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When using a single reference to measure the bi-directional scattering distribution function (BSDF), the
incident zenith angle of the tested sample must be identical to that of the reference. In order to get
the hemisphere space scattering characteristic on the sample surface, usually a motor drives the sample
tilting, then the incident zenith angle is changed and needs to be the compensated by another motor. We
mathematically deduce the expression of compensation angle when the incident zenith angle is changed by
the rotation of motor. After the incident angle is compensated, the scattering zenith angle and azimuth
angle are deduced too. The uncertainty of the system is 0.75%. Scattering measurements are performed
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on copper sample with visible light under different temperatures.
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Most objects have anisotropic reflectance, which can
be described by the bi-directional scattering distri-
bution function (BSDF). It is very important to ob-
tain high quality bi-directional scattering data sets
for BSDF research and applications.  Those data
sets may be used to validate the present various bi-
directional reflectance/transmittance distribution func-
tion (BRDF/BTDF) models and retrieve the sur-
face characteristics of the objects in remote sensing
applications"?. According to Ref. [3], the BSDF is
a ratio of the scattering radiance to the incident irra-
diance. It mostly depends on four angles (two for the
incident radiation and two for the scattering radiation)
and is a function of the wavelength, surface roughness,
material properties, and temperature. The characteris-
tics of spatial light scattering from material surface can
be effectively described by BSDF, so BSDF is gener-
ally applied in several fields, such as national defense,
military affairs, soil resource remote sensing, vegetation
monitoring, environment and climate monitoring, stray
light suppression, etc.[*~9.

There are two ways to obtain the entire zenith angle
and azimuth angle which are covered by light on the sam-
ple. The first is to mount the light source on a movable
arm or to use a turning mirror on a movable arm, and to
use a detector to measure the distribution of scattering
light by moving it around the entire hemisphere. To
measure the full BSDF, this process must be repeated
many times, moving the light source again and again to
measure different incident angles. So this method has
been discarded. The second is to fix the light source and
to move the sample or its roll and yaw axes, so that the
scattering light goes into the constrained detector which
can only move in one plane.

Based on the second method described above, we de-
signed the angle self-compensation setup with three de-
grees of freedom for scattering measurement, as shown in
Fig. 1. The crankshaft of the No. 1 motor is parallel to
the table-board and perpendicular to the normal of the
sample plane. This mototr drives the sample running
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within the range from —180° to +180°. At the same
time, the crankshaft of the No. 2 motor intersects that
of the No.1 motor at the center of the sample, plumbs
in the bottom, and drives the No. 1 motor and the sam-
ple rotating together. It is obvious that the direction
of the No. 1 motor crankshaft is variable in the space
plane during the process of running. In addition, the
scope that the No. 2 motor drives the sample turntable
running is also from —180° to +180°, and the angles
of sloping running and rotating are indicated by dial 1
and dial 2, respectively. The combination of the No.
1 and the No. 2 motors can implement the changes of
and the incident zenith angle 6; and the azimuth angle
;. The No. 3 motor crankshaft is parallel to that of
No. 2, which drives the detector arm rotating around
the turntable axis within the range from —180° to +180°
via a decelerating gear. A detector is located on an ad-
justable bracket in the hopper chute of the detector arm,
and the distance from the detector to the sample can be
adjusted, so the scattering radiance which comes from
the sample can be measured as the function of space scat-
tering angle (g, ¢g). The control of the sample direction
and the acquisition of the measured data are completed
by the computer automatically, therefore we can study
the space scattering property and spectral characteristic
of the objective material.
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Fig. 1. BSDF measurement setup.
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The closed-loop control of pulse negative feedback re-
sponse motor displacement is prevalently used in system
software, so that we can achieve more accurate position
control and more stable speed of motor rotation, as shown
in Fig. 2. The personal computer (PC) processes the
read-write of the motor control card 6020 by software,
and sends the position, speed, and acceleration orders
into the control card. Then the control card produces a
pulse sequence according to the orders of the mainframe.
The number of pulse (position), frequency (speed), and
rate of change in frequency (acceleration) are all con-
trolled by the mainframe. After that, the motor driver
produces multi-beat pulse signals to control the motor
rotation according to the received pulse. Clockwise or
anti-clockwise rotation of angle is decided by software,
so as to change the relative position among the sample,
the incidence, and the detector.

For suppressing the stray light and improving the mea-
surement precision, the theory of single-reference mea-
surement is chosen!'?). Using the single-reference mea-
surement, the incident zenith angle of the tested sample
must be identical to that of the reference. In order to
get the hemisphere space scattering characteristic on the
sample surface, the No. 1 motor drives the sample tilt-
ing, then the incident zenith angle is changed. Therefore,
we can only revolve the No. 2 motor to compensate the
change of incident zenith angle. It is supposed that the
incident zenith angle is #; and the azimuth angle is 0
when the turntable is in standard position, as shown in
Fig. 3.

We suppose the sample rotates an angle Ay in the
plane of the horizon after it has tilted an angle 3 in the
vertical plane. a = 0; — Ay is the angle between the in-
cidence and the axis 2z’ which is achieved by rotating the
No. 2 motor for Agp. Here the vector of the incidence on
the rotated coordinates is

Slr(;a ] . (1)

Cos &

g:

After the No. 1 motor drives the sample tilting 3, the
matrix which transforms the primary coordinate to the
new coordinate is

é:

1 0 0
0 cosf —sinf3 ] . (2)
0 sinf8 cosf

In this coordinate system, the incidence vector becomes
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Fig. 2. Schematic of motor control.
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Fig. 3.‘ Schematic diagram of incident zenith angle.
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cosf3 cos «

In order to guarantee that the angle between the inci-
dence and the new normal of the sample is the given
incident zenith angle 6;, one has

cos fcos «
cos 0, =
V/(sin )2 + (—sinf cos a)? + (cosB3 cosa)?,
(4)
cos a = cos(fy — Ap) = cos b (5)
N ! Y1 = cos 3
Therefore,
cos 6;
Ap =06; — .
p = 60; — arccos (COS ﬂ) (6)

From Eq. (6), we can obtain the actual Ay which the
turntable needs to revolve while the incident zenith angle
is still 0; after the sample tilts 3.

Now the angle between the incidence projection on the
sample plane and the new z axis is the incident azimuth
angle ¢, thus

—sinf cos a

tan p; = = —sin B(tan o). (7)

sin o

Figure 4 shows the schematic diagram of scattering
zenith angle on the rotated coordinates. In Fig. 4, z
is the primary normal, 2z’ is the normal after the sample
rotates Ay, 2" is the normal while the sample is fur-

ther tilted [, N is the direction of the detector, 6§ is
the request which is just the scattering zenith angle after
transformation. Suppose the coordinates of the detector
are N = (—sin g, 0, cos fg)’" on the primary coordinates.
Revolving the sample first and then tilting it, the pri-
mary coordinate system has been changed twice. After
revolving the sample Ay twice, the vector of the detector
on the new coordinate system is
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Fig. 4. Schematic diagram of scattering zenith angle.

., cosAp 0 —sinAep —sin fg
N = [ 0 1 0 0 ]
sinAp 0 cosAgp cos g
—cosApsin fg — sinApcos fg
_ [ 0 ] w®
—sinApsin g + cosApcos Oy

Then the sample is further tilted 3, the coordinates of
the detector become

— /! [ 1 O 0 —/
N =10 cospg —sinB]N
L 0 sinf cos 3
1 0 0 —sin(Ap + 0g)
=0 cosfB —sinp ] l 0
| 0 sinf3 cosf3 cos(Ap + 0s)
[ —sin(Ap + 0g)
= | —sin Scos(Ap + 6s) (9)
cos feos(Ap + 0g)
Now, the value of cos 6§ is
cos 05 = cos [Beos(Ap + 0s). (10)

The value of tan g is (ps is the azimuth angle of scat-
tering light)
—sin Seos(Ay + 0s)
—sin(Ap + 0g)
= sin § (tan(Ap +6g)) " (11)

tan pg =

For spatial diffusion and non-mirror scattering mea-
surements, the error egspr of the goniometer can be eval-
uated and expressed by

(EBSDF)2 = (ESLD)2 + (595)27 (12)

where eg,p is the error of the receiver view angle, which is
about 0.7%; egq is the error of the total scattering zenith

angle, which is given by['!]

(693)2 = (602)2 + (691\1)2 + (EGT)Qa (13)

where g, is the scattering angle error due to sample z-
direction misalignment; €g,, is the scattering angle error
due to goniometer; g, is the scattering angle error due
to sample tilt. Based on our automative BSDF measure-
ment setup, g is about 1°/360°, both of €4, and e¢.,. are
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Fig. 5. Results of scattering measurement under T=25 °C.
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Fig. 6. Results of scattering measurement under 7=380 °C.

0.072°/360° within a circle caused by the motor rotation.
Then according to Eq. (13), g is about 0.28%.
Taking above results into Eq. (12), we can get

€BSDF = {/€31p + 562)3 ~ 0.75%. (14)

Experiments were performed with 0.6328-um visible
light under the temperatures T'=25 and 380 °C, giving
the bi-directional reflectance measurements on copper at
w; = 0° when the incident zenith angles are different.
Experimental results after the angle compensation are
shown in Figs. 5 and 6 respectively. As can be seen,
there is a maximum value in the curve no matter what
the incident angle is. In addition, the scattering angle
corresponding to the maximum is close to the direction
of the mirror reflection, and the peak value shifts towards
right side with the increase of incident angle. Especially,
the peak value reduces with the increase of the incident
angle. This is because the surface is fairly gentle, the
shadowing effect is not obvious, and the effective inci-
dent flux is the most important factor for the incident
intensity. The corresponding mirror reflected intensity is
lower and lower as a result of the incident flux reduction
with the increase of incident angle.

In conclusion, based on the relative measuring method,
we design the angle self-compensation setup with three
degrees of freedom. The full hemispherical scattering
can be almost measured. Using the theory of single-
reference measurement, the expression of compensation
angle is deduced. The uncertainty of the goniometer
is analyzed. Experiments regarding the hemispherical
reflectance measurements with visible light have been
performed using the designed setup.
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