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GyM is a linear plasma device operating at Istituto per la Scienza e Tecnologia dei
Plasmi, Consiglio Nazionale delle Ricerche, Milan, with the original aim of studying
basic plasma physics, such as turbulent processes. Since 2014, GyM experimental
program has been mainly focused on the issue of plasma-material interaction (PMI)
for magnetic confinement nuclear fusion applications. GyM consists of a stainless
steel vacuum chamber (radius and length of 0.125 m and 2.11 m), a pumping system,
a gas injection system, 10 magnetic field coils and two magnetron sources at
2.45 GHz, capable of delivering a total microwave power up to 4.5 kW. Highly
reproducible steady-state plasmas of different gas species, at a maximum
working pressure of ~10−1 Pa, can be obtained by electron cyclotron resonance
heating in the resonance layer at 87.5 mT. Plasmas of GyM have electron and ion
temperature ≤15 eV and ~0.1 eV, respectively. The electron density is in the range of
1015–1017 m−3 and the ion flux is ≤5 × 1020 ions·m−2s−1. Main plasma diagnostics of
GyM comprise Langmuir probes, an optical emission spectrometer, a mass
spectrometer and a fast camera system equipped with an image intensifier unit.
For the purpose of investigating the topic of PMI, GyM is provided with two sample
exposure systems. Both are biasable at a negative bias voltage down to −400 V, to
tune the energy of the impinging ions. One of them is also equipped with a heating
lamp and can reach and sustain a temperature of 990 K for several hours, thus
allowing to study the role of sample temperature during the plasma-material
interaction. This contribution presents the layout of GyM, the diagnostics, the
sample exposure systems and the typical plasma parameters. A brief overview of
the main PMI activities carried out so far and a description of future machine
upgrades are also given.

KEYWORDS

nuclear fusion, tokamak, linear plasma device, GyM, plasma-facing components, plasma-
material interaction

1 Introduction

Plasma-wall interaction (PWI) is one of the most critical issues with respect to the
performance, safety and availability of future fusion reactors, like ITER and DEMO [1–3].
In these tokamaks, PWI conditions will be defined by high particle and heat fluxes to the
plasma-facing components (PFCs). In particular, ion flux ≤ 1025 ions·m−2s−1 and nominal heat
load of 10 MW/m2 for steady-state operation are expected on the divertor tiles of ITER [4]. The
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main chamber wall will have to withstand a “less extreme” but still
harsh environment consisting of charge-exchange neutral (CXN)
fluxes of 1021 neutrals·m−2s−1, with the largest fluxes at energies of
the order of up to 200 eV, and heat load of 1.0 MW/m2 [5, 6]. Among
the different and strongly interlinked PWI processes, erosion of the
first-wall by plasma ions and CXNs sputtering will limit the lifetime of
the PFCs in a fusion reactor. Sputtered materials can be transported
within the tokamak vacuum vessel, possibly affecting the purity of the
plasma, and be finally deposited, especially on remote wall
components. In addition, a significant amount of radioactive
tritium can be stored through co-deposition [1, 2], posing a severe
safety problem. The understanding of material migration, i.e., the
process cycle of material erosion, transport, and deposition, is
therefore one of the key issues for a successful and safe operation
of ITER and beyond [3] and needs urgently to be addressed, both by
experiments andmodelling [1]. Operative tokamaks are close to future
reactors with regards to many relevant discharge parameters.
However, there are still significant gaps considering some
important PWI factors, such as particle fluxes and fluences to
PFCs, as well as their temperature and elemental composition.
Linear plasma devices (LPDs) have been used to fill these research
gaps in a cost-effective fashion [1, 2]. They are excellent test beds to
answer specific questions of plasma-material interaction (PMI). In
LPDs, the material to be investigated can be exposed to pre-selected
conditions to simulate the environment of the fusion reactor plasma
boundary. Unlike what happens in modern tokamaks, the plasma of
LPDs is, in general, steadily sustained, thus allowing to reach, in some
cases (see [7], for example), ion fluences relevant to the ITER divertor.
Moreover, LPDs are more flexible than tokamaks, have better
accessibility and the exposure conditions are more controllable,
reliable and reproducible. A few examples are: PISCES facilities
[8–13], PSI-2 [14] and Magnum-PSI [15].

This contribution describes the linear plasma device GyM
operating at Istituto per la Scienza e Tecnologia dei Plasmi (ISTP),
Consiglio Nazionale delle Ricerche (CNR), Milan, and its applications.
GyM was originally designed and built in 2008 to investigate basic
plasma physics phenomena like turbulence and coherent structures,
typical of tokamak scrape-off layer (SOL) [16–18]. Since 2014, the
experimental program has been mainly focused on the study of PMI
for fusion applications [19–30]. Most of the PWI activities have been
and are presently carried out within the framework of the EUROfusion
Consortium work-package plasma-facing components (WP-PFC) [3],
during Horizon 2020, and its prosecutor WP plasma-wall interaction
and exhaust (PWIE), in the incoming Horizon Europe. In GyM, highly
reproducible uniform plasmas of different gas species can be obtained
and steadily sustained by electron cyclotron resonance heating
(ECRH) using two magnetrons at 2.45 GHz and a set of magnetic
field coils which provides the ECR zone at 87.5 mT.When considering
microwave sources, the plasma is generated with no internal
electrodes, allowing operation with reduced impurity production,
unlike what happens when the more common arc sources are used.
The setup is also simpler since the former do not require a differential
pumping system to decouple the high pressure source chamber from
the low pressure exposure region (as in PISCES-A [8, 9], PISCES-B
[10], PSI-2 [14] and Magnum-PSI [15]). The main drawback of
microwave sources is the theoretical limit on the maximum
achievable plasma density at the density cut-off (which increases
quadratically with the microwave frequency; the cut-off electron
density for 2.45 GHz is ~7.5 × 1016 m−3), above which

electromagnetic waves sustaining the plasma are reflected and
cannot penetrate the higher density region (the use of new schemes
of plasma heating, such as the excitation and absorption of electron
Bernstein waves, for the production of over-dense plasmas are
currently under investigation by the ECR plasmas Community
[31]). The plasma of GyM, as most of the other ECR plasmas [32],
is non-thermal (collisions are very rare due to the low working
pressure, see below) and non-isotropic (as a consequence of the
combined effects of electromagnetic and static magnetic fields).
Despite this, it was demonstrated in [33] for argon (Ar), that the
plasma of GyM is well described by a Maxwellian distribution. From
Langmuir probe data analysis, plasmas of GyM have an electron
temperature Te ≤ 15 eV. The electron density, ne, is in the range of
1015–1017 m−3 and the ion flux Γ ≤ 5 × 1020 ions·m−2s−1. Since GyM
exploits ECRH to sustain the plasma and considering the
aforementioned values of density, ions remain cold (Ti ~0.1 eV)
because the collisional electron-ion equipartition time is much
longer than the particle lifetime. For convenience of the reader, the
main features of GyM are summarized in Table 1.

From the PWI point of view, the ion flux of GyM lies between the
values of ion beam sputtering facilities [34] and those of LPDs based
on arc plasma generators [2]. In particular, it is comparable to the
hydrogen isotope CXN fluxes that will impinge on the main chamber
of ITER [5] and the recessed elements of the DEMO first-wall [35]. Ion
energies of a few hundred eV, which are the more typical for CXNs,
can be obtained applying a proper negative bias voltage to the samples
exposed to the plasma of GyM. By making the assumption that
materials interactions with ions or neutrals having the same energy
are substantially the same, one can conclude that GyM is suitable to (i)
mimic PWI in ITER and DEMO, outside the divertor. It is important
to stress that a full-day of operation of GyM (7 h) allows to reach ion
fluences in the range of 1.0 × 1025 ions·m−2 which are roughly
equivalent to the cumulative CXN fluence impinging on the main
chamber of ITER after ~50 discharges.GyM has been also used to: (ii)
preliminarily characterize materials candidate for PFCs, like the
investigation of the deuterium (D) retention of liquid tin (Sn), and
(iii) obtain spectroscopic data, such as the ionization events per
photon (S/XB) values of Sn and tungsten (W), (iv) develop new

TABLE 1 Summary of the main features and plasma parameters of GyM linear
device located at ISTP-Milan.

Sources 2 Magnetrons at 2.45 GHz Power of 1.5 kW and 3 kW
Steady-state

B field ≤0.13 T

Base pressure 5.0 × 10–6 Pa

Working pressure 1.0 × 10–1–1.0 × 10–3 Pa

Electron density ne ≤1.0 × 1017 m−3

Electron
temperature Te

≤15.0 eV

Ion temperature Ti ≤0.1 eV

Ion flux Γ ≤1.0 × 1021 ions·m−2s−1

Ion fluence Φ 1.0 × 1025 ions·m−2

After 7 h experiment

Plasma diameter 0.25 m
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diagnostic methods, devoted for example to the absolute
quantification of the ammonia produced in the plasma and (v)
provide data for the benchmark of edge and PMI codes, like
SOLPS-ITER [36] and ERO2.0 [37].

This paper is organized as follows. The layout of GyM, the
diagnostics and the sample exposure systems are discussed in
Section 2. The typical plasma parameters are presented in Section
3. The main PMI activities carried out so far are reported in Section 4.
Finally, conclusions and the description of future machine upgrades
are given in Section 5.

2 GyM linear plasma device

GyM consists of a stainless steel (SST) vacuum chamber, a
pumping system, a gas injection system, 10 magnetic field coils,
two magnetron sources at 2.45 GHz, a set of diagnostics and two
manipulator systems for PMI experiments. Highly reproducible
plasmas of different gas species can be obtained and steadily
sustained by ECRH in the resonance layer at 87.5 mT. A

photograph and the layout of GyM are shown in Figure 1. All
the relevant components of GyM will be discussed in the
following.

2.1 Vacuum vessel

The AISI 304L SST vacuum vessel of GyM is 2.11 m in length and
25 cm in diameter. It is electrically grounded. As one can see from
Figure 1, the vessel is divided into six sectors and it is provided with a
total of 29 ConFlat (CF) vacuum ports plus the 2 CF250 cylinder bases,
for pumping, plasma heating and diagnostics. In the following, each
port will be indicated by the number of the sector (see Figure 1C for
sector numbering), followed by one or two letters among “U” (up),
“D” (down), “L” (left) and “R” (right) according to the orientation of
the port (please refer to Figure 1B for the left and right side of GyM).
For example, port 3UR is the CF40 port in sector 3 at 45° between
CF40 ports 3U and 3R. Two pumping lines are connected to the
CF160 ports 2D and 6D. They both comprise a turbomolecular pump
of 500 L/s backed by a rotary vane pump of 6.7 L/s. A base pressure of

FIGURE 1
A photograph of GyM (A). Schematics of the device (B–D) with the main components in evidence. The lateral (C) and the top (D) views show the sector
and coil numbering, respectively.
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5 × 10–6 Pa can be achieved after a day. Two identical double Bayard-
Alpert/Pirani gauges are mounted on the CF40 ports 3D and 5D to
monitor the vacuum status. They are installed at a distance greater
than the outer diameter of the coils to protect them from the magnetic
field (see Figures 1B, C). Gas injection takes place through a nozzle
from the base of the vacuum vessel cylinder of sector 1 (see Figure 1B).
The gas inlet system also includes three mass flow controllers. The full
scale value is 50 sccm for two of them and 10 sccm for the third one
(sccm stands for standard cubic centimeters per minute at standard
ambient temperature and pressure). It is thus possible to puff up to
three different gases in the vacuum vessel of GyM. The working
pressure is usually in the range 10–1–10–3 Pa. Hydrogen (H),
deuterium, helium (He), argon, nitrogen (N) plasmas have been
considered so far. Moreover, nitrogen seeded deuterium (and
hydrogen) plasmas (also with the addition of argon or helium) and
helium plus ammonia mixed plasmas were used in the frame of the
investigation of the ammonia production and decomposition in
GyM (see Section 4; [20, 21, 25, 30]). A 3 mm thick SST liner
(2 m in length and 20.6 cm in diameter) with a plasma-sprayed
tungsten coating (50 μm in thickness and an average roughness
of 10 μm) on the inner surface was provisionally installed in
GyM to study the role of the wall material in the ammonia

formation process. Two photographs of the interior of the
vacuum vessel of GyM w/o and w/the liner are shown in
Figure 2. The threaded bushings supporting the liner may be
also seen in image 2a.

2.2 Magnetic system

Ten identical oxygen-free copper coils surround the vacuum
vessel of GyM (see Figure 1). They are connected in series. Each coil
is made of two independent two turn (conductor size: 20.83 ×
15.75 mm2), nine layer pancakes which are sandwiched together
[38]. The two separate pancakes are wound in such a way that
the axial current components due to the two turn-to-turn
transitions cancel each other. Pancakes are water-cooled
individually. Coil thickness and inner and outer diameters are
9.2 cm, 52.2 cm and 83.0 cm, respectively. The current in the
solenoid is regulated by a 60 kW stabilized DC power supply
(50 V–1200 A).

The position of the ten coils is freely adjustable along the
mounting axis. The layout considered so far is shown in Figure 1.
As regards the magnetic field configuration, an axial magnetic field is
usually adopted. Optimization of the latter is possible changing the
current flowing in the solenoid (Icoils), depending on the specific goals
of each experiment. The magnetic field configuration with Icoils =
600 A is depicted in Figures 3A, B. Three different regions can be
identified: a “high” field region between coils 1 and 4 (please refer to
Figure 1D for the coil numbering) with B ~95 mT, a “low” field region
between coils 5 and 10 with B ~80 mT and a “transition” region
between coils 4 and 5 where the 87.5 mT fundamental harmonic ECR
layer at 2.45 GHz can be observed. The latter is also the region in
which the plasma is generated and sustained since the energy transfer
from the electromagnetic radiation launched by the 2.45 GHz
magnetron sources to the electrons is more efficient. The on-axis
magnetic filed ripple in the low field region, −0.45 m ≤ Z ≤ 0.9 m,
is < 1.8%.

A double cusp magnetic field configuration was also designed and
used to test the behavior of free liquid metal samples under plasma
exposure (see Section 2.5; Section 4; [23, 24]). It can be obtained by
current inversion in coils 7 and 8. The two-dimensional distribution of
�B and its value along the axis of GyM are shown in Figures 3C, D, for
Icoils = 600 A. The high field and transition regions, and thus the shape
of the fundamental harmonic ECR layer, do not change too much
compared to the axial magnetic configuration of Figures 3A, B, at the
same value of Icoils. The low field region is instead very different with
two cusps between coils 6 and 7 and between coils 8 and 9, where �B
goes to zero. Plasma heating at the ECR harmonics higher than the
fundamental could also take place. The cusp ratio (i.e. the ratio of the
maximum axial component of B at the point cusp, between coils 9 and
10, to the maximum radial component of B at the line cusp, between
coils 8 and 9) is 1.34.

2.3 Plasma sources

Plasma is sustained in continuous wave mode by means of
electromagnetic waves at the electron cyclotron frequency of
2.45 GHz using two magnetrons. The first microwave (μ-W)
system consists of an Alter SM1150 μ-W power supply driving an

FIGURE 2
Photographs of the interior of the vacuum vessel of GyM w/o (A)
andw/ (B) theW-coated liner. Pictures were taken from the CF100 quick
access door of sector 4, pointing the camera to sector 1. Different
Langmuir probes may be seen in the two figures. The threaded
bushings supporting the liner are also indicated in (A).
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Alter TM030 magnetron head that delivers a μ-W power up to 3 kW
(hereinafter “SM” source, see Figure 1B). The second system consists
of an Alter PM740 μ-W power supply driving an Alter
TM015 magnetron head that delivers up to 1.5 kW (hereinafter
“PM” source). Each μ-W generator is protected by a circulator. A
dual directional coupler monitors the forward and the backward μ-W
power. A three-stub tuner allows the impedance of the μ-W line to be
dynamically adjusted in order to match the variations in the
impedance of the plasma-filled chamber. Rectangular WR-340
waveguides propagating the TE10 mode and a water-cooled
rectangular quartz window complete the μ-W line. SM and PM
sources are connected to ports 2U and 6R of GyM (see Figure 1),
injecting the electromagnetic radiation perpendicularly to the
magnetic field lines in O-mode polarization (μ-W wavevector �k
and electric field �E both perpendicular to �B of GyM).

2.4 Diagnostic system

The plasma parameters are routinely measured by “homemade”
single Langmuir probes (LPs) which typically consist of a SST wire
partially covered by an alumina tube for electrical insulation. The
series circuit of each Langmuir probe comprises a voltage signal
generator, which is grounded, and an electrical resistor. The
plasma electrically connects the probe to the grounded vacuum
vessel creating a closed loop path in the circuit. The current-
voltage (I-V) characteristics are obtained applying a triangle wave
to the LPs. The triangle wave is customizable in terms of temporal
duration, triangle frequency, minimum and maximum voltage level.
The voltage across the resistor is measured and processed by the
acquisition system. The resistor voltage signal from up to 11 LPs can
be simultaneously measured at a sampling rate ≤250 kHz for each
channel. Each amplification stage consists of an optical isolator, a
100 kHz low-pass filter, and two signal amplifiers, one upstream
and one downstream of the filter, which can amplify the voltage
signal by a factor of 0.1–1 and 1–10, respectively. A measurement

usually lasts 1 s, at a triangle wave frequency of 50 Hz and in the
voltage range between −74.1 V and 74.1 V, with a sampling rate of
150 kHz, during which 100 I-V characteristics are collected for
each LP.

The plasma profiles of GyM can be obtained by installing the LPs
on three CF40 linear shifts with remote-controlled stepper motors.
The latter have a stroke of 15 cm. Figures 1B–D show typical locations
of GyM linear shifts (the stepper motors are colored in blue). The first
system is installed on the base of the vacuum vessel of sector 1 by a
reducer CF250-CF40 flange (port “0”), to measure the axial profile of
the plasma. The second and third linear shifts are installed on the
CF40 ports 3U and 5U, to obtain the radial profiles of the plasma. The
stroke of 15 cm allows, in principle, to measure the full radial profile of
GyM plasma parameters, by properly choosing the length of the SST
wire of the LP. The three single LPs have the naked part of the SST
wire, or tip (i.e. outside the alumina tube), with the major axis normal
to the machine axis (for this reason, the SST wire of LP 0 is bent at the
end, at a right angle, as the one shown in Figure 2B). Typical length
and diameter of the tips are 15 mm and 1.5 mm.

A high resolution (0.06 nm) spectrometer (Horiba Jobin Yvon) for
optical emission spectroscopy (OES) is used to measure the radiation
emitted by the plasma species and to identify the impurities, in the
wavelength (λ) range of 300–900 nm. The spectrometer consists of a
Czerny-Turner monochromator (iH550) coupled to a CCD camera
(Synapse), thermoelectrically cooled to 200 K. The entrance optics
comprises a focusing lens (f = 7.5 cm) and an optical fiber (5 m long
and 600 μm in core diameter). The optical system, including a CF40 fused
silica optical window, was absolutely calibrated on an optical table by a W
halogen lamp and a plane Lambertian diffuser in the 300–900 nm λ-range.

The analysis of vacuum vessel neutral impurities (e.g. compounds
of carbon, oxygen and nitrogen) is carried out with a Pfeiffer Vacuum
Prisma quadrupole mass spectrometer (QMS) 200. Its mass range and
resolution are 1–200 u and 1 u (at 129 u). The QMS has its own
differentially pumped vacuum chamber which is connected to GyM
via a 4 mm inner diameter hose. The nozzle of the hose’s flange is
installed on port 2U and it is provided with a needle valve to separate

FIGURE 3
The two-dimensional distribution of �B (A, C) and its value along the axis of GyM (B, D), at Icoils = 600 A, for the linear (A, B) and double cusp (C–D)
magnetic configurations. Schematic of the vessel and themagnetic field coils may also be seen. The length of the arrows of figures (A, C) is proportional to the
magnitude of �B. The blue dashed lines of figures (A, C) and the red dashed lines of figures (B, D) represent the magnetic field required for ECR at 2.45 GHz
(87.5 mT).
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GyM and QMS vacuum chambers. QMS vacuum system comprises a
turbomolecular pump of 180 L/s backed by a diaphragm pump of
1.1 L/s. The pressure is measured by a Bayard-Alpert gauge. The
background and working pressures of the QMS vacuum chamber are
10–6 Pa and ≤ 10−3 Pa, respectively.

A Photron Ultima APX-RS fast visible camera can be used to image
GyM plasmas and is capable of recording an image every 4 μs, at
maximum frame rate, and has a 1024 × 1024 array of 17 × 17 μm
complementary metal oxide semiconductor image sensors. The camera is
equipped with a Nikon (NIKKOR, 50 mm, f/1.4 aperture) objective lens
and with an image intensifier unit (Hamamatsu, model C10880-03) and a
1:1 relay lens. This imaging system is shared with Swiss Plasma
Center—Ècole polytechnique fédérale de Lausanne [18].

In the frame of the study on ammonia production in GyM plasmas
[20, 21, 25], a liquid nitrogen (LN2) trap was connected to the
pumping system 6D, between the turbomolecular and rotary
pumps, using a bypass valve. Since the ammonia condensation
point (240 K) is above that of nitrogen (77 K), ammonia molecules
contained in the exhaust gas of GyM stick on the LN2 trap surface. At
the end of the plasma discharge, the LN2 trap can be removed from
GyM and the ammonia quantification can be carried out by bubbling
and liquid ion chromatography (LIC).

2.5 Manipulators for PMI investigation

PMI experiments are carried out in sector 4 by using one of the
two stainless steel manipulators installed on GyM (see Figure 4).
The surface of the samples points toward the ECR layer that is
typically in sector 2. The first system is fitted to a rotatable
CF160 flange of the sample exchange chamber (SExC), which is
in turn connected to the CF100 flange 4R of GyM, see Figure 1D. A
manual gate valve separates GyM vacuum vessel from SExC. The
latter is also provided with turbomolecular pump of 230 L/s backed
by a rotary vane pump of 4.4 L/s, a Pirani gauge and a CF160 quick
access door for sample replacement. The manipulator consists of a
magnetically-coupled linear drive, a SST carrier head and a
molybdenum (Mo) sample holder (see Figure 4A). The linear
drive allows to transfer the carrier head and the sample holder

from SExC to the axis of GyM vacuum vessel. The carrier head
comprises a water-cooled copper (Cu) block, an alumina sheet for
electrical insulation and another Cu plate, all embedded in a SST
structure. The sample holder is fixed by two Mo screws on top of
the Cu plate and it can accommodate up to four 1 × 1 cm2 samples.
Since the specimens are actively cooled by the Cu block, this
manipulator will be labeled as “cold” in the following. Mo was
preferred to SST for the manufacturing of the sample holder (and
the screws) due to its lower erosion yield, Y (at the ion energies and
with the plasma species here considered), thus reducing the
sputtering and the possible deposition of particles on the surface
of the exposed samples. A grounded tantalum (Ta) shield is also
placed around the target holder to prevent the erosion of the carrier
head (YTa is even lower than YMo). Thanks to the alumina sheet, a
negative bias voltage down to −400 V can be applied to the samples
in order to tailor the energy of the incoming ions. The temperature
of the specimens is measured by a Inconel sheathed type K
thermocouple (ø = 1.0 mm), with the hot junction located
behind the centre of the Mo mask. Since the cold manipulator is
installed on a rotatable flange of the SExC, it is possible to change
the angle θ among the sample surface and the magnetic field lines of
the axial configuration, between two consecutive exposures
(Figures 3A, B). However, almost all the experiments with this
manipulator were carried out at θ = 90° (“normal” exposures) in
order to maximize the ion flux to the sample holder.

With the manipulator retracted in the SExC and the gate valve
between GyM vacuum vessel and SExC closed, it is possible to vent
the SExC and remove the holder from the quick access window.
Once the new samples are loaded in the target holder and the latter
secured on the carrier head, the chamber can be vacuumed. The
pressure reaches ~5.0 × 10–4 Pa (~2.0 × 10–4 Pa) after few hours
(after pumping overnight) and then the gate valve can be opened.
GyM background pressure increases from ~10−6 Pa to ~10−5 Pa
(does not change).

The second manipulator is installed on the CF40 flange 4D (see
Figure 1C) and can be moved along the radial direction by means of
a handwheel and a bellow. The R-range is of 15 cm. When the
bellow is fully stretched, the target holder is completely extracted
from the cylindrical vacuum vessel of GyM. When the bellow is

FIGURE 4
Photographs of: the coldmanipulator from the CF160 quick access door of SExC (A) and the hotmanipulator from the CF100 quick access door of sector
4 (B). Different sample carrier heads of the hot manipulator (C). Top and bottom left: the carrier heads for normal and 45° exposures with the SST holder which
can accommodate up to four 1 × 1 cm2 samples. Top-right: the carrier head for normal exposures with the Mo holder which can accommodate up to two 1 ×
2 cm2 samples. Bottom-right: SST horizontal carrier head with a SST tray, overall size of 20.4 × 18.4 mm2, and a liquid tin droplet in the centre.

Frontiers in Physics frontiersin.org06

Uccello et al. 10.3389/fphy.2023.1108175

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1108175


fully compressed, the target holder lies on GyM axis. The
manipulator consists of a SST cylinder which terminates with a
SST carrier head and a sample holder (Figure 4B). The latter two
are electrically insulated from the ground potential at the cylinder
by an alumina ring. A negative bias voltage down to −400 V can
thus be applied to the samples. A water-cooled heat lamp is also
embedded in the manipulator body and can heat the rear side of the
samples up to ~1000 K to study the role of material temperature
during PMI experiments. As such, this manipulator will be labeled
as “hot” hereinafter. The temperature of the carrier head is
measured by a Inconel sheathed type K thermocouple (ø =
0.5 mm) with the hot junction located near the target holder.
The samples can be kept at a constant temperature by means of
a proportional-integrative-derivative, PID, controller which
regulates the power to the heat lamp using the temperature read
by the thermocouple or by the pyrometer, see below, as the process
variable. Different SST carrier heads and sample holders are
available for different purposes. They are depicted in Figure 4C.
The two upper panels show images of the carrier head for normal
exposures. The lower left panel shows the manipulator head for
exposures at θ = 45°. Keep in mind that, even though this angle is far

away from 90°, the ions impinging on the negatively biased sample
surface still arrive perpendicular to it due to the relatively low value
of GyM magnetic field [39]. This carrier head was sometimes
preferred to the normal exposure head since it allows to have
access to the sample surface by a diagnostic installed on the
CF40 flange 4U. This was done at the price of a reduced ion
flux to the target holder by a factor cos θ ≃0.71. In particular, an
Impac Infratherm 247/5 pyrometer can be used to directly monitor
the surface temperature of the samples, which is a critical
parameter to properly interpret the outcomes of PMI
experiments [22, 30]. Alternatively, the OES system can be
connected to port 4U to study the erosion of the samples, as
described in [23, 24].

Two different sample holders can be fixed with four (SST or Mo)
screws to the normal and 45° carrier heads. The first one is a SST
holder which can accommodate up to four 1 × 1 cm2 samples (upper
and lower left panels of Figure 4C). The second one is a Mo holder
which can accommodate up to two 1 × 2 cm2 samples (upper right
panel of Figure 4C).

A SST horizontal carrier head with a SST tray (overall size of
20.4 × 18.4 mm2) is also available. It was used, in combination with

FIGURE 5
Layout of the linear shifts (A). The first system was installed on port 0 to measure the axial profile of the plasma. The second and the third systems were
installed on ports 3U and 5U, to obtain the radial profiles of the plasma. Three cylindrical single SST LPs were installed on the shifts, with the major axis normal
to the machine axis. The length and diameter of the tips were 15 mm and 1.5 mm. Electron density, ne, temperature, Te, plasma potential, Vpl, and ion flux, Γ,
along the axial, Z (B), and radial, R (C), coordinate, measured for an Ar plasma, with SM source power of 1200 W, a pressure of 8.0 × 10–3 Pa and the axial
magnetic configuration with Icoils = 600 (A). Each scatter point is the average of the plasma parameter values obtained from three repeated measurements,
and the shadowed region represents the associated standard deviation. The dotted black line in the ne plot of figure (C) is the parabolic fit of ne,5U.
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the double-cusp magnetic configuration (Figures 3C, D), to expose
free liquid tin samples to the plasma of GyM [23, 24] (liquid metals
like tin and lithium have been proposed as possible alternatives to
solid PFCs, see Section 4), as shown in the lower right panel of
Figure 4C. The horizontal carrier can arrange only one sample at
a time.

The main drawback of this manipulator is that venting of GyM is
necessary to change the samples at the end of the exposure. The carrier
head is removed by using the CF100 quick access door installed on
port 4L (see Figures 1B, D). The whole procedure of venting the vessel,
replacing the samples and vacuuming the chamber to a background
pressure of ~10−5 Pa usually takes ~10 h. This limits the number of
exposures to one per day.

3 Plasma parameters of GyM

As mentioned in Section 2.4, the plasma profiles of GyM are
measured by three single LPs installed on CF40 linear shifts with
remote-controlled stepper motors. The axial and radial distribution
profiles of electron density, temperature, plasma potential (Vpl) and
ion flux obtained for an Ar plasma, with SM source power of 1200 W, a
pressure of 8.0 × 10–3 Pa and the axial magnetic configuration with
Icoils = 600 A (Figures 3A, B), are shown in Figure 5. The layout of the
linear shifts is the same as that described in Section 2.4 and it is
pictured in Figure 5A again, for convenience of the reader. Figure 5B
shows the axial plasma profiles measured with the LP installed on port
0 between 22 cm and 36 cm from the base of the vacuum vessel of
sector 1. Figure 5C shows the radial profiles measured by the two LPs
installed on port 3U (in red) and 5U (in blue), between 0 cm and
11 cm from the axis of the machine. The major axis of the two probes
is ~50 cm and 115 cm far away from the ECR layer. From Figure 3B,
Figure 5A, it is possible to notice that the three LPs allow to get insights
into the plasma properties of both the high and low field regions (“HF”
and “LF” regions in the following) on the left and right of the ECR
layer, respectively. The length and diameter of the tips were 15 mm
and 1.5 mm, for all the probes. Three measurements were done for
each axial/radial position, to make statistics. Each acquisition lasted
1 s, at a triangle wave frequency of 50 Hz and in the voltage range
between −66.7 V and 74.1 V, with a sampling rate of 150 kHz. The
modified version of the perimeter sheath expansion method described
in [33] was used to interpret the I-V characteristics. Each scatter point
of Figures 5B, C is the average of the plasma parameter values obtained
from the three repeated measurements, and the shadowed region
represents the associated standard deviation.

The axial plasma profile of electron density at the high field side
remains at about 2.5 × 1016 m−3 all over the range investigated
(Figure 5B). The electron temperature stays between 6 eV and 8 eV
from 22 cm to 32 cm and then increases to ~11 eV approaching the
ECR layer where the absorption of the electromagnetic wave by the
plasma is more efficient. The behavior of Vpl and Γ is similar to that of
Te since Vpl ∝ Te and Γ∝

��

Te
√

[40].
At the low field side, LPs 3U and 5U measured the same electron

density of 4.0 × 1016 m−3 on the axis (R = 0 cm), despite being ~65 cm
away from each other. It is also clear that ne,LF > ne,HF. We infer that
this is due to: (i) the higher connection length for electrons moving
from the ECR layer toward the base of the cylinder of sector 6 with
respect to those directed toward the base of sector 1 and (ii) the weak
magnetic mirror effect which could in principle better confine the

electrons in the LF region (see Figures 3A, B). They both lead to a
higher electron dwell time inside the LF region and in turn to a higher
electron-impact ionization rate of Ar atoms. The ne radial profiles
from LPs 3U and 5U are similar: ne,3U is flatter between 2 cm and 8 cm,
while ne,5U is well-fitted with a parabolic arch. Te radial profiles are
approximately constant with Te,3U ≳Te,5U, since LP 3U is closer to the
“hotter” ECR region. From this and Γ∝ ne [40], it follows that the ion
flux behaves like the electron density for the two probes and Γe,3U
≳Γe,5U. Both Vpl profiles have a parabolic shape and Vpl,3U ≳Vpl,5U due
to Vpl ∝ Te.

On the whole, the radial profiles of Figure 5C show that the plasma
properties are very similar moving along the axis inside the LF region.
In particular, the electron population is approximately isothermal
along a given flux tube. Considering the terminology of [40], GyM
operates in the so-called sheath-limited regime, where the features of
the plasma are mainly defined by the heat transmission properties of
the electrostatic sheath adjacent to the two bases of the vacuum vessel.

During PWI experiments in GyM, samples are exposed to the
plasma in sector 4, about halfway between LPs 3U and 5U (~30 cm far
from them). The centre of the sample holder is usually placed on the
axis of the vacuum vessel when the axial magnetic configuration is
considered (Figures 3A, B). In this case, the farthest point of the
samples is at a distance of R ~2 cm from the axis (see Figures 4A, B).
From Figure 5C, it is possible to conclude that the samples arranged on
the target holder are exposed to the same plasma conditions, especially
the ion flux, which is one of the most important figures of merit of
LPDs for PWI, is nearly constant in the range 0 cm ≤ R ≤ 5 cm.

4 Plasma-material interaction studies
on GyM

The linear device GyM was originally thought to investigate basic
plasma physics [16–18], as mentioned in Section 1. Since 2014, it has
been mainly used to study the issue of PMI for nuclear fusion
applications [19–30].

The main aspects of the PMI issue investigated with GyM are: (i)
the erosion dynamics of reduced activation ferritic martensitic
(RAFM) steels, like Eurofer-97, candidate for the recessed elements
of the first wall of DEMO [22], (ii) the effects of plasma on laboratory-
prepared nanostructured tungsten coatings used to mimic tokamak
W-based re-deposits [19, 29, 30], (iii) the adhesion of micron-sized
tungsten dust particles deposited on W substrates [26, 27], (iv) the
deuterium retention of divertor-relevant liquid tin [24], and (v) the
erosion of solid bulk Sn and W samples for the determination of the
spectroscopic parameter S/XB [23, 24]. As mentioned earlier, another
well-established activity is (vi) the study of ammonia formation in
nitrogen-seeded deuterium plasmas [20, 21, 25]. Some of these
activities and the main related results will be briefly described in
the following Subsections.

4.1 RAFM steels deuterium plasma erosion

As written in Section 1, GyM ion flux of 1020–1021 ions·m−2s−1 is
suitable to study hydrogen isotope CXN flux impinging on the
recessed elements of the DEMO first-wall. Among the possible
materials (tungsten, for example) candidate for these components,
bare RAFM steels are a valuable economical and technological option.
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They are iron (Fe)-based alloys containing small amounts of high-Z
elements, such as W. RAFM steel samples, and Fe-W coatings - model
systems of RAFM steels - were exposed to the deuterium plasma of
GyM at different fluences (Φ = 5.0 × 1024–2.5 × 1025 ions·m−2),
temperatures (Tsample = 600 K, 990 K) and ion energies (Eion =
120–320 eV) to study their erosion behavior. Fe-W coatings were
considered first [22]. The attention was then shifted to the more
complex and most prominent Eurofer-97. Recently, the erosion of
HiperFer and CroFer [41] has been also addressed, in order to extend
the investigation to other steels interesting for nuclear fusion
applications.

It was found that the sputtering yield of all these materials
significantly changes with plasma fluence and sample temperature.
Being multi-component coating/alloys, the composition of their
surface and, in turn, their erosion dynamics are indeed expected to
change due to: the preferential sputtering of elements with high Y (in
particular, since YFe > YW, iron erodes fast, leading to aW-rich surface
difficult to be sputtered) [35] and temperature-dependent processes,
like thermal diffusion and Gibbs segregation of the different
components [22]. Considering Eurofer-97, it was found that the
peculiar dependence of Y with Φ and Tsample is subtly related to
the morphological evolution of the samples. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) showed
the formation of a rough micro-structured layer on the surface of
all the exposed samples, whose morphology changed both with Φ and
Tsample. Moreover, energy-dispersive X-ray spectroscopy pointed out
that surface nanostructures are enriched with tungsten. It thus follows
that W surface concentration and distribution also depend on Φ and
Tsample, finally explaining the interlink between the morphology and
sputtering yield of Eurofer-97.

These findings are consistent with the literature of RAFM steels
exposed to low energy (a few hundred eV) deuterium ions of an ion
beam in the SIESTA device [42], the ECR plasma in the experiment
PlaQ [43] and high-flux linear plasma devices [44–46]. In particular,
Eurofer-97 samples exposed in GyM developed a morphology very
similar to the fence/corral-like one shown in [45], although the fluence
was much higher (1026–1027 ions·m−2) and the ion energy was lower
(~40 eV), there. All the details about these experiments and the
interpretation of the results are going to be published elsewhere.

4.2 Plasma effects on nanostructured
tungsten films having fusion-relevant
features

GyM was also used to simulate the interaction between hydrogen
isotope CXNs and W-based deposits that will build-up on the main
chamber of ITER [19, 20, 29, 30]. PWI will lead to the erosion of W
divertor tiles of ITER. Sputtered particles could be promptly re-
deposited in the vicinity of the erosion source or could migrate in
the plasma edge and eventually deposit in another region of the first-
wall, together with fuel species, extrinsically seeded impurities (like
nitrogen, injected in the plasma to reduce the power and particle flux
to the divertor) and material from other PFCs and structural elements
[47–51]. As the post-mortem analyses of tiles of tokamaks operative to
date have demonstrated, the re/co-deposited layers in ITER will
feature different morphology, structure, composition and thickness
compared to the pristine PFCs. This could lead also to different
erosion dynamics, retention, mechanical and thermophysical

properties. A deep knowledge of the behavior of re/co-deposits
during plasma exposure is therefore strongly required to properly
control PWI when ITER will start working.

To this end, laboratory-prepared nanostructured W coatings
mimicking tokamak W-based re-deposits were prepared at
NanoLab of Politecnico di Milano and exposed, together with
polycrystalline bulk W as reference, to the deuterium plasma of
GyM at a fluence of 7.0 × 1024 ions·m−2, changing the energy of
the impinging ions in the range Eion = 20–320 eV [29]. W coatings
(~400 nm in thickness) with different morphology (compact
columnar, compact amorphous-like and porous) and structure
(mean crystallite dimension, MCS, from 15 nm to < 2 nm) were
considered. They were deposited on different substrates, in terms
of material and average roughness (Ra): flat silicon (Ra = 0.6 nm), flat
fine grain graphite (Ra = 95 nm), flat and rough polycrystalline bulkW
(Ra = 95 nm and 500 nm). Surface modifications at micrometer and
nanoscale of the plasma exposed samples were investigated. The
emphasis was on blistering and nanostructure formation. They
both may: degrade material properties, enhance erosion, hydrogen
retention and dust production [52] (and references therein). This
activity is complementary to literature which mainly focuses on bulk
W [52–54].

Starting with blistering, the dominant process of blister formation
may be different for bulk W PFCs and W re/co-deposits. Due to the
very low tungsten solubility for hydrogen, the deuterium
concentration in the implantation zone of bulk W during plasma
exposure may greatly exceed the solubility limit (supersaturation in
the near-surface layer) and deuterium may start to precipitate at
nucleation points, like defects (dislocations, grain boundaries and
vacancies). Cavity growth can then take place [52]. Blistering of re/co-
deposits may be also caused by deuterium accumulation at the
interface between them and the PFCs underneath. It may be
followed by deposit delamination and production of dust particles
which may terminate the plasma discharge [55]. Blisters found on the
W coatings exposed in GyM are really likely to be related to the
deuterium build-up at the film-substrate interface, as pointed out by
SEM analysis. The other two more relevant findings are the following.
First, the morphology of the W coatings plays a major role in
suppressing blister formation. Porous W films did not blister after
exposure, contrary to compact coatings, probably because of their
open morphology, which led to the desorption of deuterium from the
surface. Second, blistering in the W films can be suppressed increasing
the average roughness of the substrate. Blisters were found on every
compact coatings, except for the one deposited on top of the rough
polycrystalline bulk W with Ra = 500 nm.

Considering nanostructure formation, a strong correlation
between their shape and grain orientation of bulk W exposed to a
high flux (1024 ions·m−2s−1) deuterium plasma beam, for a fluence of
7.0 × 1026 ions·m−2 and ion energy of ~38 eV, was reported in [53, 54].
Three typical structures were observed. Jagged (triangular) and
spongy-like nanostructures were found on grains with surface
normal (SN) near 〈111〉 and 〈100〉, respectively. Ripple (lamellar)
nanostructures were seen on grains with other SN directions.
Nanostructure formation was explained by surface reconstruction
(i.e., displacement of metal atoms on top surface) occurring to
relieve the stress field induced by the high transient D content
during plasma exposure. Moreover, it was related to a high
concentration of crystal defects in the samples. The same kinds of
nanostructures were also found by SEM on the surface of reference
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bulk W samples exposed to the D plasma of GyM at Eion ≳100 eV. In
comparison with [53, 54], the higher Eion may have enhanced the
induced stress field on the surface of the samples leading to
nanostructure formation even for an ion flux and fluence two
orders of magnitude lower. The effect on bulk W of the interaction
with (high flux and energy of a few eV) divertor-relevant plasmas or
(low flux and energy of a few hundred eV) CXNs at the nanoscale is
therefore very similar.

The exposure of W coatings with different morphology and
structure to the D plasma of GyM allowed to study the role of
mean crystallite and grain sizes in the process of nanostructure
formation. It was found that an ion energy threshold (Eion,thold)
value, below which no nanostructures could be detected, exists and
increases reducing the dimension of the crystalline domains. On the
one hand, the compact columnar W films, having the highest MCS of
15 nm, showed the same Eion,thold of bulk W but developed only ripple
structures as a consequence of their oriented crystallographic growth
along the 〈110〉 direction [56]. On the other hand, the porous W
coatings having the lowest MCS of 1 nm, did not show any
nanostructure even at 300 eV.

The strong influence of the features at the micrometer and
nanoscale of the W films on their behavior upon plasma exposure
was also evident seeding the deuterium plasma of GyM with nitrogen
(D + N plasma in the following) [20, 30]. The role of the temperature
of the samples was also addressed. In [30], compact W coatings
(~300 nm in thickness) with different morphology (columnar and
amorphous-like) and structure (with MCS of 20 nm and < 2 nm)
deposited on flat silicon substrates were considered. Two exposures of
the W films to a D + N plasma (N2/D2 partial pressure of ~4%) up to
Φ = 2.6 × 1024 ions·m−2 at Tsample ~850 K were done at the two Eion of
120 eV and 320 eV. Erosion, N uptake and compositional,
morphological and structural modifications of W films induced by
the plasma were investigated via profilometry, X-ray depth-profiling
photoelectron spectroscopy (XPS), optical microscopy, AFM, SEM
and X-ray diffraction measurements. First, a thermally stable (at least
up to ~850 K) surface N-enriched layer was observed by XPS for all the
coatings. This is in agreement with the results described in [57, 58]
relating to different bulk polycrystallineW samples exposed to a D +N
plasma in PlaQ and to WNx films, respectively. Second, nitrogen
retention and diffusivity decreased with the MCS of the W films. The
very low N diffusivity of the amorphous-like films having MCS
< 2 nm was claimed to be due to their highly disordered structure,
as also reported in [59] for hydrogen. Third, all the films were
free of blisters after the experiments. The same result was obtained
after the exposure of very similar W samples to the D + N plasma
of GyM at lower Tsample, Φ and Eion [20]. As previously mentioned,
on the contrary, blister formation occurred during the experiments
with a pure D plasma as a consequence of the accumulation of
deuterium at the coating-substrate interface [29]. Coming back
to the D + N plasma exposures, this process was hampered by
nitrogen retained in W coatings interstitial sites, grain boundaries
and defects, whose density may be significant for such
nanostructured films, thus decreasing the D diffusivity paths
toward the substrate [30].

The study of the properties of laboratory-prepared nanostructured
W coatings is still continuing by considering the modifications
induced to the films by the helium plasma of GyM. The main
purpose is here to provide data for the benchmark of plasma-
material interaction models (see Section 4.5).

4.3 Deuterium retention of divertor-relevant
liquid tin

GyM was helpful to qualify liquid tin as a plasma-facing material
by studying, for the first time, its deuterium retention with different
ion beam analysis (IBA) techniques [24] and with the thermal
desorption spectroscopy (TDS). Liquid metals, as Sn, have been
proposed as a possible alternative to solid PFCs thanks to their
high heat dissipation capabilities by convection, evaporative cooling
and vapor shielding, their regenerative properties and resilience to
erosion and neutron damage [60, 61]. Free liquid Sn samples were
exposed to the deuterium plasma of GyM bymeans of: the double cusp
magnetic field configuration (see Section 2.2) combined with the hot
manipulator (see Section 2.5) placing the horizontal target holder 6 cm
below the axis of the vacuum chamber (see the lower right panel of
Figure 4C). In this way, the diverted magnetic field lines transported
the plasma ions toward the surface of the exposed samples. The surface
temperature of the latter was monitored by the pyrometer which was
installed on the port 4U. Each sample was placed on a SST support (to
avoid the adhesion of re-solidified tin to the target holder at the end of
the experiment) and actively heated up by the lamp of the hot
manipulator at ~600 K (Sn melting point is 505 K) before the
plasma exposure. The temperature was then kept constant by
means of the PID controller, using the pyrometer temperature as
the process variable. Liquid tin specimens were exposed to the
deuterium plasma of GyM at a fluence of Φ = 1.0 × 1024 ions·m−2.
The holder was at floating potential. At the end of the experiments, the
samples were let re-solidify in vacuum and stored in dry air at room
temperature. D2 retention in the near-surface region was investigated
ex-situ by: elastic coil detection analysis, nuclear reaction analysis and
Rutherford backscattering spectrometry. Besides, bulk retention was
evaluated by TDS. IBA techniques agreed that the amount of
deuterium in the samples was very low, < 0.3 at.%. Moreover, the
comparison with TDS results showed that D2 was mainly retained in a
thin surface layer of ~100 nm. This latter result is different from those
reported in later works relating to the exposure of liquid tin to the
plasma sources Nano-PSI [62] and PlaQ [63], in similar experimental
conditions. Both the papers describe that a significant quantity of D
was found in large depth. As explained in [62, 63], the possible reason
for this discrepancy was the loss of D after liquid Sn exposure in GyM
due to: (i) the slow cooling of the samples, (ii-iii) the isotope exchange
with hydrogen and the release of D as deuterated water during the
2 months storage time before TDS analysis.

4.4 Ammonia formation in nitrogen-seeded
deuterium plasmas

GyM was exploited to study the production of ammonia in D + N
plasmas [20, 21, 25]. Extrinsic impurity seeding of the plasma of full-
metal fusion reactors, like ITER, will be necessary to avoid localized
overheating in the divertor by converting a major part of the power
flux into radiation [64]. Nitrogen is one of the candidates as a seeding
element since it efficiently cools the edge plasma and, at the same time,
increases the plasma confinement [65]. The main drawback of
nitrogen is the related ammonia (ND3) formation. As far as ITER
is concerned, the production of large quantities of ND3 has
consequences for several aspects of the plant operation in terms of
gas reprocessing and duty cycle [66].
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In this framework, GyM was used as a test bed to study the
mechanisms underlying ND3 formation in a nitrogen seeded
deuterium plasma and develop a method for ammonia absolute
quantification. The D + N plasma of GyM was diagnosed by: a
Langmuir probe installed on port 4U, with the SST cylindrical
electrode on GyM axis, to evaluate ne and Te, the OES mounted on
port 3U, thus with the line of sight perpendicular to the plasma
column, to investigate the plasma composition, and the differentially
pumped QMS connected to GyM through the nozzle of port 2U, to
study the evolution of the neutral chemical species. Absolute
quantification of ND3 involved the following steps: (i) collection of
ammonia during D + N plasma experiments by means of the LN2 trap
connected to the pumping system of sector 6 (see Section 2.4), (ii) ex-
situ regeneration of the LN2 trap to room temperature, (iii) bubbling of
the exhausted gas into distilled water at 278 K by Ar flow, and (iv)
analysis of the solution using liquid ion chromatography [20, 21, 25].

Ammonia formation was studied as a function of: plasma
discharge duration, electron temperature (from ~3 eV–6 eV, by
changing the power of the microwave SM source), total pressure
(pt = 3.0 × 10–2–6.0 × 10–2 Pa) [20, 21]. LIC clearly showed that ND3

production increased with Te and decreased with the increasing total
pressure. The results of these experiments can be explained
considering the following scheme for ND3 formation which was
corroborated by OES observations [21]. First, ND radicals were
produced in the plasma volume due to the chain reaction:

N2 + e → N+
2 + 2e (1)

N+
2 +D2 → N2D

+ +D (2)
N2D

+ + e → ND +N. (3)
The ND radicals could then reach the vessel by diffusion.

Ammonia formation occurred through surface recombination
reactions among the adsorbed ND radicals and deuterium atoms or
molecules, with the wall acting as a catalyst. Finally, ND3 was released
into the plasma.

The higher production of ammonia at the higher electron
temperatures is related to the increase with Te of the rate
coefficients for the electron impact reactions (1) and (3), which
play a key role in the formation of ND radicals in the plasma
volume. This specific dependence of ammonia production on Te

can also explain why LIC detected a decreasing amount of ND3 at
the higher D + N plasma total pressures. Indeed, the Langmuir probe
data showed a decrease of Te by increasing pt. A higher ND3

concentration lowering pt agrees with the experimental and
modelling results reported in [67] relating to a H2 + 10% N2

plasma (pt = 0.8–8 Pa) generated in a hollow cathode dc reactor.
The injection of an extra noble gas impurity, like argon and

helium, into the D + N plasma of GyM was then investigated as a
possible approach to limit the ammonia formation [21, 25]. The main
finding is a strong decrease of ND3 production in D + N +He plasmas.
This was ascribed to the chemico-physical processes occurred on the
vessel surface, as suggested by the results of the OES and LIC analyses.
In particular, it was inferred that the He particles impinging on the
wall reduced the number of sites available for the reactants (i.e., ND
radicals, D atoms and D2 molecules) of the catalysis reaction
responsible for the ammonia formation in GyM.

Recently, possible isotopic and wall material effects were also
addressed. The former was studied by comparing the quantity of
ammonia produced during nitrogen seeded deuterium and hydrogen

plasmas. The latter was investigated by inserting the SST liner with the
plasma-sprayedW coating on the inner surface into the vacuum vessel
of GyM (see Section 2.1). The interpretation of the results is underway
and will be published elsewhere.

Moreover, the cleaning of GyM vacuum vessel by Ar-H or Ar-D
plasmas has been routinely carried out at the end of each campaign on
ammonia formation in GyM to remove the adsorbed N-based
compounds from the wall thus preventing the possible pollution of
the plasma during the following experiments.

4.5 Modelling of GyM plasma and PWI
experiments

In support of the experimental program of GyM, modelling
activities in the frame of a collaboration between NanoLab of
Politecnico di Milano and ISTP-Milan, have been developed in the
recent years [28, 68, 69]. First, the tokamak plasma edge SOLPS-ITER
code [36] has been successfully applied to the argon plasma of GyM
and benchmarked against the radial profiles of the electron density and
temperature from Langmuir probe [28]. Second, the local impurity
transport and PMI Monte-Carlo code ERO2.0 [37] has been used to
simulate the experimental outcomes from the exposure of W coatings
to the helium plasma of GyM. These modelling activities have the
perspective of coupling SOLPS-ITER with ERO2.0 in order to
interpret PMI experiments in a comprehensive fashion.

5 Conclusion and perspectives

This contribution described the linear plasma device GyM of
ISTP-Milan and its applications in the field of plasma-wall
interaction in magnetic confinement nuclear fusion. Most of the
PWI activities have been carried out and will continue within the
framework of the EUROfusion Consortium.

In GyM, highly reproducible large-volume uniform plasmas can
be obtained and steadily sustained by electron cyclotron resonance
heating using two magnetrons at 2.45 GHz and a set of ten magnetic
field coils which provides the ECR zone at 87.5 mT. The working
pressure is usually in the range 10–1–10–3 Pa. Plasmas of GyM have an
electron and ion temperature of Te ≤ 15 eV and Ti ~0.1 eV. The
plasma density is in the range of 1015–1017 m−3 and the ion flux Γ ≤ 5 ×
1020 ions·m−2s−1. Main plasma diagnostics of GyM comprise several
Langmuir probes (up to 11), an optical emission spectrometer, a mass
spectrometer and a fast camera system equipped with an image
intensifier unit. PWI experiments are carried out with two different
sample exposure systems. Both are biasable at a maximum voltage
of −400 V to tune the energy of the incoming ions. One of them is also
equipped with a heating lamp and can reach and sustain a temperature
of 990 K for several hours, thus allowing to study the role of sample
temperature during the plasma-material interaction. Considering the
topic of PWI, GyM is mainly suitable to: (i) study the effect of
hydrogen isotope CXN fluxes impinging on the main chamber of
ITER and the recessed elements of the DEMO first-wall, (ii)
preliminarily characterize and (iii) obtain spectroscopic values of
materials candidate for PFCs, (iv) develop new diagnostic methods
and (v) provide data for the benchmark of edge and PMI codes. The
main aspects of the PMI issue investigated with GyM are: the erosion
dynamics of RAFM steels, candidate for the recessed elements of the
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first wall of DEMO, the effects of plasma on nanostructured W
coatings used to mimic tokamak re-deposits, the adhesion of dust
particles, the deuterium retention of liquid tin, and the erosion of solid
bulk Sn and W samples for the determination of the spectroscopic
parameter S/XB. Another well-established activity is the study of
ammonia formation in nitrogen-seeded deuterium plasmas. In
support of the experimental program of GyM, modelling activities
in the frame of a collaboration between NanoLab of Politecnico di
Milano and ISTP-Milan, have been developed in the recent years
using SOLPS-ITER code and ERO2.0. The upgrades of GyM which
are planned for the next future aim to make it more attractive from
the perspective of PWI divertor studies. A Gycom gyrotron at
28 GHz, 15 kW cw, together with a 1 T Varian magnet, which are
both already available at ISTP-Milan, will be installed on GyM in
2023 with the purpose of increasing the maximum achievable plasma
density, and thus the ion flux. The cut-off electron density for
28 GHz is ~9.7 × 1018 m−3. The vacuum vessel placed inside the
1 T magnet bore will be connected to the base of GyM of sector 1 by a
vacuum fitting. The electromagnetic waves will be injected on the
axis of GyM. The design of the transmission line is currently
ongoing. In view of the installation of the gyrotron source,
present sample exposure systems could not withstand the power
load from plasma and stray radiation. A new system is therefore
mandatory and the project phase has just begun. Unlike the current
systems, the new manipulator and sample holder will be installed on
the base of sector six and will move along the axis of GyM. This
allows to change the distance between the sample surface and: (i) the
line of sight of the OES, usually perpendicular to the plasma column,
to evaluate the ionization mean free path of the sputtered atoms and
(ii) the surface of the sensor plate of a quartz crystal microbalance,
which will be soon integrated into the layout of GyM, to study the
angular dependence of the sputtering yield. One of the most
important features of the new sample exposure system will be the
capability to heat the samples to the operational temperature of ITER
divertor PFCs of 1500 K.
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