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A B S T R A C T

The ability of tungsten (W) dust to be remobilized from rough tokamak plasma-facing surfaces is investigated in this study. Atomic Force Microscopy is used to
evaluate the adhesion force distribution between W spheroids of 1 10 µm radius and a rough W substrate. Our results confirm that the Rabinovich model
describes reasonably well the mean adhesion force in tokamak-relevant surface roughness regimes. The external (electric and ion drag) forces are estimated as well
using a simplified sheath model. The results reveal that micron-size dust can be resuspended by attainable electric fields in tokamak conditions.

1. Introduction

Dust sources could play an important role in the impurity balance of
fusion plasmas [1]. A rigorous assessment of the forces acting on a dust
grain adhered onto a planar surface is critical for the understanding of
dust remobilization processes. Dust remobilization occurs when re-
suspension forces exceed the adhesion force. Among the most common
external forces encountered in tokamaks are electric forces due to the
sheath potential drop, drag forces due to the collection and scattering of
plasma particles and gravity, which can act either as part of the lifting
force or add up to adhesion depending on the orientation of the surface.
Dust remobilization in tokamaks has been extensively studied [2–6],
but the adhesion forces were often neglected, leading to a significant
underestimation of the resuspension threshold. This shortcoming is
rightly pointed out in a recent work [7] where the adhesion forces from
contact mechanics models Johnson-Kendall-Roberts (JKR) [8] and
Derjaguin-Muller-Toporov (DMT) [9] are compared with typical values
of external forces. Yet contact mechanics models are known to over-
estimate the adhesion force by 2 to 3 orders of magnitude because they
do not include the effects of surface roughness [10–12]. Moreover, the
expression used for the ion drag force is not applicable since it does not
account neither for the presence of the surface near the dust particle nor
the sheath electric field. Finally, works mentioned above do not account
for the fact that adhesion forces are log-normally distributed [10]. This
means that dust remobilization is not a threshold process, but must be
assessed in terms of resuspension probability. The adhesion force

between a dust particle and a surface can be measured by different
techniques, such as: centrifugation [13–16], aerodynamic detach-
ment [17–19], vibration [20], inertial detachment [21,22], or electro-
static detachment [23–26]. The latter has been recently used to assess
the mean and spread of the log-normal distribution of adhesion forces
for fusion-relevant materials on relatively smooth surfaces [27–29]. In
accordance with the low surface roughness used in these measure-
ments, the adhesion forces obtained were close to that of a spherical
particle on a perfectly planar surface, given by the classical van der
Waals expression [30], i.e., in the μN range for the particle sizes con-
sidered. Yet these values of surface roughness might not be re-
presentative of tokamak plasma-facing surfaces. The aim of this paper is
to investigate dust remobilization from rough surfaces in tokamaks.
Measurements of the mean and spread of adhesion forces on fusion-
relevant samples are performed via Atomic Force Microscopy (AFM),
which is a reliable way to confront measurements with adhesion force
model outcomes [31,32]. These measurements will be compared with
the Rabinovich adhesion force model, which takes into account the
surface roughness in the formulation of the van der Waals force [33].
Then, we estimate the remobilization efficiency of sheath electric forces
in steady-state tokamak plasmas, considering adhesion and surface
roughness. The paper is organized as follows: in Section 2, AFM mea-
surements of pull-off forces are presented and results are compared
with the Rabinovich adhesion model in order to assess the importance
of the surface roughness. An expression for the dependence of the
spread of adhesion forces on the particle size is proposed. In Section 3,
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the model for the external forces in tokamak conditions is presented in
details. In Section 4 the dust resuspension probability is calculated.

2. Direct measurement of adhesion forces

2.1. Experimental setup

Adhesion force measurements are performed with a Multimode 8
(Bruker) AFM in PeakForce Quantitative Nano-Mechanical mode (PF-
QNM) in environmental conditions. Dust particles are glued to AFM
cantilevers and the spring constant is measured. An AFM topographic
image with a minimum 10×10 µm size composed of a matrix of
128×128 points at a scanning rate of 0.1 Hz is obtained with a
peakforce amplitude of 300 nm. The adhesion force distribution is ex-
tracted from the adhesion image and fitted with a log-normal dis-
tribution to determine the mean and the spread for each particle size.
For better accuracy, three different regions of the substrate are scanned,
thus giving three log-normal adhesion force distributions. The substrate
used is a 5×5 mm W surface exposed to He plasmas using radio-
frequence (RF) hollow cathode discharges [34]. It is noteworthy to
mention that this plasma exposure procedure allows the substrate to
reach high temperatures (1000°C) and increases significantly its surface
roughness. The roughness parameters, root mean square (rmsi) and
peak-to-peak distances λi are measured by AFM in ScanAsyst mode
(Bruker) with standard ScanAsyst probes on an 50× 50 µm
(2048×2048 points) area. The results are summarized in Table 1. The
mean roughness is 712 nm with a maximum peak-to-valley height of
6.1 µm. For comparison, the surface roughness of the WEST tokamak
divertor [35] was measured by confocal microscopy [36,37] prior to
their installation in the machine. The roughness profile, averaged over
12 plasma-facing units, ranges between 800 nm and 1 µm and is close to
the value recorded for the substrate used to perform the adhesion force
measurements ( =rms 712 nm). On the other hand, polished W sub-
strates used in [27–29] are significantly smoother (10 nm
≤ rms≤200 nm), and thus cannot be representative of all the surface
states encountered in a tokamak. The used particles are W spheres
manufactured by Tekna Advanced Material and were produced using a
RF plasma discharge technique [38]. Selected particles of radii 3.58, 4,
5.45, 7.5 and 10.45 µm are grafted on tip-less CP-FM cantilevers fol-
lowing the method detailed in [39]. The roughness at the surface of the
largest particle used (10.45 µm) is measured by AFM in tapping mode,
on an area of 1.5× 1.5 µm, which is much larger than its contact area
with the substrate. The rms roughness measured is about 1 nm, which is
much lower than the roughness of the substrate. Thus, in the following,
particles are considered to be perfectly smooth. More details on the
materials and methods are available in [40].

2.2. Results and discussion

The mean and spread of the adhesion force distribution against the
dust radius rd are plotted in Fig. 1. In order to extrapolate to any dust
size, fit functions are required. The mean is fitted using the Rabinovich
model [33], which is based on the van der Waals force and incorporates
the contribution of two surface roughness scales, characterized by their
root mean square roughness rms1 and rms2 as well as the peak-to-peak
distances λ1 and λ2. The total adhesion force is simply the sum of the
contribution of the adhesion of the dust particle with the different
roughness structures and the underlying plane and is given by
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where AH is the Hamaker constant and H0 is the distance of closest
approach. For W on W, = ×A 4.98 10H

19 J. [41] =H 0.360 nm is

commonly used [42], and this value fits the experimental measure-
ments nicely for glass surfaces [40]. In the case of W, we found that

=H 0.560 nm fits better with the measurements for wide ranges of
surface roughness [40]. The spread of the adhesion force distribution, σ,
is fitted using a function proposed by Biasi, = +D A BD D( ) [1 ] ,d d

C
d

where =D r2d d is the particle diameter. We find, with Dd expressed in
µm and σ in nN,

= +D D D( ) 0.0001[1 5.0131 ] .d d d
0.1002 (2)

The error bars in Fig. 1 correspond to the standard deviation of the
three measurements of mean and spread adhesion force performed for
each particle size. The adhesion force is very low, ∼ 10 nN, compared
to the classical van der Waals expression that would give a value of ∼ 1
μN. This is related to the high surface roughness of the W substrate
used. Thus such dust should be remobilized by plasma-induced forces
because of their low adhesion force. Finally, gravity, which ranges
between ∼0.1 pN and ∼0.1 nN for W dust with r 1 10d µm is
negligible compared to the measured adhesion forces.

3. External forces in tokamak conditions

In tokamaks, during plasma operation, a dust particle adhered to a
surface is subjected to the following two main external forces: an
electric force due to the Debye sheath electric field and an ion drag
force (which increases adhesion). Modelling the sheath is mandatory to
estimate them.

3.1. Sheath model

Here we use the simple sheath model from [3], where the plasma
electron density ne follows a Boltzmann law and the ions ni are mono-
kinetic combined with the flux conservation

= × =n n e
T

n n e
T

exp and 1 2 ,e i

1/2

(3)

where n and T are the plasma background density and temperature,
respectively, ϕ denotes the plasma potential and e is the elementary
charge. We assume singly charged ions and, at the sheath edge, quasi-
neutrality, = =T T T,e i and an ion Mach number equal to 1. To express
the electric field and the ion fluid velocity at the surface, the Poisson
equation is integrated once, assuming zero potential and electric field at
the sheath edge. We find

= + =E T
e

e v v[2( 1 2 2)] and 1 2 ,
D

w i w
1/2

thiw
(4)

where φw is the wall potential normalized to T/e, = T e n/( )D 0
2 is

the Debye length, =v T m/ ithi is the ion thermal velocity and mi is the
ion mass. φw is obtained by equating the electron and ion fluxes to the
wall: = m mln(2 / )/2,w e i where me is the electron mass. For deuterium
ions, 3.19w . E is usually of the order of ∼ 10 kV/cm. The typical
thickness of the sheath is about 10λD. In the following, we neglect the
component of the ion flow that is parallel to the surface, which may
induce rolling and sliding of the dust, to consider only the perpendi-
cular component. Indeed, in tokamak plasmas, the magnetic field
makes a grazing angle of ≈ 3° with the wall surfaces in order to protect
the plasma-facing surfaces by reducing the perpendicular heat fluxes.
Ions reaching the surface are initially following the magnetic field lines
with a Larmor motion, making their initial parallel and perpendicular
(to the surface) velocities hard to determine. Moreover, while flowing
through the sheath, their potential energy is converted into more per-
pendicular velocity. In the following, the ion velocity is supposed to be
oriented perfectly perpendicularly to the surface. This will result in an
overestimation of the ion drag force on the dust grain, meaning that the
remobilization probabilities determined in Section 4 are actually lower
boundaries.
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3.2. External forces

a. Dust electric charge Since intrinsic tokamak dust are exposed to
little oxygen during and in between plasma discharges, the presence of
any insulating oxide layer is neglected in the following. This allows the
use of the expression of the electric charge of a conducting sphere
laying on a conducting surface [43]

=Q r E2
3

.d d
3

2
0 (5)

Qd is typically of the order of a few thousand electric charges.
b. Electric force For a conducting particle laying onto a conducting

substrate, the electric force applied on the grain is the combination of
the Coulomb and image forces. The derivation of the image force is
rather complex [43], but yields a simple expression when the particle
and surface are in very close contact and the fluid in which the system is
plunged is a perfect insulator. The total electric force is

=F r E4 ,e d0
2 2 (6)

where = +(3) 1/6 1.37, ζ( · ) is the Riemann zeta function [44].
Eq. (6) is often called the Lebedev formula. One could argue that the
formation of oxide layers on the particles, due to the presence of oxygen
in the vacuum vessel (when, for example, the machine is opened for
maintenance), could challenge this ideal view. The electric force on a
dielectric particle laying on a planar surface is the sum of the image,
Coulomb and multipolar dielectrophoretic forces [43]
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with = +( 1)/( 2),d d ϵd being the particle dielectric constant. For a
spherical particle composed of two materials of different dielectric
properties, the equivalent dielectric constant ranges between the ones
of the two materials and can be estimated using expressions presented
in [43]. Eq. (7) is accurate at about 20%. The expression of the sa-
turation charge of a spherical dielectric particle is used [45]
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The comparison between the electric forces on a dielectric and
conducting particle of radius 1 µm is shown on Fig. 2. For the dielectric
case, we varied ϵd between 1 and 109, given that (i) the value for W
oxide (WO3) is not well known in the literature and can be found to be
30 or above [46] and (ii) the thickness of the oxide layer affects the
value of the dust equivalent dielectric constant. It is worth mentioning
that Eq. (7) does not collapse to Eq. (6) for a conducting sphere (ϵd ≫ 1),
owing to its approximate nature and because of the dust charge ex-
pression used, Eq. (9), which might not be perfectly accurate for a
particle laying on a surface. Nevertheless, the difference between the
two remains rather small, especially when compared to the wide var-
iations of adhesion forces with the surface roughness. Thus the di-
electric behavior of particles is not critical to the quantification of the
electric force, even though it could play an important role on the ad-
hesion force, through lower Hamaker constants. In this light, we choose
to focus on the conducting case in the following.

c. Ion drag force In tokamak conditions, the other main actor im-
pacting dust remobilization is the ion drag force. Since ions are ac-
celerated from the sheath edge towards the wall, this force adds up to
adhesion. When computed for an isolated dust grain immersed in a
plasma, it is divided into the contributions from ions collected and
scattered by the dust grain. Yet, in our case, the dust is located on a
surface and scattered ions will transfer their momentum to the surface
after little scattering by the grain, thereby making the contribution of
collected ions the only significant one to the drag force. The ion drag
force depends on the collection cross-section of the dust grain. In [7],
the classical expression for isolated dust grains in Maxwellian-
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Fig. 1. Mean (a) and spread (b) of the adhesion force distribution, measured by AFM against the dust radius (squares). The force given by the Rabinovich model using
the parameters in Table 1 and the fit for the spread are also plotted (lines).

Table 1
Surface roughness parameters, measured by AFM on the W substrate.

λ1 (µm) rms1 (nm) λ2 (µm) rms2 (nm)

2.13 717 0.3 27
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Fig. 2. Electric force against the electric field for a 1 µm conducting, Eq. (6), or
dielectric, Eq. (7), particle. In the dielectric case, ϵd varies between 1 and 109.
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distributed ions is used[47]. To remain consistent with the sheath
model from Section 3, a simpler expression derived from monokinetic
ions is more suitable. In [3], the Orbital-Motion Limited (OML) cross-
section is used, but it is computed for ions flowing in a central force
field and makes little sense for a dust particle laying on a planar surface
in the presence of an external electric field. To be in line with the sheath
model above, the dust projected surface rd

2 is preferentially used to
approximate its cross-section. This is equivalent to assuming that the
electric field is oriented perpendicularly to the surface. Thus the herein
presented results hold as long as the dust does not disturb the sheath
electric electric field structure, i.e., if it remains small compared to the
sheath thickness. In the case of monokinetic ions, the component of the
ion drag force perpendicular to the wall, noted Fid, is expressed as

=F r m nv u ,d iid
2

thi
2 (10)

where =u v v/i thi is the component of the ion velocity perpendicular to
the wall. As discussed above, the ion velocity is considered oriented
perpendicularly to the wall. In this case, =u 1 2 w . Finally, it is
important to note that both Fe and Fid depend solely on the plasma
pressure at the sheath edge, =P nT .

4. Dust remobilization in tokamaks

From Eqs. (1), (2), (6) and (10), the resuspension condition is
reached for > +F F Fe a id. The probability for a dust of given size to be
remobilized, noted p, corresponds to the probability for the adhesion
force to equal the external force =F F Feex id. Thus p is given by the
cumulative distribution function of adhesion forces evaluated at
F F ,e id i.e.,

=p r P F F b
a

( , ) 1
2

erfc log( )
2

,d
e id

(11)

where erf is the complementary error function and [29]
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According to our model, this condition varies with the background
plasma conditions (pressure P), the dust material (through the Hamaker
constant AH), radius rd and the surface roughness parameters (rmsi and
λi). The behavior of the remobilization condition is not straightforward
since both the electric and ion drag forces increase in warmer and

denser plasmas and are proportional to rd
2. The adhesion force is in-

dependent of the plasma conditions and varies as ∝rd for small grains,
but quickly saturates for rd ≳ 1 µm, as can be seen in Fig. 1. The re-
mobilization probability is plotted in Fig. 3 for W dust laying on a
surface with the roughness parameters of the W substrate presented in
Table 1.

It can be observed that remobilization occurs preferentially in hot
and dense plasmas. Due to the multiple assumptions made and the
simplicity of our model, the precise behavior of the curves in Fig. 3 is
less important than the following conclusions in steady-state plasmas:
(i) dust smaller than ∼0.1 µm are hardly remobilized; (ii) dust of
∼ 10 µm are more easily remobilized. This is in agreement with re-
mobilization experiments performed in [7], where it was observed that
metallic grains with rd ≲ 10 µm are hardly remobilized in steady-state
plasmas with T∼10 eV and n∼1018 m-3 (thus P/e∼1019 eV/m3), and
that larger grains are more easily remobilized. Indeed, in this case and
according to our model, p remains below 1% for rd<10 µm, then in-
creases up to 20% at =r 20d µm.

5. Conclusion

Electric fields applied on dust grains deposited onto planar surfaces
can lead to remobilization under particular tokamak conditions. The
van der Waals-based Rabinovich model for the adhesion force is used
since it shows better agreement with mean adhesion force measure-
ments performed with AFM. It is analytically revealed that typical
sheath electric fields can lead to micron-size dust remobilization in
tokamaks, thereby confirming experimental observations. Simple esti-
mates for the remobilization probability are provided. This effect can
cause important impurity seeding in the divertor region of a fusion
plasma, especially in the case of a sweeping strike point since the high
temperature and high density plasma scans a larger area on the divertor
surfaces, thereby impacting a larger amount of dust.
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