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In this paper, we propose to use glass optical fibers with a rectangular cross-section for the application in a concentrator
photovoltaic and daylighting system (CPVD) due to the unique characteristics of rectangular fibers with the capability to
provide a uniform rectangular beam shape and a top-hat profile at the output. A mathematical model of rectangular optical
fibers has been formulated in this study for different incident angles, and the results are compared with those of round optical
fibers. Furthermore, the performance of the bundle of RGOFs is compared with that of the bundle of round optical fibers via
simulation by using the ray-tracing method. The mathematical modelling and numerical simulation have demonstrated that the
RGOF has advantages in terms of the improvement in relative transmission and reduction in energy leakage for the
transmission through the optical fiber. The simulation result also shows that a higher flux of sunlight can be transmitted via the
bundle of RGOFs as compared to the bundle of round optical fibers due to the higher coupling efficiency. The experiment
results on the relative transmission in different incident angles for both round optical fibers and RGOFs have validated both the
simulation and the mathematical modelling. The beam profile of our fabricated RGOF has also been measured via our
laboratory facility. The flexibility test on the fabricated RGOF has been carried out to bend at a radius of 150 mm and twist at

90° at a fiber length of 2.2 m.

1. Introduction

The initial idea of the optical fiber used for transmitting
sunlight can be dated back to forty years ago [1]. Recently,
significant advances in the technology of optical fibers have
extended the application to transmit the sunlight with a wide
band of electromagnetic waves. The application of transmit-
ting sunlight by a round optical fiber and the bundle of round
optical fibers have been studied [2-6]. The optical fibers can
transmit sunlight with reasonable low loss for a distance
fewer than 10 meters, but the optical loss in the optical fibers
becomes noticeable at longer distances [7]. Considering the
said limitation, there are still many applications especially

transmitting daylight via fiber optics for residential and com-
mercial buildings, which are still regarded as a promising
method [7-9].

In transmitting sunlight through a dish and a round opti-
cal fiber, many components such as mirror accuracy and
tracker precision, as well as the material, diameter, length,
and type of optical fibers, can affect the efficiency of the whole
system [10]. The material of the core and cladding of the
optical fiber are the major factors to determine the accep-
tance angle of the optical fiber [11]. A parabolic dish with a
high precision sun tracker can provide a solar concentration
ratio of more than 8000 [12]. For transmitting the high flux
of concentrated sunlight, a larger core diameter is usually
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FIGURE 1: Attenuation of a typical square core optical fiber.

preferable. The one-millimeter core diameter of fused silica
with a low refractive index of hard polymer resin as cladding
can transmit a reasonable flux of sunlight with lower loss
than that of polymer optical fibers [13, 14].

Transmitting sunlight with a wide spectrum of
wavelengths via optical fibers encounters more challenges
as compared to the application of optical fibers in telecom-
munications. The large core diameter of the optical fiber
transmits light in multimode. The optical loss of the multi-
mode fiber is higher in comparison to that of single-mode
fibers made of the same material and transmitting the same
wavelength of light [15]. Attenuation of power transmission
in optical fibers with fused silica as the core and a hard poly-
mer as the cladding is independent of the shape of the optical
fiber [16]. Dugas et al. found that the leakage of power in
sunlight transmission via a round optical fiber was attributed
to optical loss due to too many reflections between the core
and the clad with angles near the numerical aperture of the
optical fiber [17]. To minimize the light leakage, the incident
angle of sunlight relative to the numerical aperture of the
optical fiber should be significantly less than the acceptance
angle of the optical fiber. Feuermann et al. studied the depen-
dence of light leakage within the nominal numerical aperture
of the solar fiber optic on several parameters including
incidence angle, optical properties of the core and cladding,
and fiber length [13].

Moreover, the optical loss can occur when coupling the
sunlight to a bundle of optical fibers. The method of bundling
optical fibers will determine the amount of coupling loss. If a
bundle of round optical fibers is fabricated by fusing all the
optical fibers, the loss is lesser than that of the bundle of
optical fibers being joined by epoxy adhesive. In the fusing
process, the gaps among the optical fibers are diminished
by forming one whole solid block, which has improved the
coupling efficiency of light to the bundle of optical fibers
[18]. However, the method of fusing optical fibers is much
more expensive than by simply joining with epoxy adhesive.

A multijunction solar cell with a square dimension can
convert sunlight into electricity in a concentrate photovoltaic
(CPV) system. The dimensions of the multijunction cells that
are available in the market are 3 mm x 3 mm, 5 mm X 5 mm,
and 10 mm x 10 mm. Nevertheless, the matching between
the concentrated light profile and the geometry of solar cells
is essential to optimize the performance of the CPV system
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FIGURE 2: Setup of the tests for both round and flat fibers with the
use of a rotating source.

[19]. Many works have been carried to study the design of
solar concentrators for mapping the focused sunlight with
the square shape of multijunction solar cells. Baig et al. and
Yu et al. studied the compound parabolic concentrator
(CPC) as a nonimaging concentrator to harness solar energy
and mapping sunlight to square solar cells [20, 21]. A
compound truncated pyramid and cone may be used for
concentrating and coupling sunlight with the optical fiber.
A bundle of optical fibers can be used as a coupler of concen-
trated sunlight to the multijunction solar cells in the CPVD
system [12]. The optical fiber must be made of glass to toler-
ate the high temperature of concentrated light. A bundle of
RGOFs with a square shape can map well the focused
sunlight onto square solar cells.

Rectangular fibers were first studied for transmitting X-
rays and light-wave circuit. Marcatili studied the rectangular
waveguide for integrated optics in 1969 [22]. In the mean-
time, a square core optical fiber was developed for matching
with the laser diode output beam. Cherny et al. (1979)
studied waveguide characterization of a rectangular core
and round clad for the cases of multi-mode and single-
mode waves including the effect of single and double clads
on dispersion of a pulse [23]. Blomster and Blomqvist studied
square fiber for high-power laser applications in 2007 [24].
Konishi et al. developed a rectangular core optical fiber for
a high-power laser in 2010 [25]. Ambran et al. demonstrated
a physical micromachining technique to fabricate a flat fiber
substrate for a light circuit [26]. The width of the flat fiber
was 1612 ym, and the thickness of the core was about 10 ym.

Rectangular core fibers in the market have round clads.
The core is made of fused silica for its broadband UV to
NIR transmittance while the clad may be made of glass or a
low refractive polymer. Figure 1 shows the attenuation of a
square core in the market at different wavelengths. The core
of the fiber is fused silica, and the clad is a hard polymer.
These rectangular fibers are developed for applications in
transmitting laser. The published data same as the published
data of round optical fibers are extracted from propagating a
beam of laser with a specific bandgap. Figure 1 reveals that
attenuation is as low as 20 dB/km at 600 nm while the loss
of fiber is more than the mentioned loss in transmitting
sunlight.

In this paper, we would like to introduce RGOF that is
specially designed for a CPVD system to transmit sunlight
through the optical fiber. The core of RGOF can be fabricated
by drawing a fused silica preform at the temperature of
2250°C. The preform must have a rectangular cross-section
before drawing. The clad is a polymer with refractive index
of 1.37 that is coated on the fused silica core. The length of
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F1GURE 3: Incident angle of the ray trajectory direction relative to the plane normal to the (a) cross-sectional view of the round optical fiber, (b)
cross-sectional view of the rectangular fiber, and (c) trajectory direction relative to the plane of the round optical fiber between two sequential

reflections.

the rectangular core is between 5mm and 10 mm with the
width ranging from 0.2 mm to 0.5 mm. The thickness of the
clad is about 0.1 mm.

The CPVD system has two functions including generating
electricity and daylighting. The bundles of RGOF transmit
sunlight from the focal point of the solar concentrator to the
multijunction cells and the remote target. Furthermore, RGOF
can also be used in other applications, i.e. sensors and delivery
of a high-power laser beam.

A comprehensive manner composed of three major
aspects embracing mathematical modelling, numerical simu-
lation, and experimental verification is used for investigating
the mechanism of leakage in transmitting sunlight in the
RGOF. Based on previous studies, relative transmission of
round optical fibers and RGOF in transmitting sunlight and
the loss due to gaps between the fibers in a bundle are also
studied. In Section 2, the mathematical model of the relative
transmission is presented to compare between the round
optical fiber and RGOF for different angles of incidence. In
Section 3, the performance of RGOF is simulated by using
the ray-tracing method. In Section 4, the effect of gaps is
simulated for a bundle of RGOFs and the result is compared
with that of a bundle of round optical fibers. In Section 5,
the relative transmission, beam profile, and bending of the
RGOF are investigated via experiments.

In this work, transmitting sunlight through an optical
fiber with a rectangular glass core and a rectangular polymer
clad has been investigated. Other researches on rectangular
glass core fibers were only focused on the characterizations
of the rectangular fiber for transmitting a high-power laser

and pulse dispersion that involves a narrow band of wave-
lengths in the application of optical communication. For
the originality of our study, the relative transmission of
sunlight with a wide spectrum of wavelengths in the rectan-
gular optical fiber is studied in a comprehensive manner in
three major aspects embracing mathematical modelling,
numerical simulation, and experimental verification.

2. Analytical Approach on Leakage of the
Optical Fiber during
Transmission of Sunlight

The efficiency of an optical fiber under the propagation of a
full spectrum is different from the efficiency of the optical fiber
under a collimated laser beam with a narrow bandgap. Manu-
facturers of optical fibers only provide information about the
attenuation of light power at specific wavelengths but not the
efficiency of transmitting a broad spectrum of light. The
optical loss of an optical fiber with a specific attenuation varies
with the length of the fiber. The light is coupled with the fiber
with an incident angle of 0°. We may consider a source of light
beam larger than the diameter of the optical fiber. If the angle
of propagation increases up to the acceptance angle, the loss is
changed with the cosine of incident angle. The loss of the fiber
under the propagation of a wide spectrum for a specific
incident angle is less than the expected loss. Feuermann mea-
sured the leakage of optical fibers under the propagation of a
wide spectrum with different angles of propagation and differ-
ent ratios of the length of the fiber to the diameter of the core.
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FIGURE 4: (a) Incident angle of the ray trajectory directions relative to the plane parallel to the axis of the rectangular fiber; (b) ray trajectory
for the top view of the rectangular optical fiber; (c) ray trajectory for the side view of the rectangular optical fiber.
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For a fiber with a specific numerical aperture and specific
angle of propagation, the ratio of the length of fiber to the
diameter of the core directly affects the amount of leakage.

The mechanism of leakage in transmitting sunlight by
optical fibers was studied, and it was found that the reflection
of light between the core and the clad is not perfect and that
the number of reflections of light determines the amount of
leakage in the optical fiber. Concentrating sunlight leads to
an increase in the incident angle between the rays of sunlight
and the aperture of optical fibers. The number of reflections
increases in such a condition, and the effect of the very small
loss due to reflection is noticeable. The number of reflections
increases with addition of the angle of incidence and the ratio
of the length to the diameter of the fiber.

Although ray-tracing is a popular method, a mathemati-
cal analysis of loss is useful for understanding the behavior of
fibers in various conditions and for assessing the accuracy of

numerical methods. For the mathematical analysis of loss
due to the number of reflections between the core and the
clad, the optical fibers have been modelled to be exposed to
the collimated light of a tilted source, which is likely to
happen for the bundle of fibers used as the receiver of a
CPVD system. Figure 2 shows the setup of a collimated light
with an angle of incidence relative to the axis of the optical
fiber. The average number of reflections for all rays is a
variation that affects the relative transmission and deter-
mines the loss of the fiber due to the angle of incidence.

Figure 3(a) shows that the azimuth angle of the rays is 90°
and the rays skew along the length of the fiber. Figure 3(b)
shows the rays in the rectangular fiber. The rays in the round
optical fiber skew around the axis of the fiber, but the rays
move in a zigzag form in the rectangular fiber. Figure 3(c)
shows the relation between 2x, dL, 6, and 6, in a round
optical fiber.
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Referring to Figures 2 and 3(a) for the case of the round 2x is the distance between two sequential reflections in
optical fiber, we have the plane normal to the round optical fiber’s axis. R is the
radius of the optical fiber, and dL is the distance between

sina= > , two sequential reflections in the plane including a line paral-

R (1) lel to the axis of the optical fiber and 2x. 6 is the angle

tan 6 = 2x between dL and the trajectory onto the plane through the

dL’ dL including to 2x.
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FIGURE 8: (a) The source file for the spectral irradiance of black body radiation at the temperature of 5780 K; (b) the direct normal irradiance

of the standard AM 1.5 solar spectrum.
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FIGURE 9: (a) Schematic diagram to show ray-tracing inside round optical fiber; (b) schematic diagram to show ray-tracing inside RGOF.
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where N; is the number of reflections for a ray in the length of
the fiber, L is the length of the optical fiber, and d is the diam-
eter of the fiber. The total number of reflections of all rays is
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where r and w represent the polar coordinates of the interface
of the fiber

Xmin

(4)

In |cos ] x In ‘tan

Considering the uniform distribution of rays on the sur-
face of the interface of the fiber, we have

av > (5)

L O
N, = y In |cos 0| x In ’tan %

where N, is the average number of reflections for all rays.
The angle of «,;, corresponds to the rays with the highest
reflection and the lowest acceptable energy. We may consider
that rays with a lower angle than «;, are ignored. If the
diameter of the propagated light is larger than the diameter
of the optical fiber, then the power of incident light is
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TasBLE 1: Input data of simulation for both round optical fiber and RGOF.

Round optical fiber RGOF
Numerical aperture 0.39 0.39
Area of core 0.785 mm”> 5.0 mm®

Source file

Range of angle of incidence
Dimension of core
Dimension of clad

Material of core

Diameter = 1 mm
Diameter = 1.1 mm

Fused silica

Blackbody radiation at 5780 K with 81 wavelengths ranging from 400 nm to

1600 nm
0° to 25° 0° to 25°
0.5mm x 10.0 mm
0.6 mm x 10.1 mm

Fused silica
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FIGURE 10: Simulation result of RGOF and round optical fiber with 1000 mm length.

proportional to the cosine of the incident angle. We have

T —cos 0,R, N, (6)
To

where R,, is the arithmetic average of reflectivity and 0, is the
angle of incidence relative to the axis of the optical fiber (see
Figure 3). 7, is the transmission of the optical fiber at the
angle of zero degree.

In the flat fiber, we do not have skew rays. The direction
of the rectangular fiber to the propagated light determines the
transmission of light in the zigzag direction. Figure 4(a)
shows the effect of the zigzag direction on the number of
reflections. Figure 4(b) shows the relation between the length
of rectangle b, dL, and 0 in a rectangular optical fiber.
Figure 4(c) shows the relation between the width of rectangle
a, dL, and 0 in a rectangular optical fiber. Considering the

independent reflections in both sides of the rectangular fiber,
zigzag movement of the rays, and constant angle of reflection
in each trajectory, we analyze the rectangular fiber in two
dimensions of the rectangle. The average number of reflec-
tions on each side should be calculated separately; we have

tan 0 = i,
dL 7)
N.< Ltan 6

i >

a

where a and b are the length and the width of the rectangular
fiber, respectively.

L a b
N, = — tan GJ J dd,, (8)

a 0o
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where dx and dy represent the Cartesian coordinate of the
interface of the rectangular fiber

_Ltan6

Ny= =22 ©)

For another side, we have

N,=La tan 6,
L tan 6 (10)
av= b °

If the diameter of the propagated light is larger than the
width of the rectangle in the fiber, then the power of incident
light is proportional to the cosine of the incident angle. For
one side, the relative transmission is

T
— =cos O R, (L1*) @an 0 (11)
Ty

For another side, the relative transmission is

T
— =cos O, R(L/) tan O (12)
To

The direction of the rectangular fiber to the propagated
light determines the zigzag transmission of light direction.
Figure 4 shows that the direction of zigzag affects the number
of reflections.

The designed RGOF is a glass optical fiber with a rectan-
gular shape of the core and polymer clad; the ratio of the
length to width of the rectangular fiber is more than 5 where
the width must have a limit to prevent breakage during bend-
ing. As an example, the fabricated RGOF has a width or
thickness of 0.4mm and the minimum bending radius of
150 mm. If the diameter of the propagated light is large
enough to cover the aperture of the optical fibers and the
length of the fiber is to be short, the cosine of the incident
angle plays an important role. Figure 5 shows the loss of a

100 mm length of a round fiber and a rectangular fiber where
the light covers the aperture of the fibers. The diameter of the
light is large enough and the cosine of angle of incidence
should be considered. The ratio of the length of the rectangle
to the diameter of the round fiber affects the relative trans-
mission of the rectangular fiber. The effect of loss due to
the number of reflections between the core and the clad is
very low and the trends of optical fibers are near to each other
and near to the cosine of the incident angle.

Figure 6 shows the relative transmission of fibers with a
length of 10,000 mm, and light covers the surface of the
fibers. The rectangular fiber with the length of the rectangle
10 times the diameter of the round fiber has a lower loss
due to the number of reflections between the core and the
clad and shows higher relative transmission than other fibers.
The zigzag movement is in the longer trajectory (Figure 4).

If the diameter of the light is to be equal to the diameter of
the round fiber, a rectangular fiber with the length of the rect-
angle 10 times the diameter of the round fiber shows higher
relative transmission as compared to the round fiber.
Figure 7 shows the relative transmission of a round and a
rectangular fiber. The diameter of the round fiber is one
millimeter, and the length of the rectangle of the rectangular
fiber is 10 mm. the length of both fibers is 10,000 mm, and the
diameter of the light is smaller than the diameter of the round
fiber. The difference between the relative transmission of two
fibers increases when the source is more tilted relative to the
axis of the fiber.

3. Simulation of RGOF and Round Optical Fiber

The ray-tracing method has been applied to simulate the
responses of the flat fiber (RGOF) and the conventional
round fiber to a tilted source of light. For both cases of the flat
and round fibers that consist of a fused silica core and a low
refractive index resin clad, the parameters including the flux,
relative transmission, and optical loss of the light have been
investigated for different incident angles relative to the axis
of the fiber, i.e., from 0° to 30".
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FIGURE 14: (a) Incident flux and intensity distribution in a bundle of round fibers in the X axis and Y axis and (b) in a bundle of RGOF fibers in

the X axis and Y axis.

Figure 8(a) shows the source file for the spectral irradi-
ance of the blackbody radiation at the temperature of
5780K, and Figure 8(b) represents the direct normal irradi-
ance of a standard solar spectrum with Air Mass 1.5 derived
from standard ASTM G173-03(2012). The source file with 81

wavelengths ranging 400-1600 nm shows a close match to the
direct normal irradiance of the AM 1.5 solar spectrum. The
light source with a 2 mm diameter is positioned at a distance
of 50 mm from the entrance aperture of the optical fiber. The
light source with the wavelength range of 400 nm-1600 nm
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Figure 9(a) shows the schematic diagram of the round Polarization Unpolarized light
optical fiber, and Figure 9(b) shows the schematic diagram Spot size (mm) 1
of RGOF in the simulation. Table 1 shows the input data of Output Collimated beam

the simulation for both the round optical fiber and the
RGOF. The schematic diagram of simulation shows that the
flat fiber does not produce skew rays. The result of the simu-
lation shows that the leakage of the round fiber for incident
angles ranging from 0° to 20° is more than that of RGOF.
Figure 10 shows that the relative transmission in the round
fiber is 3% less than that in RGOF for the incident angles
ranging from 0° to 10°. For the incident angle between 10°
and 20°, the difference of the relative transmission between
the round optical fiber and the RGOF can increase up to
17% at the angle of 20°. Considering NA =0.39 and an
incident angle less than half of the acceptance angle, we
conclude that the round optical fiber shows low angular
loss similar to the RGOF.

To investigate the angular response and distribution of
light at the endpoint of both types of fibers, Figures 11 and
12 show the simulated results at the incident angles 0°, 15°,
and 25° for the round optical fiber and RGOF, respectively.
The diameter of the source is 2 mm, and the maximum angle
of the source with reasonable intensity and uniform output of
the round optical fiber occurred at 10° which is less than half
of the critical angle. Based on the results of the simulation,
collimating the light before the light is transmitted via the
optical fiber can increase the relative transmissions signifi-
cantly for the incident angles 0° to 20°.

For the incident angles 0°-20°, the intensity of light in
RGOF was higher than that in the round optical fiber. For

an incident angle of 25°, the intensity of light dropped
dramatically to nearly zero while the skew rays caused a max-
imum intensity of 4 watts per steradian in the round optical
fiber. However, the amount of intensity is not considerable.

4. Investigation of the Effects of Gaps for
Bundle of RGOFs and Bundle of Round
Optical Fibers

In this section, we will assess the performances of the bundle
of RGOFs and the bundle of round optical fibers under the
same conditions. For the application of optical fibers in trans-
mitting concentrated sunlight, the concentrator photovoltaic
and daylighting (CPVD) system encounters several possible
optical losses when using the bundle of optical fibers. First,
the optical loss can occur during the coupling of sunlight to
the aperture of the bundle of optical fibers. Second, the gap
spacing between the fibers tied in a bundle can cause the
energy loss when the light falls into the gaps. Third is the
optical losses during the process of transmitting sunlight
through optical fibers. Lastly, at the end of the fibers in a bun-
dle, the geometrical matching between the aperture of fibers
in the bundle and the dimension of the solar cell may also
cause the energy loss.
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FIGURE 16: Setup of measuring beam profile and the photo of the cross-section of the flat fiber.
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FIGURE 17: Profiles of the beam propagating in the flat fiber on (a) Y axis and (b) X axis.

The optical characteristics of round optical fibers and
RGOFs in the bundle have been investigated using the ray-
tracing method via Zemax software. To compare the perfor-
mance of round and rectangular optical fibers, same core and
cladding materials have been used, which are fused silica with
a refractive index of 1.458464 at D-line and resin XPC-373
AP clad with a low refractive index of 1.387939 at 852nm

[27]. For both cases of fibers, the propagation of light rays
has been investigated at the incident angle of 0° relative to
the central line of the optical fiber. A 1-watt light source
based on blackbody radiation at the temperature of 5780 K
(wavelengths ranging from 400nm to 1600 nm) is applied
to illuminate the bundles of optical fibers. The maximum
divergence of the light source is 0.27".



International Journal of Photoenergy 13
Photovoltaic sensor 16000 3
PV analyzer 14000 7
Optical fiber .
3-dimensional displacement 12000 3
Angular displacement 10000 E
Microscope objective 2 8000
Lens k= ]
T 2 6000 7
White-light source 38 ]
4000 7
2000 1
0:|||||r1‘|||||||||||||||||||h|||f||||||||
] 200 400 600 800 1000 1200
-2000 -
Wavelength (nm)

()

(®)

FIGURE 18: (a) The experiment setup of the test using a xenon lamp and (b) spectral irradiance of the xenon lamp.

TaBLE 3: Dimensions of RGOF and round optical fiber and conditions of the test.

RGOF Round optical fiber
Length of optical fiber 740 mm 740 mm
Dimensions of core Rectangle: 10 mm x 0.5 mm Diameter: 1 mm
Diameter of focused light 1.5mm 1.5mm
Sensor PV cell PV cell

Measuring device

Light source

PV system analyzer (PROVA 1011)
Xenon lamp H3 35 W 6000 K

PV system analyzer (PROVA 1011)
Xenon lamp H3 35 W 6000 K

The active area of the photodetector is square
(I2mm x 12mm) and the thickness of the cladding is
25 um. The area of the bundle of RGOFs was 101.6064 mm>
while the area of the bundle of round optical fibers was
101.9172 mm?, where the difference between the areas of
both bundles is negligible, at about 0.3%. The performance
including power transmission and distribution of light inten-
sity and flux of light are evaluated in both cases. Figure 13
shows a row of fifteen units of RGOF with a cross-sectional
area of 10.08 mm x 0.67 mm for each fiber to form a total
cross-sectional area of 10.08 mm x 10.08 mm. The light is well
mapped to the square dimension of the photodetector in both
directions of X and Y. For both cases, we have applied the
same testing conditions, i.e., light source, photodetector,
length of fibers, material, and cross-sectional area of both-
bundles. Figure 14(a) shows images of the flux on the active
surface of the photodetector for both cases, and Figure 14(b)
shows the intensity distribution in the X and Y directions. A
comparison between the flux distributions in both cases
reveals that the transmitted light rays via flat fibers are more
uniform than those via round optical fibers.

Figure 15 shows the total powers for both bundles of
RGOF and round optical fibers for the lengths between
50mm and 300 mm. The result shows that the bundle of
RGOF fibers transmits more power as compared to the
bundle of round optical fibers because of lower optical loss
at the entrance aperture of the optical fibers. The effective
area of the cores in the bundle of RGOFs is 93.279 mm?,

and the effective area of the cores in the bundle of round-
optical fibers is 78.539 mm?®.

5. Experimental Investigation on a Round
Optical Fiber and a RGOF

With regard to the profile of the beam, relative transmission
of RGOF for incident angles ranging from 0° to 25° has been
investigated experimentally by using collimated white light,
focused white light, and the laser beam. A supercontinuum
white-light laser of NKT Photonics Company and a beam
profiler by Thorlabs Company have been employed as a light
source and plotter for the beam profile, respectively. Two
samples of RGOF have been fabricated by using two different
materials: the first sample has fused silica as the core material
and the XPC 373 low refractive index polymer as the clad
material; the second sample has borosilicate 3.3 as the core
material and Teflon as the clad material. Table 2 lists down
the characteristics of the supercontinuum laser.

Figure 16 shows the experimental setup of the beam pro-
file measuring system, where the light source illuminates the
light from one end side of the RGOF, and the beam profiler is
positioned at the other end of the RGOF fiber. Figure 17(a)
shows the results of the measured beam profile along the Y
-axis. The intensity of light was distributed across the surface
of RGOF and the maximum intensity occurred at the center
of the fiber. The intensity was distributed from zero to
1000 ym along the Y-axis. The amplitude of the peak point
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FiGure 20: Flexibility test of RGOF for bending and twisting
mechanism.

was 60% of the maximum intensity set in the beam profiler.
Figure 17(b) shows the measurement of the beam profiler
along the X-axis.
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Relative transmission of RGOF for incident angles
between 0° and 20° has been measured under the propagation
of a white light produced by a xenon lamp. Figure 18(a)
shows the experiment setup of the test using a xenon lamp,
and Figure 18(b) shows the spectral irradiance of the xenon
lamp in the test that is extracted by an Ocean 2002 spectrom-
eter. A total length of 740 mm RGOF with a cross-sectional
area of 10 mm x 0.4 mm and a total length of 740 mm round
optical fiber with 1 mm diameter have been fabricated for
measuring the relative transmission of RGOF at different
angular propagations of a focused light. Table 3 shows the
conditions of the test.

Figure 19 shows that round optical fibers follow the
cosine of incident light while RGOF has a higher relative
transmission. The length of rectangle in RGOF is 10 mm that
makes it suitable for a focused light with a diameter of less
than 2 mm. The result may be used in harnessing the light
around the solar cells in the receiver of a CPVD. The light
at the middle of the focal plane is uniform enough for multi-
junction solar cells, and the light around the cells may be
transmitted by bundles of RGOF.

The fabricated RGOF has just a thin layer of polymer as
the clad where it has been examined with bending and twist-
ing tests. Figure 20 shows the demonstration on the bending
and twisting tests of RGOF. The fabricated fiber is bent on a
cylinder with 350 mm diameter and twisted 90° along its lon-
gitude axis with a length of 2.2 m. The minimum radius of
bending for the fabricated RGOF was 150 mm with a cross-
sectional area of 10 mm x 0.4 mm. A lower radius may be
achieved by an additional coating process.

6. Conclusion

In this study, the concept of introducing RGOF to transmit
sunlight in a CPVD system is proposed and analyzed in
detail. Relative transmission of RGOF for incident angles
ranging from 0° to 25° has been studied via a mathematical
model, numerical simulation, and experiment. The simula-
tion result reveals that a RGOF with a cross-sectional area
of 10mm x 0.5mm has a higher relative transmission as
compared to that of a glass round optical fiber with a core
diameter of 1 mm while it is exposed to the focused light with
a diameter of spot size less than 2 mm. The results of experi-
ments and simulations are limited to the collimated and
focused white-light source with the spectral irradiance close
to the standard solar spectrum. Moreover, the second limita-
tion is that the relative transmission of RGOF is measured for
the incident angles of light beam less than the acceptance
angle of the optical fiber. A bundle of RGOFs can achieve
higher efficiency in both coupling and transmitting light
power as compared to a bundle of round fibers. The bundle
of RGOFs has less gap spacing between fibers. The simulated
result shows a good matching between of output flux distri-
bution and the dimension of the solar cell for the case of
RGOF, which is consistent with the higher coupling effi-
ciency of RGOF. The beam profiles of both the RGOF and
the round glass optical fiber under propagation of a focused
light have been validated via analytical formula and numeri-
cal simulation. The profile of the output light of RGOF has
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been investigated experimentally. A top-hat profile matches
with the result of the propagating laser beam to the rectangu-
lar glass optical fiber. In the last section of our study, tests on
the flexibility of our designed and fabricated RGOF in both
bending and twisting have been carried out. In this test,
RGOF can be bent with a radius of 150 mm and twisted 90°
along the axis of the fiber at a fiber length of 2.2 m.

Data Availability

The data will be available upon request.
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