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ARTICLE INFO ABSTRACT

MSC: This contribution describes the design of a movable Langmuir probe system to be permanently installed in
00A79 the SPIDER negative ion source. This diagnostic aims at measuring the axial profiles of plasma density,
Keywords: electron temperature and floating potential in both the driver and the expansion region, with a view to further
Langmuir probe investigate the positive ion dynamics. Furthermore, a deeper understanding of the plasma formation mechanism
SPIDER

and of the RF coupling can be provided, e,g. via the estimation of the Electron Energy Distribution Function
(EEDF) inside the driver. Thermal analyses were performed to define both the allowable duration of the probe
exposure to the plasma and the extent of the voltage sweep. The maximum exposure time for the probe shaft
is 10 s, thus a fast manipulation system is included in the design. The integration in the SPIDER source is
described, considering all the limitations due to the space availability, the presence of the RF generators and
the vacuum-compatibility requirements. To comply with all the constraints, several solutions are proposed for

Negative ions

the probe head design.

1. Introduction

Negative-ion based Neutral Beam Injectors (N-NBI) are one of the
envisaged heating systems for the ITER plasma. In order to comply
with the heating power requirements (33 MW), a highly electroneg-
ative hydrogen/deuterium plasma is needed to extract and accelerate
a precursor negative ion beam to sufficiently large beam energy. The
operation of fusion-relevant negative ion sources relies on: (a) the
presence of a magnetic filter field to decouple the plasma formation
region, which is characterised by high plasma density and electron tem-
perature (n > 10'® m=3, T, > 10 eV), from the extraction region, where
the density decreases and a much lower 7, is needed to prevent the
destruction of negative ions; (b) caesium evaporation, which increases
the negative ion availability (hence the beam current) via a surface
production mechanism [1].

These features entail the source plasma properties along the beam
axis to vary significantly from one region to another, ultimately affect-
ing the main beam features, i.e. current density and divergence.

Several experiments [2] are currently underway to tackle all the
technical and physical issues of operating giant, RF-based, caesium-
assisted negative ion sources. The SPIDER [3] experiment (Source for

the Production of Ions of Deuterium Extracted from a Radiofrequency
plasma), hosted at Consorzio RFX in Padua, is the full-size prototype
of the ITER Heating Neutral Beam (HNB) ion source equipped with
a 100 kV accelerator. The effect of the source parameters on the
axial plasma profiles has been characterised in SPIDER by means of a
temporary set of movable electrostatic sensors [4]; this analysis though
was performed in pure volume operation and without beam extraction,
as the sensors entered the ion source from downstream the accelerator.
This work describes the design of a permanent movable Langmuir
probe to be installed in the SPIDER source: this diagnostic will help the
characterisation of the driver plasma at the resumption of the SPIDER
operations, which envisages a first phase aimed at the commissioning
of the new RF solid-state generators that will replace the tetrode-based
oscillators in the RF circuit [5]. Subsequently, the probe head can
be modified aiming at further characterising the correlation between
plasma properties and operating parameters of the source, at measuring
the axial profiles of positive ion density, electron temperature and
floating potential with high spatial resolution, and at providing an
estimate of the Electron Energy Distribution Function (EEDF) [6].
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Fig. 1. Simplified scheme of a giant, caesium-assisted negative ion source. The different regions and the related plasma characteristics are highlighted.

2. Plasma-surface interaction

A Langmuir probe [7] is mainly composed of a metallic electrode
electrically insulated from its support: the former collects a current
I1(V) whose value depends on the potential difference between the
probe electrode itself and the surrounding plasma, and on the plasma
properties, as further explained in Appendix. The power density W on
a surface exposed to the plasma will also depend on the local plasma
parameters and on the surface voltage V,, as:

W=j,(Vy—-Vp)+4nj T, +j_ T @

where j,, j, and j_ are the positive ion, electron and negative ion
current densities respectively defined as:
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With the exception of the elementary charge ¢ and the electron mass
m,, all the quantities in Eqs. (1)-(4) depend on the spatial coordi-
nate z along the source axis. As already mentioned, Eq. (1) can be
applied to any surface exposed to the plasma; however, for metallic
surfaces, the surface voltage V,(z) is either equal to an externally
imposed potential, or to the floating potential V. In the case of a
non-homogeneous plasma, V, can be obtained by imposing the floating
condition (i.e. zero net collected current) on the entire surface S, thus
I, = [5 (4 (2) = jo(2) = j_(2))d S = 0.

2.1. Plasma parameters

The movable Langmuir probe will measure the plasma properties
in both the driver and the expansion region of the SPIDER ion source.
This requires the probe stroke to cover most of the source depth, which
is 40 cm. Fig. 1 shows a simplified scheme of a SPIDER-like ion source.

The expected plasma properties [8] in the driver region are n, «
10" m=3, T, > 10 eV, ¥, > 50 V. In the expansion region, instead,
the plasma density is expected to drop by a factor of 10, the electron
temperature is strongly reduced (7, < 5 eV) due to the presence
of a magnetic filter field and, consequently, the plasma potential is
also expected to decrease. It is worth pointing out that the filter field

intensity in the expansion region is rather low (<5 mT), therefore
plasma ions can be assumed to be not magnetised.

As caesium was injected inside the source, the plasma electronega-
tivity (i.e. the ratio between negative ion n_ and electron n, density)
in the extraction region was found to rise up to a« = 3 close to the Bias
Plate, and even further to a« = 6.5 in the proximity of the Plasma Grid
apertures [9]. Fig. 2a shows the expected plasma power density flux
calculated for plasma parameters measured in the SPIDER source with
an injected RF power of 50 kW/driver, obtained with Eq. (8); Fig. 2b
and Fig. 2c instead show theoretical CV characteristics as described by
the model in the Appendix, for a single cylindrical Langmuir probe. In
particular, Fig. 2b shows the CV curves for the driver plasma param-
eters with three different electrode diameters, whereas Fig. 2c shows
CV curves expected in the expansion region for two electronegativity
values.

Operating the probe in different conditions might require to apply
different theories for the analysis of the Current-Voltage (CV) charac-
teristics, which in turn can have specific validity ranges depending also
on the electrode dimensions [10].

3. Probe design
3.1. Probe head design

The probe head will be composed of a tungsten (W) electrode of
cylindrical shape. The electrode dimensions (both diameter and length)
should be chosen while considering both physical and technical issues.
First of all, the probe collecting surface affects the maximum collected
current: however, for the electrodes considered in the following, the
collecting surface is anyway too small to cause a significant pertur-
bation of the surrounding plasma (as confirmed by plasma light [11]
measurements performed when the previous set of movable Langmuir
probes was installed in SPIDER).

Furthermore, it is known that the ratio between the electrode radius
r and the Debye length Aj, determines which Langmuir probe theory
can be used to analyse the CV characteristics, hence the accuracy of the
estimation of the plasma parameters; the EEDF measurement, instead,
can be performed regardless of the electrode dimension, provided that
the latter is biased at least up to V' = Vp[10].

As for the technical issues, especially in the driver region there is
a high risk of melting the probe electrode: it is therefore necessary
to guarantee the endurance of the electrode to the expected thermal
loads, as the probe is required to be permanently installed and routinely
operated.
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Fig. 2. (a) Expected power density for a floating object as a function of the position along the source axis; (b) simulated CV characteristic for the driver plasma with three
different electrode diameters, electrode length L = 5 mm, (n = 3.5% 10" m™3, T, = 17 eV, V,, = 65 V); (¢) simulated CV characteristic for the expansion (a = 0.5) and extraction
(a = 5) regions, with electrode diameter 0.23 mm and length 5 mm, (n=2x10"7 m™, T, =2 eV, V, = 10 V).
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Fig. 3. Probe voltage V (a), power density W (b) and electrode temperature 7 (c) as
a function of time for three different combinations of sweeping time Ar and maximum
probe potential.

3.1.1. Thermal response of the electrode

The probe electrode will face the toughest operating conditions in
the driver: for this reason, the thermal analyses of the electrode be-
haviour have been performed while considering the plasma properties
in this region. When floating with the plasma, a tungsten electrode of
length L = 5 mm reaches a temperature of 2071, 1888 and 1789 K for
a diameter d of 0.05, 0.23 and 0.5 mm respectively.

However, this steady-state temperature changes when the probe is
biased with respect to the plasma potential: indeed, as described by Eq.
(5), the plasma power flux impinging on the electrode also depends on
the probe bias.

Fig. 3 shows the probe voltage (a), the power density on the elec-
trode (b) and the temperature reached by the electrode (c) as a function
of time. It can be noticed that, besides the electrode dimensions, the
temperature reached by the latter also depends on both the sweeping
time 47, defined as the time needed for a probe potential ramp, and
on the range of the potential sweep. In this regard, Fig. 4 shows the
maximum temperature reached by the electrode while varying both the
maximum probe potential and the sweep time.

In order to keep the electrode temperature safely below the tungsten
melting point (T = 3695 K), one should either perform scans with long
sweeping time but reduced potential sweep, or the other way around.

3.1.2. Requirements on the acquisition system

The maximum collected current I;';Z’b‘e is directly proportional to the
probe collecting surface, therefore the electrode dimensions also deter-
mine the power supply requirements. The acquisition system design is
also affected by the duration of the probe potential sweep: indeed, by
using a too small At, the sampling of the CV curve is less effective. For
instance, given a 100 kS/s sampling rate and 4t = 0.01 s, the CV curve
would be sampled with only 1000 points and the signal analysis would
be of difficult interpretation. On the other hand, using a large sweeping
time allows both to sample the curve with much higher precision and
to average out the low-frequency noise components related to plasma
oscillations [12], although the thermal load can become excessive for
high probe voltages and too small electrode.

3.1.3. Tungsten and molybdenum sputtering

The exposed surface of the probe support can be metallised be-
cause of sputtered tungsten or molybdenum coming from the electrode
itself or the source walls respectively. This can cause the probe col-
lecting surface to change, reducing the consistency between different
measurements (see Fig. 5).

Previous experience in SPIDER has shown that, by inserting thin
alumina tubes at the basis of the probe electrode, sputtered tungsten
cannot deposit continuously as the tubes are heated up to temperatures
larger than the alumina melting point, thus they are cyclically cleaned
(Fig. 6). As the alumina tubes are melted, a larger fraction of the
electrode surface is exposed, so that (also in this case) the collecting
area changes. However, this variation can be tracked by periodically
verifying the probe response to a reference plasma discharge with
identical source parameters.

3.1.4. Richardson electrons

When the probe is positively biased with respect to the plasma, the
probe electrode is heated up to very high temperatures. In these con-
ditions thermionic emission can take place. Fig. 7 shows the expected
Richardson electrons available at the probe surface normalised to the
positive ion saturation current for the electrode temperature values of
the red profile in Fig. 3b. Child’s limit for the actual emission to the
plasma was not considered here; however, the results shown in Fig. 7
imply that, by operating the probe below ~2200 K, accurate results can
be obtained even without taking into account this contribution.

However, Richardson electrons are no longer negligible for tem-
peratures higher than 2200 K, so they must be accounted for when
analysing the CV characteristics. If the ramp-up phase of the probe
voltage starts from a cold electrode, the thermionic emission will only
take place after the probe electrode is sufficiently heated. However,
as long as the V' > V) condition is verified, the Richardson electrons
cannot leave the electrode surface, so they can be collected by the probe
for V' < Vp. This will cause a hysteresis-like behaviour that might help
in the estimation of this contribution, although this reasoning holds for
the first measurement of the experimental session only.



V. Candeloro et al.

65

(V)

max
robe

v

Fig. 4. Maximum temperature reached by the electrode for d = 0.05 mm, d = 0.23 mm, d = 0.5 mm as a function of the maximum probe potential V,,

time Ar.

Fig. 5. Deposited W or Mo on the surface of a fixed triple Langmuir probe operated
in SPIDER.

Fig. 6. Melted thin alumina tubes insulating the electrodes of a double Langmuir probe
operated in SPIDER.
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Fig. 7. Expected Richardson electron current j, density normalised to the positive ion
saturation current density as a function of the electrode temperature. The considered
tungsten work function is 4.5 eV.

3.2. Probe support

The probe support consists of a bare alumina (Al,03) tube or multi-
bore tube either with or without a molybdenum (Mo) shielding thin
tube (design 1 and 2 in Fig. 8 respectively); the presence of an external
metallic surface makes the probe support structure similar to a coaxial
cable, possibly shielding the RF noise, thus improving the quality of the
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Fig. 8. Simplified schematics of two different designs for the probe support.

collected signal. The multi-bore tube solution is considered with a view
to design future probe heads with multiple electrodes, or even to allow
the installation of a thermocouple to monitor the support temperature.
Both designs have already been employed in the SPIDER ion source.
The probe support is required to survive inside the ion source for
a sufficiently long time to perform either single or multiple measure-
ments. According to Fig. 2a, the power density profile is not uniform
along the source axis, showing a peak value of roughly 400 kW/m?;
however, in order to guarantee a safety margin, the thermal analyses of
both designs were performed while considering a constant power flux
profile P(z) = P, = 450 kW/m? for the entire support length, which
is roughly 40 cm. Fig. 9 shows the maximum temperature reached by
the (Al,05) tube as a function of the exposition time, with and without
the Mo shielding (design 1 and 2). The bare alumina design yields a
maximum exposition time of t+ = 10 s, whereas in the shielded design
the alumina tube resists to the thermal load for a longer time, reaching
its critical temperature at t = 18 s; however, the external molybdenum
rapidly heats and reaches a temperature close to its melting point:
this can be an issue for the other probe components which are in
contact with the support, as for instance the manipulation system (see
Section 4), since the cumulated heat would be inevitably transferred.

3.2.1. RF compensation

The probe will be operated in a RF environment, therefore it is nec-
essary to limit the RF noise via both passive and active compensation.
Dealing with the former, the use of a compensation electrode [13,14] is
needed especially for measuring low electron temperatures, thus mainly
in the expansion and extraction regions. As explained in the following
section, this Langmuir probe will be at first operated without an RF
compensation electrode: indeed, the initial phase of the resumption of
SPIDER operations will be mainly devoted to the characterisation of the
new solid state amplifiers, therefore a simpler probe design that can be
routinely operated is preferable.

Active compensation is performed by means of LC notch filters,
which can be installed either:
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Fig. 9. Temperature reached by the alumina tube and Mo shielding as a function of
time while exposed to a constant power density flux of 450 kW/m?.

(a) as close as possible to the electrode-cable transition, in a very
limited space: to this purpose, SMD-based components should
be used given their reduced dimensions, although a preliminary
characterisation of their behaviour at high temperatures would
be mandatory;

further away from the electrode-cable transition, using standard
components; in this case, the filters are not necessarily mounted
on the probe support and this would significantly simplify the
probe head design.

(b

=

3.3. Design proposals

The probe head, its support, and manipulation system are integrated
in the beam source, which is biased at high negative voltages (up
to —100 kV) with respect to the surrounding vacuum vessel, making
the probe maintenance rather impractical; at the same time, the as-
sessments discussed in this section imply that, at full performances of
the RF driver, the expected heat load and particle flux on the probe
yield quite demanding constraints for the design. For this reason, we
identified a set of requirements for the probe to support the source
operation, depending on the experimental phases of SPIDER:

+ 1st phase: focus on the resumption of the operation with new
RF circuit and drivers [15,16]. The axial density profile in the
driver will be derived from the ion branch of the current-voltage
characteristics; the electron temperature, expected to vary in the
10-20 eV range, will also be estimated; the dependence of the
plasma properties on the source parameters will be investigated.
2nd phase: focus on negative ion beam optimisation. The probe
will assess the role of the filter field in the optimised mag-
netic configuration [17]; the electron temperature is expected to
decrease from 20 eV down to 1-2 eV.

3rd phase: focus on the plasma characterisation via movable
probe together with spectroscopy: optimisation of the discharge
parameters and influence of the EEDF in the driver on the neg-
ative ion precursors in the plasma and on the extracted beam
current.

A single Langmuir probe that can address all the physical and technical
requirements, while at the same time guaranteeing no failure and
providing the required support in reaching the aims of the experimental
campaigns, cannot be designed: for this reason, three different probe
head types are proposed.

3.3.1. Driver probe

A robust design is proposed, with a probe head composed of an
electrode with 0.5 mm diameter and 5 mm length, without RF com-
pensation electrode, using a bare alumina tube as probe support (as
design 2 in Fig. 8), with LC filters not integrated in the probe support.

Fusion Engineering and Design 190 (2023) 113652

This probe will measure the plasma properties inside the driver while
varying the source parameters, which will be extremely helpful in the
early SPIDER operations devoted to the commissioning of the new RF
amplifiers.

3.3.2. RF compensated probe

On the basis of the experience gained by using the aforementioned
driver probe, the design will be modified to host an RF compensation
electrode and to include the LC filters in the probe support, so that an
accurate characterisation of the axial profiles can be performed. With
SPIDER being past its first operational phase, some limitations on the
source parameters (i.e. RF power/driver) can eventually be applied.
Such probe could also be suitable for accurately measuring the EEDF
provided that both passive and active RF compensation are integrated
and that a thin electrode is used.

4. Integration in the SPIDER source

In order to integrate the probe in the SPIDER ion source [18],
several aspects such as the endurance to the thermal stresses, space
availability and vacuum compatibility need to be addressed. The main
constraint was derived from the thermal analyses on the probe sup-
port, i.e. the maximum exposure time: the choice of the manipulation
system and, consequently, the integration in the ion source have been
addressed accordingly. Another important constraint is the absence of
space for the integration of the actuator close to the ion source.

4.1. Choice of the actuator

The manipulation system impacts the probe measurements from
different points of view: first of all, it defines the maximum probe
stroke, that can be considered to be equal to the travel length of the
manipulator. It also determines whether single or multiple measure-
ments can be performed during a single exposition of the probe to the
plasma, and also how many exposures the probe can endure during
an experimental session. Furthermore, the source operation might be
limited by the performances of the actuator, forcing operation in short
plasma pulses anytime the probe is used. We can define 7;,, and 7,,,,,
as the exposure time of the probe head and its support respectively,
and r,,,, as the time required to position or pull-out the probe from the
ion source. In this sense, the main figure of merit for the manipulator
choice would be the ratio 7, while guaranteeing that

medS/TVVIUU’ meas +
Twow < Tiim- Of course, a faster probe movement reduces the melting

mov —
risk. In addition, the waiting time between two subsequent uses is also
influenced by the choice of the actuator: the faster the manipulator,
the lower the temperature of the probe components, so that the time
required for the latter to cool down before the following measurement
is reduced.

The SPIDER source is entirely enclosed in a vacuum vessel: for
this reason, all the components of the probe — and not only the ones
exposed to the plasma — are required to be vacuum-compatible. In
addition, Non-Evaporable Getter (NEG) pumps will be installed during
the on-going SPIDER shutdown to improve the pumping system [19]:
this entails further complexity since, in order to guarantee a correct
operation of the NEG pumps, all the chosen materials need to be
fluorine-free and must not be affected by the high temperatures reached
during the NEG regeneration.

On the basis of all these aspects, the Tecnotion® ULV linear actua-
tor [20] was chosen as it complies with all the requirements. The basic
working principle is the following: a plate equipped with coils supplied
by three-phase alternating currents (called coil unit) slides along a track
made of permanent magnets yokes thanks to the coupling between
the magnetic field and the inductors. As the coil unit moves without
friction, this system reaches relatively high speeds (up to tens of cm/s
without load) and, in addition, it allows to easily pull the probe in case
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Fig. 10. Chosen probe access on the driver backplate (left), rear view of the SPIDER ion source with all its components (centre), evaluation of the distances from other source

components (right). All dimensions are in mm.
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Fig. 11. Simplified scheme of the probe support-stainless steel tube transition. All dimensions are in mm.

of malfunctions. This is a unique feature, in comparison to standard
axial actuators based on endless screws.

The coil unit is 259.9 mm long, whereas the length of a single
permanent magnet yoke is 150 mm: by using four of the latter, the max-
imum available probe stroke will be (4 x 150-259.9) mm = 340 mm,
that allows to cover both the driver and most of the expansion chamber.

4.2. Interface with the plasma source and sliding tube

The probe will enter the SPIDER source volume from one of the
backplates of the eight RF drivers. The backplate is equipped with
several ports, as shown in Fig. 10. We considered the access in the
proximity of the driver centre, to allow measuring the plasma profile
along the axis of the driver. This requires the probe design to guarantee
vacuum holding, especially because this access is also used for gas
injection. As mentioned, the actuator will be located far behind the
driver backplate, due to the presence of busbars, RF lines, gas lines,
diagnostics and other services of the ion source. The plasma-facing part
of the probe support (either Mo-shielded or not) will be connected to a
700 mm long stainless steel tube, having an inner and outer diameter
adequate to realise the transition as shown in Fig. 11, which can be
secured by means of alumina-based ceramic glue.

In correspondence of this transition, the tungsten electrode will be
connected to a Kapton-insulated cable that will carry the probe signal
out from the ion source. For a non-shielded alumina tube, we expect
a low operating temperature for the stainless steel tube as it is never
exposed to the plasma, and moreover the alumina tube is sufficiently
long to minimise heating by conduction.

To shield the probe from RF-induced breakdowns or contact with
other elements, the former will slide inside an additional tube of either
stainless steel or aluminium of approximately 600 mm length. On the
source side, it will be fixed to a KF25 junction hosting the gas injection
system (see also Section 4.3). As shown in Fig. 11, the two conducting
tubes will be shielded from each other by means of three ceramic (or
peek, which is self-lubricating in vacuum) washers: the latter have the
double function of ensuring the probe alignment and of limiting the
gas conductance out of the ion source. In order to guarantee the probe
alignment and sliding, these washers should be thick enough (washers
5 mm thick are commercially available) and will be fixed on the moving
tube. A CAD view of all these components is shown in Fig. 12.

4.3. Interface with manipulation system

The actuator is installed on a rigid support, as shown in Fig. 13.
The permanent magnet yokes are fixed on an aluminium/stainless steel
plate which also hosts a vacuum-compatible linear motion ball-type
rolling guide. The linear guide is used to support the movable coil
unit of the motor, as well as the probe shaft. This system allows the
coil unit to slide at the centre of the magnet yokes. The horizontal
alignment of the linear guide is essential, and will be corrected by
moving the whole assembly (light blue in Fig. 13). The probe shaft
will be fixed by means of two clamps, as shown in Fig. 13, allowing
the refinement of the probe vertical alignment during the installation
in the ion source. We estimated that with an alignment tolerance of
0.7 mrad of the linear guide, the transverse misalignment of 1 mm at
the driver entrance could be easily accommodated by the rigidity of
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Fig. 12. CAD section of the probe: the alumina tube (probe support), inner stainless steel tube, ceramic washers and the shielding outer tube are visible.

Fig. 13. Stainless steel plate hosting the permanent magnet yoke and the linear motion
ball-type rolling guide.

the probe shaft assembly without opposing a significant force to the
actuator movement. If larger horizontal misalignments will be detected
during the installation, one of the two aforementioned clamps will be
modified accordingly to allow a degree of freedom on the transverse
position. The proposed design with the linear guide above the coil
unit allows an easier support of a cable chain, hosting cables of the
coil unit but also probe cables (not shown in Fig. 13). Finally, the
coil unit will be connected to an absolute encoder in order to allow a
precise determination of the probe position during the measurements. A
comprehensive CAD view of the entire system integration in the SPIDER
source is shown in Fig. 14 (cable chain not shown).

4.4. Integration with other diagnostics

The access chosen for the probe is shared with one of the lines of
sight of the plasma light (PL), which is one of the fundamental SPIDER
diagnostics [11]; indeed, the PL is a simple yet essential tool in support
of the source operation as it allows a direct comparison among the
eight different drivers, as long as its line of sight (LoS) is at the same
relative position in all drivers (i.e. next to the driver’s axis). In its
current configuration, the PL telescope is installed parallel to the same
access chosen for the movable probe: to preserve the PL measurement,
a custom junction has been designed with an integrated mirror, with
the telescope installed perpendicularly to the LoS.

Fig. 15a sketches the integration of the movable probe with the
gas injection line and the PL telescope. Fig. 15b shows a section view
of the junction: the left side connects to the tube integrating the gas
injection system, whereas on the right side the junction supports the
probe shielding tube and the manipulation structure. The openings are
misaligned in such a way to leave enough room for the LoS, while
mounting the telescope on the top aperture: to do so, a mirror is
required (light blue element in Fig. 15) to re-direct the PL signal. This
design also allows the probe to be centred with respect to the shielding
tube, as in Fig. 12.

Fig. 14. CAD view of the SPIDER ion source inside the vacuum vessel with the entire
probe system.

5. Conclusions

The design of a movable Langmuir probe system to be permanently
installed in SPIDER is presented in this contribution. The main physical
and technical aspects were discussed in order to define the main
requirements of the design.

Most of the choices were based on previous experience with Lang-
muir probes in SPIDER, both with bare and shielded alumina supports
which, owing to the limited performance of the drivers, were success-
fully operated without employing a fast manipulation system as the
one envisaged for this project. A fast in-vacuum actuator system was
designed to maximise the number of measurements, while minimising
the time required for moving the probe in position. This is a key result
of the design, given the short survival time of the Langmuir probe head
and of its support in the high plasma density of SPIDER drivers. At
full performance of 100 kW/driver, the estimated survival of the probe
head is of the order of tenths of seconds, while for the probe shaft
support it is of the order of tens of seconds.

The preliminary design of the system is now completed and the final
design is under way, aiming at getting the system ready for installation
and commissioning before the next experimental phase of SPIDER,
scheduled for late 2023.
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Fig. 15. (a) sketch of the integration on the axial driver port (b) custom-designed junction to hold both the probe and the plasma-light telescope.
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Appendix. Current collection model

Depending on the difference between the probe potential V' and the
plasma potential Vp, both defined with respect to the same reference
potential, the probe electrode will either collect positive or negative
charges. More precisely, if V' < V), electrons close to the electrode are
repelled and positive ions are collected; analogously, when V' > V),
negative charges will be collected. By analysing the Current-Voltage
(CV) characteristics of the probe, several plasma parameters can be
derived. The probe current is the sum of the positive ion, electron and
negative ion contributions [21,22], labelled I,, I, and I_ respectively:

Ly (V) = 1L,(V)+ L,(V)+ I_(V) (A1)

The positive ion current reads:

1+«
1) = —an, Aoy Vg [ 10 (A.2)
for V < Vp, whereas for V > Vp:
1 84T, V-V
I,(V)= —an+Ag m exp | — T, (A.3)

where ¢ is the elementary charge, n, is the positive ion density at
sheath edge, up = (¢T,/m, )" is the Bohm ion speed, « = n_/n, is the
plasma electronegativity, y = T,/T_ is the ratio between electron and
negative ion temperature, T, is the positive ion temperature (in eV),
m, is the ion effective mass, A, is the geometrical collecting surface
of the probe and A, is an effective collecting surface which accounts
for the sheath expansion, thus it depends on the probe voltage. The
electron current contribution can be written as:

84T, V-V,
e exp < P> (A.49)
m, T,

e

1
1,V) = aneAg

for V < Vp, whereas for V > Vp:

84T,

m

1
1,(V)= aneAg

e

V-V, V-V, V-V,
-2 P+exp P Verte P
T, T, T,

where n, is the electron density at sheath edge, T, and m, are the
electron temperature in eV and the electron mass respectively. Finally,
the negative ion contribution is defined as:

(A.5)

I_(V)=0 (A.6)
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for V' < Vp, whereas for V > Vp:

qT
I(V)=qn_A, m—+ (A.7)

where n_ and m_ are the negative ion density at sheath edge and mass
respectively. Fig. A.16 shows a numerical example of the current /,,,,,
collected by a Langmuir probe as a function of the difference between
its potential V,,,,, and the plasma potential Vp, assuming a cylindrical
electrode of diameter 0.25 mm, length 5 mm.
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