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Abstract Irradiation tests of tungsten surface were per-
formed with He and He/Ar plasma generated by micro-
wave electron cyclotron resonance. Thickness loss was
used as the erosion rate of tungsten surface under the
plasma irradiation. The results revealed that the thickness
loss increased linearly with negative bias. SEM images
proved that the addition of Ar apparently increased the
plasma erosion. The thickness loss increased sharply with
the Ar fraction of Ar/He mixture when it was <20 %,
where the increasing slope of thickness loss lowered down
gradually.
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1 Introduction

With the advantages of high melting point, good thermal
conductivity and low vapor pressure, tungsten is consid-
ered as the most promising plasma-facing material (PFM)
for future fusion reactors [1, 2]. In the loading conditions of
a fusion reactor, however, tungsten surfaces will suffer
from high heat flux (~10 MW/m?) and high irradiation
flux (102-10** m™2 s ") of plasma at low energies [3, 4].
The synergistic effect of high heat loading and plasma flux
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will result in severe irradiation effects, such as deuterium
retention [5-8], nanostructures [9], bubbles and holes [5,
10], surface erosions [2] and morphology changes [11-13].

Among these irradiation effects, surface erosion of PFMs
is an important factor which determines the lifetime of the
plasma-faced components [2, 14, 15]. PFM erosion has been
investigated extensively [16—18]. Both the irradiation con-
ditions of steady state and transient loads can lead to PFM
erosion. In a steady state, when the energy of impacting ions
exceeds the sputtering threshold energy of tungsten [19],
PFM sputtering is the main erosion mode [2].

PFM of diverters, the part to clean the plasma from
helium and impurities, normally suffers from a stronger
irradiation load than other parts do [20]. Usually, PFM
surfaces of a diverter are irradiated by a plasma mixture.
For the diverter of a burning plasma device, inert gases are
considered as the injected impurities to cool down the
excessive heat flux [21]. So, studying surface sputtering by
plasma mixed with inert gas is of great interest.

In this paper, we study the erosion of tungsten irradiated
by He plasma and Ar/He plasma mixture. The influence of
plasma parameters on the thickness loss, which scales the
erosion rate of tungsten surface, is discussed.

2 Experimental
2.1 The preparation of tungsten samples

Tungsten samples, of 20 mm x 1 mm, were cut from
a plate of powder metallurgy tungsten (99.95 % purity).
The samples were annealed for 1 h at 1273 K to eliminate

the internal stress and were polished with the electrolytic
polishing method in the solution of 2 % sodium hydroxide.
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2.2 Irradiation tests of plasma

The plasma irradiation was performed with an equipment
of electron cyclotron resonance (ECR). Figure 1 shows the
schematic diagram and a discharge picture of the ECR
equipment. In the vacuum chamber, samples were placed on
an electrode to control the bombardment energy, with a
negative bias (50-275 V). A permanent magnet was placed
under the samples to constrain the plasma converging.

The samples were irradiated at fluxes of 0.5 x 1021,
1.0 x 10*" and 1.5 x 10*' m™?s™', with changing Ar
mass flow rate to helium (the Ar volume percentage in Ar/
He mixture).

2.3 Measurements of samples

Thickness loss is used to scale the erosion rate of the
irradiated tungsten samples, which were covered by a small
piece of tungsten during the plasma irradiation. A surface
profiler (SURFCOM 480 A) was employed to measure the
step height which was regarded as the thickness loss. Every
step was measured for five times at different site. The
sample morphology was characterized by scanning electron
microscopy (SEM) and atomic force microscope (AFM).

3 Results and discussion

3.1 Influences of the negative bias on the erosion
of pure helium plasma

A series of tungsten samples were irradiated by pure He
plasma of 1.0 x 10* m2in fluenceand 1 x 10*' m™% ™!
in flux. The sample temperature was around 650 K. The
samples were biased negatively at 50-275 V. As shown in
Fig. 2, the thickness loss increased almost linearly with the

irradiation energy which was controlled by the bias voltage.
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Thickness loss was about 0.40 pum at 275 V. However,
the surface micromorphology did not show an apparent
variation before and after the pure He plasma irradiation
(Fig. 3). This indicates that pure helium plasma at
50-275 eV can hardly make an observable damage to
tungsten surface.

This is because that the energy transfer of helium ions to
tungsten was low. It can be calculated by [22]:

U = 4M\MyE/(M; + M)*, (1)

where U is the energy transfer from an incident particle to a
target atom, E is the energy of incident particle and M, and
M, are weight of the incident particle and target atom,
respectively. For He and W, M; = 4 and M, = 183.84, we
have U = 0.0834 E.

Thus, the transferred energy for a helium ion is only
23 eV when the negative bias is 275 V. The binding energy
of tungsten is 8.90 eV, which means that a He ion of
<106.7 eV cannot sputter a tungsten atom. A probable
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Fig. 2 Thickness loss of tungsten sample irradiated by pure He
plasma, as function of the negative bias

Fig. 1 Schematic diagram of the ECR equipment (a) and photo of the ECR plasma (b)
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Fig. 3 SEM images of tungsten sample surfaces before (a) and after (b) irradiation by pure He plasma

reason for the slight thickness loss at 50 V might be due to
the energy fluctuation effect, for which a few He and W
atoms could obtain an energy much higher than the average
value at 650 K. Additionally, at high fluxes, the mass of
interstitial atoms of helium existing in the tungsten surface
layer might be another possible influencing factor.

3.2 Influences of Ar in the plasma mixture

Inert gases were considered as cooling gases to add to
diverters of a fusion reactor, and argon has been added into
the plasma. Polished tungsten samples were irradiated by
plasma mixed with argon in atomic percentages of 0, 4.8,
9.1, 13.0, 16.7, 33.3, 50.0, 66.7, 83.3, 92.3 and 100 %, at
plasma flux of 1.0 x 10! m™2 s_l, fluence of 1.0 x 10%*/m?>
and bias of —200 V. The thickness losses are shown in
Fig. 4. The results indicate that the addition of Ar aggra-
vated greatly the thickness loss, which increased sharply
with the Ar percentage, when it was <20 at.%, where the
increasing rate of thickness loss began to lower down
gradually.

The Ar addition effect can also be seen by SEM
observations (Fig. 5). In Fig. 5b, ripple-like damages can
be seen on the surface irradiated by the plasma mixed with
Ar at 13 at.%. For comparison, we show also the mor-
phology of the surface irradiated by plasma of pure He
plasma (Fig. 5a) and pure Ar plasma (Fig. 5c). The latter
made the most serious erosion on the surface, which was
eroded to cobblestone-like morphology.

AFM images taken near the steps on the surfaces irradi-
ated by the plasma mixed with Ar at 92.3 and 9.1 at.% are
shown in Fig. 6. The scale marks of Z-axis were set as the
symmetrical ranges from —1.9 pm depth to 1.9 um height
in Fig. 6a, and from —1.2 pm depth to 1.2 um height in
Fig. 6b. In each AFM image, the ridge-shaped topography
can be seen along the step edge of the covered area,
revealing that some sputtered particles could redeposited at
the edge of the gap between the cover and the sample.
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Fig. 4 Thickness loss vs fraction of Ar atoms in the mixed gas.
(flux = 1.0 x 10*"/m? s, fluence = 1.0 x 10*/m>, bias = —200 V)

The energy transfer of Ar' to tungsten can be estimated
as follows. If the secondary ionization was negligible and
the ratio of Ar™:He™ in plasma is assumed the same as the
atomic ratio of Ar:He in the gas mixture, the thickness loss
shall be in proportion to the composite transferred energy:

Thickness Loss ~ Ugom = Uar X + Une(1 — x), (2)

where U, is the composite transferred energy (trans-
ferred energy from composite to tungsten), which is a
nominal variable; x is the fraction of Ar atoms in the mixed
gas; and Uy, and Uy, are the transferred energy to tungsten
atoms from an incident particle of Ar™ and He™, respec-
tively. The mass of Ar atom is 39.95, so using Eqgs. (1) and
(2), we have:

Ucom = (0.0834 + 0.5032x)E. (3)

The composite transferred energy increases linearly with
the fraction of Ar atoms. For the incident energy of
200 eV, the relationship of composite transferred energy
can be drawn as shown in Fig. 4. However, it does not fit
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Fig. 6 AFM images of the surfaces irradiated by the plasma mixed with Ar at 92.3 % (a) and 9.1 % (b)

the experiment result of the relationship of thickness loss
with Ar fraction. This is due to the above assumption which
is too simple. Since the first ionization energy of Ar is
lower than that of helium, the ratio of Ar ion and He ion in
the plasma should be different from that of the neutral
molecule. Further studies on the influences of Ar to the
thickness loss will be carried out.

4 Conclusion

Tungsten surface was irradiated by the ECR plasma of
helium or helium/argon mixture. The results revealed that
the thickness loss of tungsten increased linearly with the
negative bias, which can be explained as the increase in the
bombardment energy. The addition of Ar could aggravate
the plasma erosion. The plasma with a high fraction of Ar
would make the tungsten surface damaged seriously. The
thickness loss increased sharply with the Ar fraction below
the Ar percentage of 20 at.%, where the increasing slope of
thickness loss began to lower down gradually. The com-
posite transferred energy does not fit the increase rate of the
thickness loss measured with Ar-mixed plasma. The dif-
ference of the ionization rate of Ar and He should be taken
into account.
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