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Study of heat transfer characteristics in PCFG fabrication
technology using heat method
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The fiber gratings fabrication technology with the heating method in a photonic crystal fiber (PCF) based
on structural change is examined. The principle of photonic crystal fiber gratings (PCFGs) is analyzed
in theory. The heat transfer theory and finite element method are used to examine the thermal field
distribution in the fiber and the influence of the air hole structure in the cladding, and the parameters of
the laser beam in the process of grating fabrication are discussed. The results show that gratings can be
formed by the periodic collapse of air holes in the cladding of PCFs. Under double-point heating condition,
the energy is uniformly distributed in the radial direction and is approximate to Gaussian distribution in
the axial direction. With the same size of the luminous spot, as the layers and radius of the air holes
increase, the laser power needed to make the air holes collapse decreases. With the same laser power, as
the luminous spot radius increases, the needed heating time increases. Moreover, the relationship between
the laser power needed and the air filling rate is obtained as the number of layers of the air holes changes
from 1 to 7. This kind of PCFG can overcome the long-term thermal instability of conventional gratings
in substance and thus has great potential applications in the related field of optical fiber sensors.
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Photonic crystal fibers (PCFs) are all-silica fibers in
which an array of air holes is distributed in the cladding
and extends along the length of the fiber. They have
special optical characteristics so that they have attracted
much attention. In recent years, the fabrication technol-
ogy and theoretical study of photonic crystal fiber grat-
ings (PCFGs) have become a new research focus. Com-
pared with the conventional fiber gratings on the single
mode fiber, PCFGs have superior performance[1]. They
have great potential applications in optical fiber commu-
nication, optical fiber sensors, and many other fields[2,3].

At present, the ultraviolet (UV) exposure method is
commonly used for the fabrication of fiber gratings. With
phase masks, the gratings are written in fiber-doped
Ge/B or loaded hydrogen. The advantages of this tech-
nology are its maturity and ease of use. However, it is
limited by the fact that the grating performance deteri-
orates over time, which means that long-term stability is
difficult to maintain[4]. In addition, the gratings decay
or are even erased completely under a high-temperature
environment[5], so the thermal stability is also undesir-
able. These disadvantages greatly restrict the technol-
ogy’s applications in some fields.

The structural change method used in the fabrication
of PCFGs was first proposed by Yinian et al. of Nanyang
Technological University in Singapore in 2003[6]. Using
total internal reflection PCF in pure silica, they employed
CO2 laser as heat source to make the air holes collapse
according to the preset distance. The collapse of the air
holes can change the refractive index in the cladding,
so the long period gratings in PCF (LPG-PCF) can be
formed. This kind of grating fabrication technology needs
neither dope B/Ge nor load hydrogen in the fiber; it
merely relies on the deformation of PCFs to fabricate
gratings. An obvious deformation can be induced by
prolonging the heating time, so the coupling between the
fundamental core mode and a set of forward-propagation

cladding modes can be enhanced with an increase in mod-
ulation of the refractive index along the axis. This kind
of LPG-PCF based on structural change is more strain
sensitive than that with no structural change[7].

In this letter, the principle involved in the heating
method of LPG-PCF based on structural change is in-
vestigated, and the distribution of the effective refractive
index is computed. With CO2 laser as the heating source,
the distribution model of the thermal field is established,
and the heat transfer characteristics in the fiber are ana-
lyzed. The effects of air hole structure, laser power, and
luminous spot radius on the grating fabrication process
are discussed. As a result, the mathematical relationship
between the laser power and the air filling rate is ob-
tained.

Using the multipolar method[8,9], the effective refrac-
tive index of the cladding of PCF with collapsed air holes
is examined. The data can be fitted with a five-order
function, and the distribution expression of the effective
index in the collapsed segment of the fiber along the axis
direction can be obtained[10]:

f(z) =
5∑

k=0

akekz, −w

2
≤ z ≤ w

2
, (1)

where w is the width of collapse, and ak is the expansion
coefficient which depends on matrix A:

A =

 1.138 × 107,−5.581 × 107

1.636 × 108,−3.187 × 108

4.331 × 108,−4.189 × 108

 .

After PCF is heated by the heating method, the defor-
mation of the collapsed PCF in the longitudinal direction
is shown in Fig. 1.
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Fig. 1. Collapsed PCF.

Fig. 2. Distribution of the refractive index in LPG-PCF.

In Fig. 1, Λ is the collapse period which is also the
grating period, the collapse width w is determined by
the luminous spot radius, and m is the collapse depth
which depends on the laser power and heating time. In
the condition of heating, the profile of the collapsed PCF
is similar to a periodic function according to the result of
the experiment and the above investigation as shown in
Eq. (1). The distribution model of the refractive index
is shown in Fig. 2. The refractive index is assumed to be
distributed uniformly in the radial direction.

In Fig. 2, n0 is the effective refractive index of PCF
which does not collapse, and ∆neff is the maximum of the
effective refractive index in the collapsed segment which
is the modulation amplitude of the refractive index. n (z)
can be expressed as

n(z) =

{
n0 + f(z) kΛ − w/2 ≤ z ≤ kΛ + w/2

n0 kΛ − w/2 > z, z > kΛ + w/2
, (2)

where k is an integer. Substituting Eq. (1) into Eq. (2)
and expanding the Fourier series, the expression with the
top five orders can be obtained:

n(z) = n0 +
5∑

k=0

bk cos
(

k
2π

Λ
z

)
, (3)

where bk is the Fourier expansion coefficient depending
on the matrix B:

B =

 1.435000000, −0.00882

−0.0002008, −0.1478305

−0.0001246, −0.0004898

 .

Equation (3) has given the refractive index distribu-
tion in LPG-PCF. Then using the coupled mode theory,
the resonant wavelength, reflectivity, and other grating
performance parameters can be obtained.

The distribution of the thermal field in PCF during
the process of grating fabrication with heating from CO2

laser is very important. In this letter, using the heat
transfer theory and the finite element method[11], the
distribution of the thermal field in PCF under different
heating conditions is analyzed.

The PCF used in this study has a core surrounded by

Fig. 3. Schematic mesh picture of the cross section and air
holes of PCF.

Table 1. Material Property

Material Property SiO2 Air

Density ρ (kg·m−3) 2200 0.93

Specific Heat cp (J·kg−1·K−1) 1345 1010

Thermal Conductivity k (W·m−1·K−1) 2.68 0.032

Melting Point (K) 1976

seven layers of air holes which are of hexagonal distribu-
tion. The outer diameter is 125 µm, the diameter of the
air holes is 2.2 µm, and the spacing between holes is 5
µm. The double-point heating pattern is used. The mesh
of the finite element simulation is shown in Fig. 3, and
the triangles generated in the surface and the tetrahe-
drons appear in three-dimensional (3D) space. Neumann
boundary conditions are adopted. To reduce the calcula-
tion work, a 2-mm-long fiber is used in the analysis. The
parameters of the PCF material are listed in Table 1.

According to the Fourier law of heat transfer and the
energy conservation law[12], the 3D mathematical model
of heat transfer is shown as

∂T

∂t
− k

ρcp
∇2T = 0, (4)

where T is the temperature, t is the time, and k, ρ, and cp

are the thermal conductivity, density, and specific heat,
respectively.

Using the cylindrical coordinate system, the heat trans-
fer equation can be obtained as

ρCp
∂T

∂t
=

1
r

∂

∂r

(
kr

∂T

∂r

)
+

1
r2

∂

∂φ

(
k

∂T

∂φ

)
+

∂

∂z

(
∂T

∂z

)
.

(5)

The boundary conditions are

−k
∂T

∂r
= q(r, φ, z), r = R, 0 ≤ z ≤ 200

∂T

∂r
= 0, r = R, 200 < z ≤ ∞

∂T

∂r
= 0, r = 0

, (6)

where z refers to the axial coordinate in the fiber, R is
the radius of the fiber, and q is the heat flux.

The initial conditions are

T = T0 = 298 K, t = 0, 0 ≤ r ≤ R. (7)
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The differential equation for the temperature field is
obtained by Eq. (5) as

Ω[T (x, y, z, t)]

= k
(∂2T

∂x2
+

∂2T

∂y2
+

∂2T

∂z2

)
+ Q − ρCp

∂T

∂t
= 0. (8)

Substituting the trial function T̃ and the Gaussian for-
mulas into Eq. (5) and utilizing the boundary relation-
ship of region Ω, the following equation is obtained:

∂JΩ

∂Tj
=

∫∫∫
Ω

[
k

(
∂Wj

∂x

∂T̃

∂x
+

∂Wj

∂y

∂T̃

∂y
+

∂Wj

∂z

∂T̃

∂z

)]

dxdydz −
∫∫∫

Ω

(
QWj + ρCpWj

∂T̃

∂t

)
dxdydz

−
∫∫
©
P

kWj
∂T̃

∂~n
d~s = 0 (j = 1, 2, · · · , n), (9)

where Wj is the weight function, ~n is the normal vector of
the boundary, Ω is the domain of the temperature field,
and Q is the quantity of heat that an object receives per
one unit of time. This is the fundamental equation for
calculating the 3D temperature field using the finite el-
ement method.

If the region Ω is divided into E units and n nodes,
then the temperature field can be discretized as the un-
determined temperature in n nodes, namely, T1, T2, · · · ,
Tn. Then the calculus of variations can be carried out,
and the following equation can be isolated from Eq. (9):

∂Je

∂Tj
=

∫∫∫
Ω

[
k

(
∂Wj

∂x

∂T̃

∂x
+

∂Wj

∂y

∂T̃

∂y
+

∂Wj

∂z

∂T̃

∂z

)

− QWj + ρCpWj
∂T̃

∂t

]
dxdydz −

∫∫
©

P

e

kWj
∂T̃

∂~n
d~s

(j = i, l,m, p), (10)

where i, l, m, and p are the node numbers of the units’
local, and they are also the four vertices of the tetrahe-
dron with the finite element method.

Substituting Eq. (10) into Eq. (9), all the algebraic
equations can be synthesized:

∂JΩ

∂Tj
=

E∑
e=1

∂Je

∂Tj
= 0 (j = 1, 2, · · · , n). (11)

With n algebraic equations, the temperature in n nodes
can be obtained. After organization, the matrix equation
is obtained as

[C]
{

Ṫ
}

+ [K] {T} = {Q} , (12)

where [K] is the transfer matrix including the heat trans-
fer coefficients and convection coefficients, [C] is the
specific heat matrix, {T} is the node temperature vec-
tor, {Ṫ} is the time derivative of temperature, and {Q}
is the temperature loading of the internal heat source.

Fig. 4. (a) Simulated heat transfer results for PCF; (b) tem-
perature profile as a function of length for PCF.

With the above methods, the PCFG with a structure
of seven layers of air holes is simulated for the heating
process, and the temperature field distributions in the
vertical and radial directions of the fiber are analyzed.
The laser power is 1.6 W, the luminous spot radius is
100 µm, the heating time is 310 ms, and the fiber length
is 2 mm. On the fiber surface, the temperature field
distribution along the z axis is shown in Fig. 4.

From Fig. 4, the temperature distribution along the
z direction is known to be Gaussian distribution, which
coincides with the energy distribution. In addition, the
heat energy is mainly concentrated in the range less than
0.6 mm. The temperature at the center of the heat
source is 1977 K, achieving the melting point of SiO2.
The temperature is 1800 K at 0.2 mm of the fiber, and
the temperature is close to the initial temperature of
fiber (298 K) at 2 mm of the fiber. Thus, using the
CO2 laser heating method, SiO2 can achieve the melting
point in the range of tens to hundreds of micrometers,
and air hole collapse can be realized. This results in the
formation of long period gratings. Further, Fig. 3 shows
that the temperature distribution in the cross section
of the fiber is not affected when the 2-mm-long fiber
is selected. The simulation results are not influenced as
well.

The temperature distribution in the radial direction
is shown in Fig. 5. From Fig. 5(a), the isotherms are
distributed along the radial direction, and the tempera-
tures are almost equal when there is the same distance
from the fiber core. However, the temperature changes
in the positions where there are air holes. The temper-
ature difference between the internal and external cross
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Fig. 5. (a) Temperature distribution of the cross section of
PCF; (b) radial temperature curve at 310 ms.

sections of the fiber is only 14 K (less than 1%). It
reaches the melting point of SiO2 and accords with the
heating conditions.

The curve of the temperature distribution (shown in
Fig. 5(b)) when the collapse condition in the radial direc-
tion is reached. From this figure, the air holes are shown
to affect the heating process. The temperature distribu-
tion in the air holes is almost linear, and there exists a
large temperature gradient. Comparing the temperature
gradient in the air holes with that in SiO2, the latter is
very small. This is because the thermal conductivity of
air is far less than that of SiO2, and air obstructs the
heat transfer.

To analyze the effect of laser beam parameters, the
heating process is simulated with different laser powers
and luminous spot radii, respectively. The results are
shown in Fig. 6.

Figure 6(a) shows the relationship between the laser
power and the required heating time when the luminous
spot radius is 100 µm. From this figure, with the same
laser spot radius, the heating time leading to PCF col-
lapse decreases as the laser power increases. When the
power of the laser is 2 W, the heating time is only 182
ms. When the power of the laser is 1 W, the heating
time becomes 646 ms, which is much larger than that at
2 W. Considering the response time and stability of the
laser output in the practical operation of PCFG carving,
the most appropriate output power is 1.6 W.

Figure 6(b) shows the relationship between the lumi-
nous spot radius and the required heating time when the
laser power is 1.6 W. At the same laser power, as the

Fig. 6. (a) Curve of the collapse time t under different heat-
ing powers P with spot radius r = 100 µm; (b) curve of the
collapse time t under different spot radii r with laser power
P = 1.6 W.

Fig. 7. Variation in heating power under different numbers of
air hole layers nL.

luminous spot radius increases, the heating time in-
creases. This is because the energy distribution is mainly
determined by the laser spot radius. When the laser
power is not changed, as the spot radius enlarges, the
heat flux of the fiber surface decreases.

To analyze the effect of the air hole structure on the
heating process, PCF models with different layers and
diameters of air holes are built and simulated. The re-
sults are shown in Figs. 7 and 8, respectively.

If the numbers of air hole layers are not the same, the
velocities of heat transfer in the radial direction of PCF
will be very different. At the same spot radius and air
hole diameter (1.6 µm), the PCF layers increase from 1
to 7, when the PCF attains the collapse temperature.
The simulation results of the relationship between the
laser power and the heating time are shown in Fig. 7. In
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Fig. 8. Variation in heating power with different air hole radii
d at the same fiber radius R.

this figure, when there is a change in the course of air
hole layers from 1 to 7, the heating time decreases as the
laser power increases, and their variation regularities look
the same. The difference is that under the same heating
power, the more are the layers, the less time is required
to achieve the same temperature.

With the same number of air hole layers and fiber ra-
dius R, when the PCF achieves the collapse temperature,
the relationship between the heating power and the air
hole radius is shown in Fig. 8. From the figure, for a PCF
with a certain air hole radius, the heating time for the
collapse temperature increases as the heating power de-
creases, and the downtrend of all curves is obvious. With
the same laser power, as the air hole radius increases, the
heating time for collapse temperature reduces. A further
examination also shows that at the same air hole radius,
as the number of air hole layers increases, the heating
energy decreases. When the number of air hole layers
increases from 1 to 7, the variation in heating energy is
around 0.4 W.

In conclusion, we deal with the fabrication technology
of PCFG based on its structural change with the heat-
ing method. A theoretical analysis of this fabrication
technology is presented, and the temperature field distri-
bution is computed. In the grating fabrication process,
the effects of laser beam parameters and fiber structure
on PCFG are discussed. An in-depth investigation has

been done on the law of temperature field distribution in
PCF under heating condition. Using the results, when
the PCF structural parameters and the desired PCFG
structure are known, the required laser spot size, laser
power, and time parameters can be calculated. Overall,
we have provided a theoretical basis for the fabrication
of PCFG with the heating method and proposed a theo-
retical guidance for its further development.
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