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Experimental results from microbeam analyses on divertor tiles, through 2011-2012 and 2013-2014 operations
in JET-ILW, showed that the deuterium retention and beryllium impurity deposition were non-uniform on the
rough surface in micro meter scale. Frequently, Be and D were accumulated within pits, cracks and valleys in the
range of ∼10 μm to ∼100 μm and selectively at side slopes within larger pits. In the deposited layers, it was also
observed that cylindrical structures grow in a specific direction with respect to the magnetic field.
In this work, a sample from the divertor in JET-ILW following 2013-2014 operation was analysed. The surface
topography was measured with the focus stacking technique on photos from optical microscope and elemental
distribution maps were obtained by micro-ion-beam analysis. In order to figure out the effect of ion gyro motion
on Be and D deposition on the real divertor topography, a modelling of ion trajectories in plasma boundary was
performed. Ion beam analysis data suggested that D accumulated on higher areas on the sample, while Be stayed
on lower positions. The gyration of ions in edge plasma and corresponding impact positions on the sample
surface could explain some IBA results qualitatively.

1. Introduction
Interactions between the plasma and the vessel wall generate critical issues in present fusion devices. The erosion of wall materials
limits the life time of plasma facing components (PFC). Eroded particles
(impurities) can leave their initial positions and eventually re-deposit at
remote areas through migration in scrape-off layer. Re-deposited particles form a layer which grows gradually during plasma operations on
the top of tiles. The deposited films contain both hydrogen and other
impurities. The substantial accumulation of hydrogen in deposited
layers can bring problems to the tritium limitation in ITER and to the
economic efficiency [1].
The erosion of wall materials and the deposition of hydrogen appear
to be non-uniform in micrometre scale with metal wall or carbon wall.
Areas exposed to magnetic field lines connected to the plasma suffered
more serious erosion than areas facing away [2,3]. Deuterium and
beryllium were found to be accumulated at the valley-like structures
[4,5]. Those microscopic non-uniform patterns complicate the estimates of the total amount of hydrogen retention in vessel wall based on

surface analysis with limited spatial resolution, which could generate
uncertainty. Simulations for transport of impurities and deposition of
impurities on artificial surfaces indicate that the roughness of surface
increased the amount of deposition [6]. Such a surface roughness effect
has also been observed experimentally, with an enhancement of the net
deposition rate by a factor 3–5 due to the surface roughness [7].
Moreover, the topography of surfaces alters the electric field next the
surface and modifies the trajectories of particles, contributing to the
non-uniform deposition pattern, as shown in particle-in-cell simulations
[8].
Since experimental results from different devices and simulations on
artificial surfaces suggest that the surface topography may play a significant role in the deposition process, it is interesting to compare the
deposition results and simulation on the same sample. In this paper,
micro ion beam analysis was used to observe distributions of deuterium
and beryllium deposition over a sample which came from the JET ITERlike wall (JET-ILW) project [9]. The sample was made from tungsten
coated carbon fibre composite (CFC). The topography of the sample
surface was measured by the focus stacking method on photos from

Corresponding author.
E-mail address: yushan@kth.se (Y. Zhou).
1
See the author list of “X. Litaudon et al 2017 Nucl. Fusion 57 102001.
⁎

https://doi.org/10.1016/j.nme.2019.02.025
Received 30 July 2018; Received in revised form 15 February 2019; Accepted 16 February 2019
Available online 27 February 2019
2352-1791/ © 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Nuclear Materials and Energy 19 (2019) 155–160

Y. Zhou, et al.

optical microscopy. Using this actual surface structure, modelling of
particles trajectories from plasma to sample surface was carried out.
2. Methods
Measurements with ion beam analysis (IBA) and optical microscope
were made in the Ångström laboratory of Uppsala University. A micro
ion beam with 3He2+ at 3 MeV was applied to measure the amount of
deuterium and beryllium by the nuclear reactions D(3He,p)4He and Be
(3He,p)11B, respectively [10,11]. The sample had been located in JET at
the upper vertical part of divertor Tile 1 [12], with around 10 μm deposited layer on the top following the 2013-2014 campaign [13]. An
annular silicon detector was used for recording charged particles and a
Si(Li) detector for X-rays. Details for those two detectors can be found
in [14]. The linear size of ion beam spot was about 5–10 μm and the
beam current stayed in the range of hundreds of pA during the measurements (in total 2.3 × 1011 sr*particles). A copper grid was attached
on the sample for identifying the scanned region during measurements.
Data from every scanned point was stored in a 256 × 256 matrix. The
energy spectrum from the whole scanned region was analysed by
SIMNRA 6 [15]. Combining the matrix and fitting results from the
proton energy spectrum, spatial distributions of D and Be can be acquired.
The topography of sample surface was measured by the focus
stacking method on photos from optical microscopy [16]. This method
is a digital image processing which combines a pile of photos, taken on
different focal depths from one object. When taking a photo for an
object by digital camera, only parts of the areas on the object, i.e. those
located at the focus plane, appear to be sharp in a photo. By moving the
focal plane, different parts will be focused. Adjusting the focus plane in
a stepwise manner, the depth information along the vertical direction
can be retrieved. In this paper the focal plane of the microscope was
controlled by moving the mechanical stage step by step and each step
was 4 μm. By taking photos on different focal planes, the sample was
divided into layers with the depth resolution around 4 μm and eventually merged into a three-dimensional image containing the structure
information. By carefully overlaying the structured image with distribution maps of D and Be, we could compare the topography and
deposition distribution.
Modelling in this paper focused on particle trajectories in the edge
plasma. Ion trajectories were traced, starting from the entrance of an
assumed planar plasma-sheath transition until they finally reached the
rough surface of the divertor tile. The motion of particles, described by
Eq. (1), is dominated by gyration and E × B drift. Thus an ion trajectory
can be represented by a time dependent position r(t) and velocity v
(t) through solving the equation:

dr
m
= q (E + v × B )
dt

Fig. 1. Sketch for the coordinate and models for background plasma in modelling. Background plasma was divided into three different regions as bulk
plasma, magnetic presheath and Debye sheath. Dashed lines denoted boundaries between different regions. Magnetic field inclined with 5° and electric
fields in each sheath were perpendicular to xy plane. The lower inset represents
initial positions of an incident ion. Variables a, f, g were introduced for deciding
starting point randomly.

distance from initial point to the entrance of magnetic presheath as
shown in Fig. 1. It was randomly chosen from zero to a0. The value of
a0, calculated by Eq. (2), represents the distance a particle can travel
when it can finish a full gyration orbit before entering MPS. By randomly choosing the distance between the initial position and the entrance, ions in the plasma moved with a full or partial gyro-orbit before
they arrived the entrance of the MPS with different impact angles.

a0 =

2

Vpara

(2)

= qB / m is the gyration frequency with B = 2.7 T [19] and Vpara is
the velocity component parallel to magnetic field. With the isothermal
assumption for background plasma, Vpara can be derived from the Bohm
criterion [20] by an ion sound speed with electron and ion
temperature Te = Ti = 7 eV [17,21]. The perpendicular velocity Vperp is
the thermal velocity following Maxwell distribution.
Vpara = cs =

(1)

k (Te + Ti )
mi

(3)

After travelling into the sheath region, ions experience an additional
drift and acceleration from the electric filed E generated by the potential drop in sheath regions. The total potential drop V within those
two sheaths is shown in Eq. (4) together with potential drop in MPS
VMPS in Eq. (5) [17].

For simplification, the plasma was divided into three regions as
shown in Fig. 1 in which the bulk plasma with only magnetic field
stayed on the top followed by the magnetic presheath (MPS) and the
Debye sheath (DS) [17]. In the coordinate system depicted in Fig. 1, the
magnetic field line is inclined with a grazing angle of = 5 to XY-plane
and the electric field in the sheath is perpendicular to XY plane, i.e.
B = (0, B y , Bz ) and E = (0, 0, Ez ) . In the plasma and different sheaths,
the magnetic field and electric fields were assumed to be constant. The
charge number q for Be and D ions were assumed to be +2 and +1
respectively [18]. The time step in the trajectory calculation was set to
be 10 11s with 105 incident particles.
A particle trajectory begins from a point determined by three
parameters (a, f, g) in the background plasma. Variables f and g are
linear random numbers which are limited by the size of sample surface
in modelling in order to allow the impact positions to cover the whole
simulation region. The topography and the size of the sample were
obtained from focus stacking method. The parameter a representes the

V=

T
kTe
2 me
ln
1+ i
2e
mi
Te

VMPS =

kTe
ln(cos(90
e

(4)

)), VDS = V

VMPS

(5)

The electric field in each sheath was derived from the ratio of potential drop to the width of sheath in Eqs. (6) and (7). The width of MPS
is several ion Larmor radii and the width of DS is in the order of
magnitude of Debye length. By setting the electron density to be
ne = 2.5 × 10 20 m 3, Eq. (8) shows the scale of electric filed in MPS and
DS in the modelling.
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Fig. 2. Image for the surface topography by the focus
stacking method on photos from optical microscope. The
shades of grey represent Z value of surface topography.
Rectangles denoted by dashed line indicated three regions
for comparing results from both IBA and modelling. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cs

LMPS

6

LDS =

0 Te / e

EDS =

VDS
LDS

sin(90

2n

)

(7)

e

106V/m, EMPS =

Z ≈ 90–100 μm (Y = 350–500 μm). In the lower right corner, the deuterium accumulation was also found at areas with Z ≈ 80–90 μm
(Y = 550–700 μm).
Different from D, the distribution map of Be shown in Fig. 4 was
obtained based on the total amount of Be within the accessible depth
(≈9 μm) of the He beam, since the energy spectrum of protons from the
Be(3He,p)11B reaction is kinematically unfavourable for a depth sensitive measurement under experimental conditions in this work. Through
overlying with the greyscale image, Be was found to stay on lower
areas, at Z ≈ 70–80 μm over the whole sample, especially on areas located at Y = 500–700 μm.
By comparing the distribution maps of D and Be, three interesting
regions were identified, marked by rectangles with dashed line in
Figs. 2–4. Region (1) is denoted by blacked dashed line at the lower
right corner. On this small region, IBA results suggest that D stays on
the left with Z ≈ 80–90 μm while Be stays on the right with Z ≈ 80 μm.
Region (2), represented by the blue dashed line in the middle, mainly
consists of a surface structure with Z ≈ 80–90 μm. In this region, Be was
found to be accumulated while only a small amount of D was detected.
In region (3), denoted by the red dashed line on the upper left corner,
an opposite distribution pattern was found, comparing with the region
(2). A large amount of D was found on areas with Z ≈ 90 μm. Whereas
the content of Be on the same areas appeared to be quite small.
In these three regions, the impact positions of incident ions were
analysed in modelling and described by the probability density function
(PDF) of the Z value in Figs. 5–7. In all three figures, the red solid line
and the blue dashed line denote impact positions of Be and D respectively. The black dotted line shows the surface topography of the corresponding region. The shapes of the PDF curves for Be and D are different from that of the surface topography. This suggests that impact

(6)

VMPS
LMPS

10 4 V/m

(8)

3. Results
The three-dimensional topography of the sample surface from optical microscope, used in the modelling, is shown in Fig. 2 as a greyscale
image. The shades of grey represent the Z values of the surface high.
The white in the grey-scale bar indicates the top of surface
(Z ≈ 100 μm) and the black shows the reference bottom of the sample
(Z ≈ 0 μm). The major part of surface structures is located at
Z = 90–70 μm, accompanied by some deep holes that stay at
Z ≤ 60 μm. The spatial resolution in the Z-axis is 4 μm and 2–3 μm in
both X-axis and Y-axis, respectively.
The topography was compared with elemental distribution maps of
D and Be from micro-IBA. Since the energy of protons from D
(3He,p)4He is sensitive to the energy of the incident deuterium, the
corresponding energy spectrum of proton allows a depth sensitive
measurement for D [22]. With the help of the proton spectrum, the
lateral distribution of deuterium trapped in the near surface layer of the
deposited film, named as ‘surface deuterium’, can be obtained and is
shown in Fig. 3. The thickness of this thin layer is about 1.6 μm when it
is translated into a pure Be matrix. The colour bar in the distribution
map shows the amount of deposited D. By comparing to the greyscale
image, it was found that the surface D mainly accumulated on areas at

Fig. 3. Surface deuterium distribution from near surface
region from deposited film. Colour bar shows the amount of
deposited D and the shades of grey represent Z value of
surface topography. By overlaying with the greyscale image
of topography, it was found that D mainly accumulated on
areas
at
Z ≈ 90–100 μm
(Y = 350–500 μm)
and
Z ≈ 80–90 μm (Y = 550–700 μm). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Distribution map of Be. The amount of Be was
summarised over accessible depth of He beam. The shades
of grey represent Z value of surface topography. Comparing
to topography of surface, Be was found to stay on lower
areas at Z ≈ 70–80 μm over the whole sample, especially on
areas located at Y = 500–700 μm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Results of impact positions of incident ions on sample surface. Z value of
impact positions and surface topography were described by probability density
function. Black dotted line denotes surface topography. Different shape of PDF
curves implies impact positions of incident ions did not follow surface topography completely, i.e. non-uniform distribution exists. Peaks for both D and Be
within Z ≈ 70–85 μm and Z ≈ 90–95 μm suggest large amount of D and Be may
appear on those regions. This can be confirmed from IBA result on same regions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Results impact positions on region (2) from modelling. Peak of PDF for
Be appears on Z ≈ 85 μm. It agrees with IBA results for Be on the same region.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

position of Be and D from modelling have non-uniform distribution
over the sample surface.
For more detailed information, the PDF of Be and D from the region
(1), as depicted in Fig. 5, suggest that a large amount of D appears on
areas with Z ≈ 90–95 μm and Z ≈ 70–85 μm, while Be tends to stay at
areas with Z ≈ 80–85 μm. In the region (2), the maximum of PDF for Be
and D appear on Z ≈ 85 μm in Fig. 6. The higher value of PDF for Be at
Z ≈ 85 μm suggests that more Be stays on this region than D. In Fig. 7,
modelling results from the region (3) show both Be and D accumulate
on areas with Z ≈ 90 μm, since the maximum of PDF for both two
elements appear on Z ≈ 90 μm.
4. Discussion
One of the purposes of the work is to observe the influence from the
surface topography on the microscopic deposition pattern in a tokamak.
The D distribution map from the near surface region was extracted from
the energy spectrum of proton from D(3He,p)4He, which can provide a
depth sensitive measurement for D. As for Be, the Be data were summed
over the accessible depth of the 3MeV He beam, but a divertor sample
which contained a thin deposited layer was selected. Still, the Be

Fig. 7. Impact positions of Be and D on region (3). Maximum of PDF for both
two elements appear on Z ≈ 90 μm. IBA results confirm that D accumulates on
the same areas while the content of Be is small. Overestimation for Be PDF in
modelling may results from the absence of sputtering in model. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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distribution map from micro IBA by Be(3He,p)11B should represent effect from topography to some extent.
Modelling in this work calculated impact of ions on the sample
surface. A simple model was applied for the ion gyration with a constant magnetic and electric field in the background plasma. Indeed, a
much more sophisticated sheath model could be applied in the calculation, but the purpose of the modelling in this paper is to try to compare the experimental data with calculation results from a simple model
so that major factors which may result in a non-uniform distribution
can be found. On the other hand, results from [2] suggest that a more
complicated model for the magnetic and electric field did not play an
important role for interpreting non-uniform erosion and distribution
results.
Another potentially debatable assumption in the model would be
the shape of DS. When the width of DS is in the same order of surface
roughness, the shape of DS will follow surface completely. With the ion
temperature and the particles density in this paper, the width of DS is of
the order of micrometres, while the roughness on the sample is in the
order of 10 μm over the whole sample [23]. If DS was assumed to be a
planar, surface roughness will lead to wider DS on some areas. However, a wider DS may not affect the impact position of the incident ion
since the width of MPS is much larger than DS, under the value of
magnetic field and ion temperature in this paper. Thus, the ion motion
and the impact position are mainly determined by the ion gyration
within MPS. Additionally, in DS, the electrostatic term in Lorentz force
dominates the ion motion, i.e. the motion along Z-axis in the coordinate
used in the modelling in this paper. Shifts along X-axis and Y-axis can
be neglected. Therefore, the influence from roughness on the shape of
DS may not affect the final impact positions significantly.
Results of impact positions from this simple model agree with the
deposition pattern from IBA qualitatively. For example, the accumulation of D on higher positions on the region (1) and the region (3) can be
explained by a relative high value in PDF for D on the same regions. On
the region (2), the maximum of PDF for Be at Z ≈ 85 μm agrees with a
large amount of Be at areas with Z ≈ 80–90 μm (from IBA result) as
well. Therefore, one can draw a conclusion as to the combination of
rough surface and ion gyration, which can generate non-uniform deposition patterns of Be and D on micro meter scale.
However, there is some detailed information from the IBA results
that cannot be explained by impact positions with this simple model,
especially in the region (3). IBA results suggested that Be has a small
value on areas in which D accumulation was found. But the modelling
of impact positions shows that the PDF for D is similar to Be. The deviation from the modelling may due to the absence of sputtering in
model. The gyration of D in this area could lead to the impact of D
occurring frequently, which could yield the sputtering of Be in the
range from 10 3 to 10 2 atom per incident ion [24]. Therefore, the
sputtering could reduce the content of Be on this region. The influence
from the sputtering and even the self-sputtering will be considered in
the future work. The reflection of D may need to be considered in the
future as an improvement since the reflection coefficient is about 10 1.
But the reflected D may promptly re-deposit at the adjacent area and
this process may only rearrange local deposition patterns.
The sample structure in this work partially carried over from the
roughness of coating layer. For a future device without coating, results
from this work could still provide some suggestions for estimating the
fuel retention since the plasma-wall interactions will create a variety of
structures. And the accumulation of Be on deeper regions also imply
that when depressed areas appear, the deposited Be could fill them up,
especially since it may suffer less sputtering from D in long-term operation. The method can be applied to other cases of deposition at
rough surfaces [4,5] and the intention is to improve the model in terms
of the sheath handling and to include effects of sputtering and reflection.

5. Conclusions
A He beam of micrometre scale was applied for measuring the D and
Be distributions over a sample from JET-ILW. The topography of the
sample surface was obtained by the focus stacking method on piles of
photos from an optical microscope and was taken as input surface data
in the modelling including the gyration of D and Be ions. Impact positions of D and Be on the sample surface were compared with the
distribution of D and Be in three selected regions. IBA data suggested
that D accumulated on the higher areas of sample while Be stayed on
lower positions. The combination of rough surface and gyration of ions
could explain some IBA results qualitatively.
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