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Abstract: In this paper, results concerning hydrogen and deuterium plasma (RF, 13.56 MHz) inter-
actions with tungsten surfaces, were reported. We used the Hollow-Cathode (HC) configuration
for plasma–tungsten surface interaction experiments, along with the collection of tungsten dust, at
different distances. Further on, the plasma-exposed tungsten surfaces and the collected dust were
morphologically analyzed by contact profilometry, scanning electron microscopy, and energy dis-
persive spectroscopy measurements, along with chemical investigations by the X-ray photoelectron
spectroscopy technique. The results showed that exposing the tungsten surfaces to the hydrogen
plasma induces surface erosion phenomena along with the formation of dust and interconnected
W structures. Herein, the mean ejected material volume was ~1.1 × 105 µm3. Deuterium plasma
facilitated the formation of blisters at the surface level. For this case, the mean ejected material
volume was ~3.3 × 104 µm3. For both plasma types, tungsten dust within nano- and micrometer
sizes could be collected. The current study offers a perspective of lab-scaled plasma systems, which
are capable of producing tungsten fusion-like surfaces and dust.

Keywords: hydrogen and deuterium plasmas; plasma–W material interaction; tungsten dust; brittles

1. Introduction

Nowadays, tungsten (W) represents an important material used in the inner walls of
dedicated fusion facilities [1] (e.g., ITER, WEST, and DEMO). Herein, tungsten was expected
to be a suitable material for the divertor area, offering more stability to thermonuclear
plasma’s lifetime due to its specific properties, e.g., low sputtering yields, high melting
point, low reactivity, etc. However, due to specific instabilities, the plasma will interact with
the inner vacuum vessel walls, promoting the formation of various structures, e.g. dust,
fuzz, etc. [2,3]. The formation of dust (and other structures) is due to plasma–wall interac-
tion from which the material is ejected, suffering changes in its morphology due to plasma
conditions. Herein, dust, along with other newly formed structures, is capable of entrap-
ping various gasses, depending upon the specific surface area. In addition, dust formation
inside fusion facilities represents an important issue because of safety regulations. Various
studies are focused on fusion-related gas retention studies of W dust (e.g., tritium gas)
because of their capacity to trap a high amount of tritium during plasma cycles [2–7]. In this
line, various research strategies are required, at all levels, to preserve the safety and security
regulations of the process. For this purpose, elementary security algorithms [8–10] can
offer the needed protection for data security (parameters, internal simulation/investigation
codes, staff access, etc.). On the other hand, experimental simulations may offer a view
of various experimental conditions promoting the key parameters of safe manipulation,
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e.g., hydrogen retention in plasma-facing components (monoblocks) [11], tritium adsorp-
tion/desorption [12], H2, D2, and T2 solubility, diffusion, and permeation in W [13], or
deuterium bubble evolution in W material [14].

Therefore, special attention is given to the monoblock surfaces exposed to plasma.
Herein, the surface monoblocks were damaged at different levels depending on their spatial
arrangement. Important studies are represented by the D2 transport, for example, in ITER
facility-graded tungsten [15] or in QUEST wherein hydrogen is taken into account for
hydrogen retention studies in W [16]. Therefore, at the divertor level (where tungsten
monoblocks are placed), the plasma interaction is achieved by a high particle flux. Taking
into account the nature of the used gases, for the proposed fusion reaction (deuterium
and tritium), it is worth mentioning the highlighted lab-scale experiments concerning
diffusivity inside bulk materials, for example, in the case of deuterium. In this line, lab-
scale experiments were conducted for both hydrogen and low-energetic deuterium plasma
in order to establish the mechanisms of various phenomena, such as blistering, which
lead to tungsten surface damage and further promotes the formation of dust and various
structures capable of entrapping tritium [17–26]. Keeping the various issues related to
the fusion facilities in mind, it is mandatory to engage in lab-scale plasma experiments
with fusion-relevant gases and materials in order to understand the starting point of the
occurrence of dust, for example, blistering, melting, evaporation, sputtering, etc. In this line,
we conducted experiments with H2 and D2 cold plasmas upon W bulk surfaces in order to
comprehensively evaluate the possible changes which could be related to fusion-related
results.

In the current manuscript, we studied the interaction of H2 and D2 plasma with
the surface of tungsten material in the frame of lab-scale fusion-related experiments. In
addition, fusion-relevant gasses (hydrogen and deuterium) and materials (tungsten) were
used. Herein, we used H2 and D2 plasma to study the preliminary effects which may occur
on tungsten surface bulk material during the lifetime of plasma. The characterization of the
used plasma was given by previous work. The radiative transitions from the interelectrode
plasma were analyzed using optical emission spectroscopy (OES). In addition, the observed
tungsten emission lines were W I (330 nm), W I (361.6 nm), W I (400.8 nm), W I (407.3 nm),
and W I (429.3 nm). Likewise, there were emission lines due to the impurities derived from
the chamber: O, γNO (A3Σ + X2Π), OH (A2Σ + −X2Π), and γNH (A3Π − X3Σ) [27–29].

In this line, in our approach, the plasma was a cold, low-energetic plasma with an
electron temperature much higher than the gas temperature. Herein, if one considers
that the main mechanism of excitation is electron impact, the energy distribution of the
electrons should have a maximum of a few eV. Additionally, taking the estimated gas
temperature into account (approximately 0.05 eV), which is much smaller than the electron
temperature, we can conclude that the plasma used for particle generation is cold and in a
non-equilibrium state. The current studies are complementary to our previous work [28,30]
wherein He and Ar plasmas were used in hollow-cathode geometry. Herein, the core of the
experimental plasma system is represented by hollow-cathode geometry (and the corre-
sponding method), which was especially used to constrain the plasma between tungsten
plates. This method represents an advantage in the frame of large-scale (millimetric do-
main) plasma exposure studies. Collected substrates made from pure titanium were used to
catch the possible ejected material at different distances (6 mm, 10 mm, 20 mm, and 40 mm).
Additionally, dust dimensions could be obtained from morphological measurements taken
via dedicated image-processing algorithms [31].

By using fusion-relevant gasses and materials, one can discern tungsten surface
changes (blisters, dust, nano-structures) similar to the fusion facilities. Using our ded-
icated parameters, the collected structures offer a starting view of the material’s ejection
until 40 mm. In addition, the following sections demonstrate results concerning H2 and D2
plasma–tungsten interaction phenomena from the perspective of morphology and chemical
investigations.
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2. Materials and Methods

The experimental system consisted of a hollow-cathode (HC) assembly [28,30] with
a dust collector attached and was placed inside a water-cooled vacuum chamber. The
hollow-cathode assembly was composed of two parallel tungsten plates (with a purity of
99.97%, PLANSEE supplier) with a 3 mm distance between them (Figure 1a). Each tungsten
plate had a length of 30 mm, a width of 15 mm, and a thickness of 4 mm (Figure 1b),
and was polished to a mirror-like state before the experiments [28]. The dust collector
(from Ti material, with a purity of 99.9%, NEYCO supplier, Paris, France) was placed
above the HC assembly (see Figure 1c.1) at the following distances: 6 mm, 10 mm, 20 mm,
and 40 mm. Figure 1c.1 and 1c.2 show an example of our experimental setup, with the
collector placed at 6 mm and 40 mm distances from the HC assembly, respectively, in a
deuterium plasma discharge. Tungsten plates were measured at 30 min and 60 min after
plasma exposure. The dust was collected for 15 min for each distance. For each experiment,
we used a mass flow rate of 300 sccm, hydrogen gas (with a purity of 99.8% H2, SIAD
supplier, Bucharest, Romania) or deuterium (99.8% D2, SIAD supplier), and maintained an
internal chamber pressure of 4 × 103 Pa, which was necessary for discerning the plasma
hollow-cathode phenomenon. We used the plasma discharge with an input power of 200 W
in the radiofrequency domain (13.56 MHz) for all our experiments.
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Figure 1. (a) Geometry of the hollow-cathode (HC) discharge; (b) tungsten plate dimensions; (c) W
plate region measurements; (c.1) typical D2 plasma in the HC configuration, along with the substrate
collector placed vertically at 6 mm above the HC; (c.2) typical D2 plasma in HC configuration, along
with the substrate collector placed vertically at 40 mm above the HC.

To discern the surface changes and the removed volume of the material, W plates
were analyzed with a contact profilometer before and after plasma exposures (30 min and
60 min). We used the KLA Tencor P-7 contact mode profilometer equipped with a diamond
tip with a radius of 0.150 µm. W surfaces were scanned for an area of 1.5 mm × 1.5 mm,
with a distance of 10 µm between profiles, an applied force of 1 mg, and a scanning
rate of 100 µm/s. The measurement procedures were obtained with the KLA Tencor P-7
instrument, and the results were analyzed with the software package APEX 3D BASIC V7,
Digital Surf, Besançon, France, under ISO 25178 [28].

Physical and elemental composition analysis of the tungsten plates and the collected
dust was performed using a JSM-531 Inspect S SEM (Hillsboro, OR, USA) at an accelerating
voltage of 20 kV. An EDX (Element 2CB) attached to an FEI Inspect S SEM operating at 20 kV
was used to characterize the elemental composition of the collected dust qualitatively and
quantitatively; at least three runs were compiled. The chemical composition of the collected
dust was analyzed with the X-ray Photoelectron Spectrometer (XPS) K-Alpha Thermo
Scientific instrument (ES-CALABTM XI+, East Grinstead, UK) containing a monochromatic
AlKα X-ray source; 100 eV pass energy was used to measure the XPS spectra, along with a
spot diameter of 900 µm, and Advantage software (version 5.976) was used to evaluate the
results [28].
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3. Results

The experiments concerning plasma–tungsten interaction showed details regarding
the morphological changes that occur for the dedicated experimental parameters. In this
section, the results concerning tungsten’s surface morphology and chemical investigations
are presented.

3.1. Morphological Investigations of Tungsten Surfaces Exposed to H2 and D2 Plasmas

Herein, the surfaces of both gases, H2, and D2, were analyzed in three regions: left-
hand side (L-side), center side (C-side), and right-hand side (R-side). Figure 2 shows
the SEM images of the exposed tungsten surfaces after 60 min of exposure in H2 and D2
plasma discharges. It is worth mentioning that all SEM images were taken with a 20,000×
magnification.
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Figure 2. SEM images (20,000 × magnification) of the W surface plates. The first row is dedicated to
the W plates exposed to H2 plasma and changes can be observed in the (a) left-hand side (L-side);
(b) center side (C-side); and (c) right-hand side (R-side). The second row is dedicated to the W plates
exposed to D2 plasma and changes can be observed in the (d) left-hand side (L-side); (e) center side
(C-side); and (f) right-hand side (R-side).

In the case of using H2 plasma, the tungsten surface behaved differently depending
on the measured geometric place. Herein, one of the edges of the sample (Figure 2a, L-
side) was detected as comprising dust-like structures placed on the surface. From their
morphological arrangement, we may suggest that a part of the loose material was not
transported on the collector. The newly formed W-interconnected structures, which were
formed directly from the material surface, can be observed in Figure 2b, C-side. Image
(c) from Figure 2 shows several dust-like structures which were present on the tungsten’s
surface.

By exposing the tungsten surfaces to D2 plasma, we can discern a well-known phe-
nomenon called blistering, as shown in the SEM images from Figure 2d–f. In short lines,
during the plasma’s lifetime, deuterium ions along with deuterium molecules (the cathode
is heated between 1200 and 1400 ◦C by applying a power of 200 W) diffuse inside the
exposed bulk tungsten and remain trapped inside it at different levels. Further on, the
trapped deuterium starts to migrate to the tungsten’s surface, forming blister morphologies
on its surface. More details are provided in Section 4.



Coatings 2023, 13, 503 5 of 12

It is worth mentioning that the morphological changes of the tungsten plates exposed
to both H2 and D2 plasma appeared gradually, meaning that after 60 min, the surfaces
were more affected compared with the results after 30 min of plasma exposure. Herein, to
highlight the SEM results, we analyzed the tungsten surfaces with the contact profiler to
calculate the volume of removed material. Two types of phenomena occurred during the
plasma–tungsten interaction: tungsten surface modification and the occurrence of dust on
the collectors. Table 1 shows the results concerning contact profilometry measurements. As
a protocol of the investigations, the tungsten plates were analyzed at three time points (sim-
ilar to the SEM investigations): before plasma exposure (initially), after 30 min of plasma
exposure, and after 60 min of plasma exposure. For each measurement, the results were
obtained by implementing the algorithm-processing images of the profilometer software.

Table 1. Profilometry measurement results. Tungsten plate surfaces were analyzed with the profiler
at three independent time points, and the exposed results in this table represent the mean of those
three measurement points. The obtained results are approved by ISO 25178.

Name Of W Plates Plasma Exposure Time Mean Ejected Volume (µm3)

W ini 1: HC-H2
30 min 2582 (~2.6 × 103)
60 min 114,126 (~1.1 × 105)

W ini 2: HC-D2
30 min 15,459 (~1.5 × 104)
60 min 32,760 (~3.3 × 104)

In addition, the final results are presented as a mean ejected volume. Herein, for
each plasma condition, the tungsten plate was measured in three zones (1.5 mm × 1.5 mm),
obtaining the volume for each zone. To obtain a volume value for each plate at the dedicated
plasma conditions, the mean value of the measured areas was calculated.

Tungsten plates were dedicated for each plasma exposure type, meaning for H2 plasma
exposure (code HC-H2), one used the initial tungsten plate with the code W ini 1, and for
D2 plasma exposure (code HC-D2), one used the initial tungsten plate with the code W
ini 2.

Herein, after 30 min plasma exposure, we identified a removed material of 2.6 × 103 µm3

in the case of using hydrogen compared with 1.5 × 104 µm3 in the case of deuterium plasma
exposure. After 60 min, the removed material from the tungsten surfaces was around
1.1 × 105 µm3 in the case of using hydrogen, and around 3.3 × 104 µm3 when using deu-
terium plasma (Figure 3). Further investigations are ongoing to observe the behavior of
both plasma types for a longer exposure time.

Coatings 2023, 12, x FOR PEER REVIEW 6 of 12 
 

 

 
  

(a) (b) (c) 

Figure 3. Contact profilometer measurements of the W surface plates: (a) the dependence of the 

mean ejected material volume related to the exposure time; (b) 3D measurements on the left-hand 

side (L-side) after 60 min of exposure to the H2 plasma; (c) 3D measurements on the left-hand side 

(L-side) after 60 min of exposure to the D2 plasma. The obtained results are under ISO 25178. 

3.2. Morphological Investigations of the Collected Tungsten Film-like Structure and Dust  

During the plasma–tungsten interaction, surface modification of the exposed tung-

sten plate occurred, along with dust formation. Dust was collected at different distances 

from tungsten plates, namely, 6 mm, 10 mm, 20 mm, and 40 mm. Figure 4 shows the SEM 

results concerning dust morphology on the collectors.  

Figure 4. SEM images (20.000 × and 40.000 × magnifications) of the W dust collectors. The first row 

is dedicated to W dust collected at the following distances: (a) 6 mm, (b) 10 mm, (c) 20 mm, and (d) 

40 mm during H2 plasma’s existence. The second row is dedicated to W dust collected at the follow-

ing distances: (e) 6 mm, (f) 10 mm, (g) 20 mm, and (h) 40 mm during D2 plasma’s existence. 

The images (a), (b), (c), and (d) from Figure 4 correspond to the dust obtained at 

distances 6–40 mm after hydrogen plasma exposure. Herein, a double effect of the plasma 

can be observed, meaning the formation of a film-like structure, along with dust occur-

rence on the collector. This effect can be seen in images (b) and (c); herein, we can observe 

a discontinued film along with dust in its structure. In the case of deuterium plasma ex-

posure, one can observe the same phenomena, meaning a film-like structure along with 

dust occurrence, the results of which being shown in images (e), (f), (g), and (h) in Figure 

4. The size of the particles is nanometric, i.e., in terms of tens to hundreds of nanometers 

for the agglomerated shapes. The amount of dust is related to the nature of the used gas. 

The film cannot be clearly distinguished from the collector surfaces in the SEM images, so 

the chemistry of the collector surfaces was examined using XPS. Since the amount of dust 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 3. Contact profilometer measurements of the W surface plates: (a) the dependence of the
mean ejected material volume related to the exposure time; (b) 3D measurements on the left-hand
side (L-side) after 60 min of exposure to the H2 plasma; (c) 3D measurements on the left-hand side
(L-side) after 60 min of exposure to the D2 plasma. The obtained results are under ISO 25178.
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3.2. Morphological Investigations of the Collected Tungsten Film-like Structure and Dust

During the plasma–tungsten interaction, surface modification of the exposed tungsten
plate occurred, along with dust formation. Dust was collected at different distances from
tungsten plates, namely, 6 mm, 10 mm, 20 mm, and 40 mm. Figure 4 shows the SEM results
concerning dust morphology on the collectors.
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Figure 4. SEM images (20,000× and 40,000× magnifications) of the W dust collectors. The first row
is dedicated to W dust collected at the following distances: (a) 6 mm, (b) 10 mm, (c) 20 mm, and
(d) 40 mm during H2 plasma’s existence. The second row is dedicated to W dust collected at the
following distances: (e) 6 mm, (f) 10 mm, (g) 20 mm, and (h) 40 mm during D2 plasma’s existence.

The images (a), (b), (c), and (d) from Figure 4 correspond to the dust obtained at
distances 6–40 mm after hydrogen plasma exposure. Herein, a double effect of the plasma
can be observed, meaning the formation of a film-like structure, along with dust occurrence
on the collector. This effect can be seen in images (b) and (c); herein, we can observe
a discontinued film along with dust in its structure. In the case of deuterium plasma
exposure, one can observe the same phenomena, meaning a film-like structure along with
dust occurrence, the results of which being shown in images (e), (f), (g), and (h) in Figure 4.
The size of the particles is nanometric, i.e., in terms of tens to hundreds of nanometers
for the agglomerated shapes. The amount of dust is related to the nature of the used gas.
The film cannot be clearly distinguished from the collector surfaces in the SEM images, so
the chemistry of the collector surfaces was examined using XPS. Since the amount of dust
was not high on the collector, and the measurement spot was 900 µm, it was only possible
to measure tungsten signals from a film-like structure. It is worth mentioning that our
collectors were pure titanium; any tungsten detected can be attributed, without a doubt, to
the film-like structure formed from the ejected tungsten material.

3.3. Chemical and Compositional Investigations of the Collected Tungsten Dust

The tungsten film-like structures and dust obtained from the ejected tungsten material
due to plasma exposure were chemically investigated. Herein, due to the possibility of
the occurrence of a thin tungsten layer, XPS investigation analysis was chosen. The signal
was acquired only for the surface of the layer, after a pre-sputtering process, to clean the
possible contamination due to ambient atmosphere exposure. Table 2 shows the atomic
contributions of the materials collected at different distances from the cathode W plates for
both plasma discharges in H2 and D2 gas.
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Table 2. XPS measurement results. The collected materials at the following nozzle-to-collector
distances were chemically investigated: 6 mm, 10 mm, 20 mm, and 40 mm.

Name of W Dust Collectors
(The Nozzle–Collector Distances)

Plasma Exposure Dust Collecting Time XPS: Atomic % Contributions

W4f O1s

6 mm

Hydrogen Plasma

15 min 48.14 51.86
10 mm 15 min 39.63 60.37
20 mm 15 min 33.76 66.24
40mm 15 min 29.98 70.02

6 mm

Deuterium Plasma

15 min 44.13 55.87
10 mm 15 min 41.31 58.69
20 mm 15 min 37.03 62.97
40 mm 15 min 30.42 69.58

The results shown in Table 2 emphasize the fact that by using hydrogen, or deuterium
plasma, the chemical signal of tungsten decreased with the increasing distance from the
cathode. In addition, at small distances, e.g., 6 mm, the atomic contribution of W4f was
between 44 and 48%, decreasing at 40 mm around 29–30%. After all, by increasing the
distance and stably maintaining all other processes parameters, the ejected material was
not able to reach the collector and remained inside the experimental system chamber.

Compared to our previous work [28], the XPS results showed the same tendency,
meaning that by using H2, D2, He, or Ar plasma, in hollow-cathode geometry, we obtained
the maximum tungsten material on the collectors at a distance between 6 and 10 mm [28].
The oxidation of the samples occurred at a small percentage during their fabrication (we
used a process pressure of 4 × 103 Pa), and at a higher percentage because of ambient atmo-
sphere interaction. A small amount of carbon and nitrogen was observed and associated
with exposure to the ambient atmosphere. For this reason, a pre-sputtering process was
necessary.

EDS measurements were performed to highlight the presence of tungsten in the
collected material. For this analysis, we used a copper substrate to collect the material.
Figure 5 depicts the EDS spectrum of the deposited material. The elemental compositions
of the deposit unveiled tungsten as the main chemical element originating from the W
plates. The peaks of Cu from the EDS spectrum (Figure 5) are characteristics of the substrate
used for deposition and those of C, O, and N were a result of exposure to ambient air.
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Table 3 highlights the weight% of the materials collected at different distances from
the cathode W plates, for both plasma discharges, in H2 and D2 gas.
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Table 3. Element average weight percent of the collected materials at the following nozzle-to-collector
distances: 6 mm, 10 mm, 20 mm, and 40 mm.

Name of W Dust Collectors
(The Nozzle–Collector Distances)

Plasma Exposure Dust Collecting Time EDS: Weight % Contributions

W L O K

6 mm

Hydrogen Plasma

15 min 13.61 1.68
10 mm 15 min 11.53 1.23
20 mm 15 min 4.46 1.55
40mm 15 min 1.8 2.3

6 mm

Deuterium Plasma

15 min 11.95 1.85
10 mm 15 min 8.32 1.01
20 mm 15 min 3.57 1.99
40 mm 15 min 1.55 1.35

4. Discussion

Plasma–tungsten interaction studies reveal important behaviors of the exposed sur-
faces in terms of surface morphological changes. In addition, both hydrogen and deuterium
plasmas were conducive to phenomena such as blisters, interconnected tungsten structures,
dust occurrence, and film-like structures.

4.1. Tungsten Surfaces Exposed to H2 and D2 Plasma

In the present study, tungsten surface behavior represented “the core” highlighting
the possible damages during hydrogen and deuterium plasma exposures, producing a
lab-scale model of possible phenomena related to the divertor area in future fusion facilities.
Herein, exposure to H2 plasma in time steps (30 min and 60 min) could draw the starting
phenomena in terms of tungsten surface damage. Based on Figure 2, we can see that the
surface morphologies were concentrated in three areas, namely, the center of the plate and
the margins (left-hand side and right-hand side).

In the case of using H2 plasma exposure, a major change in morphology was observed
in the center of the tungsten plate (Figure 2b). This is an important aspect because, in the
SEM measurements related to 30 min. plasma exposures, we could not find any major
structures formed on the tungsten’s surface. From our previous studies, in argon and
helium plasma [28], we observed an inhomogeneity of the plasma discharge in terms
of roughness measurements, meaning that, in the central part, the surface was more
damaged than in the margins. In addition, the existence of the solidified dust structures
(Figure 2a) implies the existence of an inhomogeneous plasma temperature, which will be
demonstrated in future experiments. Further on, in the current studies, the formation of
interconnected tungsten structures (Figure 2b) could appear in the following constraints.
Hydrogen gas is well-known as a high-diffusivity gas [32,33], meaning that it can easily
enter the bulk matrix, forming bubbles of the trapped hydrogen in the material’s vacancies.
Since cold plasma is used in the experiments, we deal with two types of hydrogen: that
ionized from the plasma and that unionized from the gas. Ionized hydrogen, having
higher energy, will travel inside the tungsten bulk matrix much more than the unionized
hydrogen from the inlet gas. In our case, the diffusivity was enhanced by the higher
cathode temperature (which can reach 1200–1400 ◦C [28]). The more hydrogen that was
trapped inside bulk tungsten, the more the bubble formation increased, producing plastic
deformations inside it. Herein, the hydrogen bubbles migrated toward the tungsten plate’s
surface. Assuming that this phenomenon of hydrogen bubble migration toward the surface
occurs simultaneously as more hydrogen is injected from the plasma with a higher energy
level, the continuous injection of hydrogen ions will cause deformation of the surface
material, as well as an enhancement of it. These phenomena, of interconnected tungsten
structure formation, are thermally enhanced by the plasma and cathode temperature. Image
(c) from Figure 2 shows several dust-like structures, again indicating an inhomogeneous
behavior of the used plasma.
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In the case of using D2 plasma, the SEM results showed an interesting result, i.e., the ap-
pearance of blistering phenomena, which are specific to deuterium plasma behavior [21–24].
Compared with the results obtained in the hydrogen plasma exposure case, and also in
argon and helium plasma cases from our previous work [28], here, the deuterium plasma
seemed to be stable at the margin zones of the tungsten plate, and not in the central part.
The plate exposed to deuterium plasma was morphologically investigated before and after
plasma treatment (for 30 min and 60 min). Figure 2d–f show the occurrence of blisters
more predominant in the margin zones. Deuterium, like hydrogen, can diffuse inside the
bulk matrix [34–36], but less compared with hydrogen [13]. In addition, being in the same
experimental conditions as in the case of hydrogen plasma, the deuterium diffused inside
the tungsten plate, remaining trapped inside it, but not far away from the plate surface
(because of low diffusivity compared with hydrogen). Herein, deuterium bubbles started to
migrate toward the lower tungsten surface. Assuming the deuterium trapping occurs near
the plate surface, the possibility of major plastic deformation from the deuterium bubble
merging inside the bulk matrix is low compared with the hydrogen case. Further on, the
small deuterium bubbles migrate toward the surface, forming small blisters on top of the
surface material. Thus, a different plasma type can produce a higher blistering degree on
the surface.

4.2. Tungsten Film-like Structure and Dust Collected at Different Distances

As abovementioned, during plasma–tungsten surface interactions, along with the
formation of new structures, the material is ejected from the surface and collected. In
our current studies, the ejected material was collected on pure titanium substrates. This
choice was based on the high melting point of titanium, which is cheaper compared with
other pure metals with a high melting point, and, more importantly, in the case of chemical
investigations, titanium will not overlap the signal of tungsten. As in our previous work [28]
we used the same conditions for the material collecting range distances, namely, 6 mm,
10 mm, 20 mm, and 40 mm. Thus, it is worth mentioning that one cannot collect all the
ejected material because the titanium substrate collector has a smaller diameter of 20 mm
compared with the length of the cathode tungsten plates, which are 30 mm. Adding the
fact that the substrates are placed at different distances from the cathode, an important part
of the ejected material was not collected. In this line, the collected material represents the
results that came from the central part and slightly from the margin zones of the cathode
tungsten plates.

Generally, the dust collected in this line consists of nanometer-sized particles with low
particle density. Furthermore, in SEM images, dust is presented as a dust-like film, as one
can observe inside the craters in Figure 4b–f. The craters are made from a tungsten film
layer from the ejected material. Employing chemical investigations of the film surface in
the next section, we checked if a tungsten layer was formed on the substrates. The collected
material offers precise clues concerning plasma–tungsten interactions followed by material
ejection. In addition, the formation of a film layer along with nanometric dust opens new
hazardous issues concerning future fusion-like facilities. Herein, the formation of a film
layer could be conducive to exfoliation and flake formations, which may contaminate
the plasma’s core and incorporate tritium inside it. The formation of nanometric dust
represents a challenging issue because it has a greater surface area and is more capable of
trapping tritium than micrometer dust. Nevertheless, nanometric dust is a challenge to
remove from the fusion facility’s inner vessel, leading to dangerous situations in case of
inhalations by the operators [37].

4.3. Chemical and Compositional Analyses of Tungsten Surfaces, Film-like Structures, and Dust

In the chemistry (XPS) of the collected materials, the oxidation of dust occurs during
the dust’s time of flight to the collector. Detailed results concerning the XPS investigations
are presented in Table 2. EDS investigations are required in these types of studies as a first
confirmation of the collected tungsten material. Based on the elemental compositions of
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the samples recorded by EDS, it also became apparent that while all samples contained
tungsten, carbon, oxygen, and nitrogen as a result of exposure to ambient air, there were
recorded decreases in W and slight increases in O with the increasing nozzle–collector
distance, suggesting slight oxidation of the collected materials (Table 3). Usually, carbon and
nitrogen exist in small quantities, being necessary for the pre-sputtering cleaning process
before conducting the XPS analyses. In addition, the signal is collected from the collector
surfaces, after a pre-sputtering process, to clean the carbon and nitrogen. As can be observed
from the results in Table 2, there were no significant changes in terms of new chemical bond
formation. Compared to the collected dust from argon and helium plasma experiments [28],
the chemistry behavior was similar; the tungsten’s W4f atomic concentration decreased
with the increase of the distance. The collected materials at distances between 20 and
40 mm were more oxidized compared with the collected materials between 6 and 20 mm.
As a main remark, by using hollow-cathode geometry, hydrogen, deuterium, helium, and
argon plasmas will eject tungsten material with same chemical behavior in the distance
range of 6–40 mm from the cathode.

5. Conclusions

In summary, we emphasized a method using low-energy H2 and D2 plasma in hollow-
cathode geometry for plasma–tungsten surface material interaction studies. Fusion-relevant
gases (hydrogen and deuterium) and materials (tungsten) were used. For the established
experimental parameters, we tracked the changes from the W surface after plasma inter-
action for different time exposures. Herein, in the case of hydrogen plasma exposure, the
tungsten surface emphasized the occurrence of dust and new W-interconnected structures.
For deuterium plasma exposure, the main result was the occurrence of brittles, similar to
the dedicated literature. Further on, for each plasma type, the ejected tungsten material was
collected on titanium substrate collectors at different distances: 6 mm, 10 mm, 20 mm, and
40 mm. For both plasma types, hydrogen, and deuterium, this study succeeded in obtain
nano- and micro-metric dust with various morphologies and thin films. The chemical
investigations of the collected materials showed the occurrence of the oxidized tungsten
material. In this line, we demonstrated the synthesis possibility of fusion-relevant tungsten
surfaces and ejected materials.
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