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Based on simulation results and theoretical analysis according to an atomistically informed
continuum-scale model for the surface morphological response of tungsten plasma-facing compo-
nent (PFC) in nuclear fusion devices, we demonstrate that the onset of the well-known surface
nanostructure (known as “fuzz”) formation in PFC tungsten is the outcome of a stress-induced
surface morphological instability. Specifically, we show that formation and growth of nanotendrils
emanating from the exposed surface of PFC tungsten, a precursor to fuzz formation, is caused
by a long-wavelength surface morphological instability triggered by compressive stress in the PFC
near-surface layer due to over-pressurized helium (He) bubbles forming in this near-surface region
through implantation of low-energy He ions from the plasma. Using linear stability theory (LST), we
predict the onset of surface growth in response to low-amplitude perturbations from a planar PFC
surface morphology and calculate the average spacing between nanotendrils growing from the PFC
surface, in excellent agreement with self-consistent dynamical simulations of surface morphological
response according to the fully nonlinear surface evolution model starting with random fluctuations
from the planar surface morphology that result in nano-scale surface roughness. In addition, we
examine the morphological response of the PFC surface to low-amplitude perturbations of very
long wavelengths from its planar morphology and interpret fully the simulation results on the basis
of a weakly nonlinear tip-splitting instability theory, which predicts a post-instability nanotendril
pattern formation with nanotendril separation consistent with the LST predictions regardless of the
initial surface perturbation. Finally, we compare our simulation predictions for surface nanotendril
growth with experimental measurements of fuzz layer growth on the exposed surface of PFC tung-
sten. Our simulation results are in very good agreement with the surface growth measurements at
the early stages of fuzz growth, further establishing the onset of fuzz formation in PFC tungsten as
the outcome of a stress-driven PFC surface morphological instability.

I. INTRODUCTION

Tungsten is the chosen material for the divertor of nu-
clear fusion devices, a plasma-facing component (PFC)
that is exposed to the extreme conditions of high heat
and particle fluxes in the International Thermonuclear
Experimental Reactor (ITER). The choice of tungsten
as the PFC material for the ITER divertor is a result of
its extraordinary thermomechanical properties including
high melting point, high thermal conductivity, relatively
low sputtering yield and low tritium retention, as well as
low erosion [1–4]. However, under the typical operating
conditions of He plasma exposure in ITER, the PFC sur-
face temperature will be in the range of 900 − 2000 K
and the He ion incident energy will be above a threshold
of ∼ 35 eV, conditions consistent with the formation of
the well-known fuzz surface nanostructure, a nanofiber-
like structure, on the PFC tungsten surface [5–11]. The
development of this fragile crystalline fuzz nanostructure
severely changes the morphology of the He-exposed tung-
sten, and is responsible for adverse effects on the ther-
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mophysical properties of tungsten, such as its optical re-
flectivity, thermal conductivity, and mechanical strength
[12–15].

Figure 1(a) gives a schematic representation of the
evolution of a tungsten surface during He plasma irra-
diation, with nanotendrils growing from the surface as
the He ion fluence increases and He bubbles form in the
near-surface region and grow with continued exposure
to the plasma. Nanotendrils emanating from the He-
plasma-exposed tungsten surface have been shown to be
the precursor to the formation of the fuzz surface nanos-
tructure; such nanotendril formation is driven by stress-
induced surface atomic diffusion with the stress originat-
ing from the over-pressurized helium bubbles that are
trapped in the near-surface PFC tungsten region [16].
Due to the effects of subsurface bubble dynamics [17–20],
He bubble bursting and crater formation on the surface
[21–23], dislocation loop punching from large He bubbles
[22, 24, 25], and many more mechanisms, these nanoten-
drils will continue to grow and subsequently evolve to
the fuzz crystalline nanofiber-like structure, which is re-
sponsible for detrimental changes to the thermophysical
properties of the He-implanted tungsten as a function
of He content in the nanobubble region [14, 26]. Many
theoretical studies have focused on the modeling of fuzz
formation and growth and the prediction of the depen-
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dence of fuzz formation on temperature and incident He
ion energy [27–35]. However, it is extremely challenging
to capture the relevant length and time scales for fuzz
growth on the PFC tungsten surface, on the order of
micrometers and hours, through such a complex multi-
physics process starting from atomic-scale concepts and
simulations.

We have developed a 3D hierarchical continuum-scale
model using atomistically-derived constitutive informa-
tion to study the onset of fuzz formation in PFC tung-
sten [16, 36–38]. According to our model, stress-induced
surface diffusion drives the morphological response of the
He plasma-irradiated tungsten surface, where the stress
in the near-surface region of PFC tungsten originates
from the trapped over-pressurized He bubbles that form
in this region due to the He plasma exposure. The mi-
gration to the tungsten surface of the W self-interstitial
atoms ejected by the helium clusters and bubbles in the
nanobubble region is another driver of surface morpho-
logical evolution. In the model, we assume the nanobub-
ble region under the surface of PFC tungsten to be a
thin homogenized layer of 30 nm in thickness, consistent
with experimental findings [39], with uniform number
density of nanobubbles; the bulk tungsten crystal below
the nanobubble layer is modeled as a semi-infinite rigid
medium. In previous studies, we validated the model pre-
dictions for the PFC surface morphology and the onset of
fuzz formation and demonstrated that the average bubble
size at He saturation and the steady-state He content in
the nanobubble region have strong effects on the growth
rate of the nanotendrils emanating from the surface of
PFC tungsten [16]. In addition, we studied the effect
of surface temperature on the growth rate of nanoten-
drils emanating from the plasma-exposed tungsten sur-
face, showed that increasing temperature accelerates the
growth of nanostructures, and demonstrated the impor-
tance of the plasma exposure duration in determining the
surface morphological response [36]. We also explored the
effect of softening of the tungsten elastic properties in the
nanobubble region during He plasma exposure [26, 40]
and showed that it accelerates the growth of nanotendrils
from the PFC tungsten surface [37]. Moreover, we ac-
counted for the He bubble bursting and crater formation
introducing nanometer-scale holes onto the PFC tung-
sten surface at prescribed rates and areal densities and
demonstrated that this hole formation effect further ac-
celerates the growth of nanotendrils and introduces fine-
scale nanotendrils into the surface with an average spac-
ing between such fine nanotendrils that is consistent with
experimental measurements [16, 38].

In stressed elastic solids, surface morphological insta-
bilities may be triggered by stress winning the compe-
tition between elastic strain energy and surface energy,
such as in the Asaro-Tiller or Grinfeld (ATG) instability
[41, 42], which has been widely studied both experimen-
tally [43–46] and theoretically [47–52]. Such morpholog-
ical instability analyses can offer important insights into
surface nanostructure formation in complex material sys-

tems, such as PFC tungsten. The purpose of this article
is to establish the onset of fuzz formation in PFC tung-
sten as such a stress-induced surface morphological insta-
bility phenomenon. Using the 3D continuum-scale model
outlined above and self-consistent dynamical simulations
of PFC surface morphological response, we demonstrate
that a PFC tungsten surface perturbed from its planar
morphology after the He content in the near-surface re-
gion reaches steady state evolves to form a pattern of
nanotendrils that emanate from the surface and grow fast
to reach heights of tens of nanometers at over an hour of
plasma exposure and average separation on the order of
1 µm. Such nanotendril separations are consistent with
experimentally observed coarse surface features on PFC
tungsten surfaces and are explained fully by linear sta-
bility theory. In addition, the independence of the key
features of the nanotendril pattern from the wavelength
of the initial perturbation is demonstrated, even at very
long wavelengths, by a weakly nonlinear tip-splitting in-
stability theory. Perhaps more importantly, our modeling
predictions for the surface growth rate are in agreement
with our experimental measurements of fuzz layer growth
at the early stages of fuzz nanostructure formation.

II. MODEL, SIMULATION TECHNIQUES, AND
EXPERIMENTAL METHODS

A. PFC tungsten surface evolution model

In our model of PFC tungsten surface morpholog-
ical response, we consider a homogenized continuous
nanobubble layer in the PFC near-surface region of aver-
age thickness h0 and nanobubble radius rb with a uniform
number density of He bubbles depicted schematically in
Fig. 1(b) as the uniformly gray-shaded upper region of
the PFC material domain. The incident energy of He ions
considered in this study is below the sputtering thresh-
old (∼ 100 eV), leading to a negligible sputtering loss of
tungsten atoms [16, 20]. Ignoring such sputtering losses,
the governing equation for the morphological evolution of
the helium-plasma-irradiated tungsten surface that guar-
antees conservation of tungsten atoms has been reported
in our previous work [16], and is given by

∂h

∂t
= H ′Ω∇s · Js + ΩJI, (1)

where h = h(x, y, t) is the surface height function with
x, y, and z being the usual Cartesian coordinates, H ′ ≡
[1 +

(
∂h
∂x

)2
+
(
∂h
∂y

)2

]1/2, ∇s is the surface gradient op-

erator, Ω is the atomic volume of tungsten at temper-
ature T , Js is the atomic surface mass flux, and JI is
the self-interstitial flux from the bulk of the nanobub-
ble region to the plasma-exposed surface along the z-
direction. In the model, dislocation loop formation and
the process of loop punching from helium bubbles in the
near-surface nanobubble region are approximated as a
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FIG. 1. Modeling of the onset of fuzz formation. (a) Schematic representation of the evolution of tungsten surface nanotendril
growth (precursor to fuzz formation) during He plasma irradiation; the He ion fluence increases and the He bubbles formed in
the near-surface region grow as time increases from (a1) to (a4). (b) Schematic representation of the homogenized near-surface
nanobubble region of plasma-irradiated tungsten with W self-interstitial atoms migrating toward the exposed tungsten surface,
at a flux JI, and the surface being subjected to a long-wavelength perturbation from the planar morphology.

flux of self-interstitial atoms (SIAs) to the surface. The
surface flux, Js = Dsδs

kBT
∇s(µ/Ω), is proportional to the

surface gradient of the chemical potential, µ, of surface
atoms, where kB is the Boltzmann constant, δs/Ω is the
number of surface atoms per unit area, and Ds is the
surface atomic diffusivity that is an Arrhenius function
of temperature [53]. The SIA flux, JI = −DICI

kBT
∇zµI, is

proportional to the gradient of the chemical potential of
tungsten SIAs, µI, along the z-direction (see Fig. 1(b)),
where DI is the SIA diffusivity at temperature T and CI

is the homogenized SIA concentration in the nanobub-
ble region [54]. The chemical potential of the surface
atoms, µ, is determined by the curved surface free energy
and the elastic strain energy at the surface, with a biax-
ial compressive stress induced in the near-surface region
due to the formation of over-pressurized helium bubbles
by the implanted helium [16].The competition between

elastic strain energy (that drives surface growth through
formation of nanotendrils emanating from the surface)
and surface free energy (that drives surface smoothen-
ing) leads to surface morphological change and triggers
a surface morphological instability; the linearized model
for the surface morphological response of PFC tungsten,
including a full description of the chemical potential of
surface atoms and an asymptotic calculation of the elas-
tic strain energy density in the near-surface region of
PFC tungsten, is derived in the supplementary mate-
rial document [55]. The pressure of the He bubbles in
the PFC nanobubble region is determined by the equa-
tion of state for helium [56], with the parameterization of
the He bubble density obtained by analysis of large-scale
molecular-dynamics (MD) simulation results [18, 57]. In
this study, helium bubbles in the PFC nanobubble region
are assumed to be spherical, with the He/W interfacial
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FIG. 2. Morphological evolution of a W(110) surface starting with a random low-amplitude perturbation from a planar
morphology at an initial nano-scale surface roughness SR = 5 nm, with the surface being exposed to a 75 eV He plasma
irradiation with a He flux of 2.7×1020 ions m−2s−1 at nHe,s = 16%, rb,s = 1 nm, T = 1100 K, and ṙburst = 2.67×1012 m−2s−1.
[(a1)-(a4)] Top views of the tungsten surface morphology in the form of contour maps of the surface height function h(x, y, t)
at (a1) t = 0 min, (a2) t = 70 min, (a3) t = 100 min, and (a4) t = 140 min after initiation of plasma exposure. [(b1)-(b4)]
Cross-sectional views of tungsten surface profiles along the black horizontal solid line marked in (a1) at the time instants
corresponding to [(a1)–(a4)], respectively. [(c)-(d)] 3D views of the tungsten surface morphology corresponding to the top
views shown (c) in (a1) and (d) in (a4). Evolution of (e) RMS surface roughness, SR(t), and (f) average nanotendril height,
htendril(t).

free energy at the bubble/matrix interface taken to be
isotropic.

To examine the morphological stability of the plasma-
exposed tungsten surface with a planar surface mor-
phology, we performed dynamical simulations of sur-
face morphological evolution starting from a nanobub-
ble region configuration, where the He concentration has
reached steady state and subjecting the surface to a low-
amplitude perturbation from the planar morphology (see
Fig. 1(b)). After the He content in the near-surface
region of PFC tungsten reaches steady state, the ac-
tual flux of retained helium in the near-surface region
balances the flux of released He due to bubble burst-

ing, so that the He concentration in this nanobubble re-
gion is maintained at steady state. At this state, the
implanted He will form new bubbles through so-called
trap-mutation reactions which also generate W SIAs in
the nanobubble region; the trap-mutation process gen-
erates Frenkel pairs (vacancy-SIA pairs) with the vacan-
cies forming the helium-vacancy complexes that consti-
tute the He nanobubbles and the SIAs being injected
into the W matrix in the vicinity of the bubbles. Conse-
quently, the homogenized SIA concentration, CI(t), at a
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time instant t is expressed as

CI(t) =
ṙburst

(
(4/3)πr3b,s

Ω

)
A t− FI

V
, (2)

where rb,s is the nanobubble radius at steady state for
the He content in the PFC nanobubble region (which
is also equal to the average radius of the bursting bub-
bles), A is the area of the exposed tungsten surface, V
is the volume of the nanobubble region, and ṙburst is the
He bubble bursting rate; this rate of bubble bursting is
taken to be consistent with experimental measurements
and was validated in our previous study [38]. FI is the
total number of SIAs that migrate to the PFC tungsten
surface up to time t, with t measured from when the He
content in the near-surface region reaches steady state,
and is given by

FI(t) =

∫ t

0

∫ A

0

JI dAdt. (3)

The initial condition for the SIA concentration, CI,0, is
obtained by equating at steady state the volumetric rate
of generation of W SIAs from trap-mutation reactions
with the rate of loss of SIAs due to the self-interstitial
mass flux to the PFC surface, which (for a planar surface
morphology) gives

CI,0 = ṙburst

(
(4/3)πr3

b,sh0

DIΩ

)
×(
kBT

EfI + σ0,s(Ωr − Ω)− ΩE0,s

)
. (4)

In Eq. (4), h0 is the average thickness of the nanobubble

region, EfI is the formation energy of SIAs [16], σ0,s is the
average stress level in the near-surface nanobubble region
at steady state for the He concentration, Ωr is the relax-
ation volume of the SIA [40], and E0,s is the leading order
of the elastic strain energy density at steady state for the
He content [55]; this leading-order term corresponds to a
planar PFC surface morphology.

In this study, the average bubble size and the He con-
tent at steady state are chosen as rb,s = 1 nm and
nHe,s = 16%, respectively, which are consistent with ex-
perimental findings in the literature [10, 39]. We have ex-
amined and validated the effect of varying rb,s and nHe,s

in our previous work [16, 36, 37]. The temperature is set
at T = 1100 K, which is within the temperature range
expected in the divertor region [9]; the effect of tempera-
ture on the PFC tungsten surface morphological response
has been explored in our previous study [36]. Finally, the
elastic moduli of tungsten in the He-irradiated nanobub-
ble region are calculated using exponential scaling rela-
tions for the moduli dependence on the He concentration
properly parameterized by analysis of MD simulation re-
sults [26] that account for the irradiation-induced elastic
softening of the PFC near-surface region. A more de-
tailed description of the model and its parameterization
can be found in Refs. 16, 36–38.

B. Numerical simulations

We performed dynamical simulations of surface mor-
phological evolution of the He plasma-exposed tungsten,
employing tungsten supercells with lateral dimensions
over the range from 10 µm×10 µm to 20 µm×20 µm with
the surface discretized by using a N×N grid. We applied
periodic boundary conditions in the lateral directions,
and set the average thickness of the nanobubble region
to h0 = 30 nm, which is consistent with experimental
findings [39]. The discretized surface height h(i, j, t) rep-
resents the surface morphology obtained from the mor-
phological evolution simulations with the local surface
height function, h, evaluated at each surface grid point
(i, j), where i, j ∈ {1, 2, ..., N} at a time instant t. To
solve the elastostatic boundary-value problem (BVP), we
implemented a spectral collocation method and discrete
fast Fourier transforms (FFTs) to compute the stress field
in the nanobubble layer. The elastostatic BVP is cou-
pled self-consistently with the evolution of the surface
morphology, which is monitored by applying an operator-
splitting semi-implicit front tracking method with adap-
tive time step size [16, 47, 58, 59].

To guarantee the accuracy of the simulation pre-
dictions while maintaining a reasonable computational
cost, we performed systematic convergence tests for the
computed morphological metrics (such as RMS surface
roughness) with the surface grid size. We found that
N = 1024 generated a sufficiently fine grid resolution for
numerical calculation purposes; numerical accuracy with
such a surface grid resolution was validated in our recent
simulation study [38]. With the above numerical imple-
mentation of our surface morphological evolution model
for PFC tungsten, we considered a W(110) surface with
an initially nano-scale rough surface and performed our
simulations using initial surface configurations with RMS
surface roughness SR(t = 0) = 5 nm at steady state
for the He content, where we either perturbed the sur-
face randomly, with a low-amplitude perturbation cor-
responding to thermal fluctuations from a planar sur-
face morphology, or subjected the planar surface to a
low-amplitude plane-wave perturbation with perturba-
tion wavelength ranging from 3.33 µm to 20 µm. The
need for such simulations of surface morphological re-
sponse to low-amplitude, long-wavelength perturbations
is explained and discussed in Sec. III. The initial nano-
scale surface roughness of W used in this study is con-
sistent with the initial RMS surface roughness of ITER-
grade W samples properly prepared for plasma exposure
experiments and characterization of the resulting plasma-
exposed surfaces, as reported in Ref. 16 and in this study.

C. Experiments

For comparison with the theoretical results presented
in this study, we have conducted experimental charac-
terization of the surface morphology of polycrystalline
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tungsten specimens that were exposed to high-flux he-
lium plasmas. The details of these plasma exposures are
included in our prior work (c.f. Ref. [16]), and only a
short summary is provided here. A series of five polycrys-
talline “ITER-grade” tungsten specimens were machined
into 7.6 mm diameter discs and mechanically polished to
a mirror finish, with RMS surface roughness less than
10 nm. Following surface preparation, we annealed the
samples to a temperature of 1000 ◦C in vacuum for 1
hr at a base pressure lower than 10−6 Torr. The speci-
mens were then secured to a button-style resistive heater
and inserted into an RF plasma source equipped with
a Lisitano coil. Each sample analyzed here was heated
to 840 ± 15◦C prior to the start of each experiment.
Once a discharge was initiated, we monitored the inci-
dent plasma flux intermittently using a Langmuir single
probe [60]. For the exposures reported here, the incident
plasma flux was Γion = 2.7× 1020 m−2s−1. We adjusted
the incident ion energy to 75 eV by applying a negative
bias to the specimen. Plasma fluences over the range
5.0 × 1023–1.2 × 1025 m−2 were achieved by varying the
exposure time between 30 min. and 6 hrs.

For surface morphologies that formed at low helium
fluence, we used atomic force microscopy (AFM) to mea-
sure RMS variations in surface height (see Ref. [16] for
further details.) In cases where the surface morphology
was in a more advanced state of growth (i.e. where dis-
tinct nanotendrils begin to emerge from the surface),
use of the AFM is not effective. In these situations,
we imaged specimens using a Zeiss ORION NanoFab
helium ion microscope (HIM) to assess any changes in
surface morphology. The main approach to determining
the thickness of helium-induced nanostructure layer was
through focused ion beam (FIB) profiling using a 25 keV
Ga+ ion beam. The tungsten nanostructure is delicate,
and as a result, a low current beam (< 10 pA) was used
for the FIB profiling to ensure that a clean cut could
be produced. After cutting a 3 µm wide profile into the
material, we imaged each cross section using HIM at an
angle of 54◦ referenced with respect to the surface nor-
mal. The HIM images were acquired using a 1 pA, 25
keV He+ beam. The surface height variation was then
measured directly from the HIM images, correcting for
the 54◦ tilt angle. Additional details are presented in the
supplementary material document [55].

III. RESULTS

A. Simulated surface morphological evolution

Figure 2 shows representative simulation results for the
surface morphological response of PFC tungsten starting
with a random low-amplitude perturbation from a pla-
nar PFC surface morphology at steady state for the He
concentration along with a detailed characterization of
the topographical features of the He-implanted tungsten
surface. In the simulations, we have used typical He irra-
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FIG. 3. Dimensionless dispersion relation ω̃ = ω̃(k̃) for the
real part of the surface perturbation growth rate as a function

of perturbation wave number, where k̃ ≡
√
k̃2x + k̃2y. The blue

open circle and downwards pointing arrow are used to mark
the maximally unstable wave number k̃max ≈ 1.50.

diation conditions, represented by the simulation param-
eters: He plasma incident energy of 75 eV with a He flux
of 2.7 × 1020 ions m−2s−1 at nHe,s = 16%, rb,s = 1 nm,
T = 1100 K, and ṙburst = 2.67 × 1012 m−2s−1. The top
views of the simulated PFC tungsten surface morphology,
with the corresponding times of plasma exposure noted,
are shown in Figs. 2(a1)-(a4), respectively. The cor-
responding cross-sectional views of the tungsten surface
profiles along the black horizontal solid line marked in
Fig. 2(a1) are shown in Figs. 2(b1)-(b4). The 3D views
of the initial PFC surface configuration and the tungsten
surface morphology at t = 140 min of plasma exposure
corresponding to Figs. 2(a1) and 2(a4) are shown in Figs.
2(c) and 2(d), respectively. The evolution of the two
surface characterization metrics for the plasma-exposed
tungsten surface, namely, the RMS surface roughness,
SR(t), and the average nanotendril height, htendril(t), is
shown in Figs. 2(e) and 2(f), respectively. In both cases,
the evolution of the two surface characterization met-
rics indicates that perturbing the planar PFC surface
with the He concentration having reached steady state
in the nanobubble region leads to an initial decrease in
the surface roughness and average nanotendril height at
the very early stage of evolution due to the dominance of
the surface curvature gradient as a driver of surface evo-
lution. However, this early evolution stage is extremely
short, followed by a steady increase of both morpholog-
ical metrics as a result of the induced stress level in the
nanobubble region overcoming the surface curvature and
becoming the dominant driving force for surface evolu-
tion.
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FIG. 4. Morphological evolution of a W(110) surface starting with a specific low-amplitude long-wavelength perturbation from
a planar morphology, h = h0 + ∆0[exp(i2πx/λp) + exp(i2πy/λp)], under He incident ion energy and flux conditions identical
to those in Fig. 2 at nHe,s = 16%, rb,s = 1 nm, T = 1100 K, and ṙburst = 2.67 × 1012 m−2s−1, where the wavelength of the
surface perturbation is λp = 20 µm. [(a1)-(a4)] Top views of the tungsten surface morphology in the form of contour maps of
the surface height function h(x, y, t) at (a1) t = 0 min, (a2) t = 620 min, (a3) t = 700 min, and (a4) t = 740 min after initiation
of plasma exposure. [(b1)-(b4)] Cross-sectional views of tungsten surface profiles along the black horizontal solid line marked
in (a1) at the time instants corresponding to [(a1)–(a4)], respectively. [(c)-(d)] 3D views of the tungsten surface morphology
corresponding to the top views shown (c) in (a1) and (d) in (a4). (e) Evolution of RMS surface roughness, SR(t).

It is clearly observed from the simulated surface mor-
phologies at a He plasma-exposure time of 140 min after
the planar PFC surface was perturbed, shown in Figs.
2(a4), 2(b4), and 2(d), that nanotendrils are emanat-
ing from the PFC tungsten surface with the simulated
average nanotendril height being approximately 173 nm
as shown in Fig. 2(f). In addition, the average spac-
ing between neighboring nantendrils obtained from the
simulation results is approximately 2− 2.5 µm, which is
consistent with the predicted maximally unstable wave-
length, λmax, from a linear stability analysis as we will
see in Sec. III B 1. The average nanotendril width can be
estimated as approximately half of the average nanoten-

dril spacing.

B. Surface morphological stability analysis

1. Linear stability theory

In order to provide a fundamental theoretical inter-
pretation of the surface morphological response of PFC
tungsten documented in the results of Fig. 2, we per-
formed a linear stability analysis of the planar PFC sur-
face morphological response to a low-amplitude plane-
wave perturbation. For low-energy He exposure, the
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FIG. 5. Morphological evolution of a W(110) surface starting with a specific low-amplitude long-wavelength perturbation from
a planar morphology, h = h0 +∆0[exp(i2πx/(λp))+exp(i2πy/(λp))], under He incident ion energy and flux conditions identical
to those in Fig. 2 at nHe,s = 16%, rb,s = 1 nm, T = 1100 K, and ṙburst = 2.67 × 1012 m−2s−1, where the wavelength of the
surface perturbation is λp = 10 µm. [(a1)-(a4)] Top views of the tungsten surface morphology in the form of contour maps of
the surface height function h(x, y, t) at (a1) t = 0 min, (a2) t = 610 min, (a3) t = 650 min, and (a4) t = 690 min after initiation
of plasma exposure. [(b1)-(b4)] Cross-sectional views of tungsten surface profiles along the black horizontal solid line marked
in (a1) at the time instants corresponding to [(a1)–(a4)], respectively. [(c)-(d)] 3D views of the tungsten surface morphology
corresponding to the top views shown (c) in (a1) and (d) in (a4). (e) Evolution of RMS surface roughness, SR(t).

steady-state He content is reached within a few hun-
dred seconds of exposure [39] and in that short transient
period no significant morphological change is observed
[16, 39]. Therefore, without loss of generality, the mor-
phological stability of a planar W surface under steady-
state He content can be analyzed to understand the ori-
gin of formation of surface nanotendrils – a precursor
to fuzz formation. To examine its morphological stabil-
ity, the planar W surface is subjected to a low-amplitude
plane-wave perturbation, ∆0 exp(ik ·x) with wave vector
k = (kx, ky) and ∆0k � 1, and the elastic strain energy
density E is calculated [47, 59]. For linear stability analy-
sis, E and the local surface curvature κ are approximated

retaining up to the linear-order terms in the respective
expansions according to the small-slope approximation,√
hαhα � 1, where α = x or y and the use of repeated

indices implies the summation convention.

Making the lengths and time dimensionless with a
length scale l ≡ M0γ/σ

2
0,s and a time scale τ ≡

kBT l
4/ [DsΩδsγ], respectively, where M0 = E0/(1 − ν2

0)
and γ are the biaxial modulus and surface free energy per
unit area, respectively, of pure W at temperature T , writ-
ing Eq. (1) in dimensionless form, linearizing it, and us-

ing a trial solution of h̃(x, y, t) = h̃0 +∆̃0 exp(ω̃t̃) exp(ik̃ ·
x̃), in which tildes denote dimensionless quantities, re-



9

0 5 10 15 20
0

1

2

3

4

5

6

7

8

9
Simulation results
Tip-splitting instability theory

FIG. 6. Dependence of number of surface features in 1D sur-
face profile, Nf , on the surface perturbation wavelength, λp,
following the surface morphological instability triggered on a
PFC W(110) surface under conditions identical to those in
Fig. 2 and simulation parameters identical to those in Figs.
4 and 5. The simulation results and the predictions of the
weakly nonlinear tip-splitting instability theory are denoted
by red open circles and blue solid line segments, respectively.

sults in the dimensionless dispersion relation

ω̃ = −k̃4 + 2k̃3 − ΞIk̃
2 + 2ΞIk̃. (5)

In Eq. (5), ω̃ is the real part of the characteristic dimen-
sionless growth or decay rate of the perturbation from
the planar surface morphology with dimensionless wave

number k̃ ≡
√
k̃x

2
+ k̃y

2
, and ΞI ≡ DICI,0Ωl2

Dsδsh0
is a dimen-

sionless parameter that expresses the relative strength of
the W self-interstitial atomic flux towards the free surface
with respect to the surface diffusional mass flux. Using
the values of the physical properties and other param-
eters reported in Ref. [16] and those parameters used
to produce the results of Fig. 2, we obtain for l and τ
the values of approximately 0.50 µm and 53.8 min, re-
spectively. At steady-state helium concentration in the
nanobubble region, the SIA mass flux does not play a
significant role, yielding a value of ΞI ≈ O(10−9), and

ω̃ is positive for k̃ / 2, which implies that any longer-
wavelength perturbation from the planar surface mor-
phology will grow over time and develop protrusions on
the surface resulting in formation of nanotendrils; the
maximally unstable wave number is k̃max ≈ 1.5 and the
corresponding wavelength is λmax ≈ 2.11 µm. There-
fore, we conclude that the nanotendril growth on the
He-plasma irradiated W surface is the outcome of a sur-
face morphological instability, driven by the competi-
tion between the surface free energy and the stress in

the nanobubble region that originates from the over-
pressurized He bubbles formed by the implanted He.
In our model, the SIA concentration at steady state of
He content is dependent on the rate of bubble burst-
ing, which is difficult to measure experimentally. Based
on our estimate [38], this SIA concentration is low and,
therefore, it practically plays no role in driving the PFC
surface evolution; additionally, the results of the lin-
ear stability analysis will not change even if the actual
SIA concentration is higher than the currently estimated
value by a few orders of magnitude.

Figure 3 shows the dependence of the real part of the
dimensionless surface perturbation growth rate, ω̃, on
the dimensionless perturbation wave number, k̃, accord-
ing to the dimensionless dispersion relation given in Eq.
(5). The result of the linear stability analysis gives a

single maximally unstable wave number, k̃max ≈ 1.50,
marked in Fig. 3, which corresponds to the dimension-
less maximally unstable wavelength λ̃max, and dominates
the driven post-instability evolution from the perturbed
planar surface morphology. Hence, the linear stability
analysis implies that a surface morphological instability
is triggered by perturbing the PFC planar surface with a
dominant surface growth rate ω̃(k̃max) that controls the
growth rate of the nanotendrils that form on the surface
of He-implanted tungsten, while the average separation
between nanotendrils is determined by the maximally un-
stable wavelength λ̃max.

2. Weakly nonlinear tip-splitting instability theory

A major issue in the analysis of surface morphological
response, governed by the surface morphological insta-
bility that was discussed in Sec. III B 1, arises by con-
sidering the response of the surface to low-amplitude but
long-wavelength perturbations. In such a situation, the
wavelength is much longer than the separation distances
of the nanometer-scale surface features characteristic of
the initial configuration of the PFC surface in Fig. 2(c),
perturbed from the planar morphology, considered in the
simulations of Fig. 2, or even wavelengths that are much
longer than the maximally unstable wavelength predicted
by the linear stability theory. Such long wavelengths
may be excited in real samples of PFC tungsten and
are particularly challenging to handle with the periodic
supercells in our simulations. Therefore, we examined
the morphological response of the planar PFC tungsten
surface to low-amplitude long-wavelength perturbations,
and with wavelengths that are comparable to the dimen-
sions of our computational supercells; such wavelengths
are longer by three orders of magnitude compared to the
surface features of the initial configuration of Fig. 2(c)
characteristic of random nanometer-scale perturbations
from the planar PFC surface morphology.

Figures 4 and 5 show simulation results for the sur-
face morphological evolution of PFC tungsten starting
with a specific low-amplitude perturbation from a planar
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FIG. 7. (a) Evolution of the RMS surface roughness, denoted as ∆(t), under He plasma irradiation conditions identical to
those in Fig. 2, with an initial surface roughness ∆0 = 5 nm. The solid black and solid blue lines correspond to simulation
results starting with specific low-amplitude perturbations from the planar surface morphology identical to those in Figs. 4,
and 5, respectively. (b) Exponential surface roughness evolution during the initial stage of growth of the low-amplitude, long-
wavelength surface perturbation; the open symbols and solid lines represent simulation results and optimal linear fits (in a
semi-log plot) to the simulation predictions, respectively. [(c)-(d)] Evolution of the RMS surface roughness, ∆(t), for the two
cases in (a) plotted as (c) a function of ln(1− t/tf ) and (d) a function of ln(1− t/tf ) at times t near the time to failure, tf ; the
open symbols and solid lines represent simulation results and optimal linear fits to the simulation predictions, respectively.

surface morphology, with long-wavelength perturbations
as described in the captions of Figs. 4 and 5, respec-
tively, at steady-state He content together with a de-
tailed characterization of the topographical features of
the He-implanted tungsten surface under He irradiation
conditions identical to those that yielded the results of
Fig. 2. The imposed perturbation wavelengths in Figs.
4 and 5 are equal to the length of the supercell edge and

one half of the supercell edge length (in the lateral direc-
tions of the supercell), respectively. The top views of the
simulated PFC tungsten surface morphology are shown
in Figs. 4(a1)-(a4) and 5(a1)-(a4), respectively, with the
corresponding cross-sectional views of the tungsten sur-
face profiles depicted in Figs. 4(b1)-(b4) and 5(b1)-(b4);
these are surface profiles along the black horizontal solid
line marked in Figs. 4(a1) and 5(a1), respectively. The
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FIG. 8. Comparison of experimental data for fuzz layer thick-
ness as a function of He fluence in plasma-exposed tungsten
with simulation results for average nanotendril height evolu-
tion shifted upwards by h0 under consistent plasma exposure
conditions. Experimental data and simulation predictions are
denoted by red open circles and small black solid circles, re-
spectively, while optimal fitted curves to experimental mea-
surements and model-predicted simulation results are denoted
by blue and green dashed lines, respectively. In the simula-
tions, the He plasma irradiation conditions are identical to
those in Fig. 2. The error bars in the simulation results cor-
respond to statistical errors from 5 independent simulations
with different initial surface configurations of random low-
amplitude perturbations from the planar surface morphology.

3D views of the initial configuration and the final (mean-
ing long-term, post-instability) configuration of the tung-
sten surface morphology corresponding to Figs. 4(a1),
4(a4), 5(a1), and 5(a4) are shown in Figs. 4(c), 4(d), 5(c),
and 5(d), respectively. The evolution of the RMS sur-
face roughness SR(t) for the two cases of low-amplitude,
long-wavelength perturbation from the planar surface of
PFC tungsten shown in Figs. 4(e) and 5(e), respectively,
indicates that the surface roughness increases only very
slowly and gradually from the beginning of the simula-
tions at steady state He content in the nanobubble region
due to the very low surface curvature gradient of the rela-
tively flat surface (due to such a long perturbation wave-
length); this stage of very slow evolution is followed by a
very rapid increase in surface roughness as a result of the
induced stress level in the nanobubble region becoming
the dominant driving force for surface mass transport.

In Figs. 4(a4), 4(b4), 5(a4), and 5(b4), nanotendrils
emanating from the PFC tungsten surface are clearly ob-
served from the simulated morphological results of the
surface at a sufficiently long time period of He plasma-
exposure and the average spacing between nanotendrils
in both cases is 2.22 µm. In both cases, the evolution

of the surface topography indicates that the nanoten-
drils form as a result of a tip splitting instability of the
original surface morphology, characterized by the long-
wavelength perturbation, with the number of features
(protrusions) generated by such tip splitting determining
the number of nanotendrils that form and grow after the
instability is triggered. Also, in both cases, the regular
arrangement of the resulting nanotendrils on the surface
is a result of the specified (deterministic, as opposed to
random) and geometrically symmetric original perturba-
tion from the planar PFC surface morphology. However,
regardless of the detailed dynamics of the surface mor-
phological response, the resulting nanotendril arrange-
ment on the surface is consistent with the predictions of
linear stability theory (as indicated by the proximity of
the resulting nanotendril spacing to the maximally unsta-
ble wavelength predicted by the linear stability theory).

To obtain a fundamental understanding for the depen-
dence of the number of nanotendrils emanating from the
surface of He plasma-exposed tungsten, we developed
a weakly nonlinear tip-splitting instability theory, fol-
lowing the approach we developed in previous studies
of surface morphological response of coherently strained
epitaxial thin films [59, 61–63]. In the present study,
we monitor the surface morphological response of PFC
tungsten upon disturbing according to a low-amplitude
long-wavelength perturbation its planar surface morphol-
ogy under the action of biaxial compressive stress orig-
inating from the over-pressurized helium bubbles in the
near-surface (nanobubble) region at steady state of He
concentration. Furthermore, to compute the onset of
nanotendril formation on the PFC tungsten surface, we
follow the approach of Ref. [50] to obtain all the sub-

harmonics (higher-order terms with wave number nk̃)
of the initial plane-wave perturbation (linear-order term

with wave number k̃) in the solution for the surface height
function of the evolving surface morphology. The growth
of any such sub-harmonic will trigger a tip-splitting insta-
bility and cause the formation of multiple ripples per orig-
inal wavelength of the surface perturbation. The growth
rate of such sub-harmonic ripples with wave number nk̃
is expressed as

ω̃(n) = −(nk̃)4 + 2(nk̃)3 − ΞI(nk̃)2 + 2ΞI(nk̃). (6)

The fastest growth rate ω̃(n) among all the sub-harmonics
of integer mode n with wave number nk̃ for n ≥ 1 satisfies
the relations

ω̃(n−1) ≤ ω̃(n) ≥ ω̃(n+1), (7)

yielding for the dominant mode n that controls the num-
ber of multiple ripples (surface features) on the resulting
surface profiles (along a lateral direction)

[ζ(n+ 1) + ξ(n+ 1)]− φ(n+ 1)

3
≤ k̃

≤ [ζ(n) + ξ(n)]− φ(n)

3
, (8)
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where

ζ(n) = −sgn(R(n))
[
|R(n)|+

√
R(n)2 −Q(n)3

]1/3
,

(9)

and

ξ(n) = Q(n)/ζ(n). (10)

The coefficients in Eqs. (9) and (10) are Q(n) =
φ(n)2−3χ(n)

9 and R(n) = 2φ(n)3−9φ(n)χ(n)+27ψ(n)
54 , where

φ(n) = −2[n3−(n−1)3]
[n4−(n−1)4] , χ(n) = ΞI[n

2−(n−1)2]
[n4−(n−1)4] , and ψ(n) =

−2ΞI

[n4−(n−1)4] .

Figure 6 shows a comparison between the number of
1D surface features Nf per original perturbation wave-
length predicted from the weakly nonlinear tip-splitting
instability theory (blue line segments) with the simu-
lation results (red open circles) starting with a specific
low-amplitude long-wavelength (λp) perturbation from a
planar surface morphology under the specified He irradia-
tion conditions. From this comparison, we conclude that
the predictions for the post-instability morphology on the
PFC tungsten surface from this stability analysis are in
excellent qualitative agreement with the fully nonlinear
simulation results spanning the full range of perturbation
wavelengths examined in this study, including the results
depicted in Figs. 4(a4), 4(b4), 5(a4), and 5(b4), Nf = 9
and Nf = 5, respectively. Our weakly nonlinear tip-
splitting instability theory predicts that long-wavelength
(low-k) surface perturbations can induce linearly unsta-
ble sub-harmonics, which govern the post-instability sur-
face (pattern) morphology mediated by the tip-splitting
mechanism. For example, as can be seen in Fig. 3, a
surface perturbation with k̃ = 0.5 will induce the unsta-
ble sub-harmonics of 2k̃ = 1.0 and 3k̃ = 1.5, and the one
with wave number 3k̃ = 1.5 has the highest growth rate
according to the linear stability theory; therefore, three
secondary ripples are expected to form per original wave-
length of the initial perturbation with k̃ = 0.5 to cause
PFC surface morphological instability and drive the sur-
face morphological evolution. In brief, the weakly nonlin-
ear tip-splitting instability theory provides a full interpre-
tation on how long-wavelength perturbations will evolve
to generate a surface morphology with nanotendrils ar-
ranged in space consistently with the key prediction of
the linear stability theory, which also explains the post-
instability pattern forming on the surface as a result of
a random low-amplitude perturbation of its planar mor-
phology.

Figure 7(a) shows the evolution over the entire plasma
exposure period of the surface roughness ∆(t) normal-
ized by the initial surface roughness ∆0 until the evo-
lution has reached the “time-to-failure”, tf , which is
determined by the asymptotes of the evolution curves:
∆(t)/∆0 →∞ as t→ tf , for the two representative cases
of the initial long-wavelength perturbations on the pla-
nar He-irradiated tungsten surface at perturbation wave-
lengths λp = 10 µm (blue solid curve) and λp = 20 µm

(black solid curve) corresponding to the cases of Fig. 5
and Fig. 4, respectively. In Fig. 7(b), we plot the natural
logarithms of the normalized surface roughness evolution,
ln(∆(t)/∆0), for both λp values with the simulation re-
sults shown as blue open squares and black open circles,
respectively, with the linear least-square fits to the sim-
ulation results shown as a blue solid curve and a black
solid curve, respectively. The linear fits are excellent and
confirm that the long-wavelength perturbations from the
W(110) surface grow exponentially at the initial stage
of the surface evolution. Figure 7(c) shows the normal-
ized surface roughness evolution, ∆(t)/∆0, as a function
of ln(1 − t/tf ) for both λp values at 10 µm (blue solid
curve) and 20 µm (black solid curve). To observe clearly
the long-term evolution trend of the normalized surface
roughness, we plot ∆(t)/∆0 as a function of ln(1−t/tf ) in
the vicinity of the time-to-failure as shown in Fig. 7(d);
the simulation results for both λp values are denoted by
blue open squares and black open circles and the respec-
tive linear least-square fits are represented by the blue
and black solid lines. The dynamic scaling relationship,
∆(t)/∆0 ∼ ln(1−t/tf ), that is established by the perfect
linear fits of Fig. 7(d), implies that the long-term surface
dynamics as t approaches tf is governed by a logarithmic
singularity.

C. Comparison of modeling results with
experimental measurements of fuzz layer thickness

on PFC tungsten

Figure 8 shows a comparison of our modeling predic-
tions for PFC tungsten surface growth with experimental
measurements of fuzz layer thickness evolution following
the experimental procedures described in Sec. II C; small
black solid circles and red open circles denote simulation
results and experimental data, respectively, while dashed
green and blue curves represent optimal fits to the simu-
lation and experimental data, respectively, according to
the exponential function f(Φ) = a exp(bΦ) + c. In the
above exponential functional form, the fluence Φ is the
product of the imposed He flux on the PFC surface times
t. The simulation predictions for the fuzz layer thickness
correspond to the simulation results for the average nan-
otendril height shifted upwards by the nanobubble region
thickness h0 under the plasma exposure conditions used
to produce the results in Fig. 2. It is evident from Fig.
8 that the simulation results are in good agreement with
the experimental data at the early stage of surface growth
for He fluences up to ∼ 1024 m−2. Specifically, at this
early growth stage, the fitted exponential curves to the
layer thickness evolution data from both simulation and
experiment are in excellent agreement with each other
and confirm that the fuzz layer thickness on the PFC
tungsten surface undergoes exponential growth at the
early stage of plasma exposure. However, the simulated
layer thickness growth rate becomes much faster than
the experimentally measured growth rate at He fluences
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higher than Φ ≈ 2 × 1024 m−2. It should be mentioned
that, at longer times, dynamic scaling of the simulation
results shown in Fig. 8 demonstrates that the growing
(nanotendril) layer diverges according to the logarithmic
singularity highlighted in Fig. 7.

IV. DISCUSSION

Our numerical simulation results, in conjunction with
our theoretical analyses of surface morphological stability
based on our model of surface evolution for PFC tungsten
exposed to He implantation, demonstrate that the onset
of fuzz formation in He plasma-exposed tungsten is the
outcome of a stress-induced surface morphological insta-
bility. The stress, in the form of equi-biaxial compressive
stress in the near-surface PFC region, is developed due
to the formation of over-pressurized He nanobubbles and
plays a major role in the surface morphological response.
Specifically, stress-induced surface diffusion overcomes
the (smoothening) action of curvature-driven surface dif-
fusion and triggers a morphological instability leading to
a pattern of nanotendrils that emanate from the surface
and keep growing under the action of the stress, while
the role of sub-surface defect dynamics approximated by
a flux of self-interstitial atoms toward the surface after
the He content in the near-surface region reaches steady
state is not significant enough to affect the competition
between the two driving forces of surface diffusion that
determine the surface morphological evolution. Under
typical low-energy He implantation conditions, the nan-
otendrils grow to reach heights of tens of nanometers at
times over one hour of plasma exposure. The evolution of
the PFC surface morphology is monitored from an initial
configuration that consists of a low-amplitude perturba-
tion of the planar PFC surface morphology after the He
content in the near-surface nanobubble region reaches
steady state (typically achieved within a few minutes).
Regardless of the wavelength of the surface perturba-
tion, which ranges in our study from the nanometer scale
in random fluctuations from the planar surface state to
tens of micrometers, a consistent post-instability pattern
of nanotendrils forms on the surface characterized by an
average nanotendril separation of 2 – 2.5 µm. The result-
ing post-instability surface topography is characterized
in detail and explained fully by the predictions of lin-
ear stability theory and a weakly nonlinear tip-splitting
instability theory.

Surface features on PFC tungsten with the heights pre-
dicted by our model after over one hour of plasma expo-
sure and separation distances on the order of 1 µm have
been observed experimentally on tungsten surfaces ex-
posed to He plasmas [16]. However, in addition to these
(nanotendril) features, which we can call coarse surface
features, the experiments also reveal (within such coarse
features) the appearance of finer surface features (nan-
otendrils) with widths and separation distances on the
order of 100 nm. Such finer-scale nanotendrils have not

been captured in this study and cannot be predicted by
the surface evolution model implemented in this article.
Nevertheless, we have recently demonstrated that fine
surface features (nanotendrils) with average separation
distances of ∼ 150 nm can be predicted on the PFC tung-
sten surface by augmenting the surface evolution model
used in this study to incorporate a surface hole forma-
tion effect as a result of bubble bursting that, in addition
to releasing He and maintaining the He content in the
PFC near-surface region at steady state, also leads to
formation of craters on the surface with dimensions on
the order of 10 nm [38].

Our model predicts successfully the surface growth
rates at the onset of fuzz formation, in agreement with
the experimental data. However, the predicted sur-
face growth rates are much faster than the experimen-
tal ones at longer times (higher He fluences) as the fuzz
layer grows; this long-term overprediction of the surface
growth rate by our model is attributed to the fast long-
term dynamics of the surface morphological instability
established without incorporating into the model addi-
tional subsurface bubble dynamical phenomena that sig-
nificantly affect the long-term surface morphological re-
sponse. However, the experimental results for the evo-
lution of the fuzz layer thickness shown in Fig. 8 also
provide a more detailed picture of the onset of the fuzz
layer growth from the beginning of the PFC tungsten
surface exposure to a He plasma reported in Ref. [9].
Our experiments, supported by our modeling predictions,
and combined with the experimental results of Ref. [9]
demonstrate that the growth of the fuzz layer on the PFC
tungsten surface is a two-stage process, with a first stage
(fuzz formation onset) where the growth rate is exponen-
tially fast followed by a second stage where the growth
rate is substantially reduced. The transition between the
two stages of the fuzz layer growth process corresponds
to the incubation fluence in the experimental literature.

V. SUMMARY AND CONCLUSIONS

In summary, we presented a systematic computa-
tional and theoretical analysis based on an atomistically
informed and properly parameterized continuum-scale
model of PFC tungsten surface morphological evolution
that establishes the onset of fuzz formation in He plasma
exposed surfaces as a surface morphological instability.
This morphological response constitutes a stress-induced
long-wavelength surface instability phenomenon driven
by surface diffusional dynamics dominated by the stress
generated in the PFC near-surface region as a result of
the formation in this region of over-pressurized He bub-
bles from the He implantation into the PFC tungsten.
The instability causes a low-amplitude disturbance of a
PFC tungsten surface with planar morphology to evolve
into a rough surface characterized by a pattern of nan-
otendrils that emanate from the surface and grow upon
continued plasma exposure after the He content in the
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near-surface region reaches steady state. Independent of
the geometrical features of the initial surface perturba-
tion, random or regular at any perturbation wavelength,
the key feature of the nanotendril pattern, namely, the
average separation distance between nanotendrils, is de-
termined by the predictions of linear stability theory re-
sulting in a nanotendril separation on the order of 1 µm,
consistent with the separation of the coarse PFC tung-
sten surface features observed experimentally [16]. Long-
wavelength perturbations evolve to such a nanotendril
pattern according to a surface morphological response
governed by a tip-splitting instability. At an early stage
of plasma exposure, the resulting nanotendrils grow at a
rate that is consistent with experimental measurements
of fuzz layer growth, but the model overpredicts the sur-
face growth rate at fluences above ∼ 1024 m−2.

Although our PFC surface evolution model and mor-
phological stability analysis based on the model provide a
fundamental explanation for the onset of fuzz formation
in PFC tungsten and valuable insights into the dynam-
ics of the fuzz formation process, the current version of
the model is missing important physics of sub-surface
bubble dynamical phenomena under He plasma expo-
sure; these include new bubble formation in the nanobub-
ble region, bubble coalescence, He bubble bursting and
subsequent crater formation, as well as dislocation loop
punching from large He bubbles. In order to fully cap-
ture the formation of fuzz-like surface nanostructure and
nanotendirl evolution in PFC tungsten, a modified rep-
resentation of the PFC tungsten surface is required in
conjunction with a much finer surface grid coupled with
direct incorporation into our continuum-scale model of
the above mentioned bubble dynamical phenomena in the
near-surface region of PFC tungsten. In addition to the
available atomistic information and numerical implemen-
tation improvements, these modeling and simulation de-
velopments require linking of our continuum-scale model
with cluster-dynamics models of sub-surface structural
evolution in PFC tungsten. Such modeling and simula-
tion efforts are currently underway, and the findings of
these efforts will be presented in future publications. [55]
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