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Abstract
A colorimetry study of the first wall panels in the Wendelstein 7-X (W7-X) was carried out using
a compact color analyzer after Operation Phases OP1.2a and OP1.2b, in which graphite test
divertor units were used, to estimate the wide-range distribution of the deposition layer. The
color analyzer was used to measure the intensities of the red, green and blue (RGB) channels,
which correspond to reflection rates, for all first wall panels after OP1.2a and OP1.2b. A
significant difference in the RGB values was found between OP1.2a and OP1.2b. The color
pattern on the panels was roughly the same for all the five toroidal modules of W7-X. The
deposition layer thickness was estimated from the RGB values using a single-layer model. A thin
average deposition layer (10±6 nm) was estimated for OP1.2a. On the other hand, a thicker
average deposition layer (25±8 nm) was estimated for OP1.2b.
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1. Introduction

Fueling particle control is one of the most important issues in
fusion machines. For the particle control, in addition to the
fueling methods and exhaust vacuum pumping system, fuel-
ing retention in the plasma-facing components (e.g. first wall)
is critical. Fuel retention depends on properties and the con-
ditions of the first wall, such as material type and its temp-
erature. It has been reported that the retention of the fuel
particles in a metal wall is one-tenth smaller than in a carbon
wall [1]. In the large helical device (LHD) [2], global particle
balance analysis has shown dynamic wall retention of fueling
particles (helium) in long pulse discharges (48 min) [3]. A
deposition layer, mainly composed of carbon, forms on
plasma-facing components of carbon-dominated devices and

may contribute to wall retention as a co-deposition [4]. To
verify this hypothesis, it is important to understand the
absorption mechanism of the fuel by the deposition layer and
to quantitatively evaluate the deposition layer. Specimen
analysis is commonly used to evaluate the thickness and the
microscopic structure of a deposition layer. However, it is
difficult to obtain a finite number of specimens that cover the
entire area of interest in a large fusion device. Furthermore,
the analysis of specimens is time-consuming. Accordingly,
color analysis was conducted for ASDEX-U [5] and TEX-
TOR-94 [6]. However, the measurement area was still limited
and thus a wide area of the vacuum vessel was not included.

Color measurement has been applied as a simple method
for obtaining the deposition layer thickness in the LHD [7].
Colorimetry, which has been used for QUEST [8], can be
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used to obtain the wide-range distribution of the deposition
layer. Such an analysis allows quantitative evaluation of the
fuel retention [9]. In the present study, colorimetry is applied
to the first wall of Wendelstein 7-X (W7-X) [10] after the
experimental campaigns of Operation Phases 1.2a (OP1.2a)
and 1.2b (OP1.2b) [11]. W7-X started operation in 2015.
Plasma experiments with graphite test divertor units (TDUs)
were conducted in OP1.2a and OP1.2b. In W7-X, erosion
and deposition were investigated using graphite coated TZM
(Ti–Zr–Mo)-screws after both operation phases [12] and the
first wall components were inspected after OP1.2b [13]. In
addition, the distribution of the deposition layer on the first
wall panels from the early phase of an experimental campaign
is useful because the history of the deposition layer formation
is important for wall retention physics. The present study
reports the colorimetry results for W7-X.

The rest of this paper is organized as follows. In
section 2, the process used for evaluating the deposition layer
thickness, the color analyzer and the single-layer model are
described. In section 3, the colorimetry results are presented
and used to estimate the deposition layer thickness. Conclu-
sions are given in section 4.

2. Experimental set-up

2.1. Process used for evaluating thickness distribution of
deposition layer

The deposition layer thickness was evaluated using the three
steps. In the first step, red, green and blue (RGB) values,
which correspond to the reflection intensities at specific
wavelengths, were measured using the color analyzer. Here,
the investigated spot is illuminated with white LED light. In
the spectrum for the white LED, a large peak occurs in the
blue region and there is a broad spectral power distribution in
red and green region. In the second step, the RGB values were
converted to a reflection rate using a linear relation. Ellipso-
metric measurements, which measured surface reflection rate,
of specimens irradiated by LHD plasmas showed a linear
relation between RGB values and the reflection rate [7].
Therefore, a linear relation was adopted in this study. In the
third step, the reflection rate was converted to a deposition

layer thickness. Here, we assume a single-layer model [14].
This model considers the deposition thickness to be a function
of the reflection rate (see section 2.3 for details). The com-
patibility of the single-layer model has been confirmed via a
composition with specimen analysis results for the LHD [7].
The material composition of the plasma-facing components in
W7-X is similar to that in the LHD. In both machines, the first
wall panel is composed of stainless steel and the divertor is
composed of graphite. Therefore, the single-layer model
should be suitable for the first wall panels in W7-X. Wall
conditionings such as boronization probably affect the com-
position of the deposition layer. However, this effect is not
taken into account in this study.

2.2. Reflection rate measurement using compact color
analyzer

Figure 1 shows photographs of the color analyzer utilized in
this study and its application to a first wall panel. The ‘DM-1’
color analyzer, produced by Hitachi Kinzoku Corporation
[15], was used. The internal structure of the integrating sphere
inside the analyzer is shown in figure 2. The light emitted
from the white LED is injected into the target as homo-
geneous standard light by the diffusion plate. The light
reflected from the target, including the diffusion light, is
captured by the photodiode sensor, which has peak intensities
of RGB of 615, 540 and 465 nm, respectively. The intensities
of the three specific wavelengths are displayed on a monitor.
The analyzer can also measure the hue, saturation and
brightness values. Before measurements, the color analyzer
was calibrated using a standard white with a reflection rate of
0.73, as measured using ellipsometry. The full specifications
of the color can be found elsewhere [7].

2.3. Single-layer model

This section describes the single-layer model used to convert
the reflection rate to a deposition layer thickness. The simple
three-phased model (atmosphere, deposition layer and sub-
strate area) shown in figure 3(a) is assumed. With this model,
the reflection coefficient of light, R, can be described as

Figure 1. Photographs of (a) color analyzer and (b) its application to the first wall of W7-X. More than 1600 points were measured in this
study.
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follows [14]:
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where rij is the Fresnel reflection coefficient at the boundary
between i and j and r and φ are the overall electric field of the
light and the phase factor, respectively, d is the deposition
layer thickness and n is the complex reflective index. The
reflection rate is a function of the deposition layer thickness.

In this study, the complex reflective index was calculated
as n+ik, where n and k are the real and imaginary parts,
respectively. For the deposition layer, n=1.6 and k=0.2,
and for the substrate of the first wall panels (stainless steel),
n=1.5 and k=2.9. The complex reflective index for the
deposition layer was preliminarily measured using ellipso-
metry with a panel of the inner divertor closure [16]. The
complex reflective index for the first wall panel is unknown
and thus assumed to be the same as that used in the LHD. The
single-layer model shows that k dependence on the absolute
value of the thickness is rather weak, but n dependence is
strong. For hydrogen, n∼1 [17], and for boron, n∼3 [18].
Therefore, hydrogen content of the layers might increase the
thickness evaluation and boron content of the layers might
reduce the thickness evaluation. Thus, influence of the

Figure 2. Operation principle of colorimetry method. (a) Formation of incident light from the integrating sphere and (b) capture of light
reflected from the target.

Figure 3. (a) Three-phased model (atmosphere, deposition layer and substrate). θ is the angle of refraction at each boundary. (b) Estimated
thickness as a function of reflection rate from the single-layer model.
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hydrogen and boron content of the layers on optical layer
properties should be taken into account. However, the quan-
titative effect remains unclear and will be clarified by ellip-
sometric measurements in future. The composition of the first
wall material in W7-X is the same as that in the LHD and thus
it is reasonable to use the value for the latter in this study.
Figure 3(b) shows the relation between the estimated thick-
ness and the reflection rate. A clear dependence of thickness
on the reflection rate can be seen. In the thickness of over
100 nm, the similar dependence of reflection rate on the
thickness is expected again as a second-order. However, the
thickness derived in this study corresponds to first-order
assumption of the layer thickness of less than 100 nm. The

surface roughness might influence the reflection coefficient
measurement. However, the effect of surface roughness on
the visible wavelength is not appreciable if the roughness is
sufficiently lower than the visible light wavelength.

3. Experimental results of colorimetry for OP1.2a
and OP1.2b

3.1. Colorimetry results

The procedure used for the colorimetry measurements of the
first wall panels was as follows. Eight measurement points

Figure 4. Color pattern of first wall panels after (a) OP1.2a and (b) OP1.2b. W7-X has five modules. Each module is composed of two half
modules (HMs). The panel numbers belonging to each HMs are shown in the figure i.e. #1-#20 are located in HM10. The panel numbers
are indicated only in visible panels.

Figure 5. (a) RGB values and the reflection rate of first wall panels in module 1 for OP1.2a and OP1.2b. (b) Estimated deposition layer
thickness for OP1.2a and OP1.2b. In both these figures, triangles (blue) and circles (red) show the data points for OP1.2a and OP1.2b
respectively.
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were selected on each panel. They were roughly equally
distributed in each first wall panel. The representative RGB
value of each panel was determined by averaging the RGB
values for the eight points. There are approximately 200 first
wall panels in W7-X. More than 1600 data points were thus
used to measure the RGB values of all first wall panels.

We measured the RGB values for all the first wall panels
after OP1.2a and OP1.2b. The RGB values were visualized as
a color pattern. Each color is printed according to its RGB
value. Figures 4(a) and (b) show the color patterns for OP1.2a
and OP1.2b, respectively. These patterns are significantly
different. A relatively dark color pattern was obtained for
OP1.2b. Dark colors indicate small RGB values, which cor-
respond to a small reflection rate. Each of the five W7-X
modules is composed of two Half Modules (HMs). Each of
the HMs contains almost an equal number of panels.

However, the exact numbers are shown in figure 4. In the
following section, the RGB values, reflection rate and
deposition layer thickness using the sorted first wall panels
are discussed.

3.2. RGB values for the first wall panels and estimation of
deposition layer thickness in module 1

Figure 5(a) shows the RGB values and reflection rates for the
first wall panels in module 1. High RGB values and high
reflection rates were obtained for OP1.2a, suggesting the
formation of a thin deposition layer. However, for some
panels, small reflection rates close to 0.5 were observed,
suggesting the formation of localized deposition layers.
Smaller reflection rates were obtained for OP1.2b compared
to those of OP1.2a, suggesting that an additional deposition
layer formed in OP1.2b. The panels with the smallest
reflection rates for OP1.2a and OP1.2b were different.

Figure 6. Estimated deposition layer thickness of first wall panels in
(a) module 1, (b) module 2, (c) module 3, (d) module 4 and (e)
module 5. Triangles (blue) and circles (red) show the data points for
OP1.2a and OP1.2b respectively.

Figure 7. Ratio of deposition layer thickness of OP1.2b to OP1.2a in
(a) module 1, (b) module 2, (c) module 3, (d) module 4 and (e)
module 5.
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Therefore, the source of deposition layer formation might also
be different.

The deposition layer thickness was estimated using the
single-layer model. Figure 5(b) shows the estimated deposi-
tion layer thickness for OP1.2a and OP1.2b. As suggested by
figure 5(a), a thin deposition layer was estimated for OP1.2a.
For the panels with small reflection rates, a thickness of
approximately 20 nm was estimated. In contrast, for OP1.2b,
a thicker deposition layer was estimated. Almost all first wall
panels show thicker deposition layer formations for OP1.2b.
The largest thickness was approximately 40 nm. The thick-
ness distribution patterns were different between OP1.2a and
OP1.2b, suggesting that the formation of the deposition layers
was different.

3.3. Thickness distribution for all modules

Figure 6 shows the estimated deposition layer thickness for all
modules. For each module, a thicker deposition layer formed
during OP1.2b compared to OP1.2a. The thickness distribu-
tions of the modules are roughly similar. Here, we discuss the
reasons for the different formations of the deposition layers
observed in OP1.2a and OP1.2b. Although the plasma-facing
components were the same for OP1.2a and OP1.2b, the total
plasma discharge time of OP1.2b was about 2.4 times
corresponding time of OP1.2a (9054 s versus 3776 s).
Moreover, in OP1.2b, the time of glow discharge was sig-
nificantly lower and less erosion from the first wall is esti-
mated [19]. Different plasma parameters, magnetic field

configurations, divertor loads and boronization were con-
ducted for the first time in OP1.2b, which might have
impacted the formation of the deposition layer. Further ana-
lysis is thus required.

Figure 7 shows the ratio of the deposition layer thickness
for OP1.2b to that for OP1.2a. For each module, the ratio
increased in HM11, HM21, HM31, HM41 and HM51. This
might be related to the asymmetric loads between upper and
lower TDUs. However, the reason for this remains unclear
and thus further analysis is required.

Figure 8 shows the average estimated thickness of the
deposition layer of the panels for all modules. The average
estimated thickness is 10±6 nm for OP1.2a and 25±8 nm
for OP1.2b. Thus, the thickness of the deposition layer
formed in OP1.2b is 2.5 times larger than that formed in
OP1.2a which is comparable to 2.4 times longer plasma
duration in OP1.2b. We also investigated the deposition layer
thickness in each module. As shown in figure 8, the average
thickness of the deposition layer in each module was also
evaluated by averaging the RGB values obtained for the first
wall panels in that module. Although the color pattern is
roughly the same for all modules, there is a small variation in
the thickness distribution. Module 3 had the largest deposit
and module 2 had the smallest deposit. Of note, this tendency
was observed for both OP1.2a and OP1.2b. If we assume that
the density of the deposition layer is similar to fine grain
graphite (1.5 g cm−3) but not to graphite (2.3 g cm−3), the
total deposition amount can be estimated. Since the surface
area of the first wall panels observed by the colorimetry is
approximately 87 m2, the total deposition amount is
10 nm×87 m2×1.5 g cm−3=1.3 g for OP1.2a and
25×87 m2×1.5 g cm−3=3.2 g for OP1.2b. Here, these
values are only correct with the assumption that the whole
layer consists of carbon. These values can be compared with
those obtained using global carbon balance analysis [20].
Besides the measured deposition (<33 nm) on the wall
panels, a limited dust formation and flake delamination were
observed on graphite plasma-facing component. However, the
plasma performance was not affected at all due to the rela-
tively small amount of released material produced via these
mechanisms.

4. Conclusion

This study conducted colorimetry of the first wall components
in W7-X obtained using a compact color analyzer after the
experiment campaigns with the first divertor operation to
evaluate the wide-range distribution of the deposition layer.

We measured the RGB values of all the first wall panels
(more than 1600 data points). The colorimetry results show a
clear difference in RGB values between OP1.2a and OP1.2b.
The color patterns were roughly similar for all modules. The
deposition layer thickness was estimated using a single-layer
model. Thin (10±6 nm) and thicker (25±8 nm) deposition
layers were estimated for OP1.2a and OP1.2b, respectively.
The thickness of the deposition layer formed during OP1.2b
was 2.5 times larger than that formed during OP1.2a. The

Figure 8. Average deposition layer thickness for OP1.2a (blue) and
OP1.2b (red). Blue and red dotted lines show average thickness of all
first wall panels for OP1.2a and OP1.2b, respectively. Error bars
indicate standard deviation of the estimated thickness in each
module.
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thickness especially increased in HMs HM11, HM21, HM31,
HM41 and HM51 for OP1.2b. Although the relation between
the reflection rate and the deposition layer thickness should be
verified by micro-structure analysis, the colorimetry mea-
surements can provide the global characteristics of the
deposition layer, bridging the gap between postmortem ana-
lysis and global particle balance analysis.
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