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Fuzz Growth Process under He-W Co-Deposition Conditions
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Helium (He)-Tungsten (W) co-deposition experiments were conducted in the linear plasma device Co-
NAGDIS at a temperature of 1223 K to observe the characteristics of fuzz growth on the W surface with auxiliary
W deposition. The dependence on the deposition rate of W was investigated and a clear difference in fuzz thick-
ness was found between He-only and co-deposition experiments. In addition, the fuzz structures on a single
sample exhibited a spatially nonuniform distribution, which was probably caused by the nonuniformity in the
deposition rate.
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Tungsten (W) is chosen as the armor material for the
divertor in ITER due to its high melting point and low tri-
tium retention [1]. Exposure to helium (He) plasma has
been shown to cause morphological changes on the sur-
face of tungsten, such as blisters, bubbles, and fiber-form
nanostructures called fuzz, which can change a material’s
thermal conductivity and pose a risk of an increase in high-
Z impurities [2]. In addition, plasma-facing components
are easily sputtered and ejected by particles from plasma;
they are then deposited back to the surface, together with
hydrogen (H) and He.

Recently, detailed features of the He-W co-deposition
layer within a temperature range from 473 K to 773 K
have been revealed from experiments in the linear plasma
device Co-NAGDIS [3, 4]. It has been found that when
the substrate temperature is higher than 1100 K and co-
deposition is present, mm-scale, fur-like structures called
large-scale fiber-form nanostructures (LFNs) form in the
device NAGDIS-II device, and such structures are always
grown from the edges of samples and expanded in the
surface direction [5]. In normal operating conditions in
ITER, the divertor is supposed to face a temperature of
1273 K [6]. In this study, we mainly investigate the ef-
fects of He-W co-deposition on the morphology of W sur-
face at 1223 K. In contrast to previous studies in which
LFNs were formed, this study selects conditions in which
all edges of samples are covered. Thus, we focus on the
structures growing from the surface rather than from the
edges. Although mm-thick LFNs are not grown, this study
shows that the fuzz growth rate increases significantly with
auxiliary W deposition.

Experiments were carried out in the linear plasma
device Co-NAGDIS, where high density (∼1018 m−3) He
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plasma was produced in a steady state [3]. During the ex-
periments, the substrate temperature was measured using
a non-contact infrared thermometer (LTC Company Lim-
ited, KTL-PRO). As shown in Fig. 1, the sample holder
was placed 45 degrees to the window (i.e., 45 degrees
to the plasma columns) for sample temperature observa-
tion. Therefore, different locations on the sample were not
at the same distance from the source along the direction
of the plasma column. In the following paragraphs, the
edge of the sample with a smaller distance to the plasma
source is referred to as “Close side”, while the opposite
edge is called “Far side”. The co-deposition was achieved
by introducing a 1-mm diameter W wire at a position of
2∼10 mm away from the sample stage, as shown in Fig. 1.
The wire was bent to an “m” shape and was installed par-
allel to the surface of the sample. When He plasma was
generated, it was able to hit the sample surface together
with the sputtered W from the wire simultaneously. The
experiments in this study were performed in three differ-

Fig. 1 Schematic setup of the co-deposition experiments.
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ent conditions. In Case (1), the sample was irradiated only
with He plasma. In Case (2), a W sputtering wire with a
bias of −300 V was placed 10 mm away from the sample
biased at −60 V. In Case (3), the wire was 2 mm away,
with a bias of −500 V, and the sample was −90 V biased.
Cases (2) and (3) correspond to low and high deposition
conditions, respectively.

Figures 2 (a-c) show cross-sectional scanning electron
microscope (SEM) images of fuzz structures formed in
Cases (1-3), respectively, at 1223 K with a He ion fluence
of 3.5×1025 m−2. All the observations shown in Fig. 2 were
taken around the center of Far side. In Case (1) (Fig. 2 (a)),
a fuzz layer with a thickness of 0.65 µm is observed. Com-
pared with Figs. 2 (b, c), a clear difference in fuzz thickness
was found between the He-only and co-deposition experi-
ments. For the co-deposition cases, the layer thickness in-
creased with the sputtering yield of the W wire. Especially

Fig. 2 (a-c) SEM images of the cross section of the fuzz layer
formed in Case (1–3), respectively, at 1223 K when the
He fluence is 3.5 × 1025 m−2.

in Case (3), the fuzz layer had an average height of 5.3 µm.
Preliminary conclusions can be drawn as follows: first, the
sputtered W atoms are able to co-deposit with He, con-
tributing to the morphological changes in the W surface;
second, a higher sputtering and depositing rate of W can
enhance this effect. One thing to note is that although the
experiment’s parameters, such as He fluence and substrate
temperature, have met the requirements to form LFNs in
NAGDIS-II [5], the maximum fuzz thickness here is still
µm-scale.

A common feature found among the experiments con-
ducted in Case (3) was that the darkness of the irradiated
surface showed a positive gradient from Close side to Far
side. This might be a result of the growth difference in the
co-deposition layer. In order to observe the cross sections
of the sample, it was cut along the lines shown in Fig. 3 (a).
After an overview of the whole surface by SEM, the bot-
tom area of Close side (Region A) and the top area of
Far side (Region B) (marked with white dots) were picked
out for detailed observation because of the obvious smooth
and rough features they presented. Magnified views of re-
gions A and B are shown in Figs. (b, c). Figures 3 (d, e,
g, h) are high magnification images of regions A and B,
while Figs. 3 (f, i) are their cross sections, respectively. It
can be clearly seen from Figs. 3 (d-f) that plump and dense
clusters of fuzz with a thickness of around 2.8 µm were
grown in Region A. Figures (g, h) show a membrane-like
structure previously observed in deposition experiments
[7]. Unlike fuzz structures, the membranes are emerged in-
dependently and with a much larger size. These structures
are considered to form from fiber-form structures that are
extended two-dimensionally with deposited W atoms. Fig-
ures 3 (f, i) show that the layer thickness of the Region B
is approximately 5 µm thicker than that of the Region A.

In addition, the thickness profile of the fuzzy layer ob-
tained from the SEM cross section along the axis from Re-
gion A to Region B of the sample is shown in Fig. 4 as a
function of the distance from Close side (left edge of the
sample). The fuzz thickness increased more than 2.8 times
from Close side to Far side. At 8.5 mm, the thickness was
about 8 µm while it was only 2.8 µm at 1 mm. However,
the value is still four times larger than the fuzz thickness
formed without co-deposition.

Figure 5 illustrates the relationship between He flu-
ence and fuzz thickness based on different irradiation con-
ditions, both in this study and previous studies [8, 9]. For
the nonuniform property presented by samples in Case (3),
error bars are used to represent minimum and maximum
thickness. The dotted line at the bottom of this figure is
drawn from data obtained from previous He-only experi-
ments in NAGDIS-II [8]. The sample with a fuzz thick-
ness of 0.65 µm in Case (1) was in perfect agreement with
the trend line of the thickness variation at 3.5 × 1025 m−2.
However, the samples for the other two cases in this study
had thicker fuzz structures. In Case (2), the fuzz thickness
was 0.45 µm at 2.2×1025 m−2 and 1.0 µm at 3.5×1025 m−2.
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Fig. 3 Photo (a) and SEM micrographs (b–i) of the W sample. Circles A and B in (a) mark relatively thinner and thicker regions,
respectively. (b, d, e, f) are the overview, the low magnification, high magnification view and the cross section of region A,
respectively; (c, g, h, i) are the overview, the low magnification, high magnification view, and the cross section of region B of the
sample, respectively.

Fig. 4 Transverse surface distribution of fuzz thickness.

For Case (3), the average fuzz thickness was much greater
than that in Cases (1, 2). The thickness identified in Case
(3) was much less than that in magnetron sputtering co-
deposition experiments [9], which is shown with red mark-
ers in Fig. 5, at the same He fluence. The ratio between the
amount of W and He reaching the sample surface is con-
sidered as a key factor affecting the formation of W fuzz.
McCarthy found that thick W fuzz can form when W/He
ratio is within the range from 0.003 to 0.009 over a certain
range of He ion fluence [9]. In addition, Kajita concluded
that fuzz formation was enhanced when the W/He has a
value higher than 0.0004 [10].

To calculate the W/He ratio for Case (3), we took the
mass difference of the sample before and after the exper-

Fig. 5 A comparison of fuzz thickness as a function of He flu-
ence between this study and previous studies: He-only ir-
radiations from NAGDIS-II [8] and He-W co-depositions
in a magnetron sputtering device [9]. Error bars were cal-
culated from the minimum and maximum thickness val-
ues.

iment as the W value and defined the incident He fluence
as He value. The W/He value obtained in Case (3) was
∼0.007, which is almost comparable to the values found in
McCarthy’s work [9]. One potential explanation is the dif-
ference in exposure time, namely, the difference in He and
W flux. In this study, the He flux was more than an order
of magnitude greater than that in McCarthy’s research [9].
For conventional fuzz, no clear dependence on the He flux
has been identified [11]; thus, co-deposition cases could
have flux dependence. It is of interest to perform further
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experiments under different flux conditions in the future.
In this study, fuzz structure He-W co-deposition ex-

periments were carried out in Co-NAGDIS at 1223 K. The
dependence on the sputtering rate of the W wire was in-
vestigated at this temperature. A clear difference in fuzz
thickness can be found between He-only and co-deposition
experiments, as well as between experiments with high
and low sputtering rates. The co-deposition of He and W
has been proven to contribute to morphological changes.
A high sputtering yield and a shortened distance between
the sputtering source and the substrate are two crucial fac-
tors speeding the growth process of fuzz structures as well.
In addition to comparisons between different samples, the
fuzz structures of a single sample exhibited a spatially un-
even distribution. Membranous structures were found in
samples with a fuzz thickness lower than 10 µm. These
phenomena are probably related to the distance between
the sputtering source and the substrate; in the He-only irra-
diation and sputtering wire far-placed experiment, no sim-
ilar findings were found. With the distance between the
sputtering source and the sample approaching 2 mm, re-
gions of the sample that are closer to the sputtering source
tend to form thinner fuzz than in the farther regions. A
definitive explanation for this phenomenon still requires
further research.
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