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A B S T R A C T

Using the linear plasma device NAGDIS-II operating with gas mixtures of helium (He) and impurity (Ne, N , Ar),
fibre-form nanostructures known as “fuzz” have been grown on tungsten (W) samples. In this system, fuzzy W
was grown over a range of sample temperatures and ion fluences (containing He and impurity ion mixtures), but
with operator control over the impurity to helium percentage (from 5 – 10%). The ion energies were held con-
stant at 60 eV throughout the experiments. Close inspection of the surface morphologies showed that a variation
in fuzzy structure was produced on W surfaces depending on the impurity species used. Specifically, Ne impurity
produced cone-like fuzz structures and Ar and N caused more random tendril growth. Using a constant fluence
of He and impurity ion species, the effective fuzzy layer growth rate is reduced for higher impurity atomic masses
and higher concentrations. For 10 % N within the He plasma, little fuzz growth was visible on the W surface.
Where 7.5 – 10% of Ar was used, fuzz growth was terminated completely. From mass loss measurements the net
erosion yields of W surfaces exposed to 95 % He + 5% impurity (Ne or N ) discharges were measured to be
lower than bulk W sputtering yields for each impurity species, decreasing sharply with increasing fuzz thickness.
Under high ion fluences up to 10 m , steady-state thicknesses of W fuzz were attained due to the combined
effect of fuzz growth and sputter erosion caused by the impurity species in the plasma. The measured steady-state
thicknesses were found to be consistent with an analytical model developed for the simultaneous growth and
erosion of fuzz. SEM imaging showed the presence of larger fuzzy structures, Nano-tendril bundles (NTBs), on
surfaces where fuzz grew under the presence of impurity species. The formation of NTBs were characterised in
terms of their surface temperature threshold ranges.

© 2021

1. introduction

In the future thermonuclear reactor ITER, tungsten (W) is the pro-
posed material to be used for plasma-facing components (PFCs) due to
its high melting point, low sputter rate, and high thermal conductivity
[1]. During ITER’s operation, helium (He) ash will be produced as a
product of the deuterium-tritium (D-T) fusion reaction. It is well known
that He bombardment of W can lead to bubble formation beneath the
surface region [2], causing plastic deformation and small craters visible
on the surface [3]. More recently it has been demonstrated how under
certain surface temperatures (1000–2000 K [4]), ion energies ( 25 eV
[5]), and He ion fluence conditions ( 10 m [6]), He ion irradiation
of W surfaces can cause surface nanostructures known as ’fuzz’ to grow
[7]. Given the expected He ion fluxes (10 m s ), He ion energies (
10 eV) and W PFC surface temperatures (300–1200 K) [8] within ITER,
fuzz is likely to be formed on W.

⁎ Correspondence to: Gencoa Ltd, 4 De Havilland Drive, Liverpol L24 8RN, UK.
E-mail addresses: patrick.mccarthy@gencoa.com (P. McCarthy); j.w.bradley@liv.ac.uk

(J.W. Bradley)

W fuzz is known to limit the performance of the W surfaces it forms
on (the thermal conductivity decreases to 1% [9] and enhanced W fuzz
surface erosion is a possibility [10]). This will be of particular con-
cern in the exhaust (divertor) region of the reactor where large power
loads (30 MW m ) and energetic ions (>100 eV) are likely to bom-
bard PFCs [8,11]. If left unmitigated, ions impacting with these ener-
gies and power loads would exceed the operational engineering limits
of the PFCs (10 MW m during steady state and 20 MW m during
slow transients) [12]. To reduce ion energies and power loads on the
PFC materials, impurity gas species will be flowed in front of divertor
regions [8,13–15]. The power dissipation involved in this process will
be governed by charge exchange and radiation loss processes, with gas
impurity seeding known to increase the latter significantly. As a con-
sequence of the radiation losses, the electron temperature is reduced
to tens of eV where atomic processes and recombination become sig-
nificant. The decrease in plasma density in the divertor regions pro-
duces a detachment of the divertor region plasma from the core plasma.
In preparation for ITER, there have been several tokamak experiments
at ASEDX Upgrade (AUG), Alcator C-Mod, DIII-D and JET using vari-
ous impurity species (e.g., Ne, N , Ar) to induce divertor detachment
[14,16,17]. Similar impurity species will feature in the future demon
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stration fusion power plant DEMO [18,19]. Introducing a new gas im-
purity species into the divertor region also raises concerns for PFC sput-
tering by these impurities. For extended pulse operations of fusion plas-
mas, it is vital to limit the concentration of sputtered PFC material
within the plasma [20]. A concern for ITER could be the removal of
fuzzy W layers due to impurity species sputtering and subsequent poi-
soning of the fusion plasma.

The dependence of the fuzzy layer thickness, h, on the incident ion
fluence, , (given by the product of the constant helium ion flux density

and exposure time t) has been investigated in earlier work [6], and
was shown to follow the relationship:

(1)

where is an experimentally determined incubation ion fluence, de-
scribing the threshold condition for fuzz formation. The constant C is
given by 2D/ , where D is the Fick’s law diffusion coefficient for one
dimensional material transfer, and is dependent on the sample surface
temperature, T . Values for C have been calculated for a range of surface
temperatures (1120–1400 K) in previous studies [5,21,22]. In practice,
Eq. (1) can be used to predict the thickness of a fuzzy layer given the
helium ion fluence and surface temperature reached during an exper-
iment. However, the thickness of fuzzy W layers has been shown to
decrease where bombarding ionic species have energies exceeding the
sputtering threshold on W [23,24]. An extension to Eq. (1) was pro-
posed [6] to account for any surface erosion of the fuzzy layer:

(2)

where is an erosion parameter equivalent to an erosion rate (E) di-
vided by the He ion flux ( ), and is the Lambert function. An im-
plication of Eq. (2) is that after some time, the fuzz growth and ero-
sion rate will balance, producing an effective fuzz growth rate of zero.
This leads to the formation of a non-changing fuzzy layer or steady-state
thickness. Observations of this steady-state thickness have been made in
previous studies [6,23,24]. In the case of ITER, fuzzy W can form in
areas where high fluxes of impurity ions are likely to bombard the sur-
face [8]. Understanding the interplay between these mixtures of He and
impurity ion fluxes on W surfaces and any subsequent fuzz growth is
therefore an area of interest for the performance of PFCs within fusion
reactors.

In this study, He discharges combined with different gas impurities
(N , Ne, or Ar) are exposed to W surfaces within the linear plasma device
NAGDIS-II. NAGDIS-II is a device capable of reproducing the plasma
conditions (plasma density, electron temperature) expected for the ITER
divertor. In the experiments made in this study, the impurity levels were
set at 5, 7.5, and 10 , with bombarding ion energies maintained at 60
eV and W surface temperatures in the range 1320–1550 K. The surface
temperatures, ion energies, and impurity species were chosen to be con-
sistent with those expected for the ITER divertor [8,14]. Surface char-
acterisation of the fuzzy W layers is used to analyse the effect of the im-
purity percentage and total ion fluence on the fuzz growth, namely the
surface morphologies produced, mass loss, optical reflectivity, and fuzzy
layer thickness.

2. Experimental arrangement

2.1. The plasma rig: NAGDIS-II

The linear magnetised plasma device NAGDIS-II (NAGoya DIvertor
Simulator II) was used to produce fuzzy tungsten samples grown under

concurrent He and impurity ion irradiation [25]. It consists of a high
density helium plasma arc injected in a 0.1 T axial magnetic field. Lang-
muir probe measurements revealed typical electron density and temper-
ature values of 10 m and 5 eV respectively. The incident ion
flux was calculated to be in the range of to m s
and over the time intervals used in this study, He + impurity fluences
corresponded to to m .

Square sheets of W (purity 99.95 supplied by PLANSEE) 10 mm
long and 0.2 mm thick were suspended on a conducting rod 1.4 m
downstream of the plasma source. W samples were biased negatively,
using a DC power supply, to maintain an incident ion energy of 60
eV, taking into account the plasma potential ( - 5 V). The surface nor-
mal of each sample was oriented at a 45 angle to the magnetic field
lines, allowing a temperature measurement via an infra-red pyrometer
(KTL-PRO), sensitive to 1.6 m wavelengths, to be made. The emissivity
of the W surface was taken to be 0.3 at the 1.6 m wavelength. At the
start of the plasma exposure, assuming at this point no fuzz had begun
to grow, the surface temperature was measured. It was determined that
the initial temperature of the W surface would be used to represent the
surface temperature (T ) in this study. The surface temperatures were
measured to be in the range 1320 – 1500 K. It is important to note that
as the plasma exposure time increased, the W surfaces become optically
black (due to fuzz growth). The emissivity of the surface will increase
and the measured surface temperature will decrease gradually [26].

The base pressure of the system was on the order Pa and
maintained by two turbo molecular pumps (TG 200M Osaka Vacuum
Ltd), backed by rotary pumps and measured by a capacitance manome-
ter gauge (Type 627 MKS Instruments). The He gas was supplied to the
source region, whilst the impurity species of N , Ar or Ne were intro-
duced to the downstream end of the device. All gases were regulated
using a mass flow controller (HORIBA STEC), and measured using a
capacitance manometer gauge (Type 627 MKS Instruments) located in
the downstream region of the sample position. With low base pressures
and operating pressures between 0.6 – 0.7 Pa, any background impu-
rity (residual air) could be ignored when considering the composition of
the plasma species. To fix the percentage levels (i.e 5, 7.5 and 10 ) of
the chosen impurities, He gas was first introduced into the system to a
known pressure. Shortly afterwards the impurity gas was added until the
required pressure increase was reached indicating the desired quantities
of each in the system.

In each case where an impurity percentage was estimated, the ioni-
sation energy for each gas present in the plasma was not accounted for
in the results of the ion flux or fluence. This may lead to an under esti-
mation of the species percentage within the plasma; the first ionisation
energies of Ne (22 eV [27]), Ar (16 eV [28]) and N (15 eV [29]) are
all less than that of He (25 eV [30]), implying a different rate of ionisa-
tion may occur for each gas species mixture. The ratio of impurity (Ne,
N , Ar) ions to He ions is also unlikely to equal the impurity/He gas ratio
due to Penning ionisation of impurity species via He metastable states
[31].

2.2. Fuzzy tungsten surface analysis

Surface microscopy was performed on W fuzz samples using two dif-
ferent scanning electron microscopes (SEMs); one a JEOL 7001F Schot-
tky field emission SEM and the other a FEI Helios Nanolab 600i fo-
cused ion beam scanning electron microscope (FIB-SEM). The fuzzy W
layer thickness was measured by mechanically fracturing each sam-
ple, allowing the cross section of the sample to be viewed. An aver-
age of 100 thickness measurements was taken, with the specified er-
ror equivalent to twice the standard deviation. The optical (specular)
reflectivity of each surface was measured using the USB2000 + spec-
trometer (Ocean Optics) and corresponding DH-2000-BAL deuterium
halogen light source. The measurement of the reflectivity at a wave
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length of 632.8 nm was taken for the comparison between fuzzy W sam-
ples as per previous studies on fuzzy W reflectivity [32,33]. Energy dis-
persive x-ray (EDX) analysis was used to identify the elements present
in a W fuzz sample. The Helios Nanolab 600i FIB/SEM was equipped
with an EDAX Octane Pro EDX detector, and the acquired spectra were
analysed using the EDAX EBSD DigiView with integrated EBSD EDS
TEAM analysis software.

2.3. Mass loss measurements and determination of net erosion yields

With the presence of impurities in the He plasma and the ion en-
ergy that was chosen for the experiments (ions had an energy of 60 eV
- above the sputtering threshold of N , Ne and Ar on W), some level
of sputtering of the W samples during plasma exposure was expected.
To quantify this, mass measurements were made pre and post plasma
irradiation using an A & D Co. BM-22 microbalance, with a precision
of 1 g. The mass of each W sample was recorded 20 times (both pre
and post irradiation) and from this an average mass loss value m was
found. Based on this mass loss m, the net erosion yield Y of a fuzzy
W surface due to He-impurity plasma irradiation was calculated using
the equation [34],

(3)

where A is the area of the sample, is the fluence of particles to the
sample surface and is the mass of a W atom.

2.4. Sample porosity measurements

The porosity of plasma exposed fuzzy W samples was calculated us-
ing a similar technique to that given by Doerner et al. [35,36]. In their
method, the surface fuzz is removed by wiping the surface, the resul-
tant mass loss and volume of the removed layer are then calculated.
The mass measurements were made using a XS205DU analytical balance
manufactured by Mettler Toledo with a precision of 10 g. In each case
the mass of the sample was measured 10 times before and after the fuzzy
W layer was removed. Fuzzy layers were removed by wiping with a pa-
per cloth, and SEM imaging was used to show the layer of fuzz had been
removed. Explicitly the porosity of the fuzzy layer is given as [37],

(4)

where, m is the measured mass difference between and after the
fuzz removal, is the bulk W density and V is the volume of fuzz
removed.

2.5. Analytical model describing fuzzy tungsten growth in erosive plasmas

In the absence of any surface erosion the thickness h of the growing
fuzzy W layer can be described by Eq. (1). In the presence of impurity
ions in the plasma or very high He bombarding energies, the fuzzy layer
thickness can be reduced by physical sputtering. In this case, Eq. (1) is
modified by inclusion of an erosion parameter to give Eq. (2).

The erosion parameter is related to the bulk sputtering yield of
a surface, Y , by,

(5)

where m and are the atomic mass and density of bulk W respec-
tively. Following the work in [6,24,37], the parameters in Eq. (5) can
be calculated using experimentally measured net erosion yields, Y ,

but the porosity, , of the fuzzy surface must also be considered. In
this way, Y relative to Y varies by the term (1 - ), i.e Y
(1 - )Y . Therefore, in the case where Y is used, the erosion
parameter is now represented by,

(6)

Inspection of Eq. (2) and using the properties of the Lambert func-
tion [38] shows that for ever-increasing fluences ( ) the fuzz layer
thickness tends to a value of h ( ) given by C/2 . This value
can be calculated and indicates an estimation for the steady-state thick-
ness (h ) of fuzz, a stage in the formation of fuzzy W where the growth
and erosion rates are equal. By substitution of Eqs. (5) and (6) in to the
limit of the steady-state thickness C/2 , h is given as,

(7)

(8)

3. Results

A series of experiments have been performed in which W surfaces
were exposed to He + impurity plasma bombardment with a variation
of operation conditions. These were discharges containing He and small
concentrations (5, 7.5 and 10 ) of Ne, Ar or N . The typical sample
temperatures (T ) were in the range 1320 to 1500 K, with incident ion
energies of 60 eV, and the operating pressure in the range 0.6 – 0.7 Pa.
Samples were exposed to He + impurity plasmas for increasing amounts
of time, providing ion fluence ( ) ranges of to m . Af-
ter plasma exposure, the samples were analysed by SEM to provide fuzz
thickness measurements (h) and images of the surface morphologies pro-
duced. In addition to the surface microscopy, mass loss, optical reflec-
tivity and porosity measurements were made.

3.1. Surface morphologies

Initially, ten samples of W were exposed to He + impurity plasma
within NAGDIS-II to an ion fluence of m , for increasing
percentages of impurity (from 5% to 10 %). The ion energy was main-
tained at 60 eV and T was in the range 1320 to 1500 K. In Fig. 1,
the cross-sectional thickness (top row) and surface morphologies (bot-
tom row) are imaged for W surfaces exposed to plasmas containing 100
% He (a) & e)), 95 % He + 5 % Ne (b) & f)), 95 % He + 5 % N (c)
& g)), and 95 % He + 5 % Ar (d) & h)). Where the surface morpholo-
gies (bottom row of Fig. 1) are imaged, samples were tilted to 45 from
the surface normal. It is clear from the images that with the introduc-
tion of a small amount of impurity into the He plasma, the thickness of
the fuzzy W layer is reduced. A factor of 2 reduction in the thickness
was observed for Ne impurity, and a factor of 3 reduction in thickness
was observed for the N and Ar impurity, compared to the case of pure
He irradiation. There are also some changes in morphology observed,
for instance with 5 of Ne impurity where the surface structures ap-
pear to be more cone-like than tendril. Similar cone-like nanostructures
were seen in a separate report where heated W surfaces were exposed
to a He + Ne plasma mixture [39]. The effect of impurity on fuzzy
W growth can be seen more readily for higher concentrations of im-
purity as shown in Fig. 2. The cross sectional and tilted images reveal
that with 10 impurity level, fuzzy W growth can be impeded if not
almost terminated for higher atomic mass gases (N , Ar). This finding
agrees well with the observations in a separate report [40] where little
fuzz growth was observed when tungsten surfaces were exposed to 90
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Fig. 1. Cross-sectional SEM micrographs of irradiated samples (top row) and 45 tilted images (bottom row) for plasmas containing a) and e) 100 He, b) and f) 95 % + 5 Ne, c) and
g) 95 % + 5 N , and d) and h) 95 % + 5 Ar. The surface temperature T was in the range 1320–1465 K. The ion energy and fluence were 60 eV and m (corresponding to
3600 seconds exposure) respectively.

Fig. 2. SEM micrographs similar to those in figure 2 but for 10% impurity levels. The bombarding ion energy and fluences were 60 eV and m (3600 s exposure) with T
between 1320 and 1465 K.

He + 10 Ar plasma, at similar ion energies, fluences and surface tem-
peratures to the current study.

3.2. Mass loss and optical reflectivity

To understand the trends in Fig. 2 it was useful to measure the mass
loss of each sample after irradiation, indicating the level of material ero-
sion due to physical sputtering. Fig. 3 shows the mass loss for the nine
different combinations of impurity species and their concentrations, for
a fluence of m and ion energy of 60 eV. The mass loss of
the sample is seen to increase with increasing impurity atomic mass and
concentration demonstrating that sputtering is most likely the cause.
Fig. 3 also shows a near linear dependence between the mass and impu-
rity concentration and implies, from an extrapolation of the data back to
the x-axis (level of impurity ) that there may be a threshold impurity
level below which erosion does not occur. It was observed that where
the highest percentage of impurity was used (10%), W surfaces treated
with N and Ar had little fuzzy nanostructure growth on the surface,
and still remained reflective to the naked eye. It was beneficial therefore
to quantify the reflectivity of each surface. Fig. 4 shows the measured
percentage reflectivity over a range of ion fluences, species, and impu-
rity concentration in the plasma. There is little variation over the range
of parameters, with most fuzzy W samples showing 1–2 reflectivity,
agreeing well with previous reflectivity measurements for fuzzy W lay-
ers of similar thicknesses [26,33,41]. However, surfaces experiencing
the highest mass loss (plasmas containing 10 of N and 7.5 to 10 of
Ar impurities) and little fuzz growth were significantly more reflective
(4–16 %) than those with lower mass losses and typical fuzz growth on
their surface (reflectivity of 1–2 %).

Fig. 3. A plot of the mass loss m versus the relative level of impurity for Ne, N and Ar
in the He plasma. The bombarding ion energy and fluences were 60 eV and m

(3600 s exposure) with T between 1320 – 1500 K. Errors in m were fixed at 20 g
for each measurement.

3.3. Measured net erosion yields

A further ten W samples were exposed to 95 % He + 5 % impurity
(N and Ne) discharges inside NAGDIS-II, with the exposure times in-
creased gradually for each sample to produce a range of fluences of ex-
posure (between – m ). The ion energy was maintained at
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Fig. 4. Reflectivity measurements of fuzzy W surfaces grown over a range of He + impu-
rity ion fluence and impurity percentages. Labels are as shown in the legend (circles for N
, triangles for Ne and squares for Ar).

60 eV, and T was measured to be in the range 1320 – 1465 K. Each
sample was analysed using the SEM to determine the thickness of fuzz
that had grown on each surface.

Fuzzy W surfaces have been shown to produce a lower sputtering
yield relative to pure W surfaces (i.e. surfaces where no fuzz is present)
[37,42,43]. Here the fuzzy surfaces produced with 5 impurities (N

or Ne) are analysed for their experimental net erosion yield and com-
pared with bulk sputtering yields for W under Ne or N ion bombard-
ment [44]. Where N impurities are used in plasma, it has been shown
that molecular sputtering can enhance the sputtering yields of surfaces
when the incident ion energy is low (< 1 keV) [45,46], even producing
4x larger sputtering yields when the ion energies are 50 eV [46]. As
a similar ion energy (60 eV) is used here, it could be assumed that the
yield may be enhanced for sputtering with N , therefore bulk sputtering
yields for N on W given in [44] were quadrupled when comparing with
net erosion yields (Y ). In light of this, the bulk sputtering yield for N

on W (Y ) would now be closer to . In the case of Ne,
the bulk sputtering yield (Y ) given in [44] was reduced by a fac-
tor of three in line with the known discrepancy that exists for low mass
species bombardments in high flux experiments [47], and taken to be

. To verify this assumption, a pristine W sample was treated with
a pure Ne plasma for an ion fluence of m within NAGDIS-II.
After the plasma exposure, the mass change of the sample resulted in a
net erosion yield of , a factor of three lower than the theo-
retical yields predicted in [44], and agreeing well with the findings in
[47].

In Fig. 5, the values for Y calculated for 95 % He + 5 % impu-
rity (N and Ne) discharges are shown against the respective fuzzy W
layer thickness (h). It is clear from the results that Y decreases as h in-
creases. A comparison between Y values in Fig. 5 and Y and Y

(taken to be and respectively) shows that for
5% of each impurity, Ne and N , the measured net erosion yields were
less than their respective theoretical bulk sputtering yields.

3.4. Steady-state thickness measurements from tungsten surfaces

The fuzzy W layers produced under 95 % + 5% impurity (N , Ne)
plasma exposures were further analysed for their development of a
steady-state thickness (h ) of fuzz, a process known to occur due to the
balance of growth and erosion in erosive He plasmas [6]. Eqs. (7) and
(8) presented in Section 2.5 allow predictions for the value of h to be
made, given certain experimental parameters ( and C) are known.

Fig. 5. The net erosion yields against fuzz thickness for 5 of N and Ne impurity species
in a He plasma.

A 100 He discharge was used to grow fuzzy W samples and al-
low the calculation of a temperature constant C at 1465 K; values for C
had been previously calculated in the literature to be m at T
= 1320 K [5]. For T = 1465 K, W fuzz samples were produced within
NAGDIS-II with their fuzz thicknesses h measured using SEM and plotted
on Fig. 6 using black circles. The measured values for h were then used
with Eq. (1) to calculate a temperature constant C which best represents
the data. Here is estimated to be m in the calculation of
C, giving a good fit to the experimental data for a 100 % He plasma ex-
posure shown in Fig. 6. This estimate of is consistent with previous
investigations on NAGDIS-II which have observed an incubation fluence
of m is necessary for fuzz formation [21]. An average of the
C values calculated for each fuzzy layer thickness produced in a 100
He plasma was made; C at 1465 K was found to be m . In
Table 1, values for C over a range of T (1120 – 1465 K) are presented.
Values for C are observed to increase given increases in T . This increase
in the growth rate as the W surface temperature increases has been seen
in other studies where fuzzy W layers were measured over increasing
surface temperature ranges [5,22].

Eq. (1) is represented as the black dashed line on Fig. 6. A good
agreement between the fuzzy W thicknesses grown in 100 He and the
predicted trend of growth given by Eq. (1) is found. The porosity of two
layers, produced for the largest fluence samples under 95 % He + 5 %
of N or Ne impurity, were measured from the mass before and after the
removal of the fuzzy layer, following the procedures given in

Fig. 6. The W fuzz thicknesses produced in a 100 He plasma (black points), 95 He
+ 5 N plasma (blue squares) and 95 He + 5 Ne plasma (yellow triangles). The
horizontal dashed lines represent the steady-state thickness calculated using Eq. (7) for N

(blue dashed) and Ne (yellow dashed). The horizontal solid lines show the results of Eq.
(8) using the calculated net erosion yield and porosity values for both N (solid blue) and
Ne (solid yellow).
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Table 1
Comparison of temperature constants C calculated at a range of temperatures, available
from the literature and found in the current work.

T (K) Temperature Constant C (m )

1120 [5]
1320 [5]
1465 (current work)

[37]. In Fig. 7, the fuzzy surface of a sample exposed to 95 % He + 5
% N is shown with 50 % of its surface area removed, and cross sectional
SEM imaging shows the near total reduction in the fuzzy layer thickness
after removal. Where fuzz has been wiped off, there is a chance that the
fuzz layer was merely compressed during the process, something that
has been observed in other studies where porosity of fuzz was estab-
lished using the same method [36]. After the fuzzy layer was believed
to be fully removed, a mass loss of 100 g and 340 g was mea-
sured for the 5 % N and Ne samples respectively. This corresponded to
a porosity of 0.7 for the fuzzy layer produced under 5 % N (h = 0.65

m), and 0.9 for the fuzzy layer produced under 5 % Ne (h = 1.89 m).
Now the fuzz thicknesses produced on W samples using He and impurity
plasma for a range of fluences will be considered. The measurements of
h produced under ion fluences ( ) of 95 % He + 5% impurity (N or
Ne) are shown in Fig. 6. In both cases (N and Ne) the presence of impu-
rity now reduces h relative to the 100 He case. It is worth noting that
the data for 5 Ne in Fig. 6 were taken at T = 1320 K, which would
result in a lower temperature constant C, equivalent to m (cal-
culated using data given in [5]). This lower value of C will in turn mean
the expected trend of Eq. (1) at 1320 K will be different, however it was
found that the presence of 5 Ne still results in a lower growth rate of
fuzz compared to 100% He when this calculation is made.

Comparing the trend of the growth of fuzz for each different impurity
in Fig. 6, the heavier atomic mass impurity (N ) leads to lower effec-
tive fuzz growth rates compared to the lower atomic mass impurity (Ne).
Specifically the highest fluence samples for the 5 Ne and N discharges
in Fig. 6 show a reduction in h of around 3 times from Ne to N . It is
likely that this is due to an increased sputtering effect of N compared
to Ne, and this agrees with the results in Fig. 3 where an enhancement
in mass loss was seen when comparing the one hour discharges contain-
ing 5 Ne or N . In addition, the initial surface temperature could also
have had an effect on the sputtering yield and subsequent effective fuzz
growth rate. T was close to 1465 K for some samples produced with 5
% N , which is hotter than the surfaces where Ne was used as the impu-
rity during irradiation (T = 1320 K). It is has been shown in previous
investigations that an increased erosion rate can occur for higher surface
temperatures [48], similar effects may have occurred here.

Overall, the thickness of fuzzy layers grown in plasma where impu-
rity is present are reduced relative to the 100 He case over the fluence
range given in Fig. 6.

It is noticeable that the measured h values no longer changes as
rapidly as increases, particularly in the case of N where h is very
similar above m . Presumably this is where a balance has
been reached between growth and erosion of the fuzz, resulting in a
steady-state fuzz thickness [6,23,24]. Now, using the equations intro-
duced in Section 2.5, a calculation for the steady-state thickness (h )
based on bulk sputtering values of W using Ne (Y = ) and
N (Y = ), or using experimentally determined values
for p and Y , could be made.

Plotted on Fig. 6 are the values for h using Eq. (8) (represented
with a solid horizontal line) and Eq. (7) (plotted as a longer, dashed
line). Greater agreement between results of the irradiations from
NAGDIS-II and the predictions of the analytical model is found when
bulk sputtering yields are used. The largest discrepancy between the an-
alytical model described in Section 2.5 and the experimental data was
seen when using net erosion yields and porosity measurements to esti-
mate h . The predicted h values for both N (solid blue line) and Ne
(solid yellow line) are both much greater than the apparent steady-state
thicknesses from the raw data in Fig. 6. It has been mentioned in [6]
that a better accuracy in the prediction of fuzz thicknesses is found when
using bulk yields over measured net erosion and porosity values, which
appears to be the case here.

3.5. Nano-tendril bundle growth

SEM imaging of the fuzzy W surfaces also showed much larger
nanostructures than typical fuzzy W morphologies. These larger nanos-
tructures did not show any uniformity in their shape or distribution
across the surface, but they were, in some cases, as much as 20 times
thicker ( 20 m) than the typical fuzzy W growth observed on the sur-
face. The diameter of the tendrils of these structures were on the order of
tens of nm, resembling similar larger fuzz growths known as nano-ten-
dril bundles (NTBs) reported by Woller et al. [49,50] and Hwangbo
et al. [39,51].

In Fig. 8, examples of the NTBs on the W surfaces exposed to He +
N plasma observed through SEM imaging are shown. In Fig. 8 a)–c),
the NTBs were produced after treatment with 92.5 % He + 7.5 % N

plasma for an ion fluence of m . In Fig. 8 d) and e) NTBs
were formed after exposure to a plasma with 90 % He + 10 % N for
an ion fluence m . The NTBs were observed to be near ran-
domly distributed across the surface, with their average height difficult
to measure due to the large quantity of NTBs that were observed to have
formed. An attempt was made to use a focused ion beam to mill a cross
section of selected NTBs, but due to the onset of melting (presumably
due to the ion current used in the milling) this was abandoned.

Fig. 7. SEM images of the fuzzy W surface grown under 95% He + 5% N plasma for an ion fluence of m , with the surface before (a) and after (b) removal of the fuzzy layer.
Inset is a cross-sectional SEM image of the fuzzy layer pre and post wiping.
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Fig. 8. Images of NTBs produced on the W surfaces exposed to He + N impurity plasmas. In a), b) and c), NTBs are visible as the whitish areas on the fuzzy surface, with the grey regions
representing typical fuzzy W growth. Image c) is an expanded view of the surface shown in b). In d), e) and f), NTBs are viewed at 90 and 80 to the surface normal, with the cross
sectional thickness of the NTBs in the images estimated to be 16 – 21 m. In f), the base of the NTB in e) is inspected closer, with the SEM imaging showing that NTBs appear to grow out
of the surface they form on.

In Fig. 8d) and e), two separate NTBs were measured for the vertical
heights, with the average height being found to be 20 m. This may
not be representative of all NTBs formed under a 90 % He + 10 % N

plasma (as not all NTBs were measured for their vertical height, and
He ion fluence is known to be important for NTB growth rates [51]),
but it does give an indication of the height that NTBs can grow to under
these conditions. Typical fuzzy W can grow to 100s of nm to several m
depending on the exposure conditions [5], and given that the average
fuzzy layer was found to be 311 120 nm in thickness for the sample in
Fig. 8d) and e), the NTBs have a near 70x larger vertical thickness from
the surface.

Fig. 9 c) shows the results of EDX analysis for two regions (labelled
in a)) on a W surface exposed to a 95 % He + 5 % N sample, with
spectrum 1 indicating a normal fuzz region and spectrum 2 indicating
a region including an NTB on the surface. An estimation of the spatial
resolution x ( m) provided by the EDX analysis is given in [52] to be,

(9)

where E is the accelerating voltage (keV), the E is the critical excita-
tion energy (keV), and is the density of the material. The density of
fuzzy W layers should also be considered; it has been shown to be as low
as 10 % of the bulk density [37], therefore the implantation depth may
in fact be enhanced relative to bulk W. Assuming this deviation in the
density, with the incident electron beam energy at 20 keV the expected
depth of the EDX measurement is 0.5–5 m. With the fuzzy layer thick-
ness being 0.4 m for this sample and NTBs having thicknesses from the
surface of 8 m, the penetration depth is sufficient enough to probe
the typical fuzz and NTB structures.

The EDX analysis given in Fig. 9c) shows characteristic peaks for W
in the spectra, indicating the two areas consist of a near identical el-
emental composition. Hence, the larger structures that resemble NTBs
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Fig. 9. Images of an NTB produced on a sample exposed to 95 % He + 5 % N plasma to a total ion fluence of m . In a), a top down view of the NTB is shown, in b) the NTB
is viewed at 90 to the surface normal, and in c) an EDX analysis graph shows the elemental composition of the fuzzy layer (Area 1) and NTB (Area 2).

on the surface can reasonably be assumed as having a similar elemental
composition to W fuzz.

4. Discussion

4.1. Mechanisms of NTB growth

In the earliest reports of ”islands” of fuzzy W or NTBs in the literature
[49,50,53] Woller et al. initially observed that NTBs were formed with
an RF modulation of the He ion energy, varying between 25 and 100
eV [50]. A subsequent study showed that NTBs were formed at much
lower frequencies of ion energy modulation (20 kHz in [49]), implying
that RF modulation to the ion energy was not required to produce an
NTB. In their findings, Woller et al. state the impurity % level in their
device (the DIONISOS linear plasma experiment [54]) was roughly
0.1 %. Assuming the impurity type to consist of mainly air (N , O etc),
ionising these species within the He plasma could lead to larger levels of
sputtering on a W surface, given the ion energy range of 25–100 eV. The
reports in [49] indicate that only when a broader ion energy range dis-
tribution (from 20 to 100 eV) is used do NTBs form. At a more narrow
ion energy range ( 50–70 eV), NTBs are not formed on the surface, but
typical fuzz is formed instead.

In separate observations of NTB-like structures made by Al-Ajloni
et al. in [53], a He ion beam was mixed with increasing percentages
(0.01 – 0.5 %) of carbon (C). In this case the fuzz growth was near termi-
nated at the higher percentages of C used, with small islands of fuzz (i.e.
NTBs) visible on the surface when 0.01% of C was used. At the ion ener-
gies used in their study (300 eV), it is likely that with higher concentra-
tions of C the surface sputtering rate was too large for fuzz to grow. At
the lower concentrations of C, the competing processes of surface ero-
sion and fuzz growth balance out, allowing pockets of fuzz to form on
the surface.

In the investigations in [49,50,53], where fuzz growth was coupled
with some low level of surface sputtering (usually by impurity species),
NTBs were observed to grow on the surface. Given the previous investi-
gations just described, it seems reasonable to assume that surface sput-
tering could be linked to the onset of NTB growth.

In the current study, NTBs have been observed when some small
percentage (5–10%) impurity is present in the plasma. The experimen-
tal conditions chosen at the start meant that impurity ions had suffi-
cient energy (60 eV) to sputter W. It is not yet clear how sputtering
of the fuzzy W surface could lead to areas where NTBs are produced,
but a possible mechanism was outlined by Hwangbo et al. in [39]. As
fuzzy W formation is known to have a grain orientation dependency
[55,56] and also reduce the sputtering yield from the surface, it may
be that on grains where fuzzy W growth is accelerated relative to other
grains, any sputtered material from the surroundings areas could be
trapped (in a similar way to the line of sight deposition described in
[37]) by fuzz that is already forming. As the grain orientation of tung-
sten surfaces was not kept constant in [39,49,53], preferential sputter-
ing and re-deposition of fuzz could perhaps explain the formation and
seemingly random distribution of NTBs on the W surfaces they form. It
was shown recently how the fuzzy layer growth rate can be accelerated

when fuzzy W is grown under concurrent W deposition [57–59]. Mc-
Carthy et al described how W deposition appears to ’match’ the porosity
of the surface it coalesces with [58]. The fuzzy layer thickness is then
enhanced by an amount equivalent to a fully dense W layer of deposi-
tion divided by the porosity of the fuzzy surface. This implies that low
levels of W deposition on to any fuzzy W surface can lead to larger fuzzy
layer thicknesses. If sputtered W redeposits on a growing fuzzy layer, as
may be the case in the current investigation, the large porosity of the
fuzzy layer (measured to be 0.7 to 0.9 in this current work) will amount
to a significant increase in the fuzzy layer when any W deposition is cap-
tured. This could be a possible explanation for the NTB growth seen here
and in previous investigations.

4.2. Temperature threshold for NTB formation

In the study by Hwangbo et al. [39] a surface temperature window
was observed for NTB formation. Specifically, for T in the range 1400
– 1600 K NTBs were formed after He + impurity exposures. The find-
ings in this current investigation show that there is an extension to the
ranges of T which can produce NTBs. In Fig. 10 the ranges of T which
were observed to produce NTBs in NAGDIS-II from the study in [39]
and the current investigation are shown. Also included is a temperature
range observed by Woller et al. that was sufficient to produce NTBs in
their experiments in [50]. It can be seen from Fig. 10 that there was a
significant difference between the observed temperature range for NTBs
found in [39,50]. In this current study a bridge between the two litera-
ture temperature ranges for NTB growth is approximately made, poten-
tially expanding the temperature range for NTBs from 870 to 1600 K.

It should be noted that there was difficulty in decreasing T much
lower than 1300 K within NAGDIS-II. Surface heating is supplied by the
plasma, therefore changes to current within the plasma itself would be
required, however this would in turn change the flux of particles. A cool-
ing system can be used in NAGDIS-II to reduce T to temperatures as low
as 1200 K, however this wasn’t attempted during the experiments. In
future experiments it would be useful to probe the apparent gap in the
temperature range for which NTBs (in Fig. 10) can be formed.

Fig. 10. Temperature range established for NTB production from the literature [39,50]
and current study.
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5. Conclusions

A systematic study has been carried out to find the effect of impu-
rity species (N , Ne and Ar) and their concentrations (5 , 7.5 and 10
) on the effective growth rates and structures of fuzzy W produced in a
high density He linear plasma device (NAGDIS-II). The effective growth
rate of fuzz is reduced for impurities with higher atomic masses and
higher concentrations. Mass loss measurements showed that for higher
percentages of impurity in the He plasma (10%), the heavier impurity
species resulted in the largest loss of mass from a fuzzy W surface, im-
plying more sputtering had occurred. Surface microscopy revealed for
N (5 and 7.5 ) and Ar (5 ) impurity in the He plasma, W fuzz ten-
drils were seen. For Ne (5 , 7.5 and 10 ) impurity in the He plasma,
fuzzy W cones were produced. For 10 of N in the He plasma, the W
fuzz surface showed areas of little to no fuzz growth, with some cases of
He pinholes being visible. For 7.5 and 10 of Ar in the He plasma, no
fuzz was created, indicating heavy sputtering from the impurity source
on the surface.

From mass loss measurements the net erosion yields were deter-
mined to decrease sharply with increasing fuzz thickness. Net erosion
yields from W surfaces exposed to 95% He + 5% impurity (Ne or N )
discharges were measured to be lower than bulk W sputtering yields for
each impurity species. For long He plasma exposures (fluences up to 10

m ), steady-state thicknesses of fuzz were attained due to the com-
bined effect of fuzz growth and sputter erosion, caused by the impurity
species in the plasma. The measured steady-state thicknesses were found
to be consistent with an analytical model developed for the simultane-
ous growth and erosion of fuzz given in [6]. Over an ion fluence range
from to m and 5% of impurity in the plasma, the heavier im-
purity species (N ) produced lower steady-state thicknesses of fuzz rel-
ative to the lighter species (Ne). The results here imply that using Ne
would reduce the fuzzy W layer thickness at a slower rate than the heavy
impurity species (N , Ar).

The observations of NTBs on fuzzy W surfaces were presented
through SEM imaging. The formation of NTBs have been characterised
in terms of their temperature threshold ranges. In this work, a tempera-
ture window of 1320–1465 K was sufficient to observe NTB formation.
A possible mechanism for NTB growth through line of sight deposition
and the coalescence of redeposition of sputtered W were described. Re-
cent findings show that deposited W can match the porosity of a fuzzy
W layer it lands on. This infers that W deposition could significantly
enhance the fuzzy layer thickness, and may explain the onset of NTB
formation. In ITER, prompt redeposition fractions will be 50 during
normal operation [20], and close to 99.9 during high energy transient
events [8]. As a result, significant redeposition of any sputtered wall
material can occur. If NTBs are grown due to the coalescence of sput-
tered W and existing fuzzy tendrils, NTBs or similar larger fuzzy struc-
tures could be formed in ITER.
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