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Abstract: Efficient coupling of light from one waveguide to another is essential for many
applications. The structural complexity of the coupler and the boundary discontinuity makes
analyzing and improving the light energy coupling efficiency challenging. A dual-fiber spher-
ical coupler, widely used in many fields, has a rather low coupling efficiency of 10%. The
reasons for such low coupling efficiency have not yet been discussed, and effective methods
for improving the coupling efficiency of this coupler have not been proposed. The coupling
efficiency of the coupler is analyzed by using a proposed one-dimensional quantum tun-
neling model, and a polished spherical coupler is designed and fabricated to improve it.
The main reason for the low coupling efficiency is that light has a rather high probability of
refracting and then escaping at the boundary and that light reflects too many times inside
the coupler. The polished coupler proposed effectively improved the coupling efficiency from
10% to 22.9%. This study will help researchers to design spherical couplers and promote
their potential use.

Index Terms: Coupling efficiency, dual-fiber, spherical coupler.

1. Introduction

Efficient coupling of light from one waveguide to another is essential for many applications
[11-[3]. Analyzing and improving the light energy coupling efficiency (CE) is challenging because
most waveguide couplers have a rather complex structure. A spherical light waveguide coupler is
widely used in displacement sensors [4], [5], spherical coupling fiber probes for inner dimensional
measurement [6], optical fiber couplings [7], fiber optic liquid level sensors [8], glucose sensors
[9], resonant couplings [10], dual-fiber probes for depth-resolved fluorescence measurements [11],
ball lens-based fiber probes in corneal and retinal imaging [12], etc. In these cases, the coupler
has a complete or incomplete spherical waveguide, and the CE of light energy is quite low with an
incomplete spherical coupler. Researchers have found that the CE of a typical dual-fiber spherical
coupler (DSC), used to reverse the direction of input light, is only ~10% [13]. The light energy
loss in the optical fiber is rather low because of the total internal reflection caused by the special
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Fig. 1. (a) A Spherical coupler with a diameter of 330 .xm under microscopy. The diameters of the input
fiber and the output fiber are 125 um. (b) Schematic of light transmission on the section plane. The axis
x is along the direction of the normal line.

refractive index profile of the optical fiber, which indicates that most of the light energy is lost in the
DSC. Optical fiber is difficult to use to obtain a stable returned light signal with such low CE caused
by the high light energy loss.

Because the boundary of the dual-fiber spherical coupler is discontinues and the center of the
sphere and the axis of the cylinder light waveguide are non-collinear, analyzing the light energy
loss through it and proposing effective methods to improve CE have become challenging.

Cui experimentally studied the ratio of the diameter of a fiber to the diameter of a spherical
coupler to improve the CE of the spherical coupler [14]. Eftimov used ray optics analysis to de-
pict the redistribution of the input optical power and then experimentally tested the relationship
between the form ratio and the back-coupled optical power [8]. Li proposed a Monte Carlo model to
calculate the coupling efficiency of the coupler, and misalignment loss was investigated [15]. Sam-
banthan and Rahman presented a simple method based on chemical etching to improve the
coupling efficiency between a laser diode and the coupler [16].

The analysis and experiments mentioned above are helpful to improve the CE of a DSC. However,
there have been no reports discussing the reasons for the low coupling efficiency of the DSC, and
effective methods for improving the CE have not yet been proposed.

In this study, a one-dimensional quantum tunneling model is proposed to analyze the reasons
for the high loss of the light energy through the DSC. A polished DSC is proposed to improve the
CE of the DSC, and the effectiveness of the proposed polished DSC is verified through simulations
and experiments.

2. Analysis of the Light Energy Loss in the DSC

2.1 Effects of the Size of the DSC on the Incident Angle of Light at the Boundary of
the Coupler

As shown in Fig. 1, a typical DSC is formed by fusing two cylindrical light waveguides such as optical
fibers into one micro sphere. The size of the sphere is controllable by varying the current and the
discharge time of the fiber fusion splicer. Light enters the spherical coupler through one optical
fiber, reflects and refracts many times at the boundary of the spherical coupler, and finally enters
the other optical fiber. The section plane xOy contains the principal axis of the input and output
fibers. The returned light through the output fiber mainly consists of light transmitted in the planes
parallel to the section plane. Light that is not parallel to the section plane xOy has a rather large
probability of getting out of the spherical coupler rather than entering into the output fiber owing
to the reflections and refractions. Therefore, the total light energy loss in the spherical coupler is
mostly from the section plane.
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Fig. 2. Relationship between p and 6. D ¢g is the distance between the center of the sphere coupler
and the axis of the input fiber, R; is the radius of the sphere coupler, and Rf is the radius of the input
fiber. (a) Geometry analysis. (b) Calculated relationship between p and 6.

On the section plane, the incident light does not change direction until it travels to the bound-
ary of the spherical coupler. The reflection and refraction at the boundary of the spherical cou-
pler follow Snell’s law. The refractive index of the spherical coupler is a constant in many stud-
ies, and the diameter of the spherical coupler affects the incident angle of the light. If we con-
sider a more general situation, in which both the diameter of the spherical coupler and the two
fibers are controllable, then the ratio p of the diameter of the spherical coupler to that of the two
fibers affects the incident angle. The relationship between the ratio p and the incident angle 6 is
shown in Fig. 2(a).

The incident angle 6 is expressed as

. Deni
6@ = arcsin

(1)

S

When the interval between input and output fibers is negligible,

Rr = Decpi )
If the diameters of the input fiber and the output fiber are equal, then
Rs
- _5 3
’=a, 3)

For a typical DSC, the ratio p falls in the range of 2.0 to 3.2. The incident angle 6 of the light at the
boundary of spherical couplers with different p values is calculated, as shown in Fig. 2(b).

2.2 One-Dimensional Tunneling Model Used to Calculate the Probability of Reflection and
Refraction at the Boundary of the DSC

As discussed above, in this study, the size of spherical coupler affects the incident angle of the
light at the boundary. However, the relationship between the incident angle at the boundary of
the spherical coupler and the probabilities of reflection and refraction have never been reported in
the literature before, and the probabilities of refraction and reflection cannot be solved at a certain
incident angle. Therefore, to calculate these probabilities, a one-dimensional tunneling model is
proposed to depict the relationship between the probabilities of refraction and reflection at the
boundary of the DSC and the incident angle, as shown in Fig. 3.

The reflection probability and the refraction probability are determined by the relationship between
the potential energy Vg and E. The refractive index of the spherical coupler, n, is higher than that
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Fig. 3. One-dimensional quantum tunneling model used to calculate the probability of refraction and
reflection at the boundary of the DSC. V3 is the potential height of the air along the x direction. E is the
energy of the incident light along the x direction. (a) Situation when E is higher than V. (b) Situation
when E is lower than Vg.

of air, and the function for one-dimensional quantum tunneling can be given by

0, x<0
V(o = {vs, o 4)
Ex=(x|E) (5)
Vg = hucos <arcsin %) (6)

According to the calculation, fora common DSC, E , is much higher than Vg, as shown in Fig. 3(a).
At the boundary of the DSC, the reflection probability P and the refraction probability P can be
calculated using the following:When Vg < E4, x < 0O,

V20(X) + 2mE xp(x)/h? = 0 (7)
k=+/2mE,/h (8)
o(x) = exp(ikx) + R x exp(—ikx) (9)
When x > 0,
V2P (xX) +2m(E — Ve)y (x)/h* = O (10)
K =/2m(Ey — Vg)/h (1)
Y(x) =T x exp(ik'x) (12)
Pgr and P can be calculated as
I\ 2
pr= (%) (13)
R (14)

The above calculation shows that the probabilities of reflection and refraction are determined by
E. and Vg, where E is relative to the incident angle 6, and the potential energy Vg increases with
the refractive index difference between the spherical coupler and air.

When E is higher than V;, the probability of refraction, Pr, is much higher than that of reflection,
Pgr. Therefore, ~76% of the input light energy refracts at the boundary of the spherical coupler
and escapes outside (Fig. 4(b)), and the remaining light in the DSC reflects many times with such
a low reflection probability at the boundary before it travels to the output fiber. Most of the input
light energy escapes outside and only ~10% finally exits the output fiber. As shown in Fig. 4(c),
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Fig. 4. Simulation of a DSC with a diameter of 330 um by using the finite-difference time-domain
method. (a) DSC model used for the simulation. (b) Light distribution on the xOy plane. The red line
represents the boundary of the spherical coupler. (c) Simulation of DSCs with different ratios p.

TABLE 1
DSCs with Different Ratios p

Sample Diameter of the sphere (um) Ratio p Incident angle 6
1 399.6 3.2 18.2°
2 387.3 3.1 19.1°
3 375.4 3.0 19.8°
4 350.3 2.8 20.4°
5 337.8 2.7 21.7°
6 325.4 2.6 22.5°
7 3129 25 23.4°
8 301.2 24 24.5°
9 274.8 22 26.4°
10 251.2 2.0 29.3°

simulations are run to investigate the CE of the DSCs listed in Table 1. When the wavelength of
incident light is 532 nm, the CE is higher than that when the input wavelength is 632 nm. For a
DSC with a constant angle 6, when the input wavelength increases, Vg decreases, and thus the
difference between E, and Vg increases. Therefore, the probability Pr increases when the incident
wavelength increases; hence the CE drops as the incident wavelength increases.

Therefore, the main reason for the low CE for the DSC is the low reflection probability at the
boundary of the sphere, and thus the light reflects too many times before exits the output fiber.

To improve the CE, a polished DSC is proposed to improve the reflection probability at the bound-
ary of the sphere and reduce the number of times the light is reflected in the sphere simultaneously.
As shown in Fig. 5(a), by polishing the sphere coupler, the incident angle of light at the boundary of
the spherical coupler is reduced so as to ensure that E, < V3, thus ensuring that most of the light
energy reflected into the spherical coupler. As shown in Fig. 5(c), compared to a normal DSC, the
CE of the polished DSC improved dramatically from 10% to ~25%. Compared to the CE achieved
with 532 nm input light, the CE is a little lower when the input light wavelength is 632 nm, and this
trend is in accordance with the results shown in Fig. 4(c).

3. Experiments and Results

To verify the effect of the ratio p of the spherical coupler on the CE, an experiment was conducted
with 10 DSCs with different ratios p, as given in Table 1.

The experimental setup is shown in Fig. 6(a). A diode pump solid state laser (DPSSL) with a
wavelength of 532 nm and a He—Ne gas laser with a wavelength of 632 nm are used, and the power
meters | and O used are PM100D models with a S120C probe from Thorlabs Company. Power meter
| and power meter O simultaneously measure the light power of the input and output, respectively.
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Fig. 5. Simulation of a polished DSC. (a) The interface of the spherical coupler is polished and formed
a 45° plane. (b) Light energy distribution on the section plane xOy. The red line indicates the boundary
of the polished DSC. (c) Simulation of polished DSCs with different ratios p.

0.12
— 4 - Simulation-532 nm Lzt
S 01 =% Simulation-632 nm s d
1 e ——o— Experiment-532 nm
DPSSL or -g 0.08 | —#— Experiment-632 nm
=
632nm T g 06 "
\ o =
£ -z
— 2 0.04 .2
s} :Z7
e I © 0024537
4
0

¢
Sensor-S120C
Micropositioner/ Samples

(a) (b) (c)

1 2 3 4 5 6 7 8 9 10

Fig. 6. Experiments of light energy loss in different spherical couplers. (a) Experimental setup.
(b) Schematic of the experiment. The optical power meter measures the input and output light en-
ergy of the DSC. (c) Coupling efficiency of DSCs with different ratios p.

The optical fiber used in the experiment is SM450 from Thorlabs Company. To eliminate the random
error measuring the diameter of the DSC samples, the average diameter from 10 measurements
of a DSC sample is used as the diameter of the sample. Because the light through the DSC quickly
decays in the output fiber, measuring the CE by plugging the output fiber end into the probe of
the power meter sensor is inaccurate. In this experiment, the light energy escaping out of the DSC
is measured, and the coupled light energy equals the input light energy minus the escaped light
energy. Then, the CE of these DSCs is calculated, as shown in Fig. 6.

As shown in Fig. 6(c), simulations and experiments are in good accordance. When the incident
angle increases from 18.2° to 29.3°, the CE of the DSCs gradually improves with both 532-and
632 nm input lights. With 532 nm input light, CE improves from 1.2% to 10.8%. With 632 nm
input light, CE improves from 1% to 10.2%. Experimental results revealed that, when the incident
angle increases from 18.2° to 29.3°, the difference between Vg and E, decreases, and thus the
probability P increases, thereby improving the CE of the DSC. However, E is still higher than Vg
in this experiment, and the CE of the DSC could be further improved.

The DSCs listed in Table 1 are polished in our laboratory, and the CE of these DSCs is verified
through experiments (Fig. 7). With 532 nm input light, the CE of these polished DSCs falls in the
range of 19.8% to 22.9%, and the difference between the maximum and minimum CE values is only
3.1%. With 632 nm input light, the CE of these polished DSCs falls in the range of 19.3% to 22.6%.
Simulation and experimental results are in good accordance. The CE achieved from experiments
is a little lower than that achieved from simulations, which is caused by the incomplete nature of
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Fig. 7. Experiment polished DSCs. (a) Polished DSC. (b) The CE of polished DSCs. (c) Experimental
test of CE of DSCs before and after polishing.

the sphere. These experimental results indicate that, when the number of times light reflects in the
DSC and the probability Pr are both constants, the ratio p has little effect on the CE of the DSC. It
is therefore concluded that the number of times light reflects in the sphere (TLR) and the probability
Pt determine the CE and that the CE of a DSC is inversely proportional to both TLR and Pr. By
polishing the DSC, both the probability Pr and TLR are decreased simultaneously, dramatically
improving the CE from ~10% to 22.9%.

4. Conclusion

This study provides an explanation for the low CE of a DSC from the point of view of the probabilities
of the refraction and reflection of light at the boundary of the spherical coupler by using the proposed
one-dimensional quantum tunneling model. The main reason for the low CE of a DSC is that light
has a rather higher probability of refracting at the boundary of the DSC than reflecting and that the
light reflects too many times in the DSC.

When the ratio p is decreased from 3.2 to 2.0, the CE of the DSC is improved from 1.2% to
10.8%, and this is caused by the decrease of the difference between Vg and Ej, increasing the
probability Ps. The CE of an unpolished DSC decreased when the wavelength of the input light
increased, because of the increase in the difference between E, and Vg increased Pr.

The polished DSC proposed in this study effectively reduced the probability P+ and TLR simul-
taneously, and the CE of the DSC dramatically improved from 10.8% to 22.9% with 532 nm input
light and from 10.2% to 22.6% with 632 nm input light.

The conclusions discussed above are verified through experiments and simulations. Experimental
results are in a good accordance with simulation results.

This study proposes a new method for calculating the CE between two waveguides and proposes
an effective method to improve the CE of a DSC dramatically. It will help researchers to design
spherical couplers and promote their potential use.
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