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A tomography diagnostic in the visible spectrum to investigate turbulence

and coherent modes in the linear plasma column Mistral

P. David,*® A. Escarguel,™?) Y. Camenen,! R. Baude,! and D. Ferrand!
Aiz-Marseille Université, CNRS, PIIM UMR7345, Marseille, France

(Dated: 28 July 2017)

In this paper we describe a newly installed tomography diagnostic on the linear magnetized plasma device
Mistral. The diagnostic is composed of 128 lines of sight covering a 20 cm diameter section, and an acquisition
rate up to 1 MHz. The measurements are done in the visible spectrum using silicon photomultiplier arrays
that require lower amplification voltage than photomultiplier tubes for similar gains, and have a fast response.
Tomographic reconstruction of a rotating plasma mode is shown to illustrate the capabilities of the diagnostic.

I. INTRODUCTION

The linear magnetized plasma device Mistral' pre-
sented in Fig. 1 is used for the fundamental study of
transport in cold plasmas (T, ~ 3eV and T} ~ 300K).2 7.
An Argon plasma is created by a thermoionic discharge,
with a typical pressure P ~ 1072 Pa and electron density
Nne ~ 10~ m—3. The Mistral’s linear chamber is a 1.2m
long and 0.4 m wide cylinder with an axial magnetic field
of 0.016 T. The plasma is limited by a grid on each end
of the column and an outer cylinder at r = 10cm. The
two grids and the cylinder can be independently polar-
ized between —60 and 60V. The polarisation of these
elements, as well as the pressure, the magnetic field, and
the discharge parameters, are used as control parameter
to trigger steady global rotating modes, routinely stud-
ied on many fundamental or applied devices because of
their role in Hall effect thrusters, ion sources or magnetic
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FIG. 1. The Mistral linear plasma device. The blue under-
lined elements can be individually polarized, controlling the
longitudinal (collector and separating grid) and the radial (in-
ner cylinder) boundary conditions of the plasma.
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fusion. One of the goals of the tomography diagnostic de-
scribed here is to study these global rotating modes, and,
in particular, address their spatial structure and growth
phase. Future works are also aiming at studying turbu-
lent plasma states.

For the experimental conditions considered in this pa-
per, the plasma emission is largely dominated by neu-
tral argon lines®. Emission lines are excited from col-
lisions with either primary electrons (coming from the
thermoionic discharge), or secondary electrons (coming
from the ionisation of argon by primary electrons), with
Te prim ~ 50€V, T gec ~ 3€V, and e prim/Me,sec ~ 1%.
As a result, the plasma emissivity can be written as

E= A.Te,sec + b-ne7primu (1)

with the coefficients a and b functions of the temperature
dependant cross sections for argon excitation. In the ex-
perimental conditions of Mistral, the plasma emissivity
is dominated by the primary electrons contribution.® Eq.
1 underlines that the plasma emissivity is strongly cor-
related to the electron density, and is used to compare
results of optical diagnostics and of Langmuir probes.

The design of the diagnostic is presented and discussed
in Section II. The installation of the diagnostic, and esti-
mation of the noise level and sources are shown in Section
II1, followed by experimental measurement in Section I'V.
Finally, the chosen tomography method and its applica-
tion to a set of experimental data is presented in Section
V.

1l. DIAGNOSTIC DESIGN

The tomography diagnostic of Mistral, shown in Fig.
2 consists of three main parts: the sensors and tran-
simpedance stage, the acquisition board, and the optome-
chanical system. Two large coplanar windows, on the
side and on the top of the linear chamber, allow for an
easy optical access to the plasma (shown as the ‘tomog-
raphy plane’ in Fig. 1). The optical components being
outside the vacuum chamber, there are little mechanical
and thermal constraints.
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FIG. 2. Schematic of the tomography diagnostic installed on
Mistral.

A. Sensors

Eight AdvanSiD ASD-RGB4S-P-4x4T, totalling 128
channels, are used to detect incoming photons. The re-
cent technology of Silicone Photomultiplier (SiPM) has
been selected over photomultiplier tubes and photodiodes
for their high gain (> 10° electrons per incoming pho-
tons), low supply voltage (< 50 V), low price (less than 50
Euro per channel at the time of writing), good time res-
olution (~ 100ns decay time) and good dynamics. Here,
the amplification voltage is between 2 and 4 V beyond the
27V breakdown voltage. Their spectral response range is
[350; 900] nm, peaked at 550 nm with a photon detection
efficiency at maximum overvoltage of 32.5%. Each chan-
nel consists in 9340 independent photon counting cells
(40 x 40m? each, for a total of 4 x 4mm?) connected
to a common output producing a summed signal propor-
tional to the number of detected photons. As such, they
can be used as photon counting sensors, as well as in a
continuous wave regime. Being based on a recent technol-
ogy, these sensors are still subject to important upgrades
every year. The upgrades mainly focus on the sensitiv-
ity, the correlated noise (crosstalk and afterpulse), and
the fill factor. The crosstalk and afterpulse are the prob-
ability of an incoming photon to set a cascade on two
adjacent cells, or twice in the same cell, respectively, cre-
ating in both cases a additional false positive pulse. The
fill factor is the ratio between cells sensitive area over
the total area of a channel, thus directly influencing the
sensitivity. The three aspects are closely related because
a higher fill ratio means a higher sensitivity, but also a
higher crosstalk. The sensors used for the work presented
in the current paper have a fill factor of 60%. Their gain
and combined crosstalk and afterpulse probability vary
with the amplification voltage from 0.5 10° to 3.5 105, and
5 to 30% respectively.

FIG. 3. Picture of one of the two mechanical holder, individu-
ally collimating the chords with plastic lenses, and spreading
them in a fan shape.

B. Acquisition board

The electronic acquisition board is a MDU3-GI64X2,
developed by AiT-instrument. The board includes the
power supply control and the synchronous acquisition of
the 128 channels with an integration time down to one
microsecond, i.e. an acquisition frequency of 1 MHz, on
the basis of gated integration method. Its internal mem-
ory allows for 4000 acquisitions, before the data need to
be transferred to a computer. Its numerical resolution is
12 bits per channel.

C. Optomechanical system

Two optical fibre bundles are used to keep the elec-
tronic board away from the magnetic field coils and min-
imise their perturbation. Each end of the 128 fibres fac-
ing the plasma is put at the focal point of micro lenses
(3.4 mm in diameter and 9.85 mm focal length), collimat-
ing the line of sight to receive a thin chord of light from
the plasma. The diameter of the chord one metre from
the lens —upper bound for the distance to the plasma—
is between 0.9 and 1.2 cm. The micro lenses are mounted
on a mechanical holder allowing several chords distribu-
tions. In the present case, the chords are set as two fans,
one of which is shown in Fig. 3, since fan distributions
are known to lessen the effect of noise in the tomographic
reconstruction by providing more viewing angles.® On the
other side of the bundle, each fibre is placed in front of a
channel of the sensor at the distance for which the opti-
cal aperture of the fibre covers the whole channel without
overflowing on its neighbours.

1. ALIGNMENT, CONFIGURATION AND
CALIBRATION

Because of the size of the collimation system and the
distance to the plasma, a small misalignment can lead to
a sizeable displacement of the line of sight. To adjust the
collimation system and the chords viewing angle, light
has been retro-injected in the 64 optical fibres for each of
the two holders, and projected on a wall placed one metre
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FIG. 4. Dark current signal, averaged over 4000 acquisition, of
64 channels versus the temperature of the acquisition board
for +2V (top), and +4V (bottom) amplification voltages.
Integration time of 10 ps.

from the lenses. One metre is a compromise between the
actual distance to the plasma (roughly 0.5 — 0.8 m), and a
distance sufficiently large to easily discriminate between
the images of each chord.

The last step before the system can be calibrated and
put in use is the characterisation of the acquisition board
and the sensors. Because of a high dark current that
proved to be a major disturbance at 20 to 30°C, the
cases containing the connection boards with the detec-
tors have been thermally insulated, and are cooled using
Peltier units. The heat created by their hot side is dissi-
pated using active liquid coolers. The cooling system can
bring the board temperature down to 0 °C. The variation
of the dark current signal, with the temperature is shown
in Figure 4 on average for 64 channels and two typical
amplification voltages. The acquisitions are made with
no input light, and for a 10ps integration time. The
vertical axes displays the number of events detected on
average over 4000 acquisitions. For a temperature less
than 7 °C the dark count becomes very low and does not
change much for lower temperatures. In practice, work-
ing temperature below 7°C is therefore recommended in
order to limit the dark count offset that can decrease the
available dynamics.

The sensor temperature is monitored by thermocou-
ples to take into account the variation of their sensitivity
when the heat produced by the sensors becomes impor-
tant, i.e. for high light levels or high amplification con-
figurations. Additionally, the breakdown voltage varies
with the temperature at 27 mV /°C, so keeping a constant
gain also requires to monitor the sensor temperature.

Finally, the whole system has been calibrated using
a calibrated integrating sphere for measured intensities
between 100 pW and a few tens of nW and for different
gains of the sensors. Each channel has a different calibra-
tion curve as a result of slight differences in their collima-
tion, breakdown voltages and irregularities between the
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FIG. 5. Calibration curves for three different amplification
voltages (dotted, dashed and plain), and for three different
channels (orange, red, green).

channels of the electronic board. Moreover, the system is
not linear for the whole radiance range. The calibration
curves, shown in Fig. 5 for three channels, are fitted with
quadratic polynomials which are then used to retrieve the
plasma radiance from the measurements.

A. Estimation of the noise

The noise level of the acquisition board, without the
sensors, is slightly above the analog-to-digital convertor
noise of 1.5 bits RMS. This is much lower than the noise
induced by the sensors. The main noise sources of SiPM
are correlated noise (crosstalk and afterpulse), shot noise,
and thermal noise.”!? They can be used in photon count-
ing mode for very low light levels, or in continuous wave
mode, which is the case for our experimental conditions.
In this case the correlated noise only offsets the mea-
sured level, but does not add statistical noise, and can
be taken into account in the calibration. For a tempera-
ture of 7°C, the remaining shot noise and thermal noise
give signal-to-noise ratios between 10 and 100 depend-
ing of the integration time, amplification and light level.
The better experimental conditions are higher light level
and integration time, also allowing a lower amplification,
which is consistent with the theoretical formulation as
well as numerical simulations for a photon flux between
10® and 10'° photons per second, and a bandwidth of
1 MHz fixed by the sensors.

IV. EXPERIMENTAL MEASUREMENTS

The measurements presented in this paper have been
made on a plasma with the following characteristics:
Pargon = 5 X 1072Pa, B = 16mT, grounded collector
and floating separating grid, and the outer cylinder po-
larised between 20 and 30V (see Fig. 1), giving an
electron density between 10*® and 10'm~=3. In these
conditions, the plasma is very luminous, and exhibits a



200

Channel 93
180+ A
—

= 160} 1

Channel 92
Channel 91

80O 100 200 300 400 500

Time (ps)

N
N
o

Emissivity (A
N
o

FIG. 6. Temporal evolution of four chords looking at the
core plasma from the side, after calibration and conditional
averaging.
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FIG. 7. Variation of the conditionaly averaged intensity, nor-
malised to the averaged intensity for each channel. Channels
1 to 64 look at the plasma from the top, and channels 65
to 128 from the side. Dark lines correspond to non working
optical fibers.

rotating arm around the central column, as well as a
rigid body rotation of the core plasma, with a period of
200ps.” One hundred acquisitions are performed with a
5 ps integration time. Conditional averaging is then per-
formed over 40 acquisition windows. Time evolution of
the calibrated and conditional averaged signals for four
chords are shown in Fig. 6. In Fig. 7, the variation
of the signal after subtraction of the temporal average
of each channel is shown, emphasising the oscillation of
the plasma. The oscillation can be seen on both the core
plasma (chords 25-43 and 90-108), and the edge region.
Ideally the signal of the chords seeing the plasma edge
should be increased using a higher gain. However, for
such experimental conditions, the central chords signal
would then saturate the acquisition system. In order to
fully exploit the SiPM sensitivity range, additional power
supply should be installed. The temporal evolution of the
measured signal gives several information of the plasma
rotation mode, such as its frequency, intensity, and mode
number. Namely, we here have a m = 1 mode with an

FIG. 8. Temporal average over 500ps of the tomographic
inversion of the EMD filtered 128 channels with second order
regularisation on a 15x15 grid.

emissivity variation of about 20% (positive and nega-
tive), rotating at a frequency of 5.3 kHz.

V. NUMERICAL TOMOGRAPHY INVERSION

Since we are interested not only by the rotating mode
general behaviour, but also by their local one (both in
time and space), and even non-rotating modes, tomo-
graphic inversion the 128 line integrated measurements
is used to retrieve the local emissivity. The method used
is based on the finite-element scheme described in David
et al.”. The plasma cross-section is decomposed into
small areas with supposed uniform emissivity, called ‘pix-
els’, and the tomography system written as S = T.FE with
S = (S;) the signal measured by each channel, E = (E;)
the local emissivity in each pixel, and T' = (¢;;) the trans-
fer matrix. In general, the elements t;; of the transfer ma-
trix are the length of the i*" chord in the ;" pixel noted
l;j, multiplied by a calibration constant (containing the
étendue of the chord), noted C’. However, when lines of
sight are collimated by a lens, the full three dimensional
calculation brings in an additional factor (see Appendix
A): t;; = C".l;;.1;;. The function I(x) is displayed in Fig.
10 for the lenses described in Sec. IIC and a 100 pm fi-
bre core, and for several distances ¢ between the lens and
the sensor, to display the effect of imperfect collimation.
Three points have to be noted about this function. First,
in order to rightfully discretise I(z) into I;;, the closest
pixels have to be further than a hundred millimetres, oth-
erwise the variations of I can be too important within a
pixel. Second, with variation of ¢ as little as 0.5 mm (<
5 % of the focal length), there is an important variation
of I(z), with a dependence on the side of the focal point.
Finally, I is monotonous for > 400 (mm, but the varia-
tion is different if we are closer (¢ < f) or further (¢ > f)
than the focal point. As a result, each chord of the sys-
tem has to be precisely collimated and then calibrated to
take into account the position of the fibre relative to the
lens.
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The local emissivity in each pixel is obtained by invert-
ing the system S = T.E. However, the transfer matrix
T is large (128 measurements, and around 200 pixels), ill
defined (a small error in the data E will result in large er-
rors in the solutions) and under-defined. As such it has

to be regularised. Several regularisation methods were
used!!: zero, first, and second order derivative, minimi-
sation of the Fisher information, and the SVD decom-
position were tested on ghost signals, with the objective
of having as few assumptions as possible on the shape
of the solution, in order to be able to use the diagnostic
on plasma configurations as diverse as possible. The to-
mography code benchmark has shown consistent results,
with less than 15% of errors in experimentally relevant
cases. Best results were more commonly found using the
second order derivative regularisation.

In order to lessen the effect of noise without remov-
ing too much information from the signal, the Empirical
Mode Decomposition (EMD)!? has been used to process
the experimental measurements (no conditional averag-
ing used in this case). The EMD is based on the concept
of instantaneous frequency, using the Hilbert Transform
of a signal. The empirical mode decomposition is be-
ing increasingly used, and has seen recent upgrades and
adaptations to different contexts. Its evolution is easy
to follow and to use through several open sources codes,
and has already be proven useful in the context of labora-
tory plasma experiments'®. The method used here is the
CEEMDAN method (for complete ensemble EMD with



adaptive noise)'?, available as a Matlab function. Tomo-
graphic inversion is then applied to the filtered signal.

Different numbers and shapes of pixels and regulari-
sations methods were tested for robustness assessment.
The results were consistent with the code benchmark us-
ing ghost images. Tomography inversion with a second
order regularisation on a 15x 15 square grid is shown here,
each pixel being 9mm wide. Fig. 8 displays the tempo-
ral average (F); of the tomographic reconstruction from a
500 us acquisition at 200kHz (one acquisition every 5 ps.
Fig. 9 shows the temporal evolution of the emissivity
variation § ' with respect to its temporal average. 0 F is
normalised to the average emissivity of the pixel at the
centre. Each image is the actual reconstruction of the
section, from a single measurement. The plasma is ex-
hibiting a rotation period of about 200 ps, consistent with
the 195 s measured on average with the trigger probe.
The fine spatial structure of the mode can be obtained,
and the actual mode number m = 1 can be explicitly
determined.

VI. CONCLUSION

A visible spectrum tomography diagnostic using 128
SiPM, and an acquisition system for signal integration
and acquisition down to the microsecond has been in-
stalled on the linear magnetised plasma device Mistral.
A numerical tomographic inversion code has been specif-
ically developed for this application, based on a finite
volume scheme, and is mostly used with a second order
derivative regularisation. Additionally, the exact calcu-
lus of the tomography problem was adapted to the chords
collimation using lenses.

The whole diagnostic proves to be very promising, and
could be installed on smaller plasma devices. Applica-
tions of the diagnostic go from the monitoring of the
plasma structure during its rotation, including the mea-
surement of the rotating mode number, to the study of
the mode growth phase, or the study of burst events.
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Appendix A: Correction factor for collimation with a lens

Fig. 11 shows three plasma volume elements being col-
limated to different points. The goal is to determine how
much light collected by the lens actually reaches the sen-
sor. The blue element (dry) of the figure is an example of
plasma element from which all emitted light going though

the lens is collected by the fibre. However the green and
red (dre and drs respectively) are two different cases in
which only part of the light collimated by the lens is col-
lected by the optical fibre, even though the whole lens
is within the numerical aperture of the fibre. The rays
collimated by the lens have a finite width at the focal
plane, and amongst them, only the ones included in the
fibre entrance (dotted lines) are actually collected. The
ratio of the surfaces defined by the plained lines to the
surfaces defined by the dotted lines, both at the position
of the optical fibre entrance, gives the full expression for
the transfer matrix elements:

tij = O/-lij-jija (Al)
with I;; the function I(z) taken for x as the distance
between the lens and the pixel, and defined by:

S <£x3+yx)
1+(%)2 GTL 2
if r € [O,T—Lf]
I(z) = Tol(A2)
1-— ! (a—Q:v?—i—i)
AR
ifr>Lf
TF

in which we note 71, and rg the lens and the fibre core
radii, respectively, f the lens focal length, and a = rg/f.
The given expressions only work for the optical fibre at
the exact focal point.
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