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Chapter

Modal Interferometers Based

on a Tapered Special Photonic
Crystal Fiber for Highly Sensitive
Detection

Viadimir (or Uladzimir) P Minkovich, Joel Villatoro
and Pavel V. Minkovich

Abstract

The use of a tapered special photonic crystal fiber (PCF) with collapsed air holes
in the waist (the thinnest part of a taper) for highly sensitive detection of strain,
high temperature, and fast detection of hydrogen with concentrations between 1.2
and 5.6 vol.% and biosensing is demonstrated. In the tapered PCF, a fundamental
core mode couples to a few modes of the solid taper waist. Owing to the beating
between the waist modes, the transmission spectra of the tapered PCF exhibit sev-
eral interference peaks, which are sensitive to refractive index changes of a medium
that surrounds the taper and also to changes of a taper length. The changes can be
visualized as a shift of the peaks in the output spectrum pattern.

Keywords: modal interferometer, optical fiber devices, optical fiber sensors,
interferometry, photonic crystal fiber

1. Introduction

Photonic crystal fibers (PCFs), also known as microstructured or holey optical
fibers [1-4], consist of a waveguiding core surrounded by a system of air channels
in glass cladding that run along the length of the fiber and arranged in a hexagonal
structure around the core. The structure of PCFs enables new possibilities for opti-
cal sensing in comparison with standard optical fibers. The most common approach
consists of making a sample to interact with the evanescent fields of the PCF guided
modes [5-7]. To do so one has to fill the holes with the sample, a gas or liquid, for
example, and then the analysis or detection is carried out. In some situation such a
process may be inconvenient or impractical. Mach-Zehnder modal interferometers
(MZMIs) based on no adiabatic tapered silica PCFs, first fabricated in our facilities
[8-10], are attractive for sensing application because of their intrinsic advantages,
such as simplicity of fabrication and practical using, high sensitivity, small size, and
immunity to electromagnetic interference and their aptitude for remote measure-
ments. Initially, our MZMIs were used for high-resolution refractive index sensing
of liquids with indices ranging from 1.41 to 1.45 [8]. In this work, it is presented
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fabrication such MZMIs and also their application for detection (with a very high
sensitivity) of strain, high temperature, and fast detection of hydrogen with
concentrations between 1.2 and 5.6 vol.% or for biosensing.

2. PCF taper fabrication and operating mechanism

To fabricate tapers we employed a homemade quasi-single-mode large-mode-
area PCF consisting of a solid core surrounded by four rings of air holes in a clad-
ding arranged in a hexagonal pattern [11]. A micrograph of a cleaved end face of
our PCF before the tapering is shown in Figure 1 (left). The parameters of our PCF
are outer diameter of 125 pm, core diameter of 11 pm, average hole diameter of
2.7 pm, and average hole spacing (pitch) of 5.45 pm. To reduce the PCF diameter,
the fiber is heated with an oscillating high-temperature flame torch and slowly
stretched (“slow-and-hot” method). A Vytran GPX3400 glass-processing machine
also can be used. At such a no adiabatic tapering process, a waist of the PCF (the
thinnest part of a taper) can be reduced until the air holes collapse, obtaining a
piece of a solid fiber with the diameter py ~ <33 pm, which can support multiple
modes (waist modes). In the first transition zone, see Figure 1 (right), some energy
from the PCF fundamental mode passes to a few waist modes.

The beating of these modes inside the solid waist section is sensitive to an external
environment, since the propagation constants of the waist modes depend on it. In the
final transition zone, the waist modes are again transformed into the PCF fundamen-
tal mode, which intensity is determined by the phase difference between the waist
modes [9]. The resulting mode carries the interference information generated at the
tapered zone to a detector. If, for the simplicity, we consider only two waist modes for
the interference with effective refractive indices 7; and n,, then, intensity output is

It = 11 + 12 +2 \/11[2 Cos (Ae), (1)

where [; and I, are the intensities of the interactive waist modes, respectively,
and A€ is the phase difference between them. This phase difference creates the
output pattern and depends on the difference between the effective waist mode
refractive indices (A7) and the length of the waist Ly:

MG = %(Anmo, (2)

where 1 is the center wavelength of the light source used. The interferometer
transmittance maxima will be at 2zAnLo/A = 2zm, where m is an integer. Peaks in
the output spectrum pattern will be appeared at wavelengths given by 4,, % AnL¢/m,
and the spacing between consecutive peaks (period) is provided by P ~ 1*/AnL.
When the refractive index of the surrounding medium is changed, Az is changed
too (keeping L fixed), and a change of phase is generated. This change can be
visualized as a peak shift in the output spectrum pattern. The shift in the output
spectrum pattern is also happened, when L, is changed [9]. It should be pointed out
that additional losses, because of PCF tapering, were found to be typically below
3 dB. To test our sensors, we implemented a simple light transmission measuring
setup consisting of a low-power light-emitting diode (LED) with peak emission at
1280 nm (or 1550 nm) and about 40-80 nm of spectral width and an optical spec-
trum analyzer (OSA), Ando AQ-6315E. The tapered PCFs (with a PCF full length of
approximately 30 cm) were fusion spliced between standard fibers (SMF-28), and
the tapered section was held straight and secured in a mount in all the experiments.
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Figure 1.
Image of the cross section of an untapered PCF (left) used to fabricate our tapers and illustration of a
uniform-waist tapered PCF (vight). L, is the length of the uniform waist, and py is the taper waist diameter.

3. Strain detection

There are a number of applications in which the monitoring of strain-
induced changes is important. Some designs based on standard optical fibers
have been reported in the literature. For example, strain sensors based on
in-fiber gratings [12] and Brillouin scattering [13] are commercially available.
The main shortage of these strain sensors is their high thermal sensitivity [14].
In this case, one needs to simultaneously and independently measure strain
and temperature [12, 13]. So, the complexity of the sensor is increased. It is
necessary to mention that a few attempts to sense strain with PCFs have been
reported in the literature at the beginning of our study. They include the use of
Brillouin frequency shift [15], long-period grating [16], and fiber Bragg grating
[17, 18]. However, these sensors also exhibit an undesirable cross sensitivity to
temperature. The application of our tapered PCFs with collapsed air holes for
temperature-independent strain sensing is described in this section [19, 20].
Using the fiber, and the tapering process as described in a previous section, a
silica PCF taper with waist diameter py = 28 pm and Ly = 5 mm was fabricated.
Figure 2 shows the normalized transmission spectra of the used PCF before
(dotted line) and after (continuous line) a no adiabatic tapering process.

The measurements were carried out in a measuring setup consisting of an LED,
with peak emission at 1540 and 40 nm of spectral width, and an optical spectrum
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Figure 2.
Normalized transmission spectra of the PCF before (dotted curve) and after (continuous curve) tapering. The
taper waist diameter is 28 pym (reprinted with permission from Ref. [19], OSA).



Interferometry - Recent Developments and Contemporary Applications

analyzer with a resolution of 0.1 nm. It is possible to note that the transmission of
our untapered PCF is basically the output spectrum of the LED used. However,
the spectrum of the 28-pm-thick taper exhibits a series of peaks, two of which are
higher than the others. For this taper we investigated the shift of the interference
peaks caused by longitudinal strain. The PCF was fixed between two displace-
ment mechanical mounts, with the tapered section in the middle. Then the fiber
was stretched using the calibrated micrometer screws of the mounts. Figure 3(a)
shows the normalized spectra, measured at 1540 nm, of the taper, when it has been
subjected to 0 (continuous curve), 1100 (dashed curve), and 2200 (dotted curve)
pe. In this figure we can see shift of the initial spectrum to shorter wavelengths,
when the strain is increased. When the strain was removed from the sensor, all the
peaks returned to their baselines. At this point, we exchanged the LED for another
with peak emission at 1300 nm and repeated the experiments. Figure 3(b) shows
the normalized spectra, measured at 1300 nm, of the taper, when it also subjected to
three applied strains: O (continuous curve), 1100 (dashed curve), and 2200 (dotted
curve) pe. It is possible to see in this figure that the transmission spectrum of the
device also exhibits interference peaks near 1300 nm and that such peaks also shift to
shorter wavelengths. Note from Figure 3 that the height of some peaks increases and
that of others decreases. All the peaks, however, maintain almost the same shape.
The influence of temperature on the peaks was also investigated. The taper subjected
to 0 pe was exposed to different temperatures between 0 and 180°C. In that range of
temperatures the interference peaks did not suffer any shift, but, at higher tempera-
tures, the peaks shifted to longer wavelength. We did not carry out measurements
below 0°C because of technical limitations. Hence, a no adiabatic tapered silica PCF
with collapsed air holes can be used for temperature-independent strain sensing.
The advantage of the sensor is that one can monitor one or all the peaks. In addi-
tion, different wavelengths can be used to interrogate the sensor. Figure 4 shows
the peak shift as a function of the applied strain, when the initial peaks are centered
around 1520 and 1250 nm, see Figure 3(a) and (b), respectively. It is possible to

Wavelength (nm)
1440 1480 1520 1560 1600 1640

0.9

0.6 1

0.3 1

0.0 e 2

0.9 1

Transmission

0.6

0.3

1200 1240 1280 1320 1360
Wavelength (nm)

Figure 3.

Normalized transmission spectra of a 28-pm-thick tapered PCF under three applied strains measured at (a)
1550 and (b) 1330 nm. In both figures the continuous curves vepresent o e, the dashed curves 1100 ue, and
dotted curves 2200 pe (reprinted with permission from Ref. [19], OSA).
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Figure 4.
Typical shift of the peaks as a function of the applied strain (veprinted with permission from Ref. [19], OSA).

note from the figure that the shift of both peaks has a linear behavior and the slope
of both lines is basically the same. The observed shift of the other peaks shown in
Figure 3 was also linear, and their slope was similar to that of the peaks shown in
Figure 4. The experiments were carried out several times. It was observed that in all
cases the sensor was reversible in the 0-8000 pe range.

It is important to point out that optical fiber interferometric strain sensors are
useful devices, because they can provide important information or solutions in a
number of applications of practical interest. These sensors, incorporated into civil
aircraft and spacecraft structures, smart materials, active devices and components,
etc., permit the monitoring of strain-induced changes suffered by such structures,
materials, or components. In all these applications, temperature-independent, intrin-
sic, and wavelength-encoded strain sensors with high resolution are desirable.

4. High-temperature detection

It is known variety of standard fiber-based temperature sensors, for both point
and distributed detection. The sensing mechanisms include [21] fluorescence and
time decay effects in active materials and doped fibers, remote blackbody radia-
tion, Raman and Brillouin scattering, interferometry, and Bragg or long-period
grating technology. The large majority of reported so far fiber temperature sensors
have been designed to operate in a range from —20 to 200°C. However, there are
some applications in which high-temperature sensing is necessary, for example,
for monitoring furnace operation or volcanic events, or in fire alarm systems, etc.
[22]. Most of the techniques mentioned in this chapter before are not suitable for
high-temperature sensing. Materials traditionally used for fluorescence-based fiber
thermometers have an inferior fluorescence intensity emission at temperatures
above 600°C [23, 24]. Some interferometric temperature sensors can be designed
for measurement of temperatures higher than 1600°C [25, 26]. However, their con-
struction is complicated and a sensing element is external to the fiber. Important
advances have been made to fabricate fiber Bragg grating devices for measurement
of high temperatures [23], but these devices require a complicated fabrication pro-
cess or a long and controlled temperature treatment [27-29]. A long-period grating
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inscribed with a pulsed CO;, laser in a PCF [30] or a very small stub of index-
guiding PCF fusion spliced between two standard single-mode fibers [31] can be
also used for high-temperature measurements. We have proposed a novel high-
temperature sensor based on the developed PCF taper with collapsed air holes in
the waist [32, 33]. The PCF taper with p,, = 31 pm and L, = 5 mm (see Figure 1) was
used for high-temperature measurements. Before the tapering, a few centimeters of
the referred PCF were inserted between two standard single-mode fibers (SMF-28)
by fusion splicing. Then the PCF was slowly stretched, while a section of length L,
was heated at a high temperature (at about 1000°C). It is important to point out
that the PCF can also be tapered without the need of splicing it with conventional
optical fibers. The fabricated taper was placed within a pure silica capillary tube,

in order to have the taper straight during experiments (bending affects the sensor
response). Then, the whole set was placed into a temperature chamber. To inter-
rogate the device, light was injected from an LED with a peak emission at 1290
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(a) Normaliged transmission spectrum of a taper with py = 31 um and L, = 5 mm, at different temperatures.
(b) Position of the highest peak of the spectrum (a) versus temperature. The filled triangles (heating) and
the hollow circles (cooling) ave experimental values. The solid line is a linear fit to the data in the 200~1000°C
range (veprinted with permission from Ref. [32], IEEE).
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and with 80 nm of spectral width. The output spectrum was monitored with an
optical spectrum analyzer (OSA) with a resolution of 0.1 nm. We also realized our
experiments using an LED, with a center wavelength at 1520 nm and with 40 nm
of spectral width. The heating or cooling of the taper in the furnace was conducted
in steps of 50°C. In each step of heating or cooling, one waited for about 30 min
before collecting any data. With this procedure a homogeneous temperature inside
the chamber was ensured. The exhibited around 1300 nm transmission spectra of
the referred taper at temperatures of 200°C (solid line), 600°C (dashed line), and
1000°C (dotted line) are shown in Figure 5(a). Measurements for temperatures
above 1000°C were not possible for limitations of our furnace. In the plots of
Figure 5(a), we can see that the interference peaks shift toward longer wavelengths
as the temperature increases. We have also found that the shift of the peaks shown
in Figure 5(a) using the LED centered at 1290 nm and the shift of the peaks using
the LED centered at 1520 nm (is not shown) are similar. This means that the central
peak of the LED is not important. One also can see that the peaks are not deformed,
when the device is exposed to a temperature higher than 1000°C. This is so, because
the fiber was made of pure silica and the taper was fabricated, when the PCF was
exposed to a high-temperature flame (of approximately 1000°C). The experiments
were repeated several times in a period of 4 weeks, and it was observed the same
behavior of the sensor. The position of the highest peak maximum for the spectrum
of Figure 5(a) versus temperature is shown in Figure 5(b).

One can see that the peaks are insensitive to temperature in the 0-180°C range;
but they shift linearly to longer wavelengths in the 200-1000°C range. The slope of
the curve in such a range is 12 pm/°C. Deviations from this line were, in our opin-
ion, due to errors in the readings of the furnace temperature and also in the defini-
tion of the peak maxima position. The resolution of the sensor can be improved
using thinner tapers, which exhibit sharper peaks that are easier to monitor.
Unfortunately, thinner tapers are more difficult to work with. Another possibility to
improve the sensor resolution is to monitor all the interference peaks and to com-
bine them with a fitting algorithm.

5. Gas detection

To the beginning of our study, several sensors that exploit the direct interaction of
evanescent fields of PCF guided modes with the target gas within the holes of unmodi-
tied PCFs have been proposed and demonstrated [5, 34-37]. The walls of the PCF air
holes can also be covered with thin layers for a selective detection of specific gases [38].
Unfortunately, the filling of the air holes with a target gas is not convenient enough,
since it takes a long time. Theoretical and experimental studies have shown that the
time for a gas to diffuse into the very small holes of a PCF takes about tens of seconds
to several minutes and depends on the fiber length [34]. To the time needed for a gas to
diffuse into the holes of a PCF, one has to add the time needed to detect, analyze, and
process the signal. Leaving the microscopic holes open in a PCF is also not convenient,
since they can be filled with undesirable microparticles or moisture that can block the
holes or change an output signal. In some potentially explosive or flammable environ-
ment, for example, in hydrogen environments, fast gas detection is necessary, and a
rapid response of the sensor is desirable [39]. It is necessary also to remind that even
existent this time hydrogen sensors have the response time not fast enough [40, 41]. We
proposed the use of developed tapered PCFs, coated with thin layers, which can absorb
the sensing gas or chemicals, for faster detection. In the taper waist (see Figure 1), the
external medium plays the role of cladding, and the solid waist section plays the role
of core. Therefore, a thin layer deposited on a waist region will attenuate or absorb the
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evanescent fields of different propagating waist modes. As a result, the output pattern
of the tapered fiber will be also modified. Thus, the sensing of different gases or any
other chemicals is observable. To confirm of the principle, we demonstrated the sensing
of hydrogen [42, 43]. Hydrogen is one of the cleanest energy sources. It can be used in
many chemical processes and in various fields, for example, as propellant in aerospace
rockets, fuel for fuel cells, or engines in automotive devices. However, hydrogen is
extremely flammable and can be explosive in air at room temperature and pressure
even at concentrations of 4 vol.% and of course at more ones [39]. Therefore, fast detec-
tion of hydrogen at low concentrations is necessary. To do so, an ultrathin palladium
layer was deposited on a solid section of a tapered PCF. It is well known that a thin
palladium (or palladium alloy or composite) film can selectively and reversibly absorb
hydrogen [39, 44-51]. When a Pd or Pd-alloy film is exposed to hydrogen, it is con-
verted to PdH. The hydration of the thin film makes the real and imaginary part of the
film dielectric constants to decrease [45, 49]. Such changes in the Pd film are possible to
monitor with optical methods [39, 44-51].

Using the same fiber, and the same tapering process as in previous sections,
a silica PCF taper with waist diameter p,, = 28 pm and L, = 10 mm was fabri-
cated. An 8-nm-thin film was deposited on the waist of the tapered PCF over a
length of 10 mm. The palladium film was deposited in a high-vacuum chamber
by thermal evaporation. The sensor was tested (at normal conditions) in a gas
chamber, which had an inlet and outlet to allow the hydrogen or the hydrogen/
carrier mixture to flow in and out. Nitrogen was used as a carrier gas. The flow
of nitrogen and hydrogen was controlled individually with mass flow control-
lers. The sensor is tested in a transmission measurement setup consisting of a
low-power LED with peak emission at 1290 and 80 nm of spectral width and an
OSA. The spectra of the device were recorded and analyzed at different concen-
trations of hydrogen. Before measurements, about 30 cm of the PCF was fusion
spliced between two standard single-mode fibers to decrease the sensor cost,
and then the tapered section was held straight in a mechanical mount during all
the experiments. Results of our experiments are presented in Figure 6. The top
side plots in Figure 6 show the spectra that were received, when the sensor was
exposed to hydrogen concentrations between 1.2 and 5.6%. Four peaks of the
spectra are numbered for convenience. Intensity of the peaks 1-4 as a function
of hydrogen concentrations is presented in the bottom side of Figure 6. One
can see that the intensity of the peaks increases in a nonlinear manner with the
increase of the hydrogen concentration. For hydrogen concentrations, more
than 6% the sensor exhibited spectra similar to that at 5.6%, which indicated
the saturation of the 8-nm-thick palladium film. The reason of increase of the
obtained peak intensity is because the index of the thin palladium film decreases,
when it is exposed to hydrogen [45, 47, 49]. Such a decrement of the index causes
the absorption of the evanescent fields to decrease. The remarkable increment
of the peak intensity demonstrates the high sensitivity of the sensor. The sensor
response time (the time required for the sensor to reach 90% of transmission
change) was approximately 10 s. In Figure 6 one can see that the intensity
changes are more in the peaks or maxima than in the valleys or minima. One can
also note that the intensity changes at longer wavelengths, see peaks 3 and 4,
are more pronounced than at shorter wavelengths, see peaks 1 and 2. This is due
to the fact that the attenuation of the palladium film increases, when the wave-
length augments, according to the increase of the evanescent fields [47].

The interferometric hydrogen sensor reported here is more compact, simpler,
and also faster than other interferometer-based hydrogen sensors reported in the
literature [39, 44-46, 50].
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Figure 6.

Transmission spectra of a tapered PCF coated with an 8-nm-thick Pd film at different hydrogen concentrations
(top) and relative increment of the peaks 1—4 as a function of hydrogen concentration (bottom). Parameters of
the sensor: py = 28 um, L, = 10 mm (reprinted with permission from Ref. [42], OSA).

6. Highly sensitive biosensing

Previous experimental studies of modal interferometers, for the biosensing
refractive index (RI) range (1.33-1.34), have informed about sensitivities of 320 nm/
RIU for a sensing length of PCF (~3.0 mm) [52] and sensitivities of 1629 nm/RIU
for a longer sensing length (~24 mm) [53]. PCF MZMIs based on no adiabatic
tapered fibers are attractive for biosensing applications, because they can have a very
small sensing length [8, 10]. Unfortunately, PCF MZMI RI sensors for biosensing
applications usually can only be used to detect a solution with one analyte and when
the RI dependence of an analyte at different concentrations is known. To obtain a
specific sensitivity for a chosen analyte in some complex solutions, we coated the
sensing surface (tapered PCF) of our RI sensor with a layer of an active biological
component (an immobilization method), characterized by having a high affinity
with the chosen analyte. The usual immobilization method, for glass substrates, is
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through the process of silanization, followed by the covalent bonding of an antigen
or antibody [52, 54]. In [52], a detection limit of 10 pg/ml was demonstrated for
streptavidin using a modal interferometer based on a short piece of PCF (~3.0 mm)
spliced between two standard single-mode fibers, while in [55], a modal interferom-
eter based on a thin-core fiber spliced between two standard single-mode fibers was
used, and a detection limit of 1.1 ng/ml was achieved. In this paragraph, we inform
about a MZMI based on a no adiabatic tapered special silica PCF acting as a highly
sensitive biosensor. We also demonstrated that as a refractometer, it has good sensi-
tivity in the RI range of interest for biological solutions and a record detection limit
of 125 pg/ml of a protein concentration as a biosensor [56, 57]. In our experiments
we used a homemade large-mode-area photonic crystal fiber. A cross section of the
untapered fiber is shown in Figure 7(a). The used fiber has an average hole spacing
(pitch) A of 5.45 pm, an average hole diameter d of 2.7 pm, and an external diameter
of 125 pm. The modal properties of the fiber are explained in [11]. To reduce our
sensor cost, we spliced about 30 cm of the PCF between two standard SMF-28
single-mode fibers. The difficulty in splicing the PCF with the used standard SMF is
that each one requires different temperatures to reach the needed fusion conditions.
A commerecial splicing machine, Sumitomo Type-46S, was used in the process. The
splicing configuration is shown in Figure 7(b). We used a Vytran GPX3400 glass-
processing machine to make the no adiabatic tapering. The tapered fiber for our
sensor was fabricated with both transition regions (down taper and up taper) being
symmetrical with alength of 5 mm, a waist length of 10 mm, and a waist diameter
of 18.1 um, like the one presented as an example in [58] on a base of a standard fiber.
The pulling speed of the fiber holding blocks was kept at a rate of 1 mm/s, while the
heat was set at 90 W. We used an LED source with a center wavelength of 1550 nm
and an optical spectrum analyzer (OSA), Ando AQ-6315E, which has a resolution of
up to 0.05 nm, to make the SM-PC-SM fiber transmission spectrum measurements,
as shown in Figure 8(a). To make it easier to measure aqueous solutions with the
fiber sensor, a work cell, shown in Figure 8(b), was designed.

The cell was fabricated with a working volume of 50 pl and a cavity length of
13 mm. To test a sensitivity of our device for biosensing RI range, solutions of
sodium chloride (NaCl) diluted in distilled water were prepared in the following
concentrations, 0.0, 0.2, 0.4, 0.6, 0.8, and 1 M, with corresponding refractive
indices at 1550 nm of 1.30864, 1.31104, 1.31339, 1.31569, 1.31794, and 1.32014
[59]. An antigen-antibody test was proposed to evaluate the performance of the
device for a biosensor application. We chose the bovine serum albumin (BSA)
antigen because of its low cost, ease of handling, availability, and immobiliza-
tion (covalent binding between the molecule and the transducer surface), which
has been widely studied. The immobilization process was conducted like the
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Figure7.
(a) PCF untapered cross section, (b) SM-PCF splicing configuration (veprinted with permission from
Ref. [56], IEEE/OSA).
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Figure 8.
(a) Experimental setup, (b) work cell (veprinted with permission from Ref. [56], IEEE/OSA).

one presented in [54]. Preliminary, the activation of the taper surface with an
aminosilane APTES was made, and then the BSA antigen was covalent coupled
to the taper surface. After the antigen-immobilization process, the performance
tests were conducted by passing the respective antibody (anti-BSA) diluted in
phosphate-buffered saline (PBS) buffer at different concentrations (125, 12.5,
1.25, and 0.125 ng/ml) over the sensitive sensor’s surface. All tests were carried
out at room temperature, at about 25°C. The protocol used for the tests was as
follows. Step 1: Apply tris(hydroxymethyl)aminomethane (TRIS) buffer for

3 min to clean and break previous bonds. Step 2: Remove the TRIS buffer, apply
the PBS, and make a measurement of the optical spectrum that corresponds to
the baseline. Step 3: Remove the PBS buffer, apply the desired antibody-PBS
sample, and take measures for 10 min. Previous experiments have demonstrated
that after 6 min of interaction, the variation of the signal can be neglected for
practical measurements. For each sample, repeat the protocol. The difference in
wavelength between a peak on the baseline and the same peak, measured after

8 min of sample interaction, is the biosensor response, which is directly related
to the sample concentration. Figure 9(a) shows that as the refractive indices of
the NaCl solutions increase, the peaks shift to longer wavelengths. Peaks with
similar morphologies were selected for the analysis of the peak shifts. Figure 9(b)
corresponds to the linear fit built by taking the wavelength of the peak maxima
(between 1538 and 1548 nm) and correlating them with the respective RI. A sen-
sitivity of 722.3 nm/RIU was achieved (with a linearity of 0.9965), which can be
compared with other sensors reported. Figure 10 shows the results of the biosen-
sor application, where the magnitude of the response is directly proportional to
the anti-BSA concentration.
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Figure 9.
(a) Transmission spectra of the sensor at diffevent concentrations of NaCl, (b) linear fit of the sensor vesponse

for concentrations of NaCl with RI between 1.30864 and 1.32014 (veprinted with permission from Ref. [56],
IEEE/OSA).
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Figure 10.
Sensor response for concentrations of anti-BSA between 0.125 and 125 ng/ml (reprinted with permission from
Ref. [56], IEEE/OSA).

We can see in Figure 10 that the sensor can take measurements of concentrations
as low as 125 pg/ml; this means that our detection limit is lower than the one reported
in [58]. Another fact to highlight is that our sensor is capable to detect a specific pro-
tein inside a complex sample (with different proteins diluted) that is not possible for
the sensor proposed in [58]. The increased sensitivity in our case is possible, when
compared with that in [58], because in [58] the detection of protein concentrations
was done by reading a change in the refractive index of the bulk solution; therefore,
higher concentrations were needed to produce a change big enough to be detected
by the sensor. In our case, the antigen of the target molecule was immobilized onto
the transducer surface, making it possible to detect the antigen-antibody interaction
with higher sensitivity. The changes in refractive index near the surface are mostly
affected by the coupling of the specific protein and not by other proteins in the
sample. In addition, the area near the surface of the fiber has exponentially higher
sensitivity than areas that are farther away. The developed sensor also has a lower
detection limit when compared with those reported in [52, 55], with detection limits
of 10 and 1.1 ng/ml, respectively, outperforming the former in three orders of mag-
nitude and the latter in one order of magnitude. It is also necessary to point out that
the estimated maximum resolution of our sensor was found to be around 1 x 107>
ng/ml, considering that the resolution of the spectrum analyzer used was 0.05 nm.
The higher resolution of our measurements is possible at using an OSA with higher
resolution. More precise localization of interference fringes by performing a Fourier
transformation will be also helpful [60]. As can be also seen in Figure 10, we did
not have any saturation in a sensor response for concentrations of anti-BSA between
0.125 and 125 ng/ml, although the spectral shift had highly nonlinear dependence
on the anti-BSA concentration. Comparing with Figure 10, where we had a linear
dependence of our sensor response and did not have any chemical binding between
NaCl solutions and the taper surface, one can conclude that the antibody-antigen
binding process has a great impact on our sensor response. A definition of the impact
requires further investigations.

7. Conclusions
In this chapter, a special homemade quasi-single-mode PCF was used for fab-
rication of no adiabatic tapered fibers with a solid waist. The fabrication of tapers

is simple and takes only few minutes. It is also possible to control the process of
tapering at all times. It has been found that in PCF tapers with waist diameters small
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enough (thinner than 33 pm), the air holes of a PCF cladding were collapsed. A
waist of such tapers consists of a solid multimode fiber supporting multiple modes.
The interference between such modes gives series of peaks in an output spectrum
pattern. The peaks are sensitive to a medium that surrounds the taper and also to the
length of the waist, since the propagation constants of the interfering modes depend
on them. Any changes in a surrounding medium or in the length of the taper are
visualized as a shift of peaks in the output spectrum pattern. The tapers were used
for fabrication of very sensitive interferometric devices with selective transmis-

sion for temperature-insensitive detection (in the 0-180°C range) of microstrain,
for sensing of high temperature in the 200-1000°C range, and for fast detection

of hydrogen concentrations between 1.2 and 5.6 vol.%. Moreover, the developed
interferometers can be used for detection of interaction between a BSA antigen and
an anti-BSA antibody with a record detection limit of 125 pg/ml of antibody concen-
tration. The parameters that are necessary to measure by using the interferometers
are transformed into the shift of peaks in the output spectrum pattern. It is not
difficult by using an optical spectrum analyzer to monitor the shift. Detection is fast
and takes approximately 10 s. It is necessary also to note that the output spectrum
patterns are stable and immune to possible fluctuations of a light source power.
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