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Abstract

From the helium (He) plasma irradiations to tungsten performed in the Magnum-PSI device, the effects of deposition of metals
on the helium-plasma induced fiberform nanostructures (fuzz) are discussed. It was found that fuzz was not formed at the center
of the plasma cylinder if there were significant metallic impurities from the source. Deposition of metallic impurities (mainly
molybdenum and copper) counteracted the growth of fuzz. In addition to the effects of metals from the source, we installed a
sputtering source near the sample to replicate the deposition environment in fusion devices. The thickness of fuzzy layer was ∼7
µm, which was about five times greater than that without deposition, at the He flux of 1.3×1026 m−2, suggesting that the growth rate
of fuzz layer was significantly accelerated due to the deposition of tungsten.

1. Introduction

Plasma-facing components in fusion devices are subjected
to deuterium (D), helium (He), and some impurities such as ar-
gon, neon, and nitrogen, which are used as radiators to cool
down the edge plasma. Among them, the He effects lead to5

various morphology changes on tungsten (W) including helium
bubbles [1], blisters [2], and fiberform nanostructures (FNs), so
called fuzz [3], which is arguably the most significant morphol-
ogy change to occur in fusion-relevant conditions. Concern-
ing the fuzz growth, extensive experimental investigations have10

been conducted to reveal the phenomenon from various aspects:
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growth condition [4], growth rate [5, 6], annealing phenomena
[7, 8, 9], and sputtering effect [10, 11, 12]. A recent model in-
cluding the growth and annealing effects has revealed that thick-
ness of the fuzzy layer, hFN, depends on the base temperature,15

the energy density from edge localized modes (ELMs), and the
frequency of ELMs [13].

In addition to the above known effects, recent studies have
revealed that co-deposition could be another influential effect
for the growth of fuzz [14]. Various effects of deposition of met-20

als (W and other materials) on He induced morphology changes
have been discussed to date. For example, it was discussed
based on experiments with small amounts of impurities (ar-
gon, neon, and nitrogen) that the isolated nanostructures called
nano-tendril bundles formed in He plasmas could be related to25
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the deposition of sputtered W [15]. Also, it has been revealed
that mm-thick large-scale fiberform nanostructures (LFNs) can
be formed at an accelerated growth rate with an additional de-
position [16, 17]. In the Magnum-PSI device, plasma irradi-
ations to a W monoblock mockup have revealed that metallic30

impurities from the source led to some unexpected phenomena
such as an enhanced diffusion of molybdenum (Mo) along the
grain boundaries and sponge-like tin structures [18]. In short,
the effects of deposition of metals on He plasma induced mor-
phology changes have not been fully understood, and they will35

be important to assess the impact of He effects in fusion de-
vices. Concerning the accelerated growth of fuzz by an auxil-
iary deposition, the effects have been identified in two devices
(NAGDIS-II and a magnetron sputtering device). It is impor-
tant to investigate the effects in other devices, particularly un-40

der higher plasma density conditions, because the transport of
metals could be altered with increasing the density.

In this study, we investigate He plasma irradiation of W,
focusing on metallic impurity effects in Magnum-PSI in two
different ways. First, we conduct pure He plasma irradiation45

and discuss the relations between non-uniformity in the fuzz
growth and irradiation parameters including impurities from the
plasma source. A sputtering source is then installed near the
sample to investigate the auxiliary deposition effects.
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Figure 1: (a) A schematic of the experimental setup in Magnum-PSI and (b) a
schematic around the end target and sputtering plate for deposition experiments.

2. Experimental setup50

Figure 1(a) shows a schematic of the experimental setup in
Magnum-PSI [19]. In Magnum-PSI, a beam shaped plasma can
be produced in a steady state, and the density and temperature
are able to be measured by a laser Thomson scattering (TS) sys-
tem [20]. The axial position of the TS measurement was at ∼3055

cm from the target. The typical density and temperature ranges
in the Magnum-PSI were respectively, 1–10×1020 m−3 and 0.3–
5 eV [21]. At the same axial position, we installed a reciprocat-
ing probe. Although it was available only for some irradiation
cases, we can deduce the profiles of the space potential (plasma60

potential), which were not obtained from the TS measurements,
by using the probe. Several spectrometers (Avantes AvaSpec-
2048) are available for optical emission spectroscopy (OES) in
Magnum-PSI, and one of them (which saw the target view) was
used to observe the emission from the plasma.65

A 1-mm-thick W sample (poly crystal, > 99.97% W) with
30 mm diameter (Plansee) was equipped on the end target with-
out any pretreatment. The sample was fixed on the sample
holder with a flexible carbon sheet (GRAFOIL) behind. The
surface temperature, Ts, was measured from the radiation in70

the near infrared range. A multi-wavelength pyrometer (type
FMPI, Far Associates) [22], which does not require prior knowl-
edge of emissivity, was used. Used wavelength range was from
1.1 to 1.7 µm. The sample temperature during the irradiation
was determined from the balance between the heat load and the75

thermal conductance to the target holder. Source setting was
varied to control the surface temperature; however, since the
sample was tightly clamped on the sample holder, it was some-
times too low to reach the minimum fuzz growth temperature
of 900–1000 K [4, 23] when the plasma density was low. Thus,80

in some cases, we made a hole on the GRAFOIL to increase the
thermal resistance between the sample and target holder. The
sample was biased together with the holder to VW by an electric
power supply.
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Figure 2: Helium fluxes at different positions (black: r = 0 mm, blue: r = 5
mm, and red: r = 10 mm) for the samples W1-W6 and D1-D2. The voltage
of the sample (VW ) was different between samples W1-W6 (W1: -13V, W2:
-22 V, W3: -34 V, W4: -45 V, W5: -55 V, and W6: -62 V) and Ts ranged
1100-1370 K. No sputtering source was installed for W1-W6 samples, while
sputtering plate was installed and biased to -250–300 V for D1 and D2.

In addition to pure He plasma irradiation, we investigated85

the effect of deposition with an additional impurity source. Fig-
ure 1(b) shows a schematic of the setup around the target for
the deposition experiments. A 2-mm-thick W target, which had
a width of 20 mm, was installed near the sample. The distance
from the sample to the sputtering target was 5-6 mm. The sam-90

ple and sputtering target were electrically isolated and could be
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biased separately. Table 1 summarizes the irradiation condi-
tions. The samples named W1-W6 are exposed to He plasmas
without W deposition, and D1 and D2 are the samples exposed
to He plasmas with an additional W deposition. For samples95

W1-W6, the biasing voltage was altered and Ts ranged from
1100 to 1370 K. Because the temperature of the sputtering tar-
get increased significantly and it emitted significant radiation,
we could not measure Ts due to the reflection of the radiation
from the sputtering target. It was likely that Ts of D1 and D2100

was close to W1 (1320 K), because the He flux was similar, as
shown next.

Figure 2 shows He flux, ΓHe for the eight samples in Table
1 at three different positions from the center, r, of 0, 5, and 10
mm.105

The He flux was determined using the electron density, ne,
and the temperature, Te, measured by TS from the following
relation:

ΓHe = 0.5ne

√
2eTe

mHe
. (1)

Here, e is the elementary charge in C, mHe is the mass of a He
atom, and we assumed that the ion temperature is equal to Te,110

and that the density at the sheath edge is half of the bulk electron
density (ne) [24]. The He flux was ∼1024 m−2s−1 on W2-W5 at
the center of the plasma column, while it was less than 3×1023

m−2s−1 on W1, W6, D1, and D2. This was mainly because a
hole was made on the GRAFOIL for W1, W6, D1, and D2; low115

density plasmas were enough to increase Ts to higher than 1000
K.

Concerning D1 and D2, the sputtering target was installed
and biased to -250 and -300 V, respectively. Because the inci-
dent ion energy was high and no active cooling was available,120

the temperature of the sputtering target increased quickly. Thus,
we could not continue the irradiation for a long time. We re-
peated transient irradiations for 25 or 20 s and accumulated the
irradiation time to 600 s, which was one third of the duration
for W1-W6.125

3. Non-uniform fuzz growth

3.1. Morphology changes

Figure 3(a-f) shows pictures of W1-W6 samples, respec-
tively, after the exposures. Visually, no significant change was
identified on W1. Blackening occurred at the peripheral re-130

gion of W2, W3, and W4, and the blackened areas on W2 and
W4 had non-uniformity. Although W5 surface did not become
black, small black spots were found on the peripheral region,
while the center of the plasma column became white. Blacken-
ing occurred on the whole surface of W6.135

Figure 4(a-c), (d-f), (g-i), (j-l), (m-o), and (p-r) shows SEM
micrographs of W1, W2, W3, W4, W5, and W6, respectively, at
three different locations, i.e. at the center (a,d,g,j,m,p), r = 2−5
mm (b,e,h,k,n,q), and 5 − 10 mm (c,f,i,l,o,r), where r is the dis-
tance from the irradiation center, which was defined by visual140

observation. As was seen in the pictures (Fig. 3(a)), almost no
changes were identified on W1 even with SEM analysis. On
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Figure 3: (a-f) Pictures of W1-W6 samples, respectively. The potential of the
sample (VW ) was (a) -13V, (b) -22 V, (c) -34 V, (d) -45 V, (e) -55 V, and (f) -62
V.

W2-W4, fuzz was grown at r = 5 − 10 mm, while protrusions
were formed around the center. The protrusions on the central
region of W2 and W4 (Fig. 4(d,j)) were similar to initial stages145

of fuzz growth; the rough surface formed around the center of
W3 (Fig. 4(g)) seemed to be caused by deposition. On W5,
even though the potential of the sample, VW , was deeper than
that of W1-4, the fuzz growth did not occur, while fuzz growth
occurred in the peripheral region locally. Fig. 4(o) shows a part150

of the locally formed fuzz, and whiskers are seen on the left half
side. The details of the isolated structures are shown next. Fuzz
was fully grown in the whole surface area on W6 (Fig. 4(p-r)).

Figure 5(a-c) shows SEM micrographs of the peripheral re-
gion of W5 at different magnifications. In Fig. 5(a), many white155

spots with various sizes can be identified. At a low magnifica-
tion, as shown in Fig. 5(b), a white spot has a patchy texture.
And at a high magnification, it is seen that fuzz is grown in the
white areas, as in Fig. 5(c).

3.2. Discussion160

It is understandable that no changes occurred on W1, be-
cause the incident ion energy, Ei, should be lower than the
threshold energy for fuzz growth of ∼20 eV. The threshold en-
ergy could be lower than 20 eV especially when the He flu-
ence is high [3, 18], but Ei on W1 was likely too low to lead165

to nanostructuring. And, also, the result of W6 (fuzz growth on
the whole sample area) was reasonable, because both of Ei and
Ts satisfied the necessary condition for fuzz growth. However,
the profiles of the morphology change on W2-W5 sample were
not straightforward to understand. Three questions arose about170

the morphology changes of W2-W5: (i) Why did fuzz growth
not occur in the central region on W2-W5? (ii) Why was there
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Table 1: Experimental conditions for the preparation of the samples used in this study. The shown parameters are as follows: the sample potential (VW), the surface
temperature (Ts), the potential of the sputtering plate (Vspu), duration, and He fluence. The maximum values at the irradiation center are shown for Ts and He
fluence.

Name VW [V] Ts [K] Vspu [V] Duration [s] He fluence [m−2]
W1 -13 1320 – 1800 4.3×1026

W2 -22 1140±15 – 1800 3.1×1027

W3 -34 1230±29 – 1800 2.0×1027

W4 -45 1120±12 – 1800 1.6×1027

W5 -55 1100±10 – 1800 1.5×1027

W6 -62 1360±20 – 1800 1.4×1026

D1 -83 – -250 600 (25 s×24) 1.3×1026

D2 -81 – -300 600 (20 s×30) 1.3×1026

non-uniformity in the fuzz growth in the peripheral region of
W2 and W4? (iii) Why did non-uniform isolated fuzz growth
occur on W5?175

For the fuzz growth by He plasma irradiation, Ei and Ts

are important parameters. Concerning Ei, in addition to the po-
tential of the target, the space potential of the plasma is also
important. Figure 6 shows two potential profiles for the irradia-
tion conditions of W1 and W6 measured using the reciprocating180

probe. When balancing the ion current and election current, the
floating potential, V f , can be expressed as [25]

V f = Vs +
Te

2
ln

[
2πme

mHe

(
1 +

Ti

Te

)]
−

Te

2
, (2)

where me is the mass of an electron, Vs is the space potential,
and Ti is the ion temperature. Here, the potential drop in pre-
sheath by −Te/2 was also take into consideration. Thus, the185

space potential can be deduced from the floating potential mea-
sured by the probe and Te from TS under the assumption of
Ti = Te as

Vs = V f + 3.7Te. (3)

The potential has a well-shaped profile in both of the cases,
though the potential depth alters depending on the discharge190

condition. One of the reasons to form fuzz only at the periphery
is in this potential profile, which leads to a lower Ei at the center
than that at the periphery.

Non-uniform blackening occurred at the periphery of W2
and W4 was probably because the temperature profile had a195

non-uniformity. Even if the heat flux from the plasma is uni-
form, a temperature non-uniformity can occur when thermal
contact resistance between the sample and the sample holder
has a non-uniform distribution. Although we cramped the sam-
ple to the holder using six screws with a same torque, non-200

uniformity in the thermal contact resistivity can occur because
of surface roughness, cleanliness, deformation, etc. Note that
no hole was made on GRAFOIL for W2 and W4 irradiation. At
the contact surface, a temperature gap can be formed [26], and
the temperature gap is a product of the heat flux and the ther-205

mal contact resistance. The heat load from the plasma can be
expressed as [27]

Q = Γi [(2eTi − eEi)(1 − RE) + Erec] , (4)

where Γi is the ion flux, e is the elementary charge, RE is ion re-
flection coefficient, and Erec is the recombination energy (24.6
eV). For W2 or W4, Γi at 10 mm is ≈ 3 × 1023 m−2s−1, and210

Q is assessed to be 1.9 MW/m2. The thermal contact resis-
tance can be varied significantly from 0.05 − 5 × 10−4 m2K/W
depending on material, surface roughness, ambient gas (pres-
sure) [26]. Using one of the available data in Ref. [26] of a
milled copper surface with the roughness of 0.25 µm and vac-215

uum gap (the thermal contact resistance of 0.88×10−4 m2K/W)
and the heat load of 2.3 MW/m2, the temperature gap at the
contact surface is assessed to be ≈160 K at Ei of 30 eV. Consid-
ering that the thermal conductivity of W is much lower than that
of Cu, and the thermal contact resistance altered significantly220

with changing the pressure, a slight non-uniform contact at the
rear surface of the sample can cause non-uniform thermal con-
tact resistivity, and, consequently, a temperature difference by
∼ 100 K can occur under the present high heat flux conditions.
It was likely that the blackened areas had a temperature higher225

than the threshold temperature for the fuzz growth of ≈1000 K,
while the non-blackened area had a lower temperature than the
threshold temperature.

In addition to Ei and Ts, here we investigate the effect of
impurities. It is noted that crystal orientation and He fluence230

dependences are not important in this study. The crystal orien-
tation dependence can appear in the initial growth phase [28],
but it disappears when the fluence is sufficient (> 1025 m−2) at
Ei > 30 eV. Also, the fluence is sufficiently high enough for the
growth of fuzz in this study. First, spectroscopy will provide us235

information about the concentration of impurities. Figure 7(a)
shows a typical measured spectrum in the wavelength range of
300-450 nm when W3 was exposed. In addition to He I lines
at 388.9 and 447.1 nm, strong Cu I lines at 324.8 and 327. 4
nm and Ca II lines around 390-400 nm are identified. Although240

the intensity is weak, a Mo I line at 379.8 nm is recognized.
Concerning Ca, it has been known that it was released from the
source [29]. Figure 7(b) shows the line intensity ratios of Cu
I at 324.8 nm and Mo I at 379.8 nm to He I at 447.1 nm for
W1-W6 samples. It is seen that strong Cu I lines were observed245

while W2-W5 were exposed. This was mainly because high
density plasma conditions were chosen, as shown in Fig. 2, and
as a consequence, impurities were released from the source. It
is noted that Mo I intensity is considerable when irradiating W5
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sample.250

We conducted energy-dispersive X-ray spectroscopy (EDS)
analysis of several samples, and the results are summarized in
Table 2. Here, in addition to the spectroscopically identified
species (Mo, Cu, and Ca), we added iron to consider the influ-
ence of vacuum vessel. On W3, where fuzz was grown only255

at the edge, the center had a rather high (25.4%) Mo fraction,
while the fraction was smaller where fuzz was grown. On the
other hand, on W6, where fuzz was grown on the whole area,
impurity level was less than 5%. The fraction of impurities
(mainly Mo and copper (Cu)) was high at r = 0 mm on W5, as260

was suggested from spectroscopy shown in Fig. 7(b). The im-
purity fraction decreased at r = 5 mm. Concerning W5 sample,
we performed EDS mapping around fuzz region at r ∼ 10 mm,
as shown in Figure 8 with two regions at different magnifica-
tions. Around the fuzz region in Fig. 8(a), the W signal level is265

lower than the region around (Fig. 8(b)), while the Mo signal
does not have clear non-uniformity (Fig. 8(c)). In the region
shown in Fig. 8(d), it seemed that the W signal decreased (Fig.
8(e)) in the white fuzzy region, and the Mo signal also has non-
uniformity (Fig. 8(f)). To qualitatively discuss the impurity270

fractions, we analyzed the regions A, B, C, and D shown in Fig.
8(a,d). The results are summarized in Table 2. It is shown that
the fuzz region has higher impurity concentration, but the im-
purity fraction is less than 10% from the top view observation.
Since the influence of bulk could be included, we scraped the275

fuzzy material by a carbon tape and performed EDS analysis.
The impurity fraction was much higher than the other region
(24.9±11.9%), as shown in Table 2. It is likely that the value
identified on the carbon tape is more plausible than that from
top view analysis, because the bulk effect was eliminated by280

scraping off the structure.
When the biasing was not enough, Ei was not enough to

form fuzz. This could be the cases of W1. Although the poten-
tial difference between r = 0 and 10 mm was not great, typi-
cally <5 V from Fig. 6, the difference could be crucial for W2 to285

cause the difference in the morphology changes at r = 0 and 10
mm, because the incident energy was likely to be close to the
threshold energy of 20-30 eV. However, because fuzz did not
form at the center even when deepening the potential from W2
to W5, it was likely that deposition of impurity counteracted the290

growth of fuzz around the center on W3-W5. There were two
possible reasons why the impurity has prevented from growing
fuzz. Since the ionized impurities have much greater sputtering
rates than that of He, the sputtering process might have counter-
acted to fuzz growth. Another reason is that the temperature at295

the center is too high for the deposited metals to form fuzz, be-
cause impurities have much lower temperature ranges to form
fuzz [30]. We measured the height difference around the border
of the fuzz region on W4 using the CLSM, and it was found
that the central region without fuzz was eroded by 2-3 µm com-300

pared to the region with fuzz. The result suggested that sputter-
ing by impurity ions led to the erosion, which counteracted the
fuzz growth around the center. From the impurity profiles mea-
sured by EDS, the impurities were likely concentrated around
the center, though the mechanism was not clearly understood.305

On W5, because Ts was 1100 K at the center, which was

lower than other samples. Thus, the temperature at the periph-
ery was likely lower than the threshold temperature, i.e. <1000
K, and fuzz was not formed at the peripheral region. Concern-
ing the local isolated fuzzy islands, similar isolated fuzz balls310

have been identified previously after a long time irradiation
[18, 31]. In this work, the fraction of Mo was found to be higher
on the location where fuzzy islands were formed from the EDS
analysis. By the increase of the impurity fraction, the temper-
ature window for fuzz growth can be changed in terms of the315

variation in the melting point, Tm. It is known that Tm decreases
with increasing the mixing rate. Concerning W-Mo alloy, the
melting point decreases by ∼200 K at the Mo fraction of 25%
[32]. The temperature window can be more or less explained
in Ts/Tm, and the Ts/Tm window was in the range of 0.25-0.6320

for all the metals where fuzz was grown [30]. The minimum
Ts/Tm value for fuzz growth was almost the same between W
(0.27) and Mo (0.28). A decrease of Tm in 200 K will increase
Ts/Tm by 0.015 if Ts is around 1000 K. If impurity mixing rate
was locally high and Ts was slightly lower than 1000 K, there325

was a possibility that the condition of Ts/Tm > 0.27 was locally
satisfied.

4. Deposition experiments

4.1. Accelerated growth
Figure 9(a,b) shows pictures of D1 and D2 samples, respec-330

tively. The surface became black even at the irradiation center,
while the blackened area was slightly smaller than W3 and W6.
Figure 9(c,d) shows SEM micrographs of D1 and D2, respec-
tively, around the center of the blackened area. It is seen that
fuzz is grown and the feature of fiberform nanostructures (FNs)335

is almost the same as that of W6 shown in Fig. 4(p-r). It is
noted that the line intensity ratio of 324.8 nm to 447.1 nm was
less than unity under the both conditions (0.9 for D1 and 0.7 for
D2). From EDS analysis on both of the samples (Table 2), it
was found that the fraction of W was higher than 90% at r = 0340

and 5 mm.
We measured the thickness of FN layer, hFN, using a con-

focal laser scanning microscope (CLSM) (Keyence, VK-9700,
408 nm) by measuring the height profile after making a scratch
on the sample, as was done in Ref. [6]. Figure 10(a,b) shows345

the depth profiles around scratches on W6 and D2 samples,
respectively. The depth of the scratch on D2 is much deeper
than that of W6. It was measured that hFN on W6, D1, and D2
was 1.4±0.3, 7.0±0.2, and 6.8±0.5, respectively. To check this
scratch method, the sample D1 was cut by a focused ion beam350

(FIB), and an SEM micrograph of the cross section was taken,
as shown in Fig. 10(c). It is seen that the scratch, which is in the
right side in Fig. 10(c), has wiped the fuzzy layer completely,
and hFN was measured to be 7.0 µm, which was consistent with
the CLSM.355

In Fig. 11, a comparison is made in FN layer thickness
between this study and previous studies. In addition to conven-
tional fuzzy layer thickness without W deposition from NAGDIS-
II [33], PISCES-B [6], and Magnum-PSI [31], the fuzzy layer
thickness with auxiliary W deposition in a magnetron sputter-360

ing device [17], height of initial growth phase of LFNs [16], and
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Table 2: Summary of EDS analysis of W3, W5, W6, D1, and D2 at different positions.

Sample position W [at%] Mo [at%] Cu [at%] Ca [at%] Fe [at%]
W3 0 mm 73.3±0.8 25.4±0.5 0 1.3 ±0.5 0
W3 10 mm 93.3±0.7 5.8±0.7 0 1.0±0.3 0
W5 0 mm 7.1±0.3 17.3 ±0.4 50.3±0.5 10.8 ±0.5 14.6 ±0.8
W5 5 mm 84.4±0.7 11.0±0.6 3.5±2.6 1.1±0.6 0
W5 A (fuzz) 94.2±0.3 5.8±0.1 0 0 0
W5 B 97.0±0.3 2.3±0.1 0 0 0
W5 C (fuzz) 91.3±2.4 5.2±0.6 0 3.6±0.3 0
W5 D 97.1±2.1 2.9±0.4 0 0 0
W5 fuzz 75.1±11.9 14.3±0.6 3.6±2.7 0 7.0 ±11.2
W6 0 mm 95.8±1.5 4.2±2.0 0 0 0
W6 5 mm 96.9±2.6 3.1±2.0 0 0 0
D1 0 mm 95.5±1.6 4.5±2.0 0 0 0
D1 5 mm 95.7±1.5 4.3±2.4 0 0 0
D2 0 mm 95.2±1.8 4.7±5.5 0 0 0
D2 5 mm 96.2±0.8 3.6±3.4 0 0 0

thickness of LFNs in the latter growth phase [14] are shown as
a function of the He fluence in Fig. 11. For W6 sample, consid-
ering the He fluence of 1.4×1026 m−2, hFN of 1.4 µm was con-
sistent with the thickness of the conventional fuzz. On the other365

hand, hFN of D1 and D2 was greater than the cases without de-
position at the similar fluences. In the PISCES-B and Magnum-
PSI devices, respectively, 6.5 µm thick and 7.5 µm thick fuzzy
layers have been identified previously [18, 6]. However, the
He fluence was about two orders of magnitudes greater than370

that of D1 and D2 (1×1028 m−2 in the PISCES-B and 3×1028

m−2 in the Magnum-PSI). Although the rate of acceleration was
much less than the cases of LFNs in the NAGDIS-II, it is highly
likely that an acceleration in the growth rate occurred by the ad-
ditional deposition of W on D1 and D2 by a factor of 4-5.375

4.2. TEM observation

Figure 12 shows a transmission electron microscope (TEM)
micrograph of D1 sample from the bottom (right edge) to the
top (left edge). The sample was cut by FIB to the thickness of
less than 100 nm. Before cutting the sample, the sample was380

coated with a carbon ink to support the fuzz structures during
and after the FIB milling. Thus, the white areas in Fig. 12
are occupied by the carbon based coating, and the black re-
gion corresponds to W. Near the bottom 500-nm-thick region,
the width of FNs was slightly wider than that in the top region385

and density of structures seemed higher. When comparing with
conventional fuzzy structures [33], it seems that the white area
is more significant, suggesting that the density is less than that
of the fuzz formed without W deposition.

Although D1 was covered with the ink and could not be390

used, we estimated the porosity of the fuzzy layer on D2 by
measuring the mass of the fuzzy layer. First, we measured hFN
profiles using the CLSM; it was 6.8 µm at 0 mm, ≈5 µm at 4-7
mm, and decreased to 1.7 µm at 8 mm. In average, hFN was
estimated to be 4.8±0.5 µm using the area as a weight of aver-395

age. The mass of the fuzzy layer was measured from the weight

change after removing the layer from the sample. The den-
sity and porosity, p, were measured to be 4.5(-0.4,+0.6)×102

kg/m3 and 97.7(+0.2,-0.3)%, respectively. The relative density
of fuzzy layer, ρ, has been measured by Nishijima and his col-400

leagues and was ≈8 and 6% when hFN was 1.5 and 3 µm, re-
spectively [10]. The relative density was 2.3(+0.3,-0.2)% on
the fuzzy layer of D2 and was less than half of that at 3 µm
fuzzy layer. However, the porosity of the fuzzy layer in Fig.
12 was much higher than that of mm-thick LFNs, which was405

99.9% for rhenium case [34].
Figure 13 shows TEM micrographs with larger magnifica-

tions. Figure 13(a,b) shows the top and bottom (close to the
substrate) regions, respectively. Many bubbles are identified in-
side the fibers, and sizes of the bubbles are distributed within the410

range of several nm to 20-30 nm in diameter. The shape of the
bubbles are not spherical but faceted, elongated, and distorted.
The width of the fibers is ∼20 nm in diameter on the top and
roughly twice wider on the bottom region. Figure 13(c) shows
a TEM microscope on the bottom part with a higher magnifica-415

tion. This region also has many bubbles, and like those in Fig.
13(a,b), the shapes are not spheres but faceted polyhedra.

When comparing them to fuzzy structures formed without
deposition [33, 35], the difference in the fibers seemed insignif-
icant. Though the thickness of the fuzzy layer and the porosity420

were different, the shapes of wires and bubbles inside were al-
most the same as those of fuzzy structures formed without de-
position. On the other hand, clear differences can be seen from
the LFNs formed with deposition in the NAGDIS-II device,
where membrane structures and long wires have been found425

in the fuzzy layer which has a two orders of magnitude greater
thickness [36]. The deposition rate is known to be an impor-
tant parameter for the formation of LFNs, and the LFN growth
occurred when the deposition rate was higher than ∼2.5×1018

m−2s−1 [16]. In the present experiments, we could not measure430

the amounts of sputtering and deposition; it is of importance to
investigate the relation between the deposition amount and the
growth rate in various He flux ranges. It is necessary to consider
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transport of W with collisional processes such as ionization and
Coulomb collision to measure W flux. The mass change of the435

sample is another option to measure the deposition. However,
because erosion of the sample also occurred at the same time, it
is not straightforward to deduce the amount of deposition from
the mass change.

Note that the sputtering yield of W by He ions increases by440

59% when increasing the incident ion energy from 250 to 300
eV [37]. From spectroscopy, a line emission of W I at 400.9 nm
was identified, and the line emission ratio of W I (400.9 nm) to
He I (447.1 nm) increased from 0.19 (D1) to 0.52 (D2). The
inconsistency between the theoretical values and spectroscopy445

was probably because of the effects of Vs and impurities. Al-
though W influx should be increased considerably from D1 to
D2, hFN was almost the same between D1 and D2 and no W
flux dependence was seen. The tendency was quite different
from LFN cases [16], where the growth rate increased with W450

flux. In previous study, since the LFN grown from the edge
was focused, the fuzzy layer grown on the base was not dis-
cussed. Previously, the LFNs growth was always initiated from
edges of the sample close to the deposition source. However,
the edge of the sample was not exposed to the plasma in this455

study, because the sample was clamped to the stage with a Mo
holder, which covered the edge of the sample. Thus, it would
be of interest to explore the irradiation experiments using the
samples with grooves on the sample similar to the one used
previously [38]. Except for the LFNs grown from the edge, the460

W flux dependence of the growth rate can be weak and easily
saturate. It would be interesting to investigate the growth rate
at much higher W flux in Magnum-PSI with a special setup to
cool down the sputtering plate.

5. Conclusions465

Non-uniform fuzz growth by helium plasma irradiations were
identified on tungsten samples in the Magnum-PSI device. The
fuzz growth often did not occur around the central region of
the plasma column, while the fuzz growth occurred around the
peripheral region (i.e. several mm away from the center). In470

the peripheral region, sometimes non-uniform fuzz growth and
fuzzy island were identified. To understand the mechanism for
the non-uniform fuzz formation, we performed potential profile
measurement in some cases and impurity measurements using
EDS and spectroscopy.475

When the target potential was close to the floating potential,
because the potential always has a well-shaped profile, the cen-
tral region had a lower incident ion energy. This could counter-
act the fuzz growth near the center. However, the potential mea-
surement using a reciprocating probe showed that the potential480

difference between the center and periphery was not significant,
typically 5 eV, and this would not be the case when a negative
biasing of the sample was significant. It was found that impu-
rity line emission from the source (copper line) was always high
when the fuzz was not grown at the center. Moreover, the EDS485

analysis revealed that impurity content around the center was
higher than in the peripheral region in those cases. It was sug-
gested that the impurity from the source inhibited the growth

of fuzzy structures around the center by sputtering. Concerning
the non-uniform fuzz growth around the periphery, the major490

reason was likely non-uniform temperature profiles. From the
EDS analysis, the region of the fuzzy islands formed around the
peripheral region of the sample had a higher impurity (mainly
molybdenum) content (24.9±11.9%). With increasing the frac-
tion of impurity, the melting point, Tm, decreases. It is known495

that fuzz growth window can be explained in the normalized
surface temperature to the melting point, Ts/Tm. Thus, the local
increase in impurity fraction would increase Ts/Tm locally, and
consequently, satisfy fuzz growth condition in those regions.
However, it is difficult to understand why locally high impurity500

regions were formed, and further experimental and theoretical
works are necessary to totally elucidate the phenomena.

A tungsten plate was installed near the sample to simulate
the deposition effects on helium plasma irradiation. In this ex-
periment, because the plate was heated up quickly, we accumu-505

lated irradiation time by repeating short-time (20-25 s) irradia-
tions. The thickness of fuzzy layer was ≈7 µm even though the
He fluence was 1.3×1026 m−2. Note that the thickness of fuzzy
layer was 1.4 ± 0.3 µm at almost the same He fluence without
deposition; the growth rate was accelerated by a factor of five510

with the deposition. It was shown that the enhanced fuzz growth
can occur in high density (≈4×1019 m−3) plasma conditions in
addition to lower density cases previously reported (∼1018 m−3

[14] and ∼1016 m−3 [17]. However, different from LFN cases
where the growth rate was sensitive to the W flux [16], no sig-515

nificant difference was identified at different amount of sput-
tering (deposition) by changing the bias of the plate. The re-
sults suggested that the W influx dependence of fuzz growth on
the base was different from that of LFN growth. Although the
growth rate increased, we did not identify much greater (mm-520

thick) large-scale fiberform structures. It can be partially at-
tributed to the fact that the large-scale structures were always
grown from the edge of the sample, and there was no exposed
edge to the plasma in the present experiments. For divertor tiles
in ITER, for example, because there are many edges exposed to525

the plasma, the effects of deposition on the He plasma irradia-
tion near the edge are of interest to investigate further.
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Figure 4: SEM micrographs of (a-c) W1 (VW = −13 V), (d-f) W2 (VW = −22 V), (g-i) W3 (VW = −34 V), (j-l) W4 (VW = −45 V), (m-o) W5 (VW = −55 V), and
(p-r) W6 (VW = −62 V) at three different locations, i.e. at the center (leftmost), 2-5 mm (center), and 5-10 mm (rightmost).
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Figure 5: SEM micrographs of the peripheral region of W5 at different magnifications. In (b), one of the white areas in (a) is shown in a larger magnification. In the
white areas, FNs are grown locally, as shown in (c).
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Figure 6: Two typical profiles of the floating and space potential for the irradi-
ation conditions of W1 and W6 measured using the reciprocating probe.
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Figure 7: (a) Spectrum in the wavelength range of 300-450 nm when W3 was
exposed and (b) the line intensity ratios of Cu I at 324.8 nm and Mo I at 379.8
nm to He I at 447.1 nm for W1-W6 samples.
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Figure 8: EDS mappings of sample W5 around fuzz region at r ∼ 10 mm at
two areas ((a,b,c) and (d,e,f)) with different magnifications. (a,d) SEM images,
(c,e) W signal profiles, and (d,f) Mo signal profiles. White region in (a,d) cor-
responds fuzz areas.
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Figure 9: (a,b) Pictures of D1 and D2 samples, respectively, and (c,d) SEM
micrographs at the irradiation center of D1 and D2 samples, respectively. Dif-
ferent from W1-6 samples, a negatively biased (-250 V for D1 and -300 V for
D2) W sputtering plate was installed near the sample for sputtering source.
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Figure 10: (a,b) The depth profiles measured by CLSM around scratches on
W6 and D2 samples, respectively, and (c) an SEM micrograph of FIB cut D1
sample around the scratch. From this method, the fuzzy layer thickness was
measured to be 1.4 ± 0.3 and 6.8 ± 0.5 µm for W6 and D2, respectively. From
the cross section of D1 sample shown in (c), the validity of the method was
confirmed.
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Figure 11: A comparison in FN layer thickness as a function of He fluence be-
tween this study (red squares) and previous studies: conventional fuzzy layer
thickness without W deposition from NAGDIS-II [33], PISCES-B [6], and
Magnum-PSI [31], the fuzzy layer thickness with auxiliary W deposition in a
magnetron sputtering device [17], height of initial growth phase of LFNs [16],
and thickness of LFNs in the latter growth phase [14].
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Figure 12: A TEM micrograph of D1 sample from the bottom (right edge) to the top (left edge).
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Figure 13: TEM micrographs with larger magnifications (a) at the top and (b,c)
bottom (close to the substrate).
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