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Abstract
The present work deals with computation of the stress field caused by
UV-induced densification in optical fibre cores during Bragg grating
elaboration. The stress field is calculated using the finite element method
and leads to a contribution to the refractive index modulation being
perpendicular to the direction of propagation. The birefringence associated
with the stress field is evaluated. Another important result is the growth of a
shear stress component developed during Bragg grating writing. This can
contribute to the fragilization of fibres. We suggest that these shear stresses
are involved in the triggering of a refractive index contribution opposite to
the one of the densification which is a negative one associated with the
so-called type IIA Bragg grating.
Keywords: Bragg gratings, optical fibre, photoinduced stress, photoelasticity

1. Introduction

2. Theoretical background

In the photoinscription process of Bragg grating (BG) in
photosensitive Ge-doped SiO2 glass without H2 treatment,
it is now accepted that a modification of the glass structure
occurs which leads to specific volume change of the glass (glass
densification) [1–4]. An earlier analytical model dealing with
the stress distribution induced by the densification process was
developed by Poumellec et al [5]. This model was a simplified
approach of the physical phenomenon but sufficient enough to
produce an approximated amplitude of the stress change, of
the refractive index change and of the birefringence induced
by BG writing, either in a preform slice (cubic symmetry) or
in an optical fibre (cylindrical symmetry). Here, we describe
a precise numerical approach of stress field generated by
BG writing, which leads to a better spatial resolution of the
stress change and refractive index change distributions. In
addition, a new important result is the calculation of the shear
component of stress tensor and the corresponding refractive
index changes, in contrast with the first approach [5] or with
other publications [6].

2.1. Assumptions and approximations

1

(a) We consider a fibre containing a Bragg grating which
is fabricated by UV irradiation of the fibre core using
a suitable interferometric set-up [7–10]. The fibre is
a cylinder of radius Rf containing an inner cylinder of
radius Rc representing the fibre core. Consequently, it is
better to use the cylindrical coordinates system (r, θ, z)
for the representation of the problem (figure 1). The
fibre is axisymmetric. Therefore, the components of the
displacement field and the strain and stress tensors are
not dependent on θ . The component of the displacement
following θ, (uθ ) is zero, and the components of strain and
stress following θ are also zero, i.e. εrθ = εθ r = 0 and
σrθ = σθr = 0. The displacement field, the strain and
stress tensors are therefore
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u(r, z) = ur (r, z)er + uz (r, z)ez


εrr
ε= 0
εrz

0
εθθ
0


εrz
0 
εzz

(1)

(2)
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σrr
σ = 0
σrz

0
σθθ
0


εrz
0 .
σzz

(a)

(3)

(b) At any point of the fibre, the Young modulus E and the
Poisson ratio ν are assumed constant, and equal to those
in pure silica (E = 78 GPa and ν = 0.162) because the
main part of the body, from the mechanical point of view,
is pure silica.
(c) We assume that the fibre is exposed to an axisymmetric
UV interference pattern and periodic along the fibre axis.
Therefore, the distribution of UV light has no dependency
on θ , and is expressed as
I (r, z) = 2I0 cos2 (π z/)f (r)

(5)

ε P . The second part is the elastic strain ε e required to
maintain the continuity of the body. The total strain is
thus ε = ε e + ε P . The basic problem is the numerical
evaluation of the elastic tensor ε e (output) according to the
given permanent strain tensor (input) ε P under constraints,
which are boundary conditions.

2.2. The equilibrium equations
The equilibrium equation in its vector form is
(6)

where σ is the stress tensor. As expressed in relation (3), the
equilibrium equation (6), in the cylindrical coordinates system
(r, θ, z), reduces to a couple of partial differential equations.
∂σrr ∂σrz σrr − σθ θ
+
+
=0
∂r
∂z
r
∂σrz ∂σzz σrz
+
+
= 0.
(7)
∂r
∂z
r
Stress is related to strain in the following elasticity relation:
σ = λTr(ε)1 + 2µε − (3λ + 2µ)ε P
430

Rf

er

ez

Rc

where t is the irradiation duration, α is a proportion
coefficient fixed from experiment, and 1 is the unit tensor.
The total strain at each point of the body is made up of two
parts. The first one is the permanent strain which is the
local effect resulting from the photoinduced densification

div σ = 0

e

(b)

Rf

er

(4)

where  is the grating period, I0 is the mean UV power
density (W cm−2 ) and f (r) is the radial UV intensity
distribution normalized to unity. The visibility is thus
assumed perfect.
(d) The UV photosensitivity profile of the glass (normalized
to unity) is called P (r) in the text below. The UV
irradiation after absorption induces a local densification
of the glass, i.e. a permanent strain distribution, which is
assumed isotropic and proportional to the UV intensity
and the photosensitivity profile. We get the following
densification distribution:
ε P (r, z) = α.I (r, z).P (r).t.1

ez
Rc

(8)

Figure 1. Optical fibre structure in the cylindrical coordinates
system: (a) Three-dimensional scheme of the fibre showing the
inner cylinder representing the core region of radius Rc and the
outer cylinder of radius Rf . (b) Two-dimensional scheme of the
longitudinal fibre section containing a Bragg grating of pitch .

where 1 is the unit tensor, Tr(ε) is the trace of the tensor ε.
The Lamé elastic constant λ and µ are related to the Young
modulus (E) and Poisson ratio (ν) as follows
µ=

Eν
E
and λ =
.
2(1 + ν)
(1 + ν)(1 − 2ν)

(9)

Then the pertinent strain-displacement relations in the
cylindrical coordinates system are given by
∂ur
ur
,
εθ θ = ,
∂r
r


1 ∂ur ∂uz
εrz =
+
2 ∂z
∂r
εrθ = εθz = 0.

εrr =

εzz =

∂uz
∂z

(10)

The stresses are thus expressed in terms of displacements by
relation (11):


∂ur ur ∂uz
∂ur
+
+
+ 2µ
− (3λ + 2µ)ε p
σrr = λ
∂r
r
∂z
∂r


ur
∂ur ur ∂uz
+
+
+ 2µ − (3λ + 2µ)ε p
σθθ = λ
∂r
r
∂z
r


∂uz
∂ur ur ∂uz
+
+
+ 2µ
− (3λ + 2µ)ε p
σzz = λ
∂r
r
∂z
∂z


∂ur ∂uz
σrz = µ
+
.
(11)
∂z
∂r
and finally the equilibrium equations in terms of displacements
are
 2

∂ ur 1 ∂ur
∂ 2 ur
∂ 2 uz
ur
(λ + 2µ)
+
µ
+
+
(λ
+
µ)
−
∂r 2
r ∂r
r2
∂z2
∂z∂r
∂εp
= (3λ + 2µ)
∂r
 2

∂ uz 1 ∂uz
∂ 2 uz
µ
+
+ (λ + 2µ) 2
2
∂r
r ∂r
∂z
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∂ ur 1 ∂ur
+
∂z∂r r ∂z
∂ε p
= (3λ + 2µ)
.
∂z
+(λ + µ)

2



(12)

(ii) The photoelastic effect which is anisotropic.
The
elastic strain field ε e induces a change in the inverse of
permittivity tensor $η via the following relation


ηij εije − ηij (0) = $(1/n2 ij =

2.3. Boundary conditions
The equilibrium equation is solved by using the displacement
method taking into account the following boundary conditions:
(a) The densification occurs mainly in the fibre core whose
radius is very small compared to the fibre radius. We can
consider, therefore that the radial displacement is zero at
the fibre-free surface
ur (Rf,z ) = 0 for every z.

(13)

(b) According to the assumption of axisymmetry, the radial
displacement is zero at the fibre axis
ur (0, z) = 0 for every z.

uz (r, n.z/2) = 0 for n ∈ Z and ∀r.

(15)

2.4. Numerical resolution of the problem
According to the assumptions of cylindricity, axisymmetry and
periodicity the resolution domain is a longitudinal section of a
half fibre.
! = 0  r  Rf and
0  z  n where n is an integer.
The finite element method has been used to solve the partial
differential equation system (12). Both the mesh generation
and the numerical resolution were achieved with the help of
the FreeFEM software [11].
2.5. Photoinduced refractive index change
To calculate the refractive index change, it is better to use the
Cartesian coordinate system (x, y, z) because the electric field
during light propagation stands almost in the fibre section. The
propagation indexes in the presence of the photoelastic effect
are built up from the following contributions:
(i) The relative volume change $v
, i.e. the densification
v
which is assumed isotropic using the Lorentz–Lorenz
relation:
(n2 − 1)(n2 + 2) $v
with
=−
6n
v
2
2
(n − 1)(n + 2)
= 0.59 and
6n
$v
= Tr(ε P ) = 3εP .
v

$nvij

(16)

e
pij kl εkl
.

(17)

In (17), pij kl correspond to the photoelastic coefficients.
If we assume that the refractive index before UV irradiation n0
was isotropic, the refractive index change can be written as
$neij = −(n30 /2)

k,l

e
pij kl εkl
.

(18)

Due to the symmetry of the elastic and photoelastic tensors,
pij kl = pj ikl = pij lk and εije = εje i , the subscripts ij kl can
be contracted to mn, where m and n take the values from 1
to 6 (1, 2, 3, 4, 5, 6 for xx, yy, zz, yz, xz, xy), one can write
pij kl = pj ikl = pij lk = pmn and εije = εje i = εne . We get:

(14)

(c) The grating length is assumed to be constant because
the densification occurring in the irradiated fringes is
compensated by an elastic dilatation in the dark fringes.
Consequently, the axial displacement is zero at the centre
of the bright and dark fringes where the densification is
maximum and minimum, respectively

k,l

$nem = −(n30 /2)

k,l

pmn εne .

(19)

For an isotropic body, the expression of the photoelastic tensor
p, in a Cartesian coordinate (x, y, z), is given by


0
0
p11 p12 p12 0
 p12 p11 p12 0

0
0


 p12 p12 p11 0

0
0


1
 0

0
0
(p
0
0
11
2


 . (20)
)
−p
p=
12


1
 0

0
0
0
(p
0
11


2


−p
)
12


1
 0
0
0
0
0
(p11 
2
−p12 )
In contrast, the strain tensor ε e is known only in a cylindrical
coordinate (r, θ, z)

 e
e
εrz
εrr 0
e
εθθ
0 .
(21)
ε= 0
e
e
εrz 0
εzz
We need to express ε e in the Cartesian coordinate (x, y, z). For
that purpose, we use the conversion matrix from Cartesian to
cylindrical coordinates defined by


cos θ
a =  − sin θ
0

sin θ
cos θ
0


0
0 .
1

(22)

We obtain the following expression of ε e in the system
(x, y, z)


εije = ali akj εije =

e
cos2 θ εrr
− sin θ cos θ
e
 + sin2 θε e
×(ε e − εθθ
)
θθ

 − sin θ cos θ sin2 θε e
rr

 ×(ε e − ε e ) + cos2 θε e
rr
θθ
θθ
e
e
cos θεrz
− sin θ εrz

e
cos θ εrz
e
− sin θεrz




.



(23)

e
εzz
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r

If we use the contracted subscripts, the components of the strain
tensor in the Cartesian coordinates will be the following:


e
e
ε1e = cos2 θεrr
+ sin2 θεθθ


e
ε2e = sin2 θ εrr
+ cos2 θ εθe θ


e
ε4e = −sinθ εrz


e
ε5e = cos θεrz


e
e
ε6e = cos θsinθ (εθθ
− εrr
).

(24)

The tensor of photoelastic refractive index change in the
Cartesian coordinate can be obtained using the relations (20),
(21) and (24):


n30
e
+ sin2 θεθe θ
p11 cos2 θ εrr
2
 2 e

e
e
+p12 sin θ εrr + cos2 θ εθθ
+ εzz

Λ = 0.5 m

Inflexion
line
following r
of the
densification
distribution.

Rc =3 m
Core

$nexx = −

Cladding and tube



e
ε3e = εzz



n30
e
+ cos2 θ εθe θ
p11 sin2 θεrr
2
 2 e

e
e
+p12 cos θ εrr + sin2 θ εθθ
+ εzz

$neyy = −

 e

n3 
e
e
$nezz = − 0 p11 εzz
+ p12 εrr
+ εθθ
2


n30 1
e
e
$nxy = −
(p11 − p12 )sinθcosθ εθe θ − εrr
2 2
3
n
1
e
$nexz = − 0
(p11 − p12 )cosθ εrz
2 2
n3
1
e
$neyz = − 0 − (p11 − p12 )sinθ εrz
.
2
2

z
Inflexion points following z of
the densification distribution

(25)

$n has a cylindrical symmetry, therefore we can think on
θ = 0 (polarization parallel to x), the relations (25) become


n3 
e
e
$nexx = − 0 p11 εrr
+ p12 εθe θ + εzz
2
 e

n30 
e
e
e
$nyy = −
p11 εθθ
+ p12 εrr
+ εzz
2
3 
 e

n
e
e
+ p12 εrr
+ εθθ
$nezz = − 0 p11 εzz
2
n3 1
e
, $neyz = 0.
$nexy = 0, $nexz = − 0
(p11 − p12 )εrz
2 2
(26)
Then, the total refractive index change tensor is the sum of
contribution from the volume change $nv (16) and from the
photoelastic one $ne (13). We get:

 (n2 − 1)(n2 + 2) P
n30 
e
e
+
ε
+ p12 εθe θ + εzz
p11 εrr
2n
2
 e
 (n2 − 1)(n2 + 2) P
n3 
e
e
+ p12 εrr
+ εzz
+
ε
$nyy = − 0 p11 εθθ
2n
2
3 
2
2
 e
 (n − 1)(n + 2) P
n
e
e
+
$nzz = − 0 p11 εzz
+ p12 εrr
+ εθθ
ε
2
2n
n3 1
e
$nxy = 0, $nxz = − 0
, $nyz = 0.
(p11 − p12 )εrz
2 2
(27)
$nxx = −
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Figure 2. Densification distribution represented by the isotropic
permanent strain ε P (r, z) in the fibre section used as an input data
for the stress calculation. The picture is coded in grey scale: the dark
regions are for bright fringes. The two black arrows indicate two
irradiated fringes, the distance between them (the grating period, 
is 0.5 µm. The permanent strain, (i.e. 1/3 of the specific volume
change) ε P (r, z) is negative. Its radial profile passing at the centre of
an irradiated fringe has been chosen Gaussian (the minimum value
is −3 × 10−3 , the white is for zero). Inflexion points following z or
r are in the middle of the fringes or at the core-cladding interface.

3. Results and discussion
3.1. Example of solution
In the example below, we consider a fibre of Rf = 62.5 µm
external radius, and a core of 3 µm radius containing
a grating with  = 0.5 µm pitch. The densification
distribution ε P (r, z) which is the main input data of the
problem (relation (5)), is periodic following the fibre axis
and is assumed to have a Gaussian radial profile (maximum
at the core centre and decreases rapidly to zero at the fibre-free
surface). Its maximum absolute value at the core centre is about
3 × 10−3 . This value was obtained from the measurement of
the topography surface of an optical fibre preform irradiated
with ordinary Bragg grating elaboration conditions (a few
kJ cm−2 [5]). As shown in figure 2, ε P is negative
because the permanent strain induced by UV irradiation is
a compaction process according to the observation made by
B Poumellec et al [1] and P Cordier et al [3].
3.1.1. Displacements. Figures 3 and 4 show the radial
and axial displacements resulting from the densification
distribution εp , displayed in figure 2. The radial displacement
is negative and has a weak modulation along the grating
axis as can be noted in figure 3(a). The radial profile of
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Figure 3. (a) Radial displacement distribution in the fibre section.
(b) Radial profile at z = 0.

Figure 4. (a) Axial displacement distribution in the fibre section.
(b) Axial profile at r = Rc /4.

ur (r, z) on a fringe (z = 0) is shown in figure 3(b). The
minimum of ur (r, z) is located inside the core close to the
core-cladding boundary. Its value, for the example considered
here, is about −1 nm. The physical interpretation of the
results is that the matter moves everywhere towards the fibre
axis due to compaction (radial shrinkage). Figure 4 shows
the axial displacement uz (r, z)which is, in contrast with the
radial displacement, strongly modulated along the grating axis.
The amplitude of the peak-to-peak modulation is about 0.3 nm
(see figure 4(b)). It is maximum and minimum, alternatively,
along the grating axis, at the points corresponding to z =
(2n + 1)/4, with n being the integer i.e., the inflexion points
of the densification distribution (figure 2). Consequently, the
non-irradiated fringes are dilated whereas the irradiated fringes
are contracted.

axis (130 MPa (for non-irradiated fringes), 195 MPa (for
irradiated fringes)) and decreases slowly in the radial direction
from the grating axis to the fibre outside. The shear stress
component $σrz (see figure 5) is small relative to the diagonal
components (10%). Its modulation ranges between −13 MPa
and +13 MPa. The peak of the modulations are localized at the
points corresponding to z = (2n + 1)/, where n is an integer
i.e., between the bright and dark fringes.
At z = n/2 , i.e., the centre of the irradiated and nonirradiated regions, the shear stress is zero.

3.1.2. Stress field. Using the above displacements, the stress
field is calculated by means of the stress-strain (12) and straindisplacement relations (11). The four non-zero components
of the stress tensor (rr, θθ, zz and rz) are shown in figure 5.
We notice that the stress components calculated here are the
components of the stress induced by the densification, in
addition to the residual stress due to heterogeneity of the
optical fibre. Therefore, σij will be conveniently noted $σij .
The perpendicular components $σrr and $σθ θ are modulated
along the grating axis. The minimum is −70 MPa at the centre
of the non-irradiated fringes and the maximum is 236 MPa at
the centre of the irradiated fringes. The mean value of $σrr is
about 195 MPa. The behaviour of the two components $σrr
and $σθθ are quite similar all over the fibre section. The
difference between them, i.e., $σrr − $σθ θ , is represented
in figure 6, showing that the largest value is localized at the
core-cladding interface. We can also observe in figure 5 that
$σrr and $σθθ decrease rapidly in the radial direction from
the core centre to the fibre outside. In contrast, the axial
component $σzz exhibits a weak modulation along the grating

3.1.3. Photoinduced index change. Figure 7 shows the
refractive index change tensor components xx, yy, zz, xz
according to relation (28). The shear component $nxz is purely
photoelastic because it is a non-diagonal component of the
refractive index tensor. It is alternate along the grating axis
and its amplitude, for the example considered here, is small
−5
($nmod
xz = 9 × 10 ) compared to the diagonal components.
We have seen that it increases with the grating period contrary
to the three other components xx, yy, zz. The diagonal
components $nxx $nyy $nzz results of two contributions: the
photoelastic contribution which is 40% of the contribution due
to volume change. This explains why the modulation on the
axial component of the refractive index change tensor $nzz
(see figure 7) are more contrasted than the one of the axial stress
component $σzz (see figure 5). In contrast, the modulation
of $nzz is smaller than the modulation for the perpendicular
components $nxx and $nyy . Their values for a polarization
along the x axis are
−4
mod
−4
−4
and $nmod
$nmod
xx = 1.710 , $nyy = 1.810
zz = 1.410 .

[$nxx ] = 1.810−4 , [$nyy ] = 1.910−4 and [$nzz ] = 1.910−4 .
It is interesting to note that even if the visibility of the UV
interference pattern is perfect, the mean index change is larger
than the amplitude of the modulation and this is due to the
non-local action of the elastic field.
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0

-100

Figure 5. The three diagonal (rr, θ θ, zz) and the shear (rz) components of the stress tensor in MPa. The black arrows along the grating
indicate the centre of the bright fringes.

The values above the modulation and mean index change
can be written in terms of permanent strain because of the
linearity : $nmod
= 0.57εP and [$n⊥ ] = 0.60εP , these
⊥
two quantities are closer than those in the analytical model
of Poumellec et al [5] because here the average value of
perpendicular deformation εrr is positive due to cladding
resistance whereas it was assumed zero in the analytical model.
e
For the same reason, the fibre axis elastic deformation εzz
is
p
here modulated in phase with ε , whereas it was flat in the
analytical model [5].
3.2. Shear stress at the core-cladding interface
Taking the particular case of a step profile for the radial
densification distribution (see figure 8), i.e., a maximum
densification in the fibre core and no densification outside the
core, the behaviour of the stress diagonal components are in
agreement with the analytical model [5]. In this case, the shear
434

σrr -σθθ(MPa)
46

0
2

4

6

r (m)

Figure 6. Radial profile of stress birefringence (σrr − σθ θ ).

stress (see figure 8(a)) are distributed at the core-cladding
interface. $σrz is zero all over the fibre except at the corecladding interface, where it is periodic and alternating along
the grating axis. The axial profile of the shear stress at r = Rc is
shown in figure 8(c) for the following case: a fibre of 62.5 µm
radius, a core radius Rc = 3 µm, a grating period  = 1µm
and a densification distribution with a maximum peak-to-peak
value at the centre of the fibre core of 3.1 × 10−3 .

UV-induced stress field during Bragg grating inscription in optical fibres

r

 nxx

Cladding and tube

nyy

nxx = 1.7 10
< nxx> = 1.8 10-3
mod

nyy mod = 1.8 10-3
< nyy> = 1.9 10-3

-3

Core

irradiated fringes

z
MPa
380

15

MPa
380

15

r

 nxz

 nzz

 nzz = 1.4.10
< nzz> = 1.9.10-3

Cladding and tube

-3

 nxz mod = 0.9 10-4

Core

mod

370

MPa
10 50

10

0

z

MPa
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Figure 7. The three diagonal (xx, yy, zz) and the shear (xz) components of the refractive index change tensor in a Cartesian coordinate
system (θ = 0). The black arrows along the grating indicate the centre of the irradiated fringes.

The values of stresses for the four components rr, θ θ, zz
and rz for several densification distribution and several values
of the gratings period are summarized in table 1.
As pointed out previously, the shear components of strain,
stress and refractive index change, in contrast with the other
three diagonal components, increase on the grating period. It
ranges between [−24, 24] MPa for  = 0.5 µm and between
[−122, 122] MPa for  = 1 µm (see table 1) for a step
densification profile. This is due to the increase of the axial
displacement on grating period. We emphasize that shear stress
modulation is large, in this case, compared to the value of
diagonal stress in the core (122 compared to 150). On the
other hand, to the shear stress, it corresponds to an off-diagonal
refractive index component whose value, in the above case,
ranges between −4 × 10−4 and 4 × 10−4 compared to peakto-peak perpendicular refractive index modulation (4 × 10−3 ).

3.3. Verification of the sum rule ‘σzz = σrr + σθθ ’
The set-up for the measurement of stress in fibres is described
by Chu et al [13]. A He-Ne laser, linearly polarized at
45˚ to the fibre axis, is focused on the fibre transversally.
The beam, the radial distribution of the axial stress, σzz , is
obtained by measuring the optical retardation between the
index components parallel and perpendicular to the fibre
axis in moving the beam along a diameter. The radial and
circumferential stress components σr and σθ are obtained from
the axial component σz using the sum rule, i.e., σzz (r) =
σrr (r) + σθθ (r) and the equilibrium equation (5). On the other
hand, in a lot of other stress calculation problems in fibres, the
sum rule is used, especially for the thermal stresses calculation.
Figure 9 shows the distribution of σzz (r) − [σrr (r) + σθθ (r)]
for the example considered in section 3.1. We can observe that
the sum rule is correct in average on the grating length, but is
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Table 1. Dependence of the stress components with the grating period for Gaussian and step densification radial profiles.
Densification profile
Grating period (MPa)

Gaussian
 = 0.5µm

Gaussian
 = 1µm

Gaussian
 = 2.5µm

Step
 = 0.5µm

Step
 = 1µm

[$σzz ]
[$σrr ]
[$σθ θ ]
$σzzmod
$σrrmod
$σθmod
θ
max $σrzmod

165
154
152
65
310
275
26

165
154
152
65
310
294
50

165
154
152
65
310
294
108

152
150
150
26
316
326
48

152
150
150
26
316
326
244

r

z
p

(r)

(b)

(a)

r

Core

Gra ting period
(1 micron)

σzz -(σrr+σθθ )

Cladding and tube

ε

z

0
0
0

-0.5

σrz(Mpa)

r

-1

nm

290

(c)

123.5

z

0

-420 MPa

Figure 9. Test of the sum rule σzz = σrr + σθ θ in a fibre section
containing a Bragg grating.
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Figure 8. (a) Shear stress $σrz for a step densification profile
shown in (b) and a grating period of 1 µm, (c) is the axial profile at
the core-cladding interface, i.e., $σrz (r = Rc ). The black arrows
along the grating in (a) and the black arrows in (c) indicate the
centre of the irradiated fringes.

not valid between the grating fringes. The calculation of the
components σrr and σθθ will not be correct using the sum rule
in the case of a grating whose period is larger than the He-Ne
laser diameter used to measure the stresses [14]. But, a He-Ne
spot diameter of 3 µm and a grating of 0.5 µm pitch leads to an
averaging along six grating fringes and the sum rule is valid.
3.4. Comparison with the measurements
Here, we compare our calculations with the measurements
of Fonjallaz et al [15]. Figure 10 shows refractive index
modulation versus mean axial stress change, for three Gedoped fibres (9, 12 and 18 in mol%) and containing a
Bragg grating written with 31 kJ cm−2 , 31 kJ cm−2 and
15 kJ cm−2 , respectively. The relation between the index
modulation of the perpendicular index $nmod
and the mean
⊥
axial stress component [$σzz ] is linear and the slope is
estimated experimentally to (0.8±0.2)10−11 Pa−1 [15]. $nmod
⊥
and [$σzz ], calculated in the example of section 3.1, are
respectively, 1.7 × 10−3 and 165 MPa, thus the calculated
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Figure 10. Relationship between refractive index modulation and
the mean axial stress change for three different fibres (after [15]).

slope is 1.03 × 10−11 Pa−1 , which is in good agreement with
the measured one.
3.5. Comparison with the analytical model of Poumellec
et al [5]
In the analytical model reported by Poumellec et al [5], the
$nmod

slope σ⊥z is about 1.2 × 10−11 Pa−1 , and has the following
analytical expression



 2
n − 1 n2 + 2
σz
n3
mod
.
$n⊥ = − (p11 + p12 ) +
λ
4
4n
+µ
2

UV-induced stress field during Bragg grating inscription in optical fibres

The value of the slope is larger than the value obtained
by the finite element model (FEM). This difference is due
to the perpendicular mechanical reaction of the cladding and
tube which is taken into account properly in FEM. It is worth
noting that, for the analytical model, the relation between the
mean axial stress and the maximum (in absolute value) of
the permanent strain (densification) is given by the relation
P
εmax
. Therefore, using data of section 3.1, we get
σz = λ+2µ
2
σz = 135 MPa. For the FEM model the corresponding value
is about 165 MPa. We have also compared the strain tensors for
both FEM using an analytical model, the main points arising
from the comparison are the following:
e
P
• For both models we have: [εzz
] = −εzz
/2
e
• For FEM εzz is modulated between 1.3×10−3 to 1.8×10−3
P
in phase with εzz
, whereas it was flat in the analytical
model. The modulation is due to the non-diagonal effect
T
exhibits a larger
of the cladding resistance. Therefore, εzz
P
.
modulation than the one of εzz
e mod
P
• ε⊥
is out of phase with ε⊥
as in the analytical model.
e
However, the [ε⊥ ] is not negligible and is positive. This
is due to the mean cladding resistance, which is taken into
account here.

3.6. Birefringence calculations
3.6.1. Interpretation of the grating birefringence observed in
the preform plate. For computing the birefringence for a free
propagation parallel to the y axis and transversal to the grating
axis z, it is necessary to know the main propagation indexes
n and n in the wave plane xz. The perpendicular plane to
the propagation direction cuts the index ellipsoid, of equation
ηij xi xj = 1, in an elliptical section in which the long and short
axis define two indexes and two directions for the polarization
projection. We have calculated these two main indexes n and
n from the diagonalization of the 2×2 matrix representing
the minor xz of the refractive index change tensor (27). The
birefringence is the difference between n and n , i.e.,
n − n =

1/2

n30
(p12 − p11 ) (εrr − εzz )2 + (εrz )2
.
2


1/2
This quantity is proportional to (σrr − σzz )2 + (σrz )2
which is shown in figure 11(b). Therefore, this figure displays
the birefringence distribution for free propagation transversal
to grating axis. We can observe that it is mainly distributed
on the non-irradiated fringes where its value is four times
larger than in the irradiated fringes. Figure 11(a) shows a
polarized-analysed optical microscope image of three parallel
gratings (10 µm pitch) written in SiO2 -GeO2 preform core
which was previously and partially coated by a carbon layer.
The irradiated fringes are delimited by the places where the
carbon layer was evaporated by the UV beam. The central
grating was written at a place not covered by the carbon layer
(in the centre of figure 11(a)). We can observe on this grating
(the central one) that the maximum of light (the white regions
on the figure) are between irradiated fringes indicating that the
maximum of birefringence are reached on the non-irradiated
fringes as it is found in our calculations.

3.6.2. Birefringence for guided propagation in fibre. For
 is
the guided propagation, the electric induction field D
not perpendicular to the propagation direction. Therefore,
 is not as simple as for free
the calculation of $E or $D
 proceeds over the index ellipsoid
propagation. However, D
(the same for the electric field E in free medium). In
 ε̄¯ −1 D
 = D 2 /n2 (We is the electric power
fact, 8πWe = t D

density and n is the index in the direction parallel to D).

In contrast, the wave plane containing D will become conic
and the indexes will be defined from the intersection of this
conic with the index ellipsoid, which is not so simple to get
because the index equation of Fresnel is no longer valid. To
study the birefringence of propagation, we have neglected the
 is parallel to x.
component following z and assumed that D
Knowing that the propagation direction is parallel to the grating
axis, and $nxy = 0 for θ = 0, the change in main propagation
indexes n and n will correspond to $nxx and $nyy (the minor
xy of the tensor of refractive index change (27) is diagonal).
According to relation (27), we have
n − n = $nxx − $nyy = −

n30
(p11 − p12 )(εrr − εθθ ).
2

This quantity is proportional to $σrr − $σθθ as shown in
figure 6. We can observe that the birefringence is maximum
at the core-cladding interface, i.e., the inflexion points of the
density distribution. This non-homogeneous quantity in the
fibre section can induce a modal polarization dispersion in the
presence of a grating photoinduced ovality of the fibre core.

4. Consequences
We have shown that the shear stress σrz is growing with the
grating pitch. The peaks of σrz modulation are localized at the
inflexion points of the densification distribution. Therefore the
long period gratings develop high shear stresses. These high
stresses can be also developed, when the visibility is bad or
for uniform irradiation and can be responsible of mechanical
degradation of the glass, such as fracture growth. Figure 12(a)
shows periodic cracks resulting from a uniform irradiation
of Ge-doped preform cut following its axis. The core area
of 15 mm × 0.5 mm has been irradiated with a uniform
beam with a pulsed laser at 193 nm using 55 000 pulses
at 350 mJ cm−2 and a repetition rate of 30 Hz at PhLAM
Laboratory, Lille University. An enlargement of the framed
region in the left-hand side of figure 12(a) is shown in
figure 12(b). Figure 12(c) is a topography surface of the
framed region at the centre of figure 12(a) showing several
cracks which are indicated by white arrows (in white the level
is at 190 nm and in black the level is at −147 nm). We
observed a main depletion of the core surface corresponding
to the densification process (the cladding is at zero level) and a
surface upheaval at the cracks which is the result of the stress
relaxation.
versus [$σzz ]
We have noticed that the slope of $nmod
⊥
calculated with the analytical and finite element models
(1.2 and 1.0 respectively) are quite a lot larger than 0.8 of
the experimental slope (0.8). We have checked that this
discrepancy is not due to the hypothesis considering the Young
modulus E and the Poisson’s ratio ν constant in the fibre
section. Using a calculation in which the above hypothesis
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Figure 11. (a) Polarized-analysed optical microscope image of three parallel gratings (10 µm pitch) written in Ge-doped preform core
previously coated partially by a carbon layer. The grating at the top right and at the bottom left were written through a carbon layer for
tracking
the bright fringes. The grating at the centre of the picture was written where no carbon layer was deposited. (b) Distribution of
√
(σrr − σzz )2 + (σrz )2 which is proportional to the birefringence for free propagation transversal to the grating axis (65 MPa on irradiated
fringe and 211 MPa on non-irradiated fringe). The grey scale is the same as in figure 9. The two black arrows indicate the centre of two
irradiated fringes. The birefringence is maximum on the dark fringe.

(b)

(a)

(c)

Figure 12. (a) Optical image of UV-induced cracks in the core of a preform (Ge-doped with 15 wt% SiO2 ) cut following its axis. The core
area of 15 mm × 0.5 mm has been irradiated with a uniform beam using a pulsed laser at 193 nm with 55 000 pulses at 350 mJ cm−2 and a
repetition rate of 30 Hz at PhLAM Laboratory, University of Lille. (b) Enlargement of the framed region in the left-hand side of (a). (c)
Surface topography of the framed region at the centre of (a) showing several cracks indicated by white arrows (in white the level is at
190 nm and in black the level is at −147 nm). The cladding is at the zero level far from the interface.

was relaxed, we have shown that even if E and ν reach
a maximum variation of 20% in the fibre section the final
result has less than 10% change. Other possible reasons are
the chemical dependence of refractive index and photoelastic
coefficients which were not taken into account. We have no
information about photoelastic dependence with the chemical
composition but we do know that for the refractive index, 13
mol% GeO2 modifies the index by only 1% which is negligible
for changing the value of the slope. Another possible reason
is the photochromism contribution to total refractive index
change. It is well known that after irradiation there is a change
in absorption spectrum in the UV region [16–19] which is
also depending of the stress [5] and according to Kramers–
Kronig there is a contribution to refractive index change. The
estimation of this contribution to the total refractive index
modulation is at least 10%. All these reasons may be acting
together to explain the 10% disagreement between the FEM
calculated and measured slopes.
It is worth noting that $nmod and [$n] appear close in the
calculation as it is observed in fibres without H2 loading [20].
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5. Conclusion
The stress field induced by Bragg grating inscription in fibre
is calculated here using the finite element method and leads
to a index modulation in the perpendicular direction of the
propagation. The relation between the modulation of the
perpendicular index $nmod
and the mean axial stress change
⊥
[$σzz ] is linear and the slopes measured and calculated are
in good agreement. The birefringence associated with the
stress field has been evaluated. We have calculated the
birefringence for a free propagation parallel to the y axis
and transversal to the grating axis z. We have shown, as
was observed experimentally, that it is mainly distributed in
the non-irradiated fringes than in the irradiated fringes. In
addition, the birefringence of propagation is mainly located
at the core-cladding interface, i.e., at the inflexion point of
the densification distribution. This inhomogeneity in the fibre
section can induce a modal polarization dispersion in the
presence of a grating photoinduced ovality of the fibre core.

UV-induced stress field during Bragg grating inscription in optical fibres

An important feature resulting from the numerical
calculation of the stress field during Bragg grating inscription
is the development of a shear stress component which can
reach large values at the inflexion points of the densification
distribution. Therefore, cracks at the core–cladding interface
can be developed, leading to large scattering as observed by
Janos et al [21]. It is worth noting that the type IIA [22] is
recognized to occur at the core–cladding interface. In addition,
σ rz gives rise to nrz which is likely to be at the origin of optical
losses. As the shear stress increases on the spatial period, we
can expect large shear stress between fringes, especially for
long period gratings. On the other hand, when the mean index
becomes larger than the index modulation (visibility less than
100%), the compensation between the bright and dark fringes
is not achieved within a period and stress is accumulated along
the grating leading to cracks, as shown in figure 12.
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