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For ITER spectroscopic measurements, it is important to understand the optical reflection characteristics of
the divertor surface for an accurate measurement because the stray light in the divertor may be large. We set up a
goniophotometer that measures the optical reflection characteristics and investigated the bidirectional reflectance
distribution function of tungsten samples sputtered in an argon plasma. The specimens sputtered at temperatures
lower than the recrystallization temperature of tungsten exhibited smooth surfaces and strong specular reflections
in their optical reflectance characteristics. Recrystallized crystals likely grew for the specimens sputtered at
temperatures approximately equal to the recrystallization temperature, resulting in a weak specular reflection.
c 2022 The Japan Society of Plasma Science and Nuclear Fusion Research


Keywords: bidirectional reflectance distribution function, goniophotometer, sputtering, spectroscopic diagnostics
DOI: 10.1585/pfr.17.2405041

1. Introduction
Stray light is a significant issue in spectroscopic diagnostics. The ITER divertor is made of tungsten, which
has high optical reflectance; hence, the accuracy of a spectroscopic measurement is at the risk of degradation, as the
measured signal may be aﬀected by the reflected light from
the divertor region [1]. Therefore, it is crucial to consider
the eﬀects of reflection on the accuracy of measurements.
Recently, a ray-tracing approach that allows the quantitative evaluation of the eﬀects of reflected light has been
studied and developed [2]; combined with tomography
techniques, it enables the removal of stray light [3,4]. This
approach has been applied to spectroscopic diagnostics in
ITER, including Hα spectroscopy diagnostics [4] and divertor impurity monitoring [3, 5]. The performance of the
quantitative evaluation and removal of reflected light depends on the accuracy of optical reflection modeling. As
in [6–8], the optical reflection characteristics of samples
with machine marks have been studied. Considering the
optical reflection characteristics of plasma-facing components and because the surface condition varies by plasmawall interactions [9, 10], the optical reflection characteristics also change depending on the condition of the divertor
surface. However, the relationship between the optical reflection characteristics and a surface irradiated by plasma
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has not yet been investigated in detail, although determining this relationship is necessary to realize accurate reflection modeling.
In this study, we first constructed a goniophotometer
that measured the optical reflection characteristics corresponding to the surface condition of a sample. Additionally, we investigated the bidirectional reflectance distribution function (BRDF) of tungsten samples sputtered with
various incident ion energies in an argon plasma.
The remainder of this paper is organized as follows.
In Section 2, BRDF measurement using a goniophotometer is described. In Section 3, the sputtering experiment
and sputtered samples are explained. The results and discussions of the BRDF measurements are presented in Sections 4 and 5, respectively. Finally, a summary is presented
in Section 6.

2. BRDF Measurements
A schematic of the reflected light measurement and a
picture of the goniophotometer are shown in Fig. 1, where
subscripts “i” and “r” denote the incident and reflected
quantities, respectively. The laser beam from the laser
diode was incident on the specimen. The power of the reflected light from the specimen surface (Pr ) was measured
using a light power meter (THORLABS, Inc.: S120VC,
PW400) while changing its position using a motor via a
belt pulley. The diameter and wavelength of the laser beam
(λ) were 1.2 mm and 473 nm, respectively. The wavelength
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Fig. 2 Device function g(θr ).

angles; hence, the size of the laser beam is finite. Mathematically, the measured reflected light power (Pr,measure )
could be regarded as the convolution integral of the pure
reflected light power (Pr,pure ) with a device function (g) that
expresses the spread of the laser beam as follows:
Pr,measure (θr ) =

θ+


Pr,pure (k)(g)(θr − k).

(2)

k=θ−

To obtain Pr,pure , we performed deconvolution to Pr,measure
as follows:
Pr,pure = F −1 [F [Pr,measure ]/F [g]],

Fig. 1 (a) Schematic of the measurement system and (b) picture
of the goniophotometer.

of the laser beam was almost equal to that of the Hβ emission (486 nm). In addition, the laser beam was linearly
polarized with a vertical polarization of less than 0.1%. In
the case of metals, the incident light can stimulate the motion of electrons near the surface, which in turn leads to
the reflection of a wave, and there is quite little penetration
in the depth direction [11]. Consequently, reflections from
the metal occur at the surface [12]. Therefore, we regarded
the reflected light as having no internal reflections that did
not contribute to the diﬀusion component.
The BRDF is the ratio of the radiance of the reflected
light to the irradiance of the incident light. Using the measured Pr and incident beam power (Pi ), the BRDF can be
expressed as follows:
BRDF =

Pr
,
Pi cos θr Ωr

(1)

where Ωr denotes the solid angle projected onto the lightpower meter. The Pr obtained at a specific reflection angle includes the power of light reflected at other reflection

(3)

where F [·] represents the discrete Fourier transform and
F −1 [·] is the inverse discrete Fourier transform. The device function was determined by normalizing the integrated value to unity for the measured reflected light from
the aluminum mirror, as shown in Fig. 2. All the measured
reflected powers in this study were decomposed.

3. Sputtering Experiment
Figure 3 shows a schematic of the experimental
plasma system. Steady-state argon plasma was generated using a linear plasma device, NAGDIS-II [13]. The
electron temperature, electron density, and space potential
measured using the Langmuir probe method were 3 eV,
1.5 m−3 , and −3 V, respectively. To simulate the surface
roughness of the machine marks on the initial ITER divertor surface, tungsten samples (The Nilaco Corp.) of
size ∼10 mm × ∼10 mm × 0.2 mm were scratched using
sandpaper (#100) before insertion into the plasma. The
tungsten samples were inserted into the plasma such that
the surface was perpendicular to the magnetic field direction. The temperature of the specimens was measured using a radiation thermometer. The incident energy (Ei ) of
the sample was varied by applying a sample bias.
Figure 4 shows a photograph of a sample without
plasma irradiation (S0) and sputtered samples with varying Ei values (S1–S6). The sputtering conditions are listed
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Fig. 3 Schematic of the sputtering experimental system.

Fig. 5 Sample surfaces measured by the laser microscope.
Fig. 4 Test samples.
Table 1 Sputtering conditions and surface roughness.

The average surface roughness (Ra ) was obtained by
averaging the surface roughness elements (ra ) calculated
within the range of moving square windows, whose one
side was approximately 10 times longer than the wavelength of the laser. The window was moved both horizontally and vertically on the surface. The Ra is expressed as
ra = |h − μh |, where denotes the height of the surface, μh
is the mean height, |·| is the absolute operation, and · is
the mean operation. The height was measured using a laser
microscope. The initial Ra of the samples before sputtering
was 0.278 μm on average, and the Ra of S0–S6 are listed in
Table 1.
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4. BRDF Measurement Results
in Table 1. The incident ion energy, specimen temperature,
fluence, and sputtering yield monotonically increased from
S1 to S6. The surface of each sputtered sample was observed using a laser microscope (KEYENCE Corp.: VK9700), as shown in Fig. 5. As Ei increased, scratches on
the surface gradually disappeared. Scratches on S5 were
diﬃcult to observe; however, polygonal structures could
be observed, and they were even larger in S6 than in S5.

Figures 6 (a) and (b) show the BRDFs of the samples
when s- and p-polarized light was incident on them at 30◦ ,
respectively. In both s- and p-polarizations, the peak of
the BRDF of the sample increased with increasing Ei from
S0 to S5, except for S1. Because the reflected light from
S1 is anisotropic owing to the relatively large scratch on
the surface, the peak value of S1 is an outlier. S6, which
was sputtered with the largest Ei , had a BRDF smaller than
S3–5, which were sputtered with a smaller Ei . This is attributed to the Ra of S6 being larger than those of S3–S5,

2405041-3

Plasma and Fusion Research: Regular Articles

Volume 17, 2405041 (2022)

Fig. 7 Peak values of BRDFs with the incident (a) s- and (b)
p-polarized light.

Fig. 6 BRDFs of sputtered samples with the incident (a) s- and
(b) p-polarized light.

resulting in a larger spread of the reflected light.
In addition to the physical structure of the surface, ion
irradiation can change optical constants [14]. The change
in the optical constants varies the reflectance, resulting in a
change in shape and the absolute value of the BRDF. When
comparing the measured BRDFs in Fig. 6, the shape of the
BRDF diﬀers remarkably, which is attributed to the physical structure of the surface. Therefore, the peak values
and full width at tenth maximum (FWTM) of the BRDFs
of S2–6 with incident s- or p-polarized light and angles
ranging from 15 to 60◦ are plotted as a function of Ra in
Figs. 7 and 8, respectively. The peak values of all four incident angles increased linearly with increasing on a logarithmic scale, and there were several variances between
the peak values of S2 and S5. The variances in the peak
values between the incidence angles appeared according
to Fresnel’s law and were particularly clear for s-polarized
light. Because the reflectance of p-polarized light diﬀered
slightly in the range from −15◦ to −60◦ , it was diﬃcult
to determine the diﬀerences among incident angles in ppolarized light reflected from rough surfaces. Because the
reflectance of p-polarized light is smaller than that of spolarized light at a specific θi , the p-polarized BRDF peaks

are also smaller than the p-polarized BRDF peaks at θi .
The FWTM decreased as Ra also decreased, resulting in
the narrowing of the lobes of the reflected light. The diﬀerence between S2 and S5 in the FWTM was approximately
two times. Additionally, there were slight diﬀerences in
the FWTM depending on the angle of incidence and the
polarized light direction.

5. Discussion
A scanning electron microscope (SEM) image of S6 is
shown in Fig. 9. Polygonal structures were also observed
on the surface. The specimen temperature during the sputtering of S6 was almost equal to the recrystallization temperature of tungsten. Consequently, recrystallized crystals
likely grew, making the surface rougher. In addition, the
peak value and FWTM scatter of S6 exhibit a similar trend
to those of the scratched samples in Figs. 7 and 8. Although there were no mechanical scratches on S6, a different structure was formed on the surface by sputtering.
By considering only the sputtering and recrystallization eﬀects, uneven structures on the surface, such as machine marks, can be removed through sputtering. A large
Ei results in specular reflection, and the lobes of the reflected light becoming narrower. However, if the specimen
temperature exceeds the recrystallization temperature, the
surface becomes rough owing to the recrystallized crystals.
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Fig. 10 Wavelength dependence of reflectance.

Fig. 8 FWTMs of BRDFs with incident (a) s- and (b) ppolarized light.

cantly among the samples and showed a similar trend in
the measured wavelength range. According to [6], there is
little change in the shape of the BRDF with wavelength,
although the absolute value changes. If the ratio of Ra to
λ is greater than unity, a ray is significantly occluded by
an uneven structure on the surface [16]. However, because
the present samples exhibited Ra /λ < 1 with wavelengths
over approximately 200 nm, it seems that there was little
occlusion.

6. Summary

Fig. 9 Scanning electron microscope image of S6 with a magnification of 1,000.

To understand the optical reflection characteristics
corresponding to the surface condition of the divertor for
accurate spectroscopic measurements, we constructed a
goniophotometer and investigated the BDRF of tungsten
samples sputtered in argon plasma generated by a linear
plasma device. As the incident ion energy increased, the
surface gradually smoothed such that the specular reflection became larger and the lobe of the reflected light became narrower. Near the recrystallization temperature, the
recrystallized crystal likely makes the surface rough and
the reflected light spread. Because the range of experimental conditions was limited in this study, for future work,
further investigations with longer irradiation times are of
interest.
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