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Abstract

This paper outlines a measurement method of properties of microstructured optical fibers that are useful in
sensing applications. Experimental studies of produced photonic-crystal fibers allow for a better understanding
of the principles of energy coupling in photonic-crystal fibers. For that purpose, fibers with different filling
factors and lattice constants were produced. The measurements demonstrated the influence of the fiber geometry
on the coupling level of light between the cores. For a distance between the cores of 15 pm, a very low level
(below 2%) of energy coupling was obtained. For a distance of 13 pm, the level of energy transfer to
neighboring cores on the order of 2-4% was achieved for a filling factor of 0.29. The elimination of the energy-
coupling phenomenon between the cores was achieved by duplicating the filling factor of the fiber. The coupling
level was as high as 22% in the case of fibers with a distance between the cores of 8.5 um. Our results can be
used for microstructured-fiber sensing applications and for transmission-channel switching in liquid-crystal
multi-core photonic fibers.
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1. Introduction

The propagation of light in multi-core microstructured optical fibers is strongly determined
by their structure. Such fibers are used as sensors for many non-electrical quantities [1].
At present, their birefringence and their ability to operate in optical-fiber interferometer
systems are often exploited [2]. For the past few years, photonic-crystal fibers (PCF) have
been used as pressure, strain, stress and deflection sensors and in many chemical sensors [3].
PCF structures for high-sensitivity sensing are also demonstrated [4-5]. Studies focused on
the possibility of using optical-fiber sensors at varying temperatures have also been conducted
[6].

It is important that sensors based on photonic-crystal fibers utilize the phenomenon of the
coupling-length change between fiber cores. This change is dependent on the magnitude
of the measured value. It is therefore important to determine the energy coupling level
between the photonic-crystal fiber cores in a specific measuring system for the particular
geometry of the fiber. It is also important to determine the influence of the fiber geometry on
the energy coupling level between microstructured fiber cores.

Most often, the distances between considered fiber cores are sufficiently large to allow the
reduction of the phenomenon of coupling energy between the cores. On the other hand, large
distances between the cores limit the total number of cores that can be used and cause
problems for the manufacture of the fibers. Many studies of the energy coupling between
modes of multimode fibers and between two cores in photonic-crystal fibers have been
conducted. These studies, however, are limited to cases in which the transfer involves similar
values of the normalized frequencies of the cores.
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In this paper, the problem of energy coupling in microstructured optical fibers consisting of
ten cores is presented. The proposed fibers have significantly different values of normalized
frequency in each core. The energy coupling level between the cores was measured, and
image processing was utilized. The presented measurement results are also important for
transmission-channel switching, particularly in photonic-crystal fiber systems with a large
number of cores [7]. A compact multi-core fiber laser for phase locking and in-phase
supermode selection as well as the phase-locked operation of a multi-emitter laser device have
also been demonstrated in the literature [8].

The results presented in this article concern measurements of the energy coupling between
cores of specially designed and manufactured fibers. For this purpose, fibers with various
filling factors and the same core configuration were prepared. The measurement results
demonstrated the influence of the fiber geometry on the light coupling level between cores.
Appropriate analysis of the experimentally obtained images allowed the accurate
determination of the percentage level of the energy coupling and provided an opportunity to
determine the influence of the fiber geometry. The results indicate that to understand the
problem of light coupling in an optical-fiber structure, it is necessary to use a modeling
method for light propagation, such as the finite element method, which is also used for
modeling the response to measurands that affect the optical fibers [9].

2. Methodology for measuring the level of energy coupling between the microstructured-
fiber cores

Measurements were performed in a system that enabled the selective stimulation of the
cores and allowed the image registration of the input and output surfaces of the designed
fibers, as shown in Figure 1.
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Fig. 1. The measurement system for measuring the level of energy coupling between

the microstructured-fiber cores.

The measurements relied on selectively introducing HeNe laser light into the selected
microstructured-fiber core. The selective stimulation of specific fiber cores was achieved by
the arrangement of the observation system for the input face of the fiber and control of the
light-spot location. After passing through lenses L1 and L2, the laser light (633 nm) was
focused on the fiber face using Position Control System PCS1, which allowed rotation and
three-axis linear adjustment of the position of the front of the fiber. The size of the focused
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light spot was 4 um. This value ensured the coverage of the entire surface of one of the cores
in all manufactured fibers. The portion of the light that was reflected from the fiber input after
passing through lens L2 was directed to the beam splitter and was focused using the L3 lens
onto the camera, which was equipped with a charge-coupled device. The GP-KR222 1/2"
digital signal processing camera has been used which features a second generation DSP chip.
The GP-KR222 incorporates a 1/2" interline transfer CCD (380,000 pixels: effective) with a
micro lens on each pixel which achieves high sensitivity of 3 lux at F1.4, outstanding 480-line
horizontal resolution, and signal-to-noise ratio of 50dB. Both fiber ends were additionally
lighted to obtain favorable imaging conditions for the cameras. For this purpose the halogen
medical iluminator Dentalux Lumed and plastic-clad silica fibers PCS 600 (600 pm
of diameter) have been used. After passing through 35 meters of microstructured fiber, the
light signal was then directed to the L4 lens, a neutral density filter and the camera that
recorded the output face of the fiber. For effective imaging, PCS2 permitted the position
adjustment of the output face of the fiber. The signals from the camera were then analyzed in
the MATLAB environment, which allowed the determination of the percentage value of the
power coupling between the cores of the manufactured fibers. The numerical analysis of the
obtained images required the signal gain of the camera to remain constant. Therefore, it was
necessary to disable the automatic gain control, which in turn resulted in camera saturation.
The use of a neutral density filter with selected attenuation allowed the elimination of the
camera-saturation effect and the recording the correct signals. Figure 2 shows cross-sectional
images of the fibers, which were obtained using a scanning electron microscope (SEM).

Fig. 2. Images of the investigated photonic-crystal fibers obtained with a scanning electron microscope.

The cores are marked with numbers.
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For the purpose of the energy-coupling analysis, the cores were assigned numbers using the
scheme shown in Figure 2. The filling factors were 0.68, 0.45 and 0.29, respectively, for the
fibers shown in 2a), 2b) and 2¢). Measurements of the distances between the cores were also
performed. The distances between the cores are summarized in Table 1. The table shows only
the distances corresponding to the cores between which the energy coupling was observed.

Table 1. The distances between selected fiber cores.

Distance defined Distance for Distance for Distance for

Cores in terms of the fiber a) fiber b) fiber c)

lattice constant [um] [wm] [wm]
1to2 0.5A 2.35 2.00 2.08
8t09 1.0A 4.70 4.00 4.15
2t03 20A 9.40 8.00 8.30
3to4 25A 11.75 10.00 10.38
4t05 35A 16.45 14.00 14.53
1to7 3.0A 14.10 12.00 12.45

3. Results and analysis of the energy-coupling measurements

Figure 3 is a graph of normalized light intensity that was produced in the MATLAB
environment based on images from the CCD camera. The pictured results concern the fiber

with a filling factor of 0.68.
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Fig. 3. Intensity graph of the output-plane signal of a photonic-crystal fiber. Lattice constant: A = 4.7 pm;

core diameter: d = 3.2 um; filling factor: 0.68; number of stimulated cores: 1.

The core numbers are marked in Figure 3. Similar results for the other values of the fiber
filling factor are shown in Figure 4 (filling factor of 0.45) and Figure 5 (filling factor of 0.29).
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Fig. 4. Intensity graph of the output-plane signal of a photonic-crystal fiber. Lattice constant: A =4 pum;

core diameter: d = 1.6 um; filling factor: 0.45; number of stimulated cores: 1.
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Fig. 5. Intensity graph of the output-plane signal of a photonic-crystal fiber. Lattice constant: A =4.15 pm;

core diameter: d = 1.2 um; filling factor: 0.29; number of stimulated cores: 1.

The energy transfers between the cores of the fibers were determined based on the data
obtained from the cameras. Digital signal processing allowed the determination of the
percentages of the light signals that propagated in non-stimulated cores. The percentages were
determined by comparison to the maximum power value obtained for a given stimulation.

The results are presented in Figures 6-8.
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Output signal power [%]

Fig. 6. The percentage of the output power carried by each core determined on the basis of camera images

of the end of the fiber. Lattice constant: A = 4.7 um; core diameter: d = 3.2 pm; filling factor: 0.68.

Output signal power [%]

Fig. 7. The percentage of the output power carried by each core determined on the basis of camera images

of the end of the fiber. Lattice constant: A =4 pm; core diameter: d = 1.6 um,; filling factor: 0.45.

Output signal power [%]

Fig. 8. The percentage of the output power carried by each core determined on the basis of camera images

of the end of the fiber. Lattice constant: A =4.15 pm; core diameter: d = 1.2 um; filling factor: 0.29.
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The maximum percentage of the output power for the fibers with filling factors of 0.45
(Fig. 7) and 0.68 (Fig. 6) is carried by the core into which the signal was introduced at the
input face of the fiber. The area characterized by the maximum output power is marked in
Figures 6 and 7. This area corresponds to the cores that were stimulated in each measurement.
In addition to the main signal in the core that was stimulated, energy coupling to the other
cores can be observed. In both cases (Figures 6 and 7), the highest power leakages occurred
between core 1 and core 2 and between core 8 and core 9. Below a certain value of the filling
factor, a considerable increase in the phenomenon of power coupling to the other cores
appears, as shown clearly in Figure 8. When the filling factor is relatively small, couplings to
more cores appear because of the smaller distances between the cores.

4. Summary

The measurements demonstrated the ability to control the level of energy coupling between
cores, because the amount of energy coupling between cores decreases as the filling factor
of the fiber increases. When the obtained results and the fiber geometries were analyzed, it
was found that the level of energy coupling between the cores decreases as the distance
between the cores increases.

This study has also confirmed that it is possible to quantify the energy coupling by
analysis of the signals obtained from a CCD camera. Cores located closer to the edge of the
structure are weakly guided cores. The least guided core in this study was core number 10,
as it was situated at a distance of 9 microns from the edge of the structure. The energy carried
by that core easily escaped the fiber structure.

For distances between the cores on the order of 15 um, the level of energy coupling was
below 2%. For distances of 13 um, the level of coupling to adjacent cores had a value of 2-4%
for a fiber filling factor of 0.29, and it decreased to O for a fiber filling factor of 0.45. In the
case in which the distance between the cores was on the order of 8.5 um, the coupling level
was 22%.

The results indicate that for each core, the distance to the next nearest core determines its
single-mode operation. For example, the best guided core was core number 7. The distance
to the nearest core was 11 um, which caused the fiber to behave almost like a single-core fiber
when core 7 was activated.

In the investigated fiber structures, the unique determination of the coupling paths among
the cores is a difficult issue because the energy transfer between cores 7 and 8 may be
performed by cores 4, 2, 1, and 5 or by cores 4 and 5. Therefore, it seems reasonable
to further pursue this work using methods that allow numerical calculations of the light
propagation in the microstructured fibers. The results indicate that to understand the problem
of light propagation in the investigated fiber structures, it is necessary to use methods of fiber
modeling [10]. Examples of modeling methods include the beam propagation method (BPM),
the finite-difference vector beam propagation method (FD-VBPM), the lines method, and the
multipole method. It is also possible to use plane-wave method modeling [11], which is used
in optics to solve light-scattering problems [12-15]. Such modeling can be implemented
numerically or in a hybrid way, using analytical methods.
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