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Chapter

Whispering Gallery Modes for
Accurate Characterization of
Optical Fibers’ Parameters
Martina Delgado-Pinar, Xavier Roselló-Mechó,

Emmanuel Rivera-Pérez, Antonio Díez, José Luis Cruz

and Miguel V. Andrés

Abstract

Whispering gallery modes (WGMs) are surface modes that propagate azimuth-
ally around resonators with rotational symmetry (toroidal, spherical, or, as in our
case, cylindrical shaped, since the optical fiber itself plays the role of the
microresonator). These modes are resonant in optical wavelength, and the spectral
position of the resonances depends on the radius and the refractive index of the
microresonator material. Due to the high-quality factor of the resonances (as high as
107 in cylindrical microresonators), they allow measuring different parameters with
high sensitivities and very low detection limits. Here, we report the use of WGMs to
characterize the properties of the material that forms the microresonator. In partic-
ular, we highlight the use of this technique to measure temperature profiles along
conventional and special fibers (such as photosensitive or doped fibers), elasto-
optic coefficients, and UV-induced absorption loss coefficients of different photo-
sensitive fibers. These parameters of the fibers set the optical response of fiber-
based components and may change when the device is in use in an optical system;
thus, this technique allows an accurate characterization of the devices and leads to
proper designs of components with specific optical responses.

Keywords: whispering gallery modes, surface modes, microresonators, optical
fibers, fiber Bragg gratings, elasto-optic effect, thermo-optic effect

1. Introduction

Whispering gallery modes are surface modes that propagate azimuthally around
resonators with rotational symmetry, generally a dielectric. This phenomenon was
first described by Lord Rayleigh in the nineteenth century, when studying the
propagation of acoustic waves in interfaces with a curvature [1]. St. Paul’s Cathedral
(London, UK), the Temple of Heaven (Beijing, China), the Pantheon (Rome, Italy),
the Tomb of Agamemnon (Mycenae, Greece), and the Whispering Gallery in the
Alhambra (Granada, Spain) are examples of architectonical structures that support
acoustic modes which propagate guided by the surface of the walls. It was at the
beginning of the twentieth century when the study of this guiding mechanism was
extended to the electromagnetic waves, since Mie developed his theory for the
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plane electromagnetic waves dispersed by spheres with diameters of the same size
as the optical wavelength [2]. Shortly after, Debye stablished the equations for the
optical resonances of dielectric and metallic spheres based on Mie’s dispersion
theory [3]. The detailed study of the mathematical equations of WGMs was
performed by Richtmyer [4] and Stratton [5], who predicted high-quality factors Q
for these resonances and led to its implementation in different technologies based
on microwave and acoustic waves. In the microscopic world, light can be guided by
the same mechanism, when the resonator has dimensions of tens to hundreds of
microns, and the wavelength of the light is in the visible-infrared range. In 1989,
Braginsky et al. set the beginning of the optical WGMs when reporting the tech-
nique to excite optical modes in microresonators with spherical shape [6]. Since
then, many researchers have studied the propagation of WGMs in structures with
different symmetries [7] and have reported efficient methods based on microtapers
to excite these modes in the optical range [8].

Due to the intrinsic low losses, WGMs show very high Q factors. For example,
they can achieve values of 1010 in spheres [9], 108 in silicon microtoroids [10], or
106

–107 in cylindrical microresonators [11]. At the resonance, the light guided by a
WGM is recirculated in the microresonator many times, which provides a mecha-
nism for decreasing the detection limit of the sensors based on them. This enhanced
detection limit has been demonstrated to be low enough to measure a single mole-
cule on the surface of a microtoroid [12].

WGM resonances shift in wavelength as the refractive index of the external
medium changes. The sensitivity of WGMs as a function of these variations is
significant: when considering a silica-cylindrical microresonator of 125 μm in diam-
eter, immersed in water (n ¼ 1:33), the calculated shift in wavelength of the reso-
nance is 77 nm/RIU. For a typical resonance width of 0.5 pm, this leads to a
detection limit of 6 � 10�6 RIU. It is worth to note that the light guided byWGMs is
mainly confined in the microresonator. Thus, their sensitivity to variations of the
material refractive index will be even higher. For example, it can achieve values as
high as 1.1 μm/RIU when considering variations of the refractive index of the silica.
In this example, the detection limit of theWGM decreases down to 4� 10�7 RIU. In
this chapter, we will report the use of WGMs in silica, cylindrical microresonators
(an optical fiber) to measure and characterize the properties of the microresonator
itself. There are a number of parameters, such as temperature or strain, which
modify the refractive index of the material. Thus, this technique allows measuring
with accuracy variations of temperature in doped optical fibers, in optical devices as
fiber Bragg gratings (FBG), the elasto-optic coefficients of conventional silica
fibers, and the absorption coefficient of photosensitive optical fibers, for example.
We will report here the fundamentals of the technique, as well as the experimental
results we obtained for these experiments.

2. Fundamentals

The guiding mechanism of WGMs in the azimuthal direction of a
microresonator (MR) is total internal reflection, just as in the case of axial propa-
gation in a conventional waveguide; see Figure 1a. Resonance occurs when the
guided wave travels along the perimeter of the MR, and it drives itself coherently by
returning in phase after every revolution. In its way, the wave follows continuously
the surface of the MR, and the optical path in a circumnavigation must be equal to
an integer multiple of the optical wavelength, λ. When this condition is fulfilled,
resonances appear, and a series of discrete modes at specific wavelengths will show
up. The resonant condition can be written as [13]
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λR ¼
2πa � neff

m
(1)

where λR is the resonant wavelength, a is the radius of the MR, neff is the
effective index of the WGM, and m is the azimuthal order of the mode (i.e., the
number of wavelengths in the perimeter of the MR). The effective indices of the
different modes are calculated, as usual, by solving Maxwell’s equations and apply-
ing the proper boundary conditions [5]. In our case, we will deal with cylindrical,
dielectric MRs with translational symmetry in the axial direction (see Figure 1b).
Two zones can be identified, regions I (of radius a) and II (which extends to the
infinite), with refractive indices n1 and n2, respectively, with n1>n2. The magnetic
permeability of the material and of the external medium is equal to that of the
vacuum, μ0, and both media are homogeneous although, in general, they present an
anisotropy in the dielectric permittivity. In the axial direction, we will consider a
refractive index of the material n1z which is different to the refractive index in the
transversal directions, n1t (see Eq. (2) for the expression of the tensor of the refrac-
tive index):

n2 ¼

n1t 0 0

0 n1t 0
0 0 n1z

0

B

@

1

C

A
(2)

We do not intend to give a full description of the solution of this problem, which
can be found in [14], but we will summarize the main equations and features of
WGMs.

If we solve Maxwell’s equations with this uniaxial tensor, the modes split in two
series of family modes that, analogously to the case of axial waveguides, are denoted
as TE-WGMs, which show a transversal electric field (ez ¼ 0), and TM-WGMs,
with transversal magnetic field (hz ¼ 0). Each series of modes is ruled by a tran-
scendental equation that must be solved: Eq. (3) for TM modes and Eq. (4) for TE
modes. The solutions consist on a series of discrete wavelengths, which correspond
to the different radial orders l of each mth value. With these values, it is possible to
calculate the effective indices of each WGM resonance using Eq. (1):

n1z
Jm0 k0n1zað Þ

Jm k0n1zað Þ
¼ n2

H 2ð Þ0

m k0n2að Þ

H 2ð Þ
m k0n2að Þ

(3)

1
n1t

Jm0 k0n1tað Þ

Jm k0n1tað Þ
¼

1
n2

H 2ð Þ0

m k0n2að Þ

H 2ð Þ
m k0n2að Þ

(4)

Figure 1.
(a) Scheme of the WGM propagating azimuthally in the MR. (b) Cylindrical system of coordinates which
shows the two regions considered in the problem.
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In Eqs. (3) and (4), k0 is the wavenumber in vacuum, k0 ¼ 2π=λ, Jm is the Bessel
function of order m and J0m is its first derivative, H 2ð Þ

m is the second class Hankel
function of order m, and H 2ð Þ0

m is its first derivative. We have considered that the
external medium does not present any anisotropy (in our case, it will be air).

By following this procedure, it is possible to calculate the dispersion curves of
several WGMs propagating in a cylindrical, silica MR of 125 μm diameter (the
parameters of conventional optical fibers). Sellmeier dispersion of the silica was
taken into account for the refractive index of the material. It is worth to note that
the dispersion curves are not truly a curve, but a series of discrete solutions that
have a particular radial order l and azimuthal order m. For a standard optical fiber
and 1550 nm optical wavelength, the azimuthal orders will be relatively high
(m � 300). Figure 2 shows the calculations of the resonant wavelengths for the first
radial orders, as a function of the azimuthal order m for the TM polarization. The
curves for the TE polarization follow the same trend, but the values of the resonant
wavelengths are slightly different. By using Eq. (1), it is possible to relate the
resonant wavelength with the effective index of the WGM resonance. For the
azimuthal order m ¼ 360 and the first radial order, l ¼ 1, the resonant wavelengths
and the effective indices of both polarization families are λTMR ¼ 1508:25 nm,
nTMeff ¼ 1:3826 and λTER ¼ 1505:39 nm, nTEeff ¼ 1:3800. Thus, the resonances for each
polarization are not overlapped in wavelength.

Figure 2.
Resonant wavelength of WGMs with azimuthal orders from 250 to 370. Only a selection of the solutions to
highlight their discrete nature is shown.

Figure 3.
(a) Optical field of am ¼ 40 and l ¼ 1WGM in a silica, cylindrical MR. (b) Field amplitude of the WGM as
a function of the radial coordinate, for m ¼ 40 and l ¼ 1; 2; 3.
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Regarding the distribution of the fields, Figure 3a shows the amplitude of the
electric field of the first radial order TM-WGM, propagating in a cylindrical, silica
MR of 10 μm diameter (the order m of the mode is 40; a low-order mode was
considered in order to show the details of the field). As it can be observed, the field
is well confined within the MR material (although its evanescent field is high
enough to enable the use of these modes for sensing). As the azimuthal order of the
WGM gets higher, the field will be more localized near the interface between the
MR and the external medium. Also, it should be noted that, as the radial order of the
WGM increases, the evanescent tail in the outer medium is larger; thus the quality
factor of the correspondent resonance will be poorer. Figure 3b shows the field
amplitude along the radial coordinate of the MR. As it can be observed, the optical
power is localized in the outer region of the MR, near the interface, and shows a
low-evanescent field in the outer medium, especially for the l ¼ 1 mode.

3. Experimental setup

The general setup used in the experiments is shown in Figure 4a. The light
source is a tunable diode, linearly polarized laser (TDL) with a narrow linewidth
(<300 kHz). The tuning range covers from 1515 to 1545 nm. The laser integrated a
piezoelectric-based fine frequency tuning facility that allows continuous scanning
of the emitted signal around a given wavelength, with subpicometer resolution. A
polarization controller (PC) after the laser allows rotating the polarization of the
light, and, as a consequence, it allows exciting TE- and TM-WGMs separately. The
optical signal is then launched through an optical circulator, which enables measur-
ing the WGM resonances in reflection by means of a photodetector (PD).

The MR will consist on a section of the bare optical fiber under test (FUT).
Depending on the experiment, it will be a conventional telecom fiber, a rare-earth
doped fiber, a photosensitive fiber, or a fiber where a grating has been previously
inscribed. It is carefully cleaned and mounted on a three-axis flexure stage. WGMs
are excited around the FUT by using the evanescent optical field of an auxiliary
microtaper with a waist of 1–2 μm in diameter and a few millimeters in length. This
is not the only method that allows exciting WGMs in MRs: for example, one of the
first techniques consisted on using a prism to excite the resonances in a spherical
MR [15], but the efficiency was very poor. More recently, a fused-tapered fiber tip
fabricated using a conventional fiber splicer was demonstrated to be capable of
exciting WGMs in a cylindrical MR [16]. However, the highest efficiencies are
achieved by using microtapers, with coupling efficiencies higher than 99% [8].
These microtapers are fabricated by the fuse-and-pull technique from conventional

Figure 4.
(a) Scheme of the experimental setup. (b) Typical reflection spectrum of a WGM.
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telecom fiber [17]. The microtaper and the MR are placed perpendicularly (see in
the inset Figure 4a). Since the optical field of the WGMs is not axially localized (its
extension is around 200 μm in length [7]), this setup allows exciting the WGM at
different positions along the MR: by sweeping the microtaper along the MR, it is
possible to detect variations of the parameters of the MR in the axial direction by
measuring the shift of the resonances—radius [13, 18], temperature, or strain.
Variations can be characterized along several centimeters of the MR.

The transmission of the taper was measured using a photodetector, and the
signal was registered by an oscilloscope synchronized with the TDL. A typical
transmission trace consists on a signal that will present a series of notches at the
resonant wavelengths. For MRs of 125 μm in diameter, the free spectral range
between two consecutive azimuthal orders m is � 4 nm at 1550 nm, and it is the
same for both polarizations. Figure 4b shows the reflection spectrum of a resonance
in an optical fiber (a ¼ 62:5 μm): its linewidth is 36 fm, which corresponds to a
Q-loaded factor of 4 � 107.

As it was mentioned before, the position of the resonances will depend on the
value of the refractive index of the material. In the next sections, we will study the
characterization of different fibers and fiber components by means of the measure-
ment of the shift of WGM resonances as the effective index of the MR is modified.

4. Measurement of temperature profiles in doped fibers and fiber
gratings

When a silica fiber is heated up, two effects occur. First, the expansion of the
fiber leads to a change of the diameter. Second, the thermo-optic effect induces a
change in the refractive index of the material due to a variation of temperature. This
variation modifies the spectral position of the WGM. From Eq. (1) it is possible to
evaluate the shift of the resonant wavelength, ΔλR, of a WGM due to a variation of
temperature, ΔT:

ΔλR

λR
¼

1
a
da
dT

þ
1

neff

dneff
dT

� �

� ΔT (5)

In the case of optical fibers as MRs, it is a good approximation to assume that the
thermo-optic coefficient (i.e., the second term in Eq. (5)) can be replaced by that of
the pure silica, since the optical field of the WGMs is mainly localized in the fiber
cladding (see Figure 3). The high sensitivity of WGMs to variations of temperature
has been demonstrated for different geometries of the MR, such as microspheres
[19, 20] or cylinders [21]. Moreover, the propagation of an optical signal of moder-
ate power (� 1 W or higher) in a fiber generally induces a variation of temperature
of the material. Due to the variation of temperature, the optical response of the
fibers, or fiber components, may change when they are in operation. Thus, a
detailed characterization of this effect is of interest to design properly the fiber-
based optical systems. The use of WGMs allows achieving a very low detection
limit: Rivera et al. claimed a detection limit of two thousandths of degree [21].

Here, we will present the characterization of temperature variations in two
different examples: (i) rare-earth doped active fibers and (ii) fiber gratings
inscribed in commercial photosensitive fibers.

4.1 Measurement of temperature in rare-earth doped fibers

Heating of rare-earth doped fibers can be an issue in fiber-based lasers and
amplifiers. For example, thermal effects can be a limit to the maximum output
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power that these systems can provide [22]. Another example is the shift in wave-
length observed in distributed Bragg reflectors (DBR) and distributed feedback
(DFB) lasers due to a pump-induced increment of temperature [23]. The heat is due
to the non-radiative processes related to the electronic relaxation of some dopants:
for example, this effect is less important in ytterbium-doped fibers, while Er/Yb-
codoped and erbium-doped fibers exhibited a high increase of temperature with
pump, due to its specific electronic-level system [24]. Thus, it is an intrinsic char-
acteristic of the doped fibers that one needs to evaluate in order to design the proper
optical system.

In the experiments presented here, several commercially available single-mode,
core-pumped doped fibers from Fibercore were investigated. Specifically, the FUTs
were three Er-doped fibers (DF-1500-F-980, M12-980/125, and I25-980/125), a Yb-
doped fiber (DF-1100), and an Er/Yb-codoped fiber (DF-1500 Y). The values for
absorption coefficients at the pump wavelength were 5.5 dB/m (DF-1500-F-980),
12 dB/m (M12-980/125), 21.9 dB/m (I25-980/125), 1000 dB/m (DF-1100), and
1700 dB/m (DF-1100). Short sections of � 2 cm in length of each FUT were used as
the MR where the WGMs were excited. The FUTs were pumped with a single-
mode, fiber-pigtailed laser diode that emitted a maximum power of 380 mW at
976 nm. As the pump launched to the FUT was increased, the WGM resonance
shifted toward longer wavelengths in all cases, as it was expected, since the thermo-
optic and the thermal expansion coefficients of silica are both positives. As an
example, Figure 5 shows the shift in wavelength of a resonance as a function of the
pump launched to the fiber DF-1500-F-980. In our experiments, we did not inves-
tigate in detail the temporal response of the phenomenon, which will be ruled by
the mechanisms that convert the pump power to heat, the heat conduction in silica,
and the transfer of heat to the air. Typically, it will be on the range of a few tens of
microseconds [25].

At this point, several features of this technique must be clarified. First, it is
worth to point out that the shift in wavelength is virtually independent of the
particular resonance used for the measurements, that is, it does not depend on its
radial and azimuthal order nor on its polarization. The sensitivity to thermal varia-
tions of different WGM resonances was theoretically calculated around 1.53 μm,
taking into account both the thermal expansion of the fiber and the thermo-optic
effect. The results showed that the difference in sensitivity between different reso-
nances differs in less than 1/10000 per each ºC of temperature increase. This
simplifies the utility of this technique.

The second aspect to highlight is related to the fact that the dopants in the active
fibers are located in their core, while WGMs are highly confined in the outer region
of the cladding (see Figure 3). From the study of heat conduction in doped fibers

Figure 5.
Wavelength shift of the resonant wavelength as the pump power is increased. From left to right: pump power
0 mW, 40 mW, 110 mW, 180 mW, 270 mW, and 370 mW.
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carried out by Davis et al. [25], it is possible to calculate that, at the steady state, the
increase of temperature at the core of the fiber is just 1.5% larger than at the outer
surface.

In order to calibrate the shift in wavelength of the WGM resonances with the
heating, a FBG inscribed in the core of a doped fiber was used for comparison.
The procedure is described in [21]. The WGM resonances shift at a rate of
8.2 pm/ºC. With this calibration, it is possible to correlate the shifts in wavelength
with the increase of temperature in the core of the fiber. For the example shown in
Figure 5, the maximum increment of temperature achieved for a pump of 370 mW
was 3.7ºC.

Figure 6 summarizes the measurements performed for the different doped
fibers. A similar trend can be observed in all the cases; the resonances shift fast in
wavelength for low pump powers, and, beyond certain pump, heating tends to
saturate. It can be observed that the Yb fiber DF 1100 shows a similar increase of
temperature to those of the Er-doped fibers, although the concentration of the
dopants in the Yb fiber is much larger (note the absorption coefficient around
975 nm). Also, the highest temperature increment corresponds to the Er/Yb-doped
fiber (DF 1500 Y), despite that it shows a lower absorption coefficient than its
equivalent Yb-doped fiber (DF 1100). These results are in accordance to the fact
that the heating is related to the existence of non-radiative transitions for the
relaxation of electrons in the active medium.

4.2 Measurement of temperature profiles in fiber components

As it was mentioned before, WGMs are axially localized: their extension along
the fiber is � 200 μm, typically, for a MR of 62:5 μm. Thus, this technique provides
spatial resolution. The taper can be swept along the MR in order to characterize the
parameters of the FUT point to point. This feature was used in order to characterize
the temperature profile along fiber components [26].

The FBGs used in the experiments were written in germanium-silicate boron
codoped, photosensitive fibers from Fibercore, using a doubled-argon UV laser and
a uniform phase mask. The length of all the gratings was � 10 mm. The WGMs
were excited at different positions along the FBG, and, simultaneously, it was
illuminated by optical signals of moderate powers, within or outside of the

Figure 6.
Heating of the doped fibers as a function of pump power.
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reflection band but in the vicinities of the Bragg wavelength. This illumination
signal was provided by an amplified tunable laser (range, 1520–1560 nm) that
provided up to 1 W of CW light.

As a preliminary experiment, a section of fiber Fibercore PS980 was uniformly
irradiated (i.e., there was no grating inscribed). The length was 5 mm, and the UV
fluence power used in the irradiation was 150 J/mm2. The wavelength shift of the
resonances was measured as the MR was illuminated with a 1550 nm optical signal,
compared to the original position of the resonances, with no illumination along the
FUT. Figure 7a shows the results. The data show a clear difference between the
irradiated length (z < 3 mm) and the non-irradiated length (z>3 mm). A tempera-
ture gradient in an intermediate region due to the heat conduction in silica and the
transfer of heat to the air can be observed. It should be noted that this section is far
larger than the length of the focused UV beam (� 700 μm); thus, the beam size is
not the cause of this transition length. In the irradiated section, the temperature
increases at a rate higher than 10 ºC=W, for this sample, while the pristine fiber
heats up at a rate lower than 1 ºC=W. The increment of temperature was linear with
power in the available power range. This experiment avails that this technique
allows characterizing the variations of temperature along the components with a
resolution of tenths of a millimeter. This feature is useful when one needs to detect,
evaluate, and correct smooth undesired non-homogeneities that may occur during
the fabrication of FBG and LPG, which are usually short components. As an exam-
ple, Figure 7b shows the measurement of the temperature profile of a section of an
irradiated fiber (length, 5 mm) that suffered from some misalignment during the
UV irradiation process. For this sample, a variation of 4 ºC is measured in such a
short irradiated length.

The temperature profile along a FBG with strong reflectivity was measured
using this technique. The FBG had a reflectivity higher than 99.9%; the Bragg
wavelength was 1556 nm, its length was 12 mm, and it was fabricated in PS1250
fiber (Fibercore). First, the illumination signal was tuned well outside the reflection
band, at 1540 nm; in this case, there is no reflection of the optical signal; it just
propagates through the FBG. The power launched to the MR was 800 mW. Curve
(i) in Figure 8 shows the obtained results. As expected, a similar result to the case
shown in Figure 7a was obtained: the heating over the length of the FBG was fairly
constant, � 5:5 ºC. It should be noted that the axial resolution of the technique will
be larger than the grating period. Then, the average increment of temperature
should be similar to that introduced in the case of the uniformly irradiated fiber, for

Figure 7.
Temperature profile of irradiated FUTs, (a) uniformly and (b) nonuniformly.
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the same UV fluence and fiber characteristics. Two transition zones were clearly
observed at both ends of the grating.

Finally, the temperature profile was measured when the optical signal was tuned
to the Bragg wavelength (power, 1 W) (see curve (ii) in Figure 8). In this case, one
should take into account that the UV irradiation is constant over its length, and the
gradient temperature is due to the fact that the optical signal is reflected as it
penetrates into the grating. A sharp increment of temperature at the beginning of
the grating, at the extreme that is illuminated, can be observed. The maximum is
located at the vicinities of the point where the FBG begins. The decay of tempera-
ture extends over a length of � 5 mm, which is shorter than the length of the fiber
itself (12 mm). This is consistent with the high reflectivity of this FBG. Moreover it
should be noted that, at the beginning of the curve, that is, z ¼ 0� 3 mm, the
temperature increase is � 2 ºC, that is, roughly twice the value obtained for a
pristine fiber. On the contrary, in the section after the grating (and even at the last
millimeters of the FBG), the increment of temperature is below the detection limit
of the technique. The origin of this asymmetry is the reflection of the optical signal:
the amount of light that reaches the last millimeters of the FBG is very small. This
technique, then, provides information about the effective length of gratings of
different reflectivity, information that could be relevant for the design of optical
systems that require of short cavities, or cavities that require of a very precise
length, as in the case of mode-locked fiber lasers.

5. Measurement of absorption coefficients in photosensitive fibers

In the previous section, the gradient of temperature induced in fiber-optic
components by means of an illumination signal has been characterized and
discussed. It has been shown that there is a difference in temperature between the
sections that have been irradiated with UV light compared to the pristine fibers. It is
well known that the UV irradiation induces a change in the index of photosensitive
fibers, which is employed to fabricate FBGs and LPGs. According to Kramers-
Kronig relations, the change in the refractive index is associated with a variation of
the absorption coefficient. In addition, the exposure of the fiber to the levels of UV
light usually employed in the grating fabrication induces mechanical deformations
in the fiber [27]. This leads to an increase of the loss due to scattering. Thus, when a

Figure 8.
Temperature profile of a FBG illuminated (i) outside and (ii) within the reflexion band.
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fiber is UV irradiated, its loss, α, increases due to two causes: absorption that will be
quantified by αabs and scattering, αscat.

The increase of α introduced by UV irradiation has been measured before [28],
since this is a parameter of interest to optimize the fabrication of FBGs, especially in
the case of long or superimposed gratings with many reflection bands [29, 30]. This
measurement provides information about an averaged value of the attenuation loss
along the irradiated section, which includes both the absorption and the scattering
contributions. The technique based on the measurement of the shift of WGM
resonances will only measure the absorption coefficient; thus, by combining the
two types of measurements, it is possible to evaluate both contributions separately.

Different types of photosensitive fibers were studied [11]: (i) Fibercore PS980, (ii)
Fibercore PS1250, (iii) Fibercore SM1500, and (iv) Corning SMF28; this fiber was
hydrogenated for 15 days (pressure: 30 bar) to increase its photosensitivity. The setup
used in the experiments was the same than in the previous experiments shown in this
chapter. In this case, the FUTs were short sections of the different fibers, which were
exposed to a UV fluence of 150 J/mm2. Similar temperature profiles to that shown in
Figure 7a were obtained for all of them, but with different temperature increments,
since the photosensitivity was also different for each of them.

The different increases of temperature between the irradiated fiber and the
pristine fiber will provide us information to quantify the variation in the αabs due to
UV irradiation. It will be assumed that the heating over the transversal section of
the fiber, at a given axial position, is set by the absorption coefficient, αabs.
According to the analysis reported by Davis et al. [25], the heating at the steady
state, ΔT, will be given by

ΔT

P
¼

1
2πah

αabs (6)

where h is the heat transfer coefficient (81.4 W �m�2 � K�1 for a silica fiber).
Then, the ratio of ΔT between two different points along the FUT, 1 and 2, is
given by

ΔT2

ΔT1
¼

αabs2

αabs1
(7)

Thus, with this analysis and the experimental data obtained from the measure-
ment of the wavelength shift of WGM resonances in irradiated points (1) and
pristine points (2) of the FUT, this ratio between the respective αabs can be
calculated.

Direct measurements of transmission loss variation as the fibers were irradiated
were carried out for a PS980 fiber. First, the value of the loss of the pristine fiber
was measured at 1550 nm by means of the cutback method: the obtained value was
120:0� 0:5 dB/km. Then, the UV laser was swept back and forth along a 5-cm-long
section of the fiber, repeatedly. The full description of the procedure is described in
[11]. Figure 9a shows the data obtained in this experiment. The final loss was
6:2� 0:4 dB/m; thus the ratio between the loss coefficients, α2=α1, increased 52� 3
times. Please remember that this loss coefficient includes both absorption and
scattering contributions (α ¼ αabs þ αscat).

The contribution to the loss by means of the absorption mechanism was mea-
sured using the WGM technique (see Figure 9b). In this case, a 1550 nm laser
(maximum power, 1 W) was launched to the FUT, and the thermal shift of the
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resonances was measured as the laser power was increased, at two different points,
one within the irradiated section and one outside it. The data does not show any
sign of saturation of the heating, at this range of power. The temperature of the
irradiated section increased linearly, at a rate of 26:48� 0:15 ºC=W, and at
0:718� 0:014 ºC=W in the pristine region. The ratio between these values, that is,
the ratio αabs2 =αabs1 , is 36:9� 0:7 ºC=W.

This process was repeated for all the different fibers mentioned before: PS1250,
SM1500, and hydrogenated SMF28, at 1550. Table 1 includes the results from the
measurements and the corresponding analysis: α2=α1 was obtained for each of them
from the direct measurement of the loss, while αabs2 =αabs1 was calculated from the
technique based in WGMs.

The results, compiled in Table 1, allow establishing several conclusions of inter-
est. First, as expected, the absorption coefficient is substantially increased due to
the UV irradiation. As a consequence, even for signals of moderate powers, FBGs
might experience shifts and chirps that should be taken into account [31]. Second,
the results show that α2=α1 is systematically higher than αabs2 =αabs1 . Roselló-Mechó
et al. analyzed the measurements to demonstrate that these results lead to the
conclusion that scattering loss increases at a higher rate than absorption loss [11].

Finally, Eq. (6) can be used to calculate the absolute value of the absorption
and scattering coefficients by taking into account the values of h and a for a silica

Figure 9.
(a) Direct measurement of the loss as the PS980 fiber is irradiated. (b) Heating of the PS980 fiber as a function
of the illumination power.

WGM technique Direct measurements

1� α
abs
2 =αabs

1

ΔT=P ºC=WÞð
α2=α1

α (dB/km)

Irradiated Pristine Irradiated Pristine

PS980 36:9� 0:7 26:48� 0:15 0:718� 0:014 52� 3 6200� 400 120� 23

PS1250 40:1� 0:8 30:80� 0:17 0:768� 0:014 50� 3 6600� 400 131:14

SM1500 >401 1:20� 0:03 <0:032 190� 50 370� 90 1.954

H2-SMF28 28:8� 0:5 23:48� 0:13 0:815� 0:012 n/a2 5600� 400 n/a1

1Nonavailable.
2Below detection limit.
3Cutback measurement.
4Nominal value.

Table 1.
Measurement of thermal heating and loss coefficient of different fibers.
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fiber [25] and the measurements of α. The results of the contributions are compiled
in Table 2. Both contributions are in the same order of magnitude, but αscat is
smaller for three of the four FUTs. These values confirm that scattering loss
increases faster than absorption loss.

Thus, by means of the combination of both techniques, it is possible to quantify
the different contributions to the loss, even for short sections of fiber. This infor-
mation might be useful, for example, in the design of novel-active doped fibers,
since it is possible to evaluate if the doping technique increases the scattering loss
unnecessarily, but not so much the absorption.

6. Measurement of Pockels coefficients in optical fibers

The elasto-optic effect consists on the variation in the refractive index gen-
erated by any strain applied to the fiber. The correspondent elasto-optic coeffi-
cients are usually determined by measuring the optical activity induced by a
mechanical twist and the phase change induced by longitudinal strain [32, 33].
This technique relies on the use of the conventional axial modes propagating
through the fiber. Since these modes are essentially transverse to the axis of the
fiber [34], the anisotropy of the elasto-optic effect does not show up. On the
contrary, WGMs have a significant longitudinal component; hence, their optical
fields experience the anisotropy of the elasto-optic effect intrinsically. In the
last years, researchers have demonstrated a number of fiber devices in which
the longitudinal components of the electromagnetic modes are significant, such
as microfibers [35] and microstructured optical fibers with a high air-filling
fraction [36]. For these cases, the measurement and characterization of the
anisotropy of the elasto-optic effect and its Pockels coefficients are of high
interest. Roselló-Mechó et al. reported a technique based on the different wave-
length shifts of TE- and TM-WGM resonances in a fiber under axial strain, to
measure these coefficients [37]. This technique has the additional advantage
that, since it does not involve the conventional modes of the fiber, there is no
need that the FUTs are single mode in order to carry out the measurements.
Then, the coefficients can be measured at different wavelengths to determine
their dispersion; this is a limitation of the usual technique based on the optical
activity which is overcome by means of WGM technique [38].

According to Eq. (1), a variation in the refractive index will tune the WGM
resonances in wavelength. In this case, an axial strain will be applied to the FUT in
order to induce this variation in the index, due to the elasto-optic effect. This
feature was applied in different works in order to tune the WGM resonances

α
abs (dB/km) α

scat (dB/km)

Irradiated Pristine Irradiated Pristine

PS980 3680� 20 99:7 � 1:9 2500� 400 20� 3

PS1250 4280� 20 106:6� 1:9 2300� 400 24:5� 1:9

SM1500 167 � 4 < 1:951 200� 90 < 1:951

H2-SMF28 3260� 18 113:1� 1:7 2300� 400 n/a2

1Nominal value.
2Nonavailable, hydrogenated fiber.

Table 2.
Absorption and scattering contributions to the overall attenuation coefficient.
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[39, 40]. However, there was not any mention to the different behaviors of TE- and
TM-WGM.

An axial strain introduces a refractive index perturbation in an isotropic, cylin-
drical MR, due to the elasto-optic effect, which will be different for the axial (Δnz)
and transversal directions (Δnt):

Δnt
n0

¼ �pet ε; pet �
n20
2

p12 � ν p11 þ p12
� �� �

, (8)

Δnz
n0

¼ �pez ε; pez �
n20
2

p11 � 2νp12
� �

, (9)

where n0 is the unperturbed index of the MR, pij are the elasto-optic coefficients,
ν is Poisson’s ratio, and ε is the strain applied to the MR. The coefficients pet and pez
are the effective elasto-optic coefficients, which are defined for simplicity.
According to the reported values for the elasto-optic coefficients for fused silica
(p11 ¼ 0:121, p12 ¼ 0:27 [41], ν ¼ 0:17 [42]), the ratio Δnt=Δnz≈6:97; hence, it is
expected that the strain introduces a significant differential anisotropy. With this
in mind, Maxwell’s equations will be solved considering the uniaxial tensor given by
Eq. (2). The solutions, as mentioned before, split in two families of WGM, the TE
and TM modes, whose resonant frequencies will be obtained by solving Eqs. (3)
and (4).

The refractive index perturbation is not the only factor to take into account
when evaluating the wavelength shift of WGM resonances due to strain: the radius
a of the MR also varies with it according to Poisson’s ratio, Δa=a ¼ �νε.

With all these ideas in mind, the relative shift of the WGM resonances, ΔλR=λR,
can be characterized as a function of the strain, for TE- and TM-WGMs. Figure 10a
shows an example of the anisotropic behavior of TE- and TM-WGM. The strain
applied to the MR was 330 με for both polarizations, and the measured wavelength
shift was different for each of them: 0.18 nm for TE-WGM and 0.11 nm for TM-
WGM. ΔλR=λR was measured as a function of the strain in detail at 1531 nm, for
both polarizations; the results are shown in Figure 10b. A linear trend in both cases
can be observed: the slopes of the linear regressions that fit the experimental values
are sTE ¼ �0:369� 0:006 με�1 for the TE- and sTM ¼ �0:201� 0:004 με�1 for the
TM-WGM. The ratio sTE=sTM ¼ 1:84 shows the anisotropy of the elasto-optic effect.
From these values, it is possible to calculate the elasto-optic coefficients pij with its
uncertainties (see [37] for a more detailed description of the procedure), by taking

Figure 10.
(a) Wavelength shift of TE-/TM-WGM resonances for ε ¼ 330 με. (b) Measurement of the wavelength shift as
a function of the strain.
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into account the Sellmeier coefficients for the value of the refractive index at
1531 nm and Poisson’s ratio of ν ¼ 0:17 � 0:01.

The measurements were repeated at 1064 nm, to study the dispersion of the
elasto-optic effect. Results at both wavelengths are compiled in Table 3 and are
compared with those reported in the literature. Both sets of measurements are in
good agreement, and the small differences might be due to the fact that the tech-
nique based in WGM measures the pij of the cladding material (i.e., fused silica),
while in the case of the other techniques, the coefficients are determined by the
material of the fiber core, which is usually silica doped with other elements.

7. Conclusions

In this chapter, we described a technique based on the excitation of WGMs
around cylindrical MRs, to measure properties of the MR material. The resonant
nature of the WGMs confers this technique with high sensitivity and low detection
limits. Also, the technique allows measuring these parameters with axial resolution;
hence, it is possible to detect changes of the parameters point to point along the MR.

The technique has been applied to different experiments. Mainly, thermo-optic
effect and elasto-optic effect have been investigated in silica fibers. The variation
in the index, due to a change in the temperature or strain, rules the shift in
wavelength of the WGM resonances. When the technique was applied to different
types of fibers and components, different information were obtained from the
experiments. In particular, we measure temperature profiles in pumped, rare-
earth doped fibers and in FBGs; the absorption coefficient in irradiated photosen-
sitive fibers; and the Pockels coefficients in telecom fibers. Novel results were
obtained: for example, it was possible to measure absorption and scattering loss
coefficients separately, and, also, the anisotropy of the elasto-optic effect was
observed experimentally. The information provided by the WGM-based tech-
nique might help to optimize the fabrication procedures of doped fibers and fiber
components as FBGs or LPGs.

Acknowledgements

This work was funded by Ministerio de Economía y Competitividad of Spain and
FEDER funds (Ref: TEC2016-76664-C2-1-R) and Generalitat Valenciana (Ref:
PROMETEOII/2014/072), Universitat de València (UV-INV-AE16-485280). X.
Roselló-Mechó’s contract is funded by the FPI program (MinECo, Spain, BES-
2014-068607). E. Rivera-Pérez’s contract is funded by the Postdoctoral Stays in
Foreigner Countries (291121, CONACYT, Mexico).

Present work Literature

1531 nm 1064 nm

p11 0.116 0.131
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0.270 @ 633 nm [41]

Table 3.
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