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Abstract
This paper addresses the development of superstructure fiber Bragg gratings (FBGs) by
laser-assisted direct writing of on-fiber metallic films. A novel laser direct write method is
characterized to fabricate periodic films of silver nanoparticles on the non-planar surface of
as-fabricated FBGs. Silver films with a thickness of 9 μm are fabricated around a Bragg grating
optical fiber. The performance of the superstructure FBG is studied by applying temperature
and tensile stress on the fiber. An opto-mechanical model is also developed to predict the
optical response of the synthesized superstructure FBG under thermal and structural loadings.
The results show that the reflectivity of sidebands in the reflection spectrum can be tuned up to
20% and 37% under thermal and structural loadings, respectively. In addition, the developed
superstructure FBG is used for simultaneous measurement of force and temperature to eliminate
the inherent limitation of regular FBGs in multi-parameter sensing.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Fiber Bragg gratings (FBGs), which are modulation of
the index of refraction along the core of optical fibers,
have been widely used for sensing physical parameters and
filtering. As sensors, FBGs are used for the measurement
of force, stress, strain, pressure and temperature [1]. These
capabilities initiate from the optical sensitivity of FBGs to
stress and temperature. Compared to conventional electric
and electromagnetic devices, FBGs are quite advantageous.
They have light weight, small size, long-term durability, long-
range linearity, and robustness to external electromagnetic
disruptions.

1 Address for correspondence: Department of Mechanical and Mechatronics
Engineering, University of Waterloo, 200 University Avenue West, Waterloo,
ON, N2L 3G1, Canada.

A superstructure FBG is a type of FBG in which the
modulation of the index of refraction is not uniform, but varies
periodically (with a larger period than the initial grating) along
the fiber. This produces periodically spaced sidebands in the
reflectivity spectrum having a broad range of applications in
fiber lasers, tunable filters, and multi-parameter sensors [2–5].
The long periodic variations of the index of refraction can be
introduced in an FBG during the grating inscription using UV
radiation [6]. Although these superstructure FBGs have been
used for the above-mentioned applications, the intensity of the
sidebands is fixed and cannot be tuned. In addition, when
it turns to multi-parameter sensing, the transmission signal is
captured and analyzed, rather than the reflection spectrum [5].
The concept of a tunable superstructure FBG can be realized
by the fabrication of periodic metallic films on optical fibers.
Ahuja et al [7] proposed tunable superstructure FBGs, used
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Figure 1. Periodic films on the fiber and their effects on the average index of refraction modulation (�n).

for wavelength-division multiplexing, optical sensing, and
fiber lasers. In their work, thin films with periodic variable
diameters were formed on as-fabricated FBGs using electron
beam evaporation. They showed that joule heating causes
a periodic distribution of temperature along the fiber, which
generates tunable sidebands in the reflection spectrum.

The fabrication of metallic thin films on FBGs has been
proposed in the literature for dispersion compensation, tunable
Bragg gratings, and sensitivity enhancement at cryogenic
temperatures. Electrowinning, sputtering, electron beam
evaporation, and electroplating techniques are conventional
methods that are employed for the deposition of on-fiber Ti,
Ag, Au, Pt, Zn, and Cu films [8–13].

The present paper addresses the modeling and fabrication
of a superstructure FBG, with multi-parameter sensing
capability, by the deposition of periodic metallic films on
as-fabricated FBGs. The metallic films are fabricated
using the laser-assisted maskless microdeposition (LAMM)
technique, which is a type of laser direct write (LDW)
method [14]. Compared to the above-mentioned conventional
coating techniques, maskless direct write methods are faster
and more flexible [15]. In LAMM, silver nanoparticle
suspension is used for layer-by-layer deposition, in which the
nanoparticles are sintered using a laser beam and/or a furnace
after deposition. To the best knowledge of the authors, direct
write methods have not been reported for the deposition of
metallic films on the non-planar surface of optical fibers.

In the developed superstructure FBGs, sidebands occur
in the reflectivity spectrum whose intensities can be tuned
by applying temperature or axial tensile force on the fiber.
Also, the experimental results verify the capability of the
superstructure FBG in the simultaneous measurement of dual
parameters, i.e. temperature and force, to eliminate the inherent
limitation of regular FBGs in multi-parameter sensing. This
can be done by measuring the shift of the Bragg wavelength
and the changes of the sideband intensities in a single reflection
spectrum.

In addition to the fabrication protocol and sensitivity
analysis, an opto-mechanical model is developed for the
proposed superstructure FBG using opto-elastic and thermo-
optic characteristics of optical fibers. The model can fairly well
predict the optical response of FBGs with on-fiber metallic
films, and can be used to design customized superstructure

FBGs. The results show that the model can precisely follow the
experimental data related to thermal and structural loadings.

2. Opto-mechanical model of superstructure FBGs
with on-fiber metallic films

Fiber Bragg gratings are permanent modulations of the index
of refraction in the core of single-mode optical fibers. The
coupling between the forward and backward propagating
modes in the core results in a resonance condition at the Bragg
wavelength (λB). According to the Bragg condition [1]

λB = 2neff� (1)

where neff is the effective mode index of refraction and � is
the grating pitch. The effective mode index of refraction is
obtained from the solution of the light wave equation in optical
fibers [16].

In superstructure FBGs, the modulation of the index of
refraction varies periodically (with a longer period) along
the fiber axis. This causes the formation of equally
spaced sidebands in the reflection spectrum of the FBG.
In the reflectivity spectrum of as-fabricated apodized FBGs,
such sidebands are not available; however, in superstructure
FBGs equally spaced sidebands appear. The concept of
superstructure FBGs can also be realized by the fabrication
of periodic metallic films along the optical fibers, as shown
in figure 1. A periodic distribution of the index of refraction
is induced along the grating when it is placed in axial loading
(F) or thermal heating/cooling (�T ) due to opto-elastic and
thermo-optic effects. In addition to the index of refraction, the
grating pitch (�) varies periodically. This causes the formation
of sidebands in the reflection spectrum of the FBG, as shown
in figure 2. The spacing between the peaks obtained from the
phase matching condition in FBGs is described as [6, 2]

�λ = λ2
B

2neff�
(2)

where � is the spatial period of the variations of the index of
refraction.
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Figure 2. Reflectivity of a typical FBG with periodic variations of
strain along the fiber.

2.1. Structural modeling

An analytical model is developed to obtain the state of stress
and strain in the coated fiber when loaded structurally and/or
thermally. It is assumed that the fiber is uniformly heated by
�T and is under a tensile axial force of F . The approach is
similar to the modeling of thick-wall cylinders under structural
and thermal loadings [20]. Figure 3 shows the fiber and coating
with cylindrical coordinates r, θ, z.

The displacement component in the θ direction (v) is
neglected, because of symmetry, and the dependence of radial
and axial displacements (u, w) on z is considered to be small at
points far from the ends. At these points, the shear components
are also zero because of symmetry. The displacement equation
in the cylindrical coordinates system results in [20]

d

dr
(reθθ ) = err. (3)

From the equilibrium equations, the radial and tangential
stress components, σrr and σθθ , are related as

d

dr
(rσrr) = σθθ . (4)

The stress–strain–temperature relations are given by[ err

eθθ

ezz

]
= 1

E

[ 1 −ν −ν

−ν 1 −ν

−ν −ν 1

][
σrr

σθθ

σzz

]
+ α�T (5)

where ν is the Poisson’s ratio, E is the modulus of
elasticity, and α is the coefficient of thermal expansion. By
integrating (3) and (4) and using (5), the stress components for
the fiber and the coating are obtained as follows:

σ f
rr = −α f E f

2(1 − ν f )
�T + C f

1

σ f
θθ = −α f E f

2(1 − ν f )
�T + C f

1

σ c
rr = −αc Ec

2(1 − νc)
�T + Cc

1

(
1 − r 2

f

r 2

)
+ Cc

2

r 2

σ c
θθ = −αc Ec

2(1 − νc)
�T − Cc

1

(
1 − r 2

f

r 2

)
− Cc

2

r 2

(6)

Figure 3. Optical fiber and metallic coating with cylindrical
coordinate system.

where the superscripts f and c denote fiber and coating,
respectively.

Considering the boundary conditions

ef
zz = ec

zz

σ f
zz A f + σ c

zz Ac = F

σ c
rr(rc) = 0

ef
θθ (r f ) = ec

θθ (r f )∫ rc

r f

σ c
θθ dr =

∫ rl

0
σ f

θθ dr

(7)

σ f
zz, σ

c
zz , C f

1, Cc
1, and Cc

2 are obtained, which are substituted
in (5) and (6) to obtain the strain components.

2.2. Opto-elastic and thermo-optic effects

The index of refraction in dielectric materials (e.g. optical
fibers) is a function of strain and temperature; i.e., the structural
or thermal loads change the index of refraction because of
the photo-elastic and thermo-optic effects [17]. The index of
refraction of a dielectric material is a symmetric tensor given
by

[ni ] =
[ n1 n6 n5

n6 n2 n4

n5 n4 n3

]
. (8)

The photo-elastic and thermo-optic effects are obtained
by introducing a dielectric impermeability tensor (Bi), defined
by [17]

Bi = 1

n2
i

i = 1, . . . , 3

Bi = 0 i = 4, . . . , 6.

(9)

By neglecting the second-order terms, the change in the
impermeability tensor, due to the applied strain (photo-elastic
effect) and temperature (thermo-optic effect), is obtained
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by [18]

�Bi = − 2

n3
i

(
∂ni

∂T

)
�T − pi jα j�T + pi j e j (10)

where the e j are the strain components, and the pi j are the
elements of the strain-optic tensor, called Pockels photo-elastic
constant. Thermally and structurally induced anisotropy in
optical fibers causes neff to change, which is formulated as
(appendix)

�neff = −n3
eff

2
(p11e2 + p12(e1 + e3) − (p11 + 2p12)α�T )

+
(

∂n

∂T

)
�T . (11)

In addition, the variation of the grating pitch is described
as

�� = �e1 (12)

where e1 is along the fiber axis, and e2 and e3 are the transverse
components.

2.3. Coupled-mode theory

The reflection spectra of FBGs are obtained by solving the
coupled-mode light propagation differential equations. The
coupled-mode differential equations for initially uniform FBGs
are [19]

dR(z)

dz
= −i

(
2πneff(z)

λ
− π

�
+ Kdc

)
R(z) − iKACS(z)

dS(z)

dz
= i

(
2πneff(z)

λ
− π

�
+ Kdc

)
S(z) + iKAC R(z)

(13)
where R and S are the amplitudes of the forward and backward
propagating modes. KAC and Kdc are coupling coefficients
obtained from

KAC = νopt

2
Kdc = νoptπ

λ
�n (14)

where �n, νopt, and λ are the average of the index of refraction
modulation, fringe visibility, and wavelength. Considering an
FBG with length L, (13) can be integrated from L/2 to −L/2
with the boundary conditions R(−L/2) = 1 and S(L/2) =
0 [19]. After integration, the reflectivity of the FBG at each
wavelength (r(λ)) is obtained from

r(λ) =
∣∣∣∣ S(−L/2)

R(−L/2)

∣∣∣∣
2

. (15)

Equations (13) are solved by direct integration to obtain
the FBG spectrum. To do so, the fourth-order Runge–Kutta
algorithm is used. The constants used in the opto-mechanical
modeling of the FBG are listed in table 1.

3. Fabrication procedures

In this work, we use the LAMM process for the fabrication
of silver thin films on FBGs. In this method, nanoparticles of
silver suspended in a liquid are selectively deposited in a layer-
by-layer fashion on the fiber and post-sintered using a laser
beam.

Table 1. Modeling constants.

Parameter Value

neff (initial) 1.444 05

p11 0.113

p12 0.252

�n 1 × 10−5

νopt 25

� (nm) 537

∂n/∂T 1.2 × 10−5

L (mm) 14

3.1. Materials and sample preparations

A suspension of 50 wt% of silver nanoparticles with an average
size of 50 nm in ethylene glycol (C2H4(OH)2) provided by
Nano-Size Ltd was used. An FBG with Bragg wavelength
of 1550 nm and grating length of 14 mm, fabricated by
O/E LAND Inc., was selected. The fiber was coated with a
polymeric protective layer. Before the experiments, the layer
was chemically stripped by immersing the fiber in acetone for
15 min.

3.2. LAMM setup and deposition process

The details of LAMM and the governing process parameters
are available in [14]. The setup of the deposition system is
shown in figure 4. During the film fabrication process, the
FBG was mounted on a rotational stage, and was fixed at the
ends to keep it straight under the deposition head. The stage is
mounted on a 2-DOF CNC table controlled by a motion control
module (MCM). A pneumatic atomizer is used to atomize the
suspension of silver nanoparticles. In the atomizer, aerosol
containing minuscule droplets (1–5 μm) of the liquid and
silver nanoparticles forms a dense mist that is carried to the
deposition head by the flow of a neutral gas (e.g. N2). Proper
atomization highly depends on the physical properties of the
suspension, e.g. density, viscosity and surface tension. At
the deposition head, the flow is aerodynamically focused and
ejected from the tip of a nozzle toward the optical fiber.

By moving the optical fiber relative to the deposition
head, the desired patterns can be produced. This system has
the capability of conformal deposition on non-planar surfaces.
Layers with the minimum thickness of 300 nm and minimum
width of 10 μm can be fabricated. After the deposition of each
layer, the laser was directed to burn off the solvent, heat the
nanoparticles and cause them to agglomerate. A continuous
wave (CW) laser with a wavelength of 1550 nm, manufactured
by IPG photonics, was used for this purpose.

Periodic coatings were fabricated on the fiber by moving
the fiber in a programmed path relative to the deposition head.
During the deposition process, only one side of the fiber was
exposed to the aerosol jet. Since the outline of the fiber was
not flat, the distribution of the deposition thickness was not
uniform. To get a uniform coating thickness, the fiber was
rotated by 90◦ in each round of depositions, as shown in
figure 5. The process parameters for the deposition and laser
sintering are listed in table 2.
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Figure 4. LAMM setup for the deposition of silver films on FBGs.

After the deposition and laser sintering of the final layer,
the fiber was heated at 300 ◦C on a hot plate for 60 min for the
completion of sintering. Then it was cooled down slowly to
room temperature.

3.3. Characterization procedures

The spectral responses of the FBG were taken during and
after the fabrication process by an sm125 interrogation system
manufactured by Micron Optics Inc. The microstructure of the
deposited films was studied using a LEO-1530 field emission
scanning electron microscope (FE-SEM).

For the analysis of the spectral response, the fabricated
superstructure FBG was loaded both structurally and thermally
to study the effects of loading on the reflectivity. For axial
loading, the rotational stage, in which the fiber was mounted,
was connected to a positioning stage with a precision of 1 μm
and a load cell, as shown in figure 6. For the thermal loading,
the grating segment of the fiber was placed in the proximity of
a thermoelectric module, and a thermocouple was used for the
measurement of temperature.

4. Results and discussion

4.1. Film geometry and microstructures

Figure 7 shows the silver coatings with a period of 2 mm, duty
cycle of 3/4, and thickness of 9 μm fabricated on an FBG. In

Table 2. LAMM process parameters for the deposition of silver
layers on FBG.

Parameter Value

Atomizer flow rate (cm3 min−1) 745–750
Sheath gas flow rate (cm3 min−1) 110
Virtual impactor gas flow rate (cm3 min−1) 700
Deposition velocity (mm s−1) 3
Laser power (W) 3.3
Laser scanning speed (mm s−1) 0.25
Laser spot size (μm) 200

total, seven coating segments with a length of 1.5 mm were
fabricated on the grating part of the fiber. The fiber has a
diameter of 125 μm and the final diameter of the coatings is
143 μm.

Figure 8 shows the microstructure of the deposited layers
at magnifications of 5k× and 20k× taken by FE-SEM. When
the nanoparticles are radiated by the laser beam, the suspension
liquid evaporates and the particles agglomerate to form solid
structures. Agglomeration happens as a result of atomic
diffusion between particles. Further increase of the applied
energy results in grain growth [21]. The mechanical and
electrical properties of the processed layers are fairly similar
to those of bulk silver [14].

4.2. Optical response analysis

Reflection spectra of the FBG before and after the fabrication
of the silver films are shown in figure 9. Comparing the
two graphs, one can detect the presence of sidebands in
the reflectivity after the fabrication of silver films. This is
attributed to the formation of periodic stress fields in the fiber
after agglomeration and sintering of nanoparticles. Sintering
of nanoparticles involves solvent evaporation and thickness
loss creating stress in the films and the fiber. In addition,
after sintering and upon cooling, because of the difference
between the coefficients of thermal expansions (CTE) of silver
and silica (αsilver = 18.9 × 10−6 and αsilica = 0.55 × 10−6),
tensile/compressive stresses build up in the silver films/fiber. In
this figure, the wavelength spacing of the reflectivity peaks is
∼400 pm, which is consistent with the value obtained from (2)
with � = 2 mm. The Bragg wavelength shift to lower
wavelengths is the result of compressive stress in the coated
segments of the fiber. The graph obtained from the modeling
is also plotted in the figure, which shows good agreement
between the model and experimental results.

4.2.1. Thermal loading. Figure 10 shows the reflectivity of
the upper sideband as a function of the Bragg wavelength in a
thermal cycle ranging from 45 to 85 ◦C. It was observed that
the response of the reflectivity curve has a hysteresis behavior
at temperatures lower than 45 ◦C. This can be attributed to the
existence of micro-porosities in the coatings. At temperatures
higher than 45 ◦C, the reflectivity monotonically reduces from
20% to 3% with rising temperature. Figure 11 shows the Bragg
wavelength shift as a linear function of temperature with a
sensitivity of 17.3 pm ◦C−1. Results obtained from modeling
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Figure 5. (a) Schematic diagram of the deposition process; (b) for each set of depositions the fiber was rotated by 90◦.

Figure 6. Test setup for structural and thermal loading of the superstructure FBG.

Figure 7. FBG with periodic silver coatings.

are also plotted in figures 10 and 11, showing good agreement
between the model and the experimental data.

Variations of the reflectivity with temperature are the
result of the changes in the amplitude of the strain components
distribution along the fiber. As mentioned above, the

deposition and laser sintering of silver films cause the
formation of residual stress in the coated segments of the fiber.
This leads to a periodic distribution of strain, and as a result,
periodic variations of neff and � along the optical fiber. Upon
heating, the state of stress in the silver layers changes from
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Figure 8. Microstructure of the silver films taken by FE-SEM:
(a) 5k×; (b) 20k×.

Figure 9. FBG reflectivity before and after the fabrication of silver
films.

tensile to compressive whereas in the fiber the reverse happens.
In the uncoated segments of the fiber, the strain components
are generated because of thermal expansions that are equal to
αsilica�T . The strain components in the coated and uncoated
segments of the FBG are schematically plotted in figure 12.

Figure 10. Reflectivity as a function of Bragg wavelength in a
thermal cycle.

Figure 11. Bragg wavelength as a function of temperature.

The difference between the strain components reduces with
temperature, which causes the reduction of the amplitude of
neff and �, and as a result, that of the coupling coefficient
(2πneff(z)/λ − π/� + Kdc) in (13).

4.2.2. Structural loading. The reflectivity of the upper
sideband as a function of Bragg wavelength at a temperature
of 45 ◦C in a tensile loading cycle of 0–0.9 N is plotted in
figure 13. The figure shows that the reflectivity is increased to
32% by applying a tensile load of 0.9 N. Figure 14 shows the
corresponding Bragg wavelength shift as a function of axial
force. The shift of the Bragg wavelength has a sensitivity
of 1.2 nm N−1. Due to the existence of periodic coatings,
tensile forces acting on the fiber produce periodic strain along
the fiber. The tensile force increases the amplitude of the
strain distribution and that of neff and �, which amplifies the
sidebands’ reflectivity. The results obtained from the opto-
mechanical modeling shown in the figure confirm a good
agreement between the model and experimental data.

It should be noted that the behavior of the modeling graphs
in both thermal and structural loadings are dependent on the
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Figure 12. Strain components in the coated and uncoated segments of the superstructure FBG.

Figure 13. Reflectivity as a function of Bragg wavelength in tensile
loading.

Figure 14. Bragg wavelength as a function of tensile force.

initial residual stress built in the coated segments of the fiber.
In the analyses that were performed in this work, the model
was tuned to fit the experimental data. The tuning was done by

finding the initial residual stress for the best fit. In spite of this
tuning, the model predicts the gradient and trend of the results
fairly well. Obtaining accurate values for the residual stress
components needs microstructural analysis of the films, which
is to be investigated in future.

4.2.3. Simultaneous measurement of force and temperature.
The capabilities of the developed superstructure FBG sensor
for the simultaneous measurement of force and temperature
are also investigated. Experimental results for this purpose
are shown in figures 15–17. Figure 15 shows the spectra
of the FBG under temperature and tensile force. As seen,
both structural loading and temperature shift the Bragg
wavelength. As discussed in the previous sections, the
structural loading increases the reflectivity of the sidebands;
however, temperature decreases the reflectivity. This feature
enables simultaneous measurement of force and temperature
using a single fiber. Figure 16 contains the reflectivity-
wavelength graphs of the superstructure FBG for multi-
parameter sensing. The graphs are obtained by measuring the
reflectivity and the Bragg wavelength in thermal cycles under
tensile forces. When the fiber is under both tensile force and
temperature, the force can be directly obtained from figure 16
by locating the corresponding graph from Bragg wavelength
and the reflectivity readings. Accordingly, the temperature is
obtained by using the Bragg wavelength–temperature curves
in figure 17.

5. Conclusions

In this paper, laser-assisted maskless microdeposition (LAMM)
was successfully utilized for the first time to develop super-
structure FBGs, used for multi-parameter sensing, by the direct
deposition of periodic silver films on as-fabricated FBGs. The
LAMM process was characterized to deposit nanosilver films
with thicknesses of 9 μm. The periodic geometry of coatings
causes periodic variations of the index of refraction and the
grating pitch along the optical fiber under thermal or structural
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Figure 15. Reflectivity spectra of superstructure FBG under tensile
force and temperature.

Figure 16. Reflectivity as a function of Bragg wavelength for the
superstructure FBG under tensile force and temperature.

loadings. It was shown that the reflectivity of the sidebands in
the superstructure FBG can be tuned using both temperature
and axial tensile force. An opto-mechanical model was devel-
oped to predict the optical response of the FBG. The model
contains structural and thermal analysis combined with opto-
elastic and thermo-optic characteristics of optical fibers. The
capabilities of the developed superstructure FBG for multi-
parameter sensing using Bragg wavelength and sidebands re-
flectivity readings were also investigated. The results showed
that the developed sensor can monitor force and temperature,
in a temperature range of 45–90 ◦C.
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Appendix

The opto-elastic and thermo-optic effects are described as

�B1 = p11e1 + p12(e2 + e3) − 2

(n1)3

(
∂n1

∂T

)
�T

− (p11 + 2p12)α�T

�B2 = p11e2 + p12(e1 + e3) − 2

(n2)3

(
∂n2

∂T

)
�T

− (p11 + 2p12)α�T

�B3 = p11e3 + p12(e1 + e2) − 2

(n3)3

(
∂n3

∂T

)
�T

− (p11 + 2p12)α�T

�B4 = (p11 − p12)

2
e4

�B5 = (p11 − p12)

2
e5

�B6 = (p11 − p12)

2
e6

(A.1)

where pi j is Pockels photo-elastic constant defined by

[pi j] =

⎡
⎢⎢⎢⎢⎢⎢⎣

p11 p12 p12 0 0 0
p12 p11 p12 0 0 0
p12 p12 p11 0 0 0
0 0 0 (p11−p12)

2 0 0

0 0 0 0 (p11−p12)

2 0

0 0 0 0 0 (p11−p12)

2

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(A.2)
The strain tensor [e j ] is

[e j ] =
[ e1 e6 e5

e6 e2 e4

e5 e4 e3

]
(A.3)
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Equation (A.1) shows that the applied thermal and
structural loads on the isotropic dielectric material can change
its index of refraction at different directions, and induce optical
anisotropy in the medium. This affects the propagation of the
light wave in the dielectric material.

By linear approximation �Bi = �(1/n2
i ) ≈ −2�ni/n3

i ,
(A.1) is changed to

�n1 = −n3
1

2
(p11e1 + p12(e2 + e3)) +

(
∂n1

∂T

)
�T

+ n3
1

2
(p11 + 2p12)α�T

�n2 = −n3
2

2
(p11e2 + p12(e1 + e3)) +

(
∂n2

∂T

)
�T

+ n3
2

2
(p11 + 2p12)α�T

�n3 = −n3
3

2
(p11e3 + p12(e1 + e2)) +

(
∂n3

∂T

)
�T

+ n3
3

2
(p11 + 2p12)α�T

�n4 = −n3
4

(p11 − p12)

4
e4

�n5 = −n3
5

(p11 − p12)

4
e5

�n6 = −n3
6

(p11 − p12)

4
e6.

(A.4)

The gratings are inscribed in single-mode optical fibers,
which are weakly guided (ncore ≈ nclad). For guided modes,
the effective mode index of refraction (neff) satisfies nclad <

neff < ncore; therefore,

−2
�neff

n3
eff

= p11e3 + p12(e1 + e2) − 2

(neff)3

(
∂n

∂T

)
�T

− (p11 + 2p12)α�T . (A.5)
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