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Abstract

This study introduces a novel optical setup and methodology to increase the effective area of a multimode optical fiber
(MMF) using a low-cost, 3D-printed conical waveguide (CW). Designed to simplify solar collection systems with Fresnel
lenses (FL) and optical fibers, the setup efficiently couples light into a single silica MMF. For this, an indoor characterization
method assesses transmission efficiency, verifying in advance its suitability for outdoor use while minimizing sun exposure
risks for the people conducting the experiments. A laser flashlight provides a collimated light source with approximately 2°
divergence for experiments. Geometric analysis and ray-tracing simulations validate the CW design, highlighting the
importance of a low FL numerical aperture (NA). By reducing the FL's NA to 0.11 using masks, a maximum CW's
transmittance of 34.7% and a net system efficiency of 17% are achieved. Key advantages include simplified assembly,
avoiding the complexities of fiber bundle manufacturing, low optical attenuation over tens of meters, and safe indoor
characterization. This approach presents a solution for compact photonic energy transport systems and provides a reference
framework for identifying improvements to the collection system. The findings of this study are intended for use in a sunlight
collector device for indoor lighting.
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1. Introduction

Nowadays, renewable energy must be widely adopted to reduce the global impact of pollution caused by fossil fuel
consumption [1, 2]. Approximately 30 percent of global energy consumption takes place in buildings, primarily for heating,
cooling, cooking, and lighting [3]. Artificial lighting alone accounts for about 13 to 20 percent of global electricity
consumption, and lighting-related greenhouse gas emissions represent approximately 5 to 7 percent, primarily due to fossil
fuel consumption and flaring in recent years. Consequently, countries recognize the need to invest in renewable energy and
promote innovative solutions and developments aimed at harnessing solar energy [4-11].

Efficient indoor lighting is a critical aspect of building design, significantly affecting both energy consumption and
occupant well-being [12, 13]. Integrating natural daylight into buildings can enhance productivity and create a pleasant
working environment. However, the variability of natural light presents challenges in maintaining consistent indoor lighting
levels. To address these challenges, recent research has focused on developing advanced daylighting systems that combine
natural and artificial light sources[11, 14-19].

Numerous theoretical studies, simulations, and experimental tests have been conducted to examine the phenomena
involved in light transmission [20]. These studies employ various setups, arrangements, or configurations, primarily utilizing
optical elements such as Fresnel lenses, optical fibers, and waveguides. Below, we present some research related to this field:

The study "The Limits to Incoherent Optical Power Launching into Light Guides" compiles and analyzes theoretical
limits and potential practical techniques for optimizing light launch from incoherent sources into large-diameter light guides
[21].

Another study by Viera-Gonzélez, et al. [22] presents a radiant flux analysis of an imaging-based system, using
geometrical optics and simulations in the software Zemax OpticStudio.

In Arnaoutakis, et al. [23] the results of ray-tracing simulations for a novel two-stage solar concentrator coupled with an
optical fiber are compared to experimental measurements. The study optimizes coupling efficiency by analyzing the focal
ratio and acceptance angle of the primary and secondary concentrators, respectively. The research in Vu, et al. [24] presents
a new design for a large-scale spectral splitting concentrator photovoltaic system based on dual flat waveguides. The sunlight
concentrator consists of a Fresnel lens array paired with dual waveguides, and the system model was developed using
LightTools software.

To perform the theoretical analysis, simulations, and experiments in the previous works, the light rays emitted by the
sun or artificial light sources that simulate the light rays were considered. In this research, a novel optical setup and
methodology for increasing the effective area of a multimode optical fiber (MMF) were developed by designing and
implementing a genuine conical waveguide (CW) with a low-cost manufacturing process. This approach enables a
configuration in which light collected by a Fresnel lens (FL) can be coupled into a single MMF spliced to the output of the
CW.

The CW acts as a secondary optical element (SOE), receiving a focused beam from the FL. The focused beam spot size
(BSS) fits within the base area of the CW cone. The transmitted light exits from the CW’s output (top area), which has a
smaller cross-sectional area that matches the core size of the receiving 1 mm silica MMF. Furthermore, it offers low optical
losses over distances of several tens of meters.

Additionally, this setup allows an indoor characterization to determine the collector’s light transmission efficiency and
assess in advance whether it would be viable for outdoor use. It also helps avoid prolonged sun exposure to people involved
in experiments of this type. These experiments can typically take from 1 to 6 hours per day due to setup, initiation, monitoring,
measurement, and data capture, which can lead to heatstroke, skin diseases, or other health issues [25-30]. Therefore, an
exhaustive investigation had to be conducted on reasonably collimated artificial light sources that resemble sunlight rays.
Initially, light emitter diode (LED) sources and lens arrays were used to collimate the light [31, 32].

However, the resulting beam divergence was large and significantly exceeded the surface of the FL collector, and the
focused beam spot wasn’t small enough for the purposes of this research. Therefore, a laser emitter phosphor (LEP)
technology source was chosen, which provided a light beam with better collimation and matched the beam size required to
cover the FL surface [33-38]. Its low ~2° divergence, was crucial for its use as a light source in this research. Using this
source, several FLs were tested, producing a focused BSS ranging from 3 to 6.5 mm in diameter.

Using the previously described setup, a geometric analysis was conducted, initially based on the concept of étendue,
which provided reference points for selecting the characteristics of the fiber lens (FL), specifically its numerical aperture
(NA) and focused beam size (BSS), that best fit the NA and core size of the chosen multimode fiber (MMF). Following this,
the dimensions of the coupling waveguide (CW) were proposed, and the analysis involved calculating the number of
reflections each ray could experience before it no longer met the Total Internal Reflection (TIR) condition within the CW.
Additionally, a ray-tracing simulation of the CW was then conducted to verify the transmission efficiency.

The luminous flux measurements showed that the highest efficiency at the CW output was approximately 34.7%, while
at the MMF output it was around 17%. The results were consistent with the behavior predicted by the simulations and the
geometric analysis.

2. Materials and Methods

The diagram in Figure 1 (a) illustrates the arrangement of the components, where the CW functions as a SOE in a light
collection system based on a FL and an MMF. In collection systems like this, fibers typically have a high numerical aperture
and large diameters to provide a cross-sectional area sufficient to capture light focused by a relatively large-diameter lens. In
our case, the chosen MMF is a 1-mm-diameter silica optical fiber with core and cladding diameters of 1000 um and 1080
um, respectively (Thorlabs model FP1000URT). This MMF is a step-index type with a 0.5 NA and core/cladding refractive
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indices of 1.4584 and 1.3651 at 589 nm, respectively. This MMF was selected after evaluating cost against core size, as it
offered a reasonably low cost per meter.

The FL was selected based on having a relatively low NA, and a focused BSS < 5 mm, since larger spot sizes would
complicate the coupling of light first into the CW and subsequently into the MMF. After preliminary tests with various lenses
was determined that a FL from Edmund Optics (refractive index = 1.49) with the following specifications was suitable:
effective size of 21.59 cm x 26.67 cm, focal length = 45.72 cm, NA = 0.229, and a transmission efficiency of 85%. Based on
these criteria, the CW diameters were set to 5 mm at the base and 1 mm at the tip, leaving only the cone height to be
determined to complete the geometric design.

For ease of fabrication and cost-effectiveness, epoxy resin with a refractive index of ~1.49 was selected as the material
for the CW. The proposed setup directs a focused beam (BSS < 5mm) from the FL into the CW via TIR, exiting through the
cone tip. The CW and MMF core diameters match for easy splicing using UV-curing adhesive. A ray-tracing optic model
suffices to analyze the system under typical conditions (V-number > 5000 at 589nm).

2.1. Geometric Analysis

As illustrated in Figure 1 (b), two marginal rays enter into the CW; they represent the envelope of the focused beam
coming from the lens. If these rays have an angular aperture that meets the critical angle requirement within the CW, they
can propagate as TIR rays toward the tip of the cone. Upon entry, the inclined sidewalls of the CW cause the reflected rays
to become progressively more oblique.

For the rays exiting through the tip of the CW to be successfully coupled into the receiving MMF, they must fall within
the acceptance cone of the fiber. As shown in Figure 1 (b), this acceptance cone has an apex angle, denoted by Griper= 60°,
which corresponds to the 0.5NA of the fiber. Any angular aperture larger than this value will result in rays that cannot be
coupled into the MMF. To maximize the system's efficiency, it is essential to operate under conditions that approach an
overfilled launch into the fiber.

LEP_type torch Fresnel !Qns

)

Conical waveguide(resin)

Optical fiber(glass)

¢core=1mm

0.5NA
Ncore=1.4584

size = 21.59¢cm x 26.67¢cm
focal length = 45.72cm

(a)

Conical waveguide
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A e e« = — \
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Figure 1.

(a) Experimental setup of the proposed light collection system; (b) Increase in the input/output angular aperture illustrated by two marginal rays propagating
within the CW.

The light losses expected in this collector system, are directly related to the concept of etendue, which can only be
conserved or increased. According to the general definition of etendue Brooker [39] we can establish the following
conservation equation for etendue, which applies to the geometric conditions of a system aligned along the optical axis:

A;NA? = A,NAZ, (1)
where A; is the area of the focused BSS at CW base, and A, correspond to the CW tip area, while NA;, NA, can be
defined as follows: i) NA;= naiSinfinput and is equivalent to the FL's NA. ii) NA,= nairSinGou: Which corresponds to the light
cone exiting the CW through its tip. In our case, Equation (1) allows us to explore combinations of areas and angular apertures
for the rays entering and exiting the CW, which could potentially achieve ideal efficiency, meaning that optical power is
preserved.

In the following example, we will use the areas A; and A,, as well as NA; in Equation (1), to determine the value of
N A, that would conserve etendue.

These areas correspond to the focused BSS and the diameter of the CW's tip. We will assume a BSS of approximately 4
mm diameter, as we want it to be smaller than the diameter of the cone's base. For NA,, we will initially use the original
0.23NA of the FL. With these three known values, we can estimate NA,=0.92.
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This value significantly exceeds the 0.5NA of the MMF, meaning the CW’s output cone is larger than the MMF
acceptance cone. To reduce losses, lower NA, values can be introduced by using masks on the original FL to create a smaller
aperture, then, by maintaining the same focal length, this methodology enables the reduction of NA,, as the diameter
decreases due to the masks. In particular we use three different masks with aperture diameters of 10 cm (0.11NA), 15 cm
(0.162NA), and 20 cm (0.213NA), respectively.

Table 2 summarizes the NA, values that result from using different NA; values while keeping the input and output

diameters constant. Notably, the table entry with NA,=0.436 indicates that all light exiting the CW remains within the
acceptance cone of the receiving MMF (N A,<0.5).
However, we can experimentally explore the areas and numerical apertures according to the values in Table 1, and with the
initial constraints given by the focused BSS and CW tip diameters, a cone height can be defined so that the CW’s output NA
reasonably match with the MMF’s NA for a better light coupling. Any observed losses in the measurements will simply
represent deviations from the ideal conditions indicated by Equation (1).

Table 2.
Comparison of input and output diameters and apertures of the CW with constant etendue.
Pl P2 NA; NA,
4mm 1mm 0.23 0.92
4mm Imm 0.213 0.852
4mm 1mm 0.162 0.648
4mm 1mm 0.109 0.436

Figure 2 is a 2D representation of the CW, showing two marginal incident rays on the base of the CW. These rays
represent the envelope of the beam focused by the FL. Although five reflections are depicted, this is for illustrative purposes
only, as the aim of this representation is to determine the conditions that the marginal rays must meet to propagate by TIR all
the way to the tip.
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Figure 2.
2D sketch of a pair of marginal rays propagating via TIR along the CW.

The pair of marginal rays entering the CW undergo successive TIRs, with each reflection resulting in a gradual reduction
of their angle with respect to the normal (6i1, 652, 6i3, etcetera). After N reflections, the angle will have decreased to a value
given by:

Oiv = 0;1 —2(N — 1), )

where P is the slope angle of the cone’s sidewall. This trend means that, eventually, some rays initially guided within the
CW will no longer satisfy the CW’s critical angle condition. From Figure 2, It may be observed that Equation (2) was applied
with the N-reflected ray at the end of the CW, therefore N=5. Nevertheless, in order to calculate the reflection angle at
different positions within the CW, one can enter a different value for N. It is worth noting that the critical angle value is
independent of # and can be determined using Snell's law as NresinSiNGcw_crit=NairSIN90°, giving Ocw crit= 42.14° in which ngir=1

and Nresin=1.49 respectively.
On the other hand, all rays that exit through the tip of the cone will be confined within a cone of light with an angular

aperture 26,,,,. The corresponding MMF’s acceptance cone is (see Figure 1 (b)) 8f;p.-= 60°. From the previous discussion
on etendue (see Table 2), it is very likely that under typical operating conditions 26,,,:>6;pe,. As a result, only those rays
that do not exceed this angle will be coupled into the fiber, once the corresponding splice is made.

While this MMF is not shown in Figure 2,, we know that the previous mentioned angular condition is sufficient to ensure
bound rays into the MMF. This essentially means that once a ray enters the MMF and reflects for the first time within the
fiber wall, it will continue to be guided as long as its angle relative to the normal (at the core-cladding interface) is greater

2823



International Journal of Innovative Research and Scientific Studies, 8(2) 2025, pages: 2820-2833

than or equal to 6™ which is the MMF’s critical angle. Additionally, it should be noted that 6y depends on 6., and FL"s

NA. This aperture will be adjusted by applying the masks mentioned earlier to vary N A, according to the cases in Table 2.

Based on the preceding geometric analysis, we can propose as a starting point, a 50 mm cone height, from which we can
determine a slope angle of $=2.29° and 8, . These values are useful to estimate the number of reflections that a marginal ray
(With 6;,,,,¢) can undergo before experiencing attenuation due to Fresnel reflection at the cone’s sidewall. Although this
height is not optimal, it is long enough to produce a small § angle while still being short enough to avoid excessive number
of reflections before reaching the cone’s tip. Selecting an intermediate value of NA;=0.162 from Table 2, we can calculate
GLN'

This exercise aims to answer two questions to understand the CW performance. First, how many reflections a marginal
ray will experience before it starts to attenuate due to Fresnel reflection at the sidewall ( 8,y < Ocw crit). Second, how many
reflections a marginal ray can undergo within the CW before its angle 8,y reaches MMF’s critical angle 82" = 69.9° (obtained
from fiber specs).

With reference to Figure 2 and knowing that NA;= nairSinG,p,,,,e, We apply Snell's law to determine 8 = 6.24° and
consenquently 6;; = 81.47°, then using Equation (2) we can estimate that a marginal ray (for 0.16NA) could maintain up to

9 TIRs (N=9) before it begin to attenuate due to Fresnel reflection loss. Therefore, for the tenth reflection @10 =40.25° < 6
cw_cit=42.14° which is lower than the critical angle, preventing further propagation via TIR.

This calculation determines the number of TIR"s based solely on the angle 8 and is shown for comparative purposes. It
is not relevant whether the distance z (z,, z,, etcetera) traveled exceeds the cone length in this assumption; what matters is
determining the CW escape threshold given the FL's NA.

Similarly, we can calculate how many TIR s a marginal ray can undergo before its angle 8;, approaches the value 6" =
69.9°. Assuming N=5, then 6;5= 63.15°. This means that for a marginal ray with the same input angle 6;;= 81.47° its
corresponding angle 8;5 will be significantly lower than 6. Thus, in order for a marginal ray to fall within the fiber
acceptance cone, N=5 indicates an upper limit that should not be reached.

When the fiber is already spliced, the difference between the refractive indices (resin-silice) of the two media would be
less abrupt, and the refracted rays in Figure 2 would roughly follow the dotted lines. In such a case, if the ray exits the CW
without Fresnel reflection loss, it will fall within the acceptance cone of the MMF, but only if it undergoes no more than 5
TIRs.

2.2. Simulation

To study the ray propagation in more detail within the CW, simulations were carried out using a CW design and
component setup as shown in Figure 3 (a). To provide a comparison with the previous analysis, it was used the same
parameters as in the earlier case, and the dimensions of the CW (a solid truncated cone with n=1.49) were as follows:
Cheight=50mm, ¢wp=1mm and ¢noom=5mm. A focused beam was used as the ray source, with an angular aperture
corresponding to a lens NA ranging from 0.11 to 0.16, to match the data presented in Table 1. This setup simulates focused
rays with an input angle 6;,,,, similar to those shown in Figure 2, and also allows for the simulation of different mask
diameters (MD).

Additionally, a circular planar annulus was positioned, with a 20mm stop aperture that matches the acceptance cone
Oriver = 60°. Thus, all rays exiting the CW and remaining within this cone would be those that could potentially be coupled
to the MMF if it were included in the configuration.

Circular planar annulu |
20input ¢bottom: ¢top: 0° = S i
1mm : = ) e J
i: ——— = = 5= = 5 g ——— S -e.—)‘\_?}:;yaci!,
== EEE—— = - ! 0.16NA -
Focused | | 2y Cheight:50mm
beam ! 1 {bottom:5mm
l Cheight: 50mm ) | |$top:1mm
a) b)
Figure 3.
@) Set up used for the simulation of ray propagation in the CW; (b) Marginal ray tracing (0.16NA) to determinate the number of TIRs for incident
rays on the CW.

As shown in Figure 3 (b), when using NA;=0.16, a marginal ray trace yields a total of 8 TIR’s after which the rays begin
to escape through the cone’s wall. This indicates that any ray with an aperture close to that of the marginal rays will be
susceptible to attenuation at the cone's sidewall. While the simulation shows escaping rays that are within an aperture smaller
than the acceptance cone of the MMF, for these rays to be coupled to the MMF, it is essential that they also exit through the
tip of the cone.

Figure 4 (a) illustrates the behavior of the previous case when the 0.16NA is filled with a larger number of rays uniformly
distributed on the angle 8. As shown in Figure 4 (b) and (c), applying aperture/stop filters at the end of the CW, helps to
differentiate between leaked rays and those that exit through the tip of the cone. For this case, the attenuation losses within
the CW are significant. Additionally, among the rays that manage to exit through the tip of the CW, a considerable portion
exhibits an aperture that exceeds the MMEF’s acceptance cone.
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Figure 4.
(a) Rays’ propagation in the CW when NA=0.16 is filled; (b) A 1.1 mm aperture was placed to isolate only the rays exiting from the cone tip; (c) A stop
was used to isolate the rays exiting from the sidewall.

Subsequently, a marginal ray trace is performed using NA=0.11. As shown in Figure 5 (a), the marginal rays undergo 6
TIR s before exiting the tip of the cone. This implies that the CW supports transmission of all the launched rays without any
loss or attenuation due to Fresnel reflection at the sidewall.

As shown in Figure 5 (b), when the 0.11NA is filled with rays, it is observed that the CW does not exhibit losses due to
lateral escape, however, a significant portion of the rays exiting its tip, exceeds the acceptance cone of the MMF. Figure 5
(c) shows what occurs if we launch a larger number of rays, this helps to visualize that ~30% of the total would be lost when
CW is spliced with the MMF, as they exceed the MMF’s acceptance cone.

0.11NA /
Cheight:50mm 7\
dbottom:5mm
(top:1Tmm

a) b)
Figure 5.
(a) Marginal ray tracing (for 0.11NA) shows that the CW does not exhibit loss due to Fresnel reflection; (b) When filling the 0.11 NA with light, it is
observed that all rays exit through the cone tip; (c) A close-up view allows an estimate that approximately 30% of the light from the CW falls outside the
acceptance cone.

2.2. Conical Waveguide (CW) Manufacturing

Based on both the geometric analysis and simulations, we decided to manufacture the CW with dimensions
Cheight=50mm, ¢wp=1mm and ¢noom=5mm, for experimental validation. The design was first created in computer-aided
design (CAD) software SolidWorks. Figure 6 (a) shows the 3D model of the CW, from which a 3D print was made using a
CREALITY HALOT ONE printer. From the printed piece, a silicone mold was created, into which epoxy resin was poured.
The epoxy resin used was a clear, general-purpose type for crafts, and multiple copies of the CW were manufactured using
this method.

CW MANUFACTURING PROCESS LEP type flashlinght
CAD 3D model Molfijd part (epoxy resin)
) 3D printing

Size aspect
Trapped air bubbles

—

Silicon mold

a) b)

Figure 6.

(a) Manufacturing process of the CW based on a 3D model designed in CAD software; (b) Aspect of the beam launched by the LEP_type flashlight.
Manual polishing was performed to achieve a level of transparency sufficient for visible light transmission. Initially, the

CW was 3D-printed in a translucent resin, and an attempt was made to polish this printed piece. However, significant
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challenges arose due to excessive air bubbles in the optical axis (produced by the additive process itself), which caused
unwanted light scattering. As a result, the printed piece was used as a template to create a mold, and the resin casting method
described earlier was employed instead.

Despite switching to resin casting, issues persisted, now in eliminating air bubbles formed during the mixing of the resin
components. Consequently, the best-cast piece was selected from the batch, although it still displayed a few trapped air
bubbles (see Figure 6 (a)). Once a CW was obtained that provided adequate transmission of visible light, testing began to
direct light rays into the CW, concentrated by a FL (see schematic in Figure 1 (a)). Initially, a LED source was used, equipped
with a lens and reflector array to collimate the light. However, the divergence was too high so that the FL could harness only
a small fraction of the directed beam.

As shown in Figure 6 (b), a NITECORE P35i Dual Beam LEP flashlight, was used to address the previous issue, with
an approximate divergence angle of ~2°, this light source, was used to launch collimated light rays with minimal divergence.
For the experiments, the flashlight was operated in the highest intensity level, with a luminous flux of 410 lumens. This value
was provided by the flashlight manufacturer and measured according to the ANSI/PLATO FL1-2019 international standard
for flashlight testing under laboratory conditions.

3. Experimental Results

Ray trace simulations did not consider the finite size of the BSS that occurs experimentally. This is of central importance
in our light collection system, as the focused BSS shouldn't exceed the diameter of the receiving CW (5 mm). Therefore, the
flatness of the wavefront produced by our LEP-type flashlight at the time of reaching the FL is decisive for the size of the
beam spot at the focal point, which seeks to be flat enough to produce a BSS as compact as possible. For this, a separation of
several meters, referred to as torch distance (TD), is required between the flashlight and the FL.

As shown in Figure 7 (a), a setup for the direct measurement of the focused BSS was implemented for the TD/MD
combinations. Figure 7 (b) shows that the intense brightness of the focused beam was reduced using a black surface, allowing
a Vernier to measure the BSS. The inset image was captured using a camera filter to dim the intense glare of the spot. From
the measurements it was found that for both TD<6 m and TD>8 m, a focused BSS>5 and a very expanded beam were
obtained, respectively. Therefore, these TD values were discarded for this study.

F. Lens

Mask
™~

- -

Real view

Spot size
measurement

Black surface

\I
~1

D

a)

Vernier (Scale: mm)

Close view

Figure 7.
(a) Setup for spot size measurement under varying TD and MD; (b) Vernier measurement corresponding to TD=8 m and MD=10 cm. The inset frame shows
a BSS’s close view; (c) Photograph of the masks with TD=6 m on the left and TD=8 m on the right.

On the other hand, it was found that for TD in the range of 6 m to 8 m, achieving a BSS of up to 3 mm was optimal and
convenient. Table 2 shows a summary of these measurements, in this table, the diameter of the used mask is referred to as
MD. As shown in Figure 7 (c) the masks reduce the amount of light passing through the FL. At TD=6 m, the flashlight beam
completely covers the original diameter of the FL, while at TD=8 m, slightly exceeds the size of the FL.

The purpose of testing these TD/MD combinations was to compare their effects on both the BSS and lateral ray leakage
as they deviated from the optimal configuration. Additionally, the information in Table 2 serves as a reference for the selection
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of FL characteristics and allows us to identify the optimal conditions (e.g. FL's size and NA, and indoor TD) for a minimum
BSS.

Furthermore, Table 2 allows for the identification of experimental parameters that determine the launch light conditions
(e.g., TD/MD, BSS). In fact, we used Table 2 as a reference procedure to conduct the optical characterization experiments
for the FL-CW setup and later for the FL-CW-MMF setup. This enabled to provide an efficiency comparison that previewed
the final impact on the expected trend of ray leakage, as well as the system's net efficiency.

Table 3.
Spot size for different combinations of TD and MD.
Mask Diameter (cm) Spot size (mm) with TD=6m Spot size (mm) with TD=8m
10 4.5 3
15 55 4
20 6.5 5

From Figure 8 (a) and (b), it may be noted the necessity to perform luminous flux measurements at this stage, specifically,
the total flux exiting through the FL. This measurement is crucial for calculating the net efficiency of the collection system,
as it represents the amount of light we intend to direct into the CW and subsequently into the MMF.

In this study, for all luminous flux measurements performed, the following method was used: a second FL (hereafter
referred to as the projection lens) with a high NA (0.5 NA) and 10 cm focal length, was positioned to project the light onto a
screen, creating a circle of approximately 90 cm in diameter over a short distance. Specifically, as illustrated in Figure 8 (a),
the 0.5NA projection lens was placed a few centimeters before the focal point of the main FL (see inset photograph), allowing
all the light to pass through the projection lens and be projected onto the screen.

As illustrated in Figure 8 (b), the luminous flux reaching this circle of light was calculated by summing the products of
the area of each concentric ring (~3 cm in width) and its corresponding illumination in lux (a total of 15 readings taken along
the radius of the circle). Given the radial symmetry of the light intensity distribution, it is assumed that the illumination
recorded by the lux meter is constant within each concentric ring, provided the ring width is sufficiently narrow. This method
is approximate, but it consistently showed reliable trends across all luminous flux measurements in this study.

Because the projection lens has a transmittance of approximately 90%, a compensation of ~11% should be added to the
measured total calculated with this method. Subsequently, as shown in Figure 9 (a), the CW was positioned and aligned at
the focal point, therefore the BSS coincided with its base area. The same methodology used to measure the FL’s luminous
flux was applied to the light emerging from the CW’s tip. For this setup, the distance between the CW and the projection lens
was ~2 cm. The resulting output flux allows the CW’s efficiency to be determined by comparing it with the input flux.

SETUP FOR MEASURING LUMINOUS FLUX CALCULATION METHOD

Real view
Rrojection

i 8o
=3

£

20

I< >| I ~E

D Projection Lux B
F. Lens meter ®i= Avg_illuminance * ring_area
a) b)

Figure 8.
(a) Setup for luminous flux measurement (by means of illuminance measurements) with the primary FL and a second projection FL; (b) Approximate
calculation method for luminous flux.

The inset photograph at the bottom of Figure 9 (a), shows a thin aluminum sheet with a hole placed at the end of the
CW. This setup blocks lateral glare from the CW, preventing this stray light from reaching the projection area and interfering
with the illuminance measurements. It is worth mentioning that for this setup, we manufactured a custom 3D mount for the
CW. However, the measurement of lumens to characterize the transmission efficiency of the CW requires that it be placed
outside the mount in order to place the aluminum part.

Similarly, the top right inset photograph of Figure 9 (a) shows that any stray light from the FL that was not coupled into
the CW was also blocked using a piece of cardboard, allowing only light directed toward the base of the cone to pass through.
The photographs in Figure 9 (b) provide a visual comparison of the brightness produced by the lateral light leakage, which
is observed near the tip of the cone. To consistently evaluate the difference in brightness between these images, a filter was

2827



International Journal of Innovative Research and Scientific Studies, 8(2) 2025, pages: 2820-2833

applied to the digital camera sensor (Motorola Edge 20 Lite mobile phone). The filter settings were as follows: light sensitivity

(1SO) = 100, shutter speed = 1/2000, white balance (color temperature) = 4495, and exposure compensation = disabled.
CHARACTERIZATION OF CW's TRANSMISSION LATERAL LIGHT LEAKAGE FROM CW AT DIFFERENT LAUNCHING

Figure 9.

(a) Numinance measurements used to calculate the luminous flux exiting the CW. Inset frames: (left) BSS of the launched light from the FL, (upper right)
intense (unfiltered) glare from CW at maximum power, (lower right) an aperture stop was placed to block sidewall light; (b) Sidewall leak comparison for
different launching conditions.

The observed brightness corresponds to light leakage from rays. When comparing this result with the NA and spot size
parameters in Table 3 a trend emerges, lower lens NA and smaller beam spot sizes result in reduced light leakage.

Once the CW was characterized, it was spliced with the MMF. Prior to splicing, the tips of both the CW and the MMF
were carefully polished. Due to its larger diameter, the MMF required a special tool to make the cut. The used tool was a
ruby fiber scribe (Thorlabs S90R), which, being a manual tool, required multiple attempts to achieve an acceptable result.
Figure 10 (a) shows the appearance of the polished and aligned tips just before splicing. As seen, both pieces were placed in
a custom 3D-printed mount designed to hold them on a 3-axis micrometric translation stage, allowing for precise alignment,
application of a drop of adhesive, and joining at the appropriate moment.

UVRdnesive Fixed stagees 38 orimted

Figure 10. (a)
The CW and MMF tips were progressively polished, using a rage of grits from 30 pm to 0.3 pum and carefully aligned before splicing; (b) The general
appearance of the spliced CW-MMF connection.

The figure also includes a cross-sectional view of the tips of each piece, as well as the sandpapers used for polishing.
For bonding, a small drop of hard-type optical adhesive (refractive index n=1.49) was applied, which cures in 20 minutes
under ~250 nm UV light from a 25W germicidal compact fluorescent lamp. Figure 10 (b) shows the result of the bond, with
the inset images providing a close-up of the splice area. Following the splicing process, the assembly was mounted for
characterization testing. As illustrated in Figure 11 (a), a laser level was employed to project reference lines, enhancing the
alignment precision of the FL-CW-MMF assembly.
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Figure 11.
(a) The setup alignment, using a laser level to align the components along the optical axis; (b) CW-MMF splice with the flashlight at full power and an
image of the splice with different filters.

Figure 11 (b) illustrates various key areas of the CW-MMF assembly. These images correspond to the case when MD
=10 cm and TD = 8 m, with the flashlight operating at its maximum power. With the aim to assess the temperature effects
resulting from resin absorption, light leakage, and splice induced-losses, a Fluke Ti100 thermal camera was used to capture
thermal images. As shown in Figure 12 (a) The maximum recorded temperature was 41°C, measured at the hottest point.
Moreover, the heat was predominantly concentrated on the CW side of the splice.

The luminous flux of the entire assembly was measured for various MD and TD using the same 0.5NA projection lens
and measurement procedure. As depicted in Figure 12 (b), the MMF tip was placed approximately 3 cm away from the
projection lens, resulting again in a projected beam diameter of 90 cm on the screen.

aan3°Cc ua,

ilar photegraph
ne orientatuon

a) o b)
Figure 12.

(a) Thermal image of the splice zone. Inset image: Same (regular) photograph. (b) Setup for luminous flux measurement at the exit of the MMF.

Figure 13 summarizes the luminous flux measurement points mentioned, highlighting three key zones based on which
light transmittance calculations were made. Also, emphasizes the importance of understanding the losses that occur during
splicing. The first step is to determine the attenuation within the MMF, which corresponds to 20-60 dB/km in the visible
spectrum (from manufacturer's specs). The following formula is used to calculate attenuation loss:

Attenuation(dB) = 10logP,,:/Pin » 3)
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where P, and P,,; are the input and output optical powers, respectively. For this experiment, considering that only 1
meter of fiber was used and applying the average attenuation value from the specified range (40 dB/km), an expected
attenuation of 0.04 dB/m can be estimated. Thus P,,,;/P;,=0.9908. In percentage terms, this corresponds to an attenuation
loss of 1% of the input power relative to the output for the 1-meter fiber segment used. For larger MMF lengths, if multiples
of 10 meters were used, the output-to-input power ratio would be P,,,; /P;,=0.912 @ 10 m, P,,,; /Pin= 0.831 @ 20 m, and so
on.

Therefore, splice loss can be determined by knowing the optical powers of the luminous fluxes Bcoupted (the portion of
rays from B within the MMF’s acceptance cone) and C, as indicated in Figure 13. Where it is known that C is 99% of the
initial power accessing the MMF immediately after the splice, denoted as Cinput in the figure. For a 1-meter fiber, this can

be expressed as:
C 1.01C
INPUT _ 10log

coupled coupled

Spliceyss(dB) = 10log (4)

If a different fiber length is used, this splice loss formula should be recalculated and applied in the efficiency calculations of
the collection system. Table 4 summarizes the measurement results for characterizing the transmission efficiency of the FL-
CW and the FL-CW-MMF assemblies at the positions A, B, and C shown in Figure 13.

\\ Luminous flux measurement at relevant points

Total input Flux Total output
flux from CW flux_
A B _Cinput s

= = =

———m— MMF_Transmittance ~99% @ 1m
CW_Transmittance = B/A

---MASK

Figure 13.
Summary of the luminous flux measurements: The MMF length used is 1 m for all the experiments.

From Table 4, it can be observed that with smaller mask sizes, higher transmission efficiency is achieved. Among the
cases from Table 4, the highest CW’s throughput was 34.7% which also corresponded with the highest net efficiency 17%
(achieved witha TD =8 m, MD =10 cm and a 0.11NA). In absolute terms, these efficiencies were obtained from an incoming
luminous flux of ~60 lumens, which, after entering the CW, resulted in an output (B) of ~20 lumens. At the MMF output (C),
there was a luminous flux of ~10 lumens, which corresponded to the 17% net efficiency.

Unlike the above-mentioned results, the simulation in Figure 5 (using the same NA; =0.11) predicted a CW’s throughput
of 100% while experimentally, it was obtained only 34.7% of the input light. Similarly, for this same case, the simulation
predicted that ~70% (net efficiency) of the rays exiting the CW would fall within the MMF’s acceptance cone, however the
corresponding experimental value was 17%. To analyze the causes of these deviations in efficiency values (experimental vs.
simulated), a discussion is provided in the following section.

Table 4.
Summary of luminous flux at key points in the setup.

Luminous flux from CW input to MMF output
MD TD Input Output Throughput Output NET Efficiency
CW (A) CW (B) CW MMF (C) %
20 cm (0.21NA) 6m 279.3112 50.1 17.9% 23.4812055 8.40682563
20 cm ' 8m 185.3608 33.53 18.1% 16.1983656 8.73883021
15cm (0.16NA) 6m 177.5204 42.82 24.1% 20.8906483 11.7680268
15cm ' 8m 115.7308 28.08 24.3% 13.7205915 11.8556093
10 cm (0.11NA) 6m 101.6883 28.54 28.1% 16.3890602 16.1169576
10 cm ) 8m 60.0025 20.85 34.7% 10.2230564 17.0377175
4. Discussion

The results presented above indicate that the main source of optical attenuation occurred within the CW. Even in the
best-case scenario, 66% of the light launched by the primary FL was lost as it passed through the CW. The following
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discussion addresses the origin of such attenuation, highlighting both intrinsic material factors and extrinsic factors of
significance.

Figure 9 (a) and (b) allows to understand that the brightness emitted by the CW, resulted from light scattered at the CW’
surface. Despite careful polishing, Figure 10 (a) reveals a noticeable difference between the clarity of the MMF material and
that of our CW, indicating that any imperfections in the polishing process contribute to scattering.

Additionally, thermal images in Figure 12 (a) show that light absorption caused a temperature increase particularly near
the cone tip where the light ray density is highest. While further research is needed to quantitatively determine the individual
contributions of scattering and absorption to attenuation, the captured images clearly demonstrate their significant impact on
light loss.

Another significant factor contributing to attenuation is the CW's geometry as well as the finite size of the focused BSS.
The simulations were designed to operate in an MMF’s overfilled NA regime, with approximately 30% of the launched rays
(for a 0.11NA FL) exceeding the MMF's acceptance cone, as depicted in Figure 5 (c). This was based on assuming that the
light launched into the CW, focused in a perfectly point-sized spot. However, considering the overall size of the CW, a
significantly different outcome could be expected if the used BSS goes from a point-size one to a size of ~3mm or larger.

This finite spot size results in a variation in the number of reflections experienced by rays at different radial positions,
as illustrated in Figure 14 (a). Rays farther from the optical axis, such as the blue ray, undergo more reflections and reach
the leakage threshold (critical angle) earlier than those closer to the axis. This phenomenon, along with the reflections
experienced by rays farther from the axis, contributes to the observed light leakage near the cone tip during the experiments.

Additionally, while using masks to reduce the NA proved useful to increase efficiency, determining its effect on the
(experimental) geometrical-related loss observed in the CW, requires a more detailed simulation which consider the real BSS.

Launched light ActuaICW" i

Waist at focal point Leaked Outputray  0.11NA - 0.20NA output
o - ___~—0.5NA

- — - MF
Output light cone matching with MMF\x

acceptance cone

a) b) A

Figure 14.
(a) Nlustration of the number of reflections experienced by rays at different radial positions (b) Schematic illustrating the concept of overfilling the NA of
the receiving fiber.

Regarding the loss obtained after the CW-MMF splice, from the cases shown in Table 4, it is evident that as MD
increases and TD decreases, the corresponding loss becomes greater. This can be explained by examining Figure 5 (c¢) and
Figure 14 (b), which show that only the rays exiting the CW within the MMF’s acceptance cone, can be coupled into the
MMF. Consequently, under the experimental conditions for each case in Table 4, higher values of NA; result in a wider
output aperture from the CW, leaving a larger proportion of rays outside the MMF’s acceptance cone. This situation
represents the primary source of attenuation observed at the splice.

Figure 14 (b) shows how to determinate the splice loss by measuring the luminous flux that falls within the acceptance
cone for each case in Table 4. A stop aperture is placed at the CW output, allowing to measure only light within the MMF’s
acceptance cone. Then, the splice loss (and thus the percentage of power loss due to the splice) can be determined using
Equation (4).

Despite the observed attenuation, this study has identified areas to improve the efficiency in our collection system, which
opens up two interesting research directions: (i) optimizing the CW geometry to increase the system’s net efficiency, and (ii)
selecting the correct material for the CW that reduces scattering as well as heat. Additionally, this methodology can be applied
to larger-diameter MMFs (e.g., 1.5 mm or greater).

Given the high power-handling capacity of a standard silica MMF in the visible spectrum (damage threshold specs ~250
kW/cm?), the primary limitation on solar collection capacity for indoor illumination is the optical system’s ability to couple
light into the fiber core, a detailed study on this issue is proposed for future work.

5. Conclusions

A genuine CW design was successfully created based on geometric analysis and simulations and fabricated using an
innovative process involving 3D resin printing and silicone molds. The CW was polished to achieve sufficient transparency
for propagating visible light, resulting in an approximate output efficiency of 34.7%. Subsequent splicing with an MMF
yielded a net efficiency of approximately 17% at the fiber output. This achievement was made possible by the careful
development of a setup and alignment system, which included 3D-printed mounts, a 3-axis micrometric precision stage, a
laser level, tape measures, and millimeter rulers, along with other precision tools to accurately align all components on the
worktables.

This study allowed us to assess the feasibility of using the proposed continuous wave (CW). Its simplified collector
manufacturing process reduced the cost and enabled the use of a silica multimode fiber (MMF) with low transmission loss
over several tens of meters. Additionally, it established a successful design criterion and an experimental functional setup
framework for the indoor characterization of a CW with the help of laser emission photonics (LEP) technology, providing a
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reference setup for evaluating the CW’s suitability for outdoor use. This approach avoids prolonged exposure to sunlight for
personnel conducting these tests and mitigates risks such as skin cancer and heatstroke.

Through the previous work, several areas of opportunity for future improvement have been identified. This research not
only provides valuable insights into the performance of this specific CW design but also opens up possibilities for future
investigations into a wider range of CW geometries. Moreover, the methodology and findings of this work can be used as a
reference for future works such as solar tracking collectors or concentrators, development of optical devices, endoscopic
applications and sensing.
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