete coverage
of the poloidal cross section with a hexagonal grid with
lattice constant 35 mm. Turning the linear-motion actu-
ators allows displacing both arcs to, for example, open
a gap between ceramic arms near r = 0 for TC height
adjustments (Fig. 1b). A differential pumping system
guarantees safe operation of the actuators in normal ex-
perimental conditions when the vessel is under high vac-
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FIG. 3. LFS probe assembly. (a) Design schematic which
shows the support arcs for the ceramic arms and the linear
motion mechanism. (b) Complete LFS assembly during in-
stallation.

uum.

The monopole wires connecting to all probes are bun-
dled and inserted into four 25-pole female DSUB connec-
tors made of PEEK. Each connector is attached to one of
four DSUB-25 male-to-male plugs welded onto the flange
that supports the movable system (Fig. 3a). The flange,
in turn, is installed and fixed in place with bolts on one
of the wedge-shaped ports of the apparatus (Fig. 3b).
This provides a vacuum-safe connection of the probes to
the exterior of the vessel and to the front-end electronics
through four shielded 25-pole cables.

The two identical copies of the full array assembly, with
independent front-end electronics and data digitizers, are
installed with a toroidal separation of 180° (Fig. 4).

I1l. ELECTRONICS AND DATA ACQUISITION

Theoretical models make it possible to determine ex-
perimental values of n, V}, and T, from measurements
of the current-voltage (I-V) characteristics of Langmuir-
probes’ 220, The behavior of LPs in the presence of mag-
netic fields is still not fully understood'?, but several
simplifying assumptions can be made that lead to useful
interpretations of LP data. One such case is the mag-
netized quasi-collisionless model?, in which ions are as-

movable
arms (LFS)

FIG. 4. Two complete LP arrays are installed on opposite
toroidal locations in TORPEX, on the southeast (SE) and
northwest (NW) areas. The movable LFS arms are installed
separately from the fixed HF'S arms and therefore have a small
toroidal separation (< 10°) from the latter. Each array has
its own independent front-end electronics and data acquisition
system.

sumed to reach the probe only from a direction parallel
(or anti-parallel) to the magnetic field and not undergo
collisions once they enter the presheath. If the probe is
in ion-saturation mode, the current becomes proportional
to n according to the relation

Iign = 0.5q Aegn/q Te /1ion (1)

Here g is the elementary charge, mjoy, is the mass of the
ions, T, is in electron-volts and A.g is the effective sheath
area around the probe. A.g can be approximated? by
the value of the probe surface projected in the direction
of the magnetic field. For the cylindrical shape of the
HEXTTP-U probes, we make a projection perpendicular
to the axis and obtain A.g ~ 2x4mm x 2mm ~ 16 mm?.

The ion-saturation mode is obtained by biasing the
probe at a sufficiently negative voltage such that no elec-
trons are collected. In practice, this means that further
decreasing the voltage does not lead to an appreciable
decrease in probe current, except for a small correction
due to sheath expansion®. This condition is fulfilled in
our setup at biases S —20V. Then, using 7, = 5eV,
we can estimate an I$%' ~ (3 x 1072°Am®) x n < 3mA
for H plasmas with n < 10'"m™3. It is important to
note that Eq. 1 relies on several simplifications, so its
use has significant uncertainty. It nevertheless gives us
means to calculate approximate values of I5% expected
in our experiments and, conversely, to have a rough inter-
pretation of I#* measurements in terms of n, assuming

ion



fixed T,. The value T, = 5¢eV is consistent with mea-
surements made using a more precise triple-probe?! in
a similar setup. The triple-probe results, however, show
that T, can vary across the poloidal cross-section, so care
must be taken not to overextend the assumption of con-
stant temperature. For the work presented here we are
only concerned with I£2' so knowledge of the detailed
profile of T, is not required.

Vp can be determined from the zero-current probe po-
tential (the floating potential, V3) through

Vo=Va+uTe (2)

where T, is in electron-volts and p is a parameter that
depends on the choice of gas and whose value was deter-
mined experimentally in TORPEX for hydrogen plasmas
in a similar setup?! to be p = 3.1 £0.2.

The electronics of each of the two arrays of HEXTIP-U
consist of 12 independent boards, each one dedicated to
8 probes, which can be set remotely and independently
from one another to measure probe current or floating
potential (Fig. 5). In the latter case, the boards act
as simple high input-impedance (~ 10MSQ) amplifiers
which output a voltage proportional to the probe po-
tential under negligible probe current conditions. In the
former, the cards bias the probes at one of seven different
choices of biasing potential (—54V, —42V, =30V, —15V
or any one of three arbitrary voltages applied externally)
and convert the value of probe current into a voltage
in a range well suited for digitization by one of two 96-
channel, 16-bit, D-tAcq ACQ196CPCI data acquisition
systems?3. The probe current circuitry includes a low-
pass filtering stage for better noise immunity and to help
prevent aliasing at the 250 kHz sampling frequency??.

We performed a careful calibration of all channels in
the two main operating modes (Vi and probe current) in
order to have an accurate interpretation of the digitized
signals as currents or floating potentials. We used lin-
ear transfer-function models as expected from the known
circuit design and behavior of the data-acquisition sys-
tem. Calculation of the model parameters using nominal
component values from the circuit schematics gave sig-
nificant errors (sometimes as high as ~ 10%) found to be
caused mainly by component tolerances and, possibly,
small component nonlinearities. Therefore, a more prac-
tical approach was followed where the parameters were
estimated using least-squares fits of digitized signals re-
sulting from known applied DC currents or low frequency
voltages. This method gives much better results, as a
detailed examination of the fits reveals. The Vg mode
shows average residuals (in absolute value) < 2mV in all
channels for inputs in the range —50V to 30V. Simi-
larly, for probe currents, probe-biases in the range —54 V
to 0V show fit residuals < 2pA in all channels for input
currents in the range 0 — 4mA. If we use Eq. 1 to get
an idea of what these results mean in terms of densities,
then the calibration introduces errors of approximately
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FIG. 5. Circuit schematics of the electronics for a single

probe. The upper branch biases the probe (LP, on the left)
at a voltage Vipias and measures the probe current. The lower
branch measures the LP potential for negligible current. In
both cases, the output is a voltage (Vous, on the right) well
suited for digitization by the D-tAcq. The measurement mode
(probe current or floating potential) is selected via a relay at
the input and output as shown. The operational amplifier on
the upper left uses the biasing arrangement shown inside the
dashed-line box (lower left).

< 7x 102 m™3. This is a small number compared to
typical TORPEX densities (see Sec. II).

The AC response of the probe current circuitry is
tested by applying a current frequency sweep and com-
paring its constant amplitude to the amplitude of the
calibrated (digitized) output signal at different values
of frequency (Fig. 6). We observe the expected low-
frequency gain and low-pass behavior, although with
—3dB cut-off frequencies slightly lower (=~ 110 kHz) than
the design value of half the D-tAcq sampling frequency
(250kHz/2 = 125kHz). A slight cross-talk at frequen-
cies > 10kHz, peaking at ~ —40dB near 100kHz, is
observed in non-excited channels located in very close
proximity to an excited one. This value is negligible for
most practical applications. The total measured root-
mean-square (RMS) noise is < 4pApyg in all channels.
This number includes possible noise contributions from
the extra circuitry feeding the test current, estimated at
< 1pAgymg, so the actual noise figure should be lower.
For a range —5 mA to 5mA we can conclude that the cor-
responding noise level in terms of density (using Eq. 1)
is < 1.3 x 10" m~3. This noise figure sets the precision
limit of the system, as other uncertainties like calibration
errors, cross-talk (for channels not in close proximity or
frequencies far from 100kHz), and D-tAcq quantization
(= 0.15nA per step) are smaller.

In the case of floating potential, the circuitry is much
simpler and less immune to noise. We measure typical
noise voltages of ~ 30mVRgug, although some channels
are noisier (= 100mVyyg). This does not constitute a
serious shortcoming for our experiments, as we typically
track potential variations in the order of ~ 1V.

The possibility of using external biases allows for
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FIG. 6. Example of AC response of probe current circuitry. a)
A current sinusoidal signal [i,, with constant amplitude and
frequencies sweeping logarithmically from 100 Hz to 500 kHz
in 1s, is injected into channel 13 of the SE array (only the
first 0.2s are shown for clarity). b) A digitized voltage sig-
nal, Vgig is then recorded at the output of the system which
decreases in amplitude at high frequencies. This behavior is
more clearly seen in c¢), where the amplitude of Vgig, nor-
malized to a maximum value of 1 and expressed in dB, is
plotted against sweep frequency. The —3 dB level is reached
at ~ 110kHz (vertical dashed line).

voltage-sweep measurements?:2°. By applying a saw-

tooth voltage bias while simultaneously measuring the
probe currents, one can record complete I-V character-
istics of the LPs and obtain experimental values of T,
V, and n from fits of ideal LP I-V curves to the data.
Ideally, the sawtooth signal should have a high enough
frequency for the plasma parameters not to change appre-
ciably during one cycle. In practice, this would require
bias frequencies and data acquisition rates too high to
attain with our hardware. So, alternatively, we could ob-
tain time-average values of T,, V,, and n by using lower
sweep frequencies ~ 100Hz and performing the fits on
average I-V curves. This method has been used in pre-
vious studies with good results®’. Nevertheless, difficul-
ties may arise from biasing the probe arrays above float-
ing potential, close to electron saturation I3**. In that
regime, probe currents are expected to be much higher

than at ion saturation®. For example, |I5*| ~ 33 x | [t

on
in hydrogen plasmas. This value poses a risk of adversely
affecting the plasma, damaging the probes or overloading
the electronics. For the present work, we are interested
in fast changes of plasma structures, so we concentrate

on I3 and leave studies of time-average n, T, and V,

profiles for future investigations.

We note that we do not expect the LP arrays to signif-
icantly affect our plasmas during I3*' measurements, as
detailed below. Firstly, data taken in past experiments
using a single, smaller, array'? showed similar values of
I3t for similar plasma configurations and a similar over-
all behavior, including the statistical properties of I3t
fluctuations and of turbulent structures. As the number
of LPs has now more than doubled, this observation is an
indication that the arrays have no significant effects. Sec-
ondly, we use an argument based on the plasma confine-
ment time t.. Experiments performed with hydrogen in
a similar setup?® gave t. ~ 0.2ms. This means that heat-
ing must continuously compensate for nyypVies/t. parti-
cles being lost, with ngy, & 1015 m™3 (a typical density)
and Vies = 0.8m? (the volume of the vessel). There-
fore nyyp Vies/te = 4 X 10 s~ On the other hand, one
typical probe measures on average I5*' ~ 0.1 mA (see

Sec. IV). The total current drawn by the two LP ar-
rays is then 190 x I8, which in terms of particle flux

on’

is dcjl\;p ~ 19052 /g ~ 1.2 x 1017571 (q is the elemen-

tary charge). Thus % <& Niyp Vees/te, so the fraction of
particles that are collected by the arrays is much smaller
than the number of particles that are continuously re-
plenished and form the plasma bulk. The perturbation
of HEXTIP-U on the plasmas is therefore expected to be
unimportant.

We conclude this section by pointing out that the cal-
ibration and characterization of the electronics do not
take into account any contributions from parts prior to
the front-end. Actually, the only additional components
are the cables and connectors leading to the probes (see
Sec. II) which are not expected to have a significant ef-
fect. Associated parasitic capacitances would need to be
better characterized in future non-standard modes of op-
eration.

IV. TESTS AND ANALYSIS

Previous experiments®2227:2% and simulations?® have

shown that, for certain SMT configurations, TORPEX
plasmas are characterized by the presence of an ideal
interchange mode which generates intermittent field-
aligned plasma structures that propagate radially out-
ward (the so-called blobs).

In the first set of tests, we choose one such magnetic
configuration and measure coherences between points on
two different toroidal locations of TORPEX using the
probes on the NW and SE arrays of HEXTIP-U (see
Fig. 4). We use hydrogen and Pn, = 600W. The
toroidal coils are energized at a current Iy = 360 A, for
an on-axis toroidal field By = 72.6mT, and a vertical
coil current is set in the range I, = 55 A to I, = 100 A,
for B, = 1.2 — 2.1mT. The TC is set to its maximum
vertical position (removed from the plasma) and left de-
energized. The calculated number of field turns around
the toroidal vessel (from bottom wall to top wall, at
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FIG. 7. Cross-correlation pay (see text for definition) between
NW probe 21 (white cross) and all SE array probes (black
crosses) for I, = 77 A and different values of LFS probe radial
displacement A,: (a) A, = —5mm (TORPEX experimental
shot 67391) and (b) A, = +10mm (shot 67372). Note that all
black crosses are at approximately the same toroidal location
while the white cross is separated 180°. ps, values range
from -1 to 1 and give zero when signals are uncorrelated;
however, the colormap only spans 0 to 1 as no negative pgy
were observed. Data is interpolated linearly throughout the
poloidal cross section assuming zero correlation between NW
probe 21 and the vessel wall. We estimate errors 0(pazy) <
0.012 in all cases using studies of the variation of p,, with
subsets of the data of length 500ms. A, = +10mm is the
displacement that gives the largest correlation of NW probe
21 with any SE probe. In that case, pzy = 0.906 0.002 with
SE probe 29.

r = 0) for these parameter values is N = 2.2 to N = 3.8.

All HEXTIP-U probes are biased at —42V and I3t
data is collected in different trials of duration 1.0s. The
NW array is set to zero LFS arm displacement and
kept fixed in all runs. The LFS arms of the other ar-
ray (SE) are displaced between runs in steps of 5mm
in the r direction by means of the linear-motion actua-
tor (Sec. II). We compute, for each trial, the normal-
ized cross-correlation932 of pairs of time-series (x,v)
(where x corresponds to a NW-array probe and y to a SE
probe), for a range of time-lags, to allow for the possibil-
ity that the same plasma structure reach the two probes
at slightly different times due to possible finite structure
propagation speeds. The result is a function of correla-
tion vs time-lag which exhibits a maximum value pgy.
Figure 7 shows the results obtained by comparing values
of psy for different array shifts (A,). These results are
consistent with the expectation that higher correlations
should be observed between probes lying near the same
magnetic field line.

Changes in B, produce changes in N, so it is expected
that p, also vary with changes in I,. Figure 8 shows
cross-correlations between NW probe 21 and SE probe
29 for a parameter scan in I, and A,. These probes lie
in a region of strong plasma intermittence?? and, from
the results above, are expected to be located near the
same magnetic field line. The existence of a coherence
maximum, as well as the observation that the average
time-lag at the maximum is ~ 0 us, are an indication of
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FIG. 8. (a) Cross-correlation pgy between NW probe 21 and
SE probe 29 for different values of I, and A,. SE probe 29
gives the largest p.y between any SE array probe and NW
probe 21. The black X-markers indicate the choice of I, and
A, for each measurement; data is linearly interpolated for
other points. Notice the colormap range 0.5 to 1.0, chosen for
better contrast. In all measurements an error 6(p.y) < 0.010
is estimated the same way as in Fig. 7. However, the error
is much smaller (< 0.002) in measurements near the largest
values of pzy. (b) Time-lag of signals at which the maximum
value of cross-correlation occurs.

an optimum alignment of the two probes made possible
by virtue of the radial displacement control of the new
diagnostic.

In the second set of tests, we use HEXTIP-U to im-
age hydrogen plasma structures in an SMT configura-
tion. We set Iy = 360A, I, = TTA, Pnw = 600W
and, for each acquisition time step, obtain 2D poloidal
images of I3 for the two LP arrays by interpolating
I3 probe data over each poloidal cross-section, assum-
ing I3 = 0 at the wall (see Fig. 9). We then single-out
“raw” shapes within the images by finding all disjoint sets
of image pixels for which I32' > 0.16 mA (corresponding
to n ~ 10m~2 from Eq. 1). Then, using a simpli-
fied model of the magnetic field, we identify 3D plasma
structures by determining the shapes that are linked by
magnetic field lines on the same or opposite LP arrays.
By repeating this procedure in successive time frames
and properly combining results, we can track the time
evolution of the structures and their basic 3D features.
Figure 10 shows an example of typical results obtained
using this methodology.

Lastly, we position the TC at the center of the poloidal
plane (r =0, z = 0). By setting I, = 390A, I, = 19A
and energizing the TC with It¢ = 710A, we create
a magnetic configuration with mostly closed field lines
and a small region of open field lines near the LFS (see
Fig. 11a). Using hydrogen and P, = 800 W, we fol-
low the same methodolgy above to identify and track
the evolution of 3D plasma structures, setting a thresh-
old I > 0.80mA (approximately n ~ 5 x 1016m=3
from Eq. 1) to determine separate 2D shapes. Figure 11
shows four consecutive frames of evolving plasma struc-
tures. The apparent changes in the plasma, compared to
Figs. 9, 10, are partly due to the change in I and the
consequent location of the electron-cyclotron and upper-
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FIG. 9. Instantaneous interpolated I:*' profile as seen on the
(a) NW and (b) SE LP arrays. From Eq. 1, I5%' can be used
as a proxy for the density n assuming constant T.. The ‘+’
signs mark the location of the LPs, as illustrated in Fig. 1a.
The data presented here corresponds to one particular time
frame of shot 67372.

FIG. 10. Plasma structures identified with HEXTIP-U in
an SMT run. Solid shapes are NW-array data and hollow
shapes come from the SE array. The latter are boundaries
of otherwise solid shapes; the interior is left blank only to
superpose information from both arrays on the same plot.
Colors indicate the average ion saturation current of all points
within the shape (I3) as per the colorbar. Numbers on or
next to shapes (white for SE-array, magenta for NW-array)
indicate the number of the 3D-structure that the shapes make
part of. These structure numbers are assigned consecutively
from the start of the shot. The ‘4’ signs mark the location of
NWe-array probes. (a-d) Successive time frames, in steps of
4ps, that show the evolution of 3D plasma structures. Plot
(a) corresponds to the same plasma run and time as Fig. 9.
Structure 1 is identified as the main plasma. Structure 241
forms upon separation from structure 1.

FIG. 11. Plasma structures identified with HEXTIP-U in a
closed magnetic field line configuration. We use the same
methodology for structure identification and plotting as in
Fig. 10. Notice the change in the colormap which corresponds
to the detection of structures with higher average ion satura-
tion current (I2%). The black dot at z = 0, 7 = 0 shows the
location of the TC. (a-d) Evolution of plasma structures in
successive time-frames. The gray arrows in (a) show the cal-
culated magnetic field lines projected on the poloidal plane;
no structure number labels are shown there to avoid image
cluttering.

hybrid resonance layers'3; but, more interestingly, they
are the result of the change in magnetic configuration.
More complete studies of the evolution of the plasma
with closed field lines in TORPEX will be performed in
the future.

V. CONCLUSIONS

In this paper, we describe the construction, installa-
tion and commissioning of HEXTIP-U, a new diagnostic
based on two LP arrays that gives TORPEX new capa-
bilities for studies on the dynamics of plasma structures.

The new system allows us to determine basic 3D fea-
tures of the plasmas, as established with results from
three different experiments. In the first one, we study the
coherence between LPs on toroidally-opposite sides of the
TORPEX apparatus using an SMT plasma. We obtain
high correlations for probes lying near the same magnetic
field lines, an observation that supports the expectation
that plasma structures are elongated along magnetic field
lines. This study is performed in detail thanks to the abil-
ity to fine-tune the r location of LFS probes by virtue of



the linear-motion actuator of HEXTIP-U.

The second experiment shows an example of the ob-
servation of a plasma as it evolves in time, taking into
account basic 3D features. Analysis routines are devel-
oped to detect 2D shapes on the two LP arrays and then
reconstruct 3D plasma structures by forming groups of
shapes linked by magnetic field lines. In this way, we
combine data from distinct LP arrays to gain more com-
plete information on the plasmas. We can now, for exam-
ple, study structure changes in the direction parallel to
the magnetic field, a functionality that may be of impor-
tance for future studies on coherent structures and the
3D structure and dynamics of plasma blobs.

The linear-motion actuator makes comprehensive
poloidal cross-section coverage of HEXTIP-U compati-
ble with TC operations. The usefulness of such a feature
was demonstrated in the third set of experiments, where
the evolution of plasmas was observed in a closed mag-
netic field line configuration. Further dedicated studies
will follow to fully explore plasma dynamics with closed
field lines, a subject that is of direct relevance to the
understanding of Tokamak physics.
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