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In order to investigate reflection properties on plasma-facing material in ITER, the
bi-directional reflectance distribution function (BRDF) of a tungsten block sample has been
measured. On the machining surface of the block, one-directional machining lines are
engraved. Two laser diodes A652 nm and A473 nm were used to simulate H, and Hg
emissions, respectively. The reflected light is affected by the machining surface. The
reflected light traces an arc when the incident light is injected in the parallel direction to
the engraved line. On the other hand the reflected light traces a line shape when the
incident light is injected in the perpendicular direction to the engraved lines. Ray tracing

simulation qualitatively explains the experimental results.
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1. Introduction

In magnetic fusion experiments, visible light diagnostics are widely used. Typical
examples include visible spectrometers, visible diode arrays, and CCD cameras.
Occasionally, it is possible to terminate the field-of-view of these diagnostics on viewing
dumps such as razor blade stacks to minimize the effect of wall reflection on the measured
signals. More often, however, the field-of-view is simply terminated on the vacuum vessel
wall tiles. This is especially common for visible light diagnostics which have a large
field-of-view, where terminating the entire viewing area would be impractical.

Typically, the divetor region is brightest for the visible emission from magnetic
fusion experiments?. The lower visible emission levels of the main chamber make these
measurements susceptible to light pollution from the brighter divertor regions.
Investigation of the influence of reflections on measurement in tokamaks has already been
made for the visible range?.

Plasma-facing materials in ITER divertor consist of carbon-fiber-composite (CFC)
and tungsten (W). CFC reflects light from 0.1% to 0.5% and tungsten reflects light from
10% to 30% in UV and visible wavelength®. The reflection from tungsten may cause stray
light for optical diagnostics in ITER. The bi-directional reflectance distribution function
(BRDF)9%, defining local illumination of the surfaces, has an influence on global
illumination because of the inter-reflections between the surfaces of the inner vessel. In
order to evaluate the effect of the reflection, BRDF of the tungsten block used at the

divertor baffle and dome in ITER has been investigated.

2. Experiment

The defining geometry is shown in Fig. 1 where subscripts i and r are used to
denote incident and reflected quantities, respectively. Thus the direction of the specular
beam is ¢ = 180°, ¢ = 0° and & = 6. BRDF is defined in radiometric terms as the surface
radiance divided by the incident surface irradiance. The surface irradiance P (Watts) is the
light flux incident on the surface per unit illuminated surface area. If the surface is ideal
mirror surface of reflectance £, the out light flux is /% = EP. However, on the actual surface
the reflected surface radiance F: is the light flux scattered through solid angle Qr per unit
illuminated surface area per unit projected solid angle. The project solid angle is the solid
angle times cos 6. Thus BRDF is expressed as

dh/dQ. R/
Picos 6, _ P;cos 6,

BRDF = 1)

The surface of a tungsten block is measured with the violet-laser
three-dimensional microscope (KEYENCE VK-9700). The standard surface roughness of
the sample block is Fa = 3.2 um. Figure 2 shows the three dimensional plot of the measured

surface at the center of the block. Engraved lines by the machining run vertically in Fig. 2.
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We take this line direction as the X-direction of the coordinate. The measured depth of the
peak to valley is 2.8 um. The distance between the engraved lines are randomly distributed
in the order of 1 pm ~ 10 pm.

BRDFs of the surface of the tungsten block are measured with two laser diodes;
1652 nm and 2473 nm to simulate H, and Hg emission, respectively. The diameters of A652
nm and 2473 nm lasers are ¢4 mm and ¢2 mm, respectively. Since the roughness is small
enough compare to the laser diameter, the reflection pattern are almost the same if the
laser beam irradiates the slightly different position on the surface of the tungsten block.
Figure 3 shows experimental setups for BRDF measurement. Two rotation stages (¢40 mm
and ¢160 mm) are used. The ¢$40 mm rotation stage supports the block. The light beam
from the laser diode illuminates the surface of the tungsten block. Photo diode is mounted
on the ¢160 mm rotation stage. The size of the photo diode is 10X10 mm2. In front of the
photo diode, an aperture of ¢2.1 mm is placed. The photo diode detects the reflected light
by the surface of the tungsten block. When the incident light is injected to the direction in
perpendicular to the engraved lines with incident angles of ¢ = 90° the photo diode trace
the intensity along the rotation of the stage. When the incident light is injected to the
direction in parallel to the engraved lines with incident angles of ¢ = 180° the vertical

linear stage is added to trace the arc intensity distribution.

3. Results and Discussion

The reflection light is affected according to the machining lines described in the
previous section. Figure 4 shows images of the reflected laser light (.652 nm). When the
incident light is injected to the parallel to the engraved lines, the reflected light traces an
arc shape. On the other hand, when the incident light is injected to the perpendicular to the
engraved lines, the reflected light traces a line in the incident plane. When the incident
light is injected to the sandblasted tungsten surface, the reflected light is dispersed in
every direction.

Some results of BRDF measurements are shown in detail in Figs. 5, 6 and 7.
Figure 5 shows BRDF measurement for the ¢ = 90° case of two colors for (a) A652 nm and
(b) 2473 nm. When the incident light is injected to the parallel to the engraved lines (¢ =
90°), the BRDF has a peak at its specular position, i.e. & = & on the same incident plane as
shown in Fig. 5 (a) and (b). The BRDF has broad distribution in incident plane for both
laser wavelengths. In Fig. 5 the filled and open marks show S and P-polarization,
respectively. The difference of the polarization dependence becomes larger as the incident
angle takes large values. The reflection of the S-polarization is higher than that of the
P-polarization at the large incident angles &.

Figures 6 and 7 show the arc shape distribution for A652 nm and 1473 nm,
respectively. With an decrease in the incident angle from & = 75° to 15°, the BRDF
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distributions plotted with filled marks in Figs. 6 and 7 get wide and the radius of arc
increases, which is plotted with open marks. Both distributions of the BRDF for 4652 nm
and A473 nm are similar to each other at the same incident angle 4.

Figure 8 shows the ray tracing simulation with ZEMAX of the engraved surface at
incident angle ¢ = 180°, & = 45°. The one dimensional extension in the X-direction of the
measured cross section at the Fig. 2 is used to make model surface. The reflected light
traces an arc shape. Random light rays within the diameter of 80 um are injected to the
model surface. The reflection on the model surface is the dominant process. When the
incident angle ¢i = 90°, & = 45°, the rays trace a line shape. Qualitatively, the ray tracing
simulation explains the experimental results.

It is found that the experimental result shows the anisotropy of the BRDF
depending on the incident angle. When we use illumination simulator for investigation of
the reflection effect, we have to take into account the anisotropy of the BRDF. The modeling
of the BRDF for whole incident angle to the tungsten block is not simple problem to solve.

4. Summary

The BRDF of machining surface of a tungsten block is experimentally examined.
When the incident light is injected to the direction in perpendicular to the engraved lines ¢
= 90°, the reflected light traces a line. When the incident light is injected to the direction in
parallel to the engraved lines ¢ = 180°, the reflected light traces an arc shape. The ray

tracing simulation qualitatively explains the experimental results.

Acknowledgments
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Geometry for the definition of BRDF. X-direction is taken as the direction of the
machining graved line. ----------=7=-==7-=-mmmmmmm oo 6
The three dimensional plot of the surface of a tungsten block. (Violet-laser
three-dimensional microscope: KEYENCE VK-9700) --------=-=====s==zssssmsmsmnmomonaan 6
Experimental setup for BRDF measurements: (a) The laser light is injected in the
perpendicular direction to the engraved lines (¢ = 90°). (b) The laser light is
injected in the parallel direction to the engraved lines (¢i = 180°). The ¢40 mm
rotation stage supports a tungsten block. The ¢160 mm rotation stage supports a
photo diode detector. Additional vertical linear stage is added for the ¢ = 180°
measurement to trace an arc shape of the reflected light. ------------=------=---s--mo-- 7
Reflections when & = 45° (a) the reflected light traces an arc when the incident
light is injected in the parallel direction to the engraved lines ¢ = 180, (b) the
reflected light traces a line when the incident light is injected in the perpendicular
direction to the engraved lines ¢i = 90°, (c) the reflected light is dispersed when the
incident light is injected to the sandblasted tungsten surface. ------------------------- 7
BRDFs (¢ = 90°): The reflected light traces in the cases when the incident light is
injected in the parallel direction to the engraved lines. Laser wavelength: (a) 1652
nm; filled and open marks show S- and P-polarization, respectively. (b) 1473 nm;
filled and open marks show S- and P-polarization, respectively. -------------------- 8
BRDFs (¢ = 180°): The reflected light traces in the cases when the incident light is
injected in the perpendicular direction to the engraved lines at the wavelength
Lof 652 nm. (a) P-polarization; filled and open marks show BRDF and 6,
respectively. (b) S-polarization; filled and open marks show BRDF and &,
respectively. -m---mmmmmmmmmmm e 9
BRDFs (¢ = 180°): The reflected light traces in the cases when the incident light is
injected in the perpendicular direction to the engraved lines at the wavelength
Lof 473 nm. (a) P-polarization; filled and open marks show BRDF and &,
respectively. (b) S-polarization; filled and open marks show BRDF and &,
respectively. -m---mmmmmmmmmmmm e oo 10
ZEMAX simulation: (a) Three dimensional configuration (¢ = 180°, & = 45°).
Random rays within the diameter of 80 um are injected to the model surface.

(b) Reflection pattern is shown on the image plane. Rays trace an arc shape. ----- 11
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Fig.1 Geometry for the definition of BRDF. X-direction is taken as the direction of the

machining graved line.

Fig.2 The three dimensional plot of the surface of a tungsten block. (Violet-laser
three-dimensional microscope: KEYENCE VK-9700)
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Fig.3 Experimental setup for BRDF measurements: (a) The laser light is injected in the
perpendicular direction to the engraved lines (¢ = 90°). (b) The laser light is
injected in the parallel direction to the engraved lines (¢i = 180°). The ¢40 mm
rotation stage supports a tungsten block. The ¢160 mm rotation stage supports a
photo diode detector. Additional vertical linear stage is added for the ¢ = 180°

measurement to trace an arc shape of the reflected light.

Screen Screen () Screen

W plate

(sandblast)
AN

Fig.4 Reflections when & = 45° (a) the reflected light traces an arc when the incident
light is injected in the parallel direction to the engraved lines ¢ = 180, (b) the
reflected light traces a line when the incident light is injected in the perpendicular
direction to the engraved lines ¢ = 90°, (c) the reflected light is dispersed when the

incident light is injected to the sandblasted tungsten surface.
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Fig.5 BRDFs (¢ = 90°): The reflected light traces in the cases when the incident light is
injected in the parallel direction to the engraved lines. Laser wavelength: (a) 1652
nm; filled and open marks show S- and P-polarization, respectively. (b) 1473 nm;

filled and open marks show S- and P-polarization, respectively.
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Fig.6 BRDFs (¢ = 180°): The reflected light traces in the cases when the incident light is
injected in the perpendicular direction to the engraved lines at the wavelength
Lof 652 nm. (a) P-polarization; filled and open marks show BRDF and 6,
respectively. (b) S-polarization; filled and open marks show BRDF and &,

respectively.
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Fig.7 BRDFs (¢ = 180°): The reflected light traces in the cases when the incident light is
injected in the perpendicular direction to the engraved lines at the wavelength
Lof 473 nm. (a) P-polarization; filled and open marks show BRDF and 6,
respectively. (b) S-polarization; filled and open marks show BRDF and &,
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Fig.8 ZEMAX simulation: (a) Three dimensional configuration (¢ = 180°, & = 45°).

Random rays within the diameter of 80 pm are injected to the model surface. (b)

Reflection pattern is shown on the image plane. Rays trace an arc shape.
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