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a b s t r a c t

The sputtering yield of tungsten pellets composed of different particle sizes of <1, 12, 44e74, and 149
e297 mm was systematically investigated by bombardment with Arþ ions accelerated at 2.0 keV in an
ultra-high vacuum chamber. We found that the tungsten sample fabricated from larger particles had a
higher surface roughness, based on the surface profile results. Using the data of the surface roughness for
the four types of tungsten pellets, we confirmed that the sputtering yield for a tungsten pellet with the
highest surface roughness was 7 times lower than that of the lowest surface roughness. This could be due
to the redeposition of sputtered tungsten particles onto neighboring asperities.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear fusion has attracted attention as an energy source that
can be used as an alternative to fossil fuels in terms of environ-
mental and safety aspects [1e4]. To successfully operate a fusion
device, various factors that degrade its performance should be
curtailed [5,6]. Among these factors, the influx of impurities into
the plasma must inevitably be minimized, as it decreases the
plasma temperature for fusion reactions [7,8].

Tungsten is consideredasa candidate forplasma facingmaterial of
divertor to be used in fusion devices, because of its outstandingly low
sputtering yield and high sputtering threshold energy. These char-
acteristicsmake it possible tominimize the influxof tungsten into the
plasma due to physical sputtering, which is substantially responsible
for thedegradationofplasma temperature [9e11].However, if a high-
Z element such as tungsten is utilized as the plasma facingmaterial in
a fusion device, there is an issue to be solved. The sputtered tungsten
particles, which are a source of impurities, lead to fuel dilution and
strong core radiation loss even at very low quantities [8,10,12e15].
Therefore, the reduction of the sputtering yield of tungsten should be
preferentially investigated, and it is an essential prerequisite for
successfully using tungsten as a plasma facing material.
by Elsevier Korea LLC. This is an
It was previously reported that the surface roughness of tung-
sten positively influences the sputtering yield due to the redepo-
sition phenomenon; the higher the surface roughness, the lower
the sputtering yield [16e20]. Although the relation between sur-
face roughness and sputtering yield of tungsten was described in
the literature, a strategy to reduce the sputtering yield by
increasing the surface roughness with controlling the tungsten
particle sizes has not been attempted to date.

Herein, the sputtering yield of tungsten pellets manufactured
from different tungsten particle sizes (<1, 12, 44e74, and
149e297 mm) was explored. We found that the tungsten sample
with the largest particle size of 149e297 mm demonstrated the
highest surface roughness. Furthermore, after bombardment with
Arþ ions, the sputtering yield for the sample with the largest sur-
face roughness was the lowest compared to the others. We
confirmed that surface roughness and sputtering yield of tungsten
are inversely proportional; we suggest that the redeposition of
tungsten particles sputtered from the sample gives rise to this
phenomenon.
2. Materials and methods

Disc-shaped tungsten pellets with a diameter of 10 mm and
thickness of ~2.6 mm were prepared through mechanical pressing
at 13.8 MPa using tungsten powder (Alfa Aesar) with particles of
sizes of <1 (99.95%), 12 (99.9%), 44e74 (99.95%), and 149e297 mm
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(99þ%). A tungsten sample without any treatment after the
manufacture was mounted on a sample stage in an ultra-high
vacuum (UHV) chamber equipped with an IG2 ion source package
(RBD Instruments). Sputtering of the tungsten at room temperature
was performed for approximately 12 h at the surface normal using
Arþ ions accelerated at 2.0 keV in the UHV chamber. The sputtering
current was recorded using a Fluke 287 multimeter with the Flu-
keView Forms software. The weight loss in the tungsten pellets
caused by sputtering was measured with a Pioneer PX125DKR
semi-micro balance (OHAUS).

The sputtering yield (Y, atoms/ion) was calculated using the
weight loss method with the following equation reported in the
literature [9,21,22].

Y ¼DmNA

M2n1

whereDm is theweight loss of the tungsten due to sputtering, NA is
the Avogadro number (6.022 � 1023 atoms/mol), M2 is the atomic
mass of tungsten (183.84 g/mol), and n1 is the number of incident
Arþ ions obtained from the product of the sputtering current and
sputtering time ( n1 ¼ 1 C means incident 6.25 � 1018 Arþ ions).

Scanning electronmicroscopy (SEM) images were obtainedwith
an S-4200 (HITACHI) instrument, and an electron accelerating
voltage of 15 keV was used during image collection. The X-ray
diffraction (XRD) data were recorded in the range of 25e120� with
a scanning step of 0.02� for 0.24 s using a MiniFlex600 system
(Rigaku) with Cu Ka radiation operated at 15 mA and 40 kV. The
surface roughness (Ra; roughness center-line average) of the
tungsten pellets was recorded using a Dektak 150 surface profiler
(Veeco) with a stylus force of 1 mg, over a scanning length of 1 mm.
All the values of the surface roughness have an error rate of 95% of
the confidence interval.
3. Results and discussion

Fig. 1 shows SEM images obtained from the four types of
tungsten samples, consisting of different particle sizes. As shown in
Fig. 1, we observed different surface morphologies depending on
the type of tungsten pellet.
Fig. 1. SEM images ( � 500 magnification) of the tungsten pellets fabricated at particle
sizes of (a) <1, (b) 12, (c) 44e74, and (d) 149e297 mm. Insert: Enlarged SEM image
( � 2000 magnification) of the corresponding tungsten pellet.
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In addition to the SEM experiments, we obtained XRD spectra
for the four tungsten samples. XRD data (Fig. 2) showed that all the
diffraction peaks obtained from each tungsten sample correspond
to those of the body-centered cubic (BCC) crystal structure of
tungsten [4]. Based on the SEM and XRD results, we verified that
the four types of tungsten pellets with different surface topogra-
phies were fabricated without any change in the crystallographic
characteristics.

Prior to the experiments on the sputtering yield, we evaluated
the surface roughness of the four tungsten samples using a surface
profiler. Fig. 3 shows the surface roughness values for the four types
of tungsten pellets prepared from particles of sizes of <1, 12, 44e74,
and 149�297 mm to be 0.11 ± 0.01, 1.18 ± 0.11, 9.78 ± 1.85, and
11.35 ± 0.90 mm, respectively. As expected, the value of surface
roughness was the highest for the tungsten pellet comprising
particles of the largest size (149e297 mm) among the four samples.
We found that the surface roughness of the tungsten sample with
particle size of 149e297 mmwas 100 times greater than that of the
sample with particle size of <1 mm.

Using four types of tungsten samples with particle sizes of <1,
12, 44e74, and 149e297 mm, we performed experiments on sput-
tering yield by bombarding the samples with Arþ ions accelerated
at 2.0 keV at the surface normal in a UHV chamber at room tem-
perature. As shown in Fig. 3, the values of the sputtering yield for
the tungsten pellets of particle sizes of <1, 12, 44e74, and
149e297 mmwere estimated to be 6.82, 2.26, 1.31, and 0.97 atoms/
ion, respectively. These results are similar to the values of
approximately 1e3 atoms/ion for tungsten, as reported in previous
studies under an atmosphere of Arþ ions accelerated at 2.0 keV
[22,23]. Moreover, we determined that the lowest sputtering yield
among all the tungsten samples was observed in the one with the
largest surface roughness, which is consistent with the results of
previous studies [16,18,20]. The sputtering yield for the tungsten
sample with a particle size of 149e297 mmwas 7 times lower than
that of the sample with a particle size of <1 mm. This difference is
substantially large, considering that the sputtered tungsten parti-
cles bring about fuel dilution and strong core radiation loss even at
very low amounts. We successfully decreased the sputtering yield
of tungsten up to a factor of 7. Furthermore, we identified that the
surface roughness and sputtering yield of tungsten are inversely
Fig. 2. XRD spectra acquired from the tungsten pellets with particle sizes of (a) <1, (b)
12, (c) 44e74, and (d) 149e297 mm. Bottom panel: Diffraction patterns for the BCC
structure of tungsten (PDF#04e0806) extracted from PDF-2 database.



Fig. 3. The values of sputtering yield and surface roughness for the tungsten samples
of particle sizes of (a) <1, (b) 12, (c) 44e74, and (d) 149e297 mm. Surface roughness
and the sputtering yield of tungsten are inversely proportional. All the values of the
surface roughness were indicated with an error rate of a 95% confidence interval.
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proportional (Fig. 3), which implies that the redeposition of parti-
cles sputtered from tungsten onto neighboring asperities occurred
more on pellets with relatively rough surfaces than on ones with
flat surfaces.
4. Conclusions

The sputtering yield for tungsten pellets fabricated with
different particle sizes of <1, 12, 44e74, and 149e297 mm was
systematically investigated by bombardment with Arþ ions at
2.0 keV. We found that the surface roughness for a tungsten pellet
composed of larger particles is higher, based on surface profile data.
In addition to surface roughness, we identified that the sputtering
yield for tungsten sample with the largest particle size is up to 7
times lower than that of those obtained from smaller particles.
Consequently, we confirmed that surface roughness and sputtering
yield of tungsten exhibit an inverse relationship. This observation
can be significant in the reduction of impurities sputtered from
tungsten. This would allow the successful use of tungsten as a
plasma facing material of diverter in fusion devices.
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