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To obtain the stable operation of erbium-doped fibre laser, the simple and ideal technology is adopted by use
of the erbium doped polarization maintaining fibre (EDPMF). The design criteria of the Panda-type EDPMF are
presented, which take into account the cutoff wavelength, mode field diameter, modal birefringence and background

loss. Four groups of optimum structural parameter combinations are determined in terms of the design criteria. Two

kinds of the Panda-type EDPMFs are selected to be fabricated. The fabrication process and the parameter control of

the Panda-type EDPMF's are presented in detail. Their refractive index profiles, birefringence and absorption spectra

are experimentally investigated. The absorption coefficient of the EDPMF, whose core is co-doped with Bi, Ga, Al

and Ge, is about 57.9dB/m at 1.53 um. Co-doping Bi, Ga and Al can greatly increase the erbium concentration in
the silica-based fibre. The high birefringence is obtained for the Panda-type EDPMF. The group birefringence of the
EDPMF, whose outer cladding diameter is 125 um, is about 4.8 x 10~%.
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1. Introduction

Erbium-doped fibre lasers have attracted much
attention in the optical fibre communication systems
and sensing fields, due to their narrow linewidths and
inherent compatibility with optical fibre systems. And
operation under stable linear polarization has become
a requirement for many practical fibre laser applica-
tions. However, stable operation of fibre lasers is quite
difficult to realize because the competitions among
longitudinal modes and among polarization modes
easily occur.!!]

In the past, different approaches have been in-
vestigated to obtaining the polarization-maintaining
operation without using the polarization-maintaining
fibre.['?l But these methods have their limitations.
If an erbium-doped polarization-maintaining fibre
(EDPMF) is available, the polarization mode can eas-
ily be stabilized by the combination of an EDPMF
and a polarizer. Edvold and Palsdottir ¥ reported
an EDPMF with an elliptical stress-inducing cladding
and an elliptical core. But the elliptical-cladding-type
preform has substantial limitations in terms of man-

ufacturability and scalability. The technology used

to make the Panda-type EDPMF offers many mer-
its. It has the advantage of effectively decoupling
the fabrication of the erbium-doped preform from the
stress members.[* Thus it can provide independent
and highly effective control of the polarization proper-
ties and the absorption coefficient. So the Panda-type
technology is suitable for fabricating the EDPMF.

In this paper, the structural parameters of the
Panda-type EDPMF's are optimized in terms of the de-
sign criteria, which take into consideration EDPMFs’
cutoff wavelengths, mode field diameters, background
loss and modal birefringence. According to the re-
sults of optimization, two kinds of EDPMFs with dif-
ferent structural parameters have been selected to be
fabricated. Their refractive index profiles, birefrin-
gence and absorption spectra are experimentally in-
vestigated.

2. Optimal design of structural

parameters

The cross section of the Panda-type EDPMF is

schematically shown in Fig.1. The erbium ions are
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confined in a central region and the core diameter is
d. Two stress-applying parts (SAPs) in the cladding
region are on the opposite sides of the core and their
diameters are t. The nearest distance between the
core centre and the SAP’s circumference is Dy, and
the dopant concentration of BoO3 in the SAPs is m.
The outer diameter of the cladding is D. The refrac-
tive indices of the core, silica cladding and SAPs are
Ncore, Melad aNd ngap, respectively. In the following
discussion, the parameters ¢, b and A are defined as
q = 2Dg./d, b =2t/D and A = Ncore — Nelad, TESPEC-
tively.
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Fig.1. Schematic representation of the Panda-type
EDPMEF.

The structural parameters should be optimized
according to the design considerations. The large-
mode-area double-clad fibres are required if the pump
sources are high-power multimode diode lasers. And
a single clad fibre is satisfied when the power of the
pump is less than 1 watt. Here, we only discuss the
latter one and the design criteria are summarized as
follows.

1) EDPMF is in the single-mode operation at
the wavelengths of pump and signal. Thus the cut-
off wavelength of the second-order mode is usually
0.92 yum + 0.05 pm if the 980 nm pump is used. And
the cutoff wavelength can be 1.40 pm + 0.05 pm if the
pump wavelength is about 1480 nm.

2) The mode field diameter at the operating wave-
length should be controlled in a certain range. Gen-
erally, its value at the wavelength of 1.55 ym is 7 ym
+ 1pum .

3) As the B2Oj3 in the SAPs can induce large ab-
sorption in the infrared region, the SAPs are not very

close to the core. Generally, the distance Dg. should
be larger than the mode field diameter at the operat-
ing wavelength. Thus the BoO3 absorption loss can
be decreased to less than 1dB/km.!"!

4) EDPMF

maintaining characteristics.

should have good polarization-
Modal birefringence
should increase to more than 3 x 1074

5) EDPMF should have a high erbium concentra-
tion to keep the necessary fibre length used for the
lasers and short pulse amplification.®!

As the SAPs are not very close to the core, the
SAPs will make little impact on the cutoff wavelength
of the second-order mode and the mode field diameter
of the fundamental mode. Hence, an EDPMF can be
considered as a two-layer step-index fibre when calcu-
lating its cutoff wavelength and mode field diameter.
Thus the cutoff wavelength A. can be numerically cal-
culated by using the formula

mdy/(nead + 4)2 —nd 4

A = 2.4048 ' (1)

And the second moment of the normalized longitudi-
nal power flow intensity can be adopted as the def-
inition of mode field diameter. Thus the mode field

diameter w can be given by

1/2

: (2)

_ [[ P:(2? + y?)dady
w=2v2 ( ffoo P.dxdy )

where P, is the longitudinal power flow intensity,

P, = 1Re(E x H*),. And the electric and magnetic
field intensities £ and H can be obtained by using the
finite element method. We calculate the cutoff wave-
lengths of the EDPMFs with the different parameter
combinations of d and A. And the contour maps of
cutoff wavelengths in the A-d plane are plotted by the
dash lines in Fig.2. Their mode-field diameters at the
wavelength of 1.55 ym are also numerically calculated
by using the formula (2), and their contour lines are
depicted by the solid lines in Fig.2. It can be seen that
the mode field diameters range from 6 to 8 um while
the core diameters vary from 2.8 to 3.8 um, when fix-
ing the cutoff wavelength at 0.92 yum. And the values
of the mode field diameters remain in the same range
from 6 to 8 um when the core diameters vary from
5.0 to 6.7 um, while the cutoff wavelengths increase to
1.40 pm.
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Fig.2. Contour lines of cutoff wavelengths and mode field diameters in the A — d plane

It is clear that the mode field diameters at 1.55 pm
are about 2 times as large as the core diameters with
the cutoff wavelength setting to be 0.92 ym. And the
mode field diameters are about 1.2 times the size of the
core diameters if the cutoff wavelengths are 1.40 ym.
According to the third item of the design criteria,
the structural parameter g should be not less than
4 if A\¢ ~ 0.92 um, and ¢ should be more than 2.4 if
Ae =~ 1.40 pm.

The optimal values of the parameters d, A and ¢
are approximately determined by the first three items
of the criteria. As the parameters m and b have a
great influence on the modal birefringence, they can
be determined by the fourth item of the criteria.

As the thermal expansion coefficient of the SAPs
is higher than that of the cladding, it induces the dif-
ference in stress between the z- and y-directions dur-
ing drawing process. And the stress difference can in-
duce modal birefringence by the photo-elastic effect.
The thermal expansion coefficient of the SAPs can be
estimated by the formulal®

(3)

where ag;0, and ag,o, are the thermal expansion co-

Qsap = (1 - m)aSiO2 + mag,o0,,

efficients of silica and B2Og, respectively. The ther-
mal expansion coefficient is in direct proportion to
the value of m. By increasing as,p, the modal bire-
fringence increases. But it is quite difficult to fabri-
cate the boron-doped preform with a high dopant con-
centration. The good-quality boron-doped preforms
with about 18 mol% of B2O3 have been fabricated.
Hence the thermal expansion coefficient of the SAPs
is about 2.24 x 10~6°C~1! as Qsi0, = 9.4 X 10-7°C-1
and op,o, = 1.0 X 10~-5°C—1,

As the dimension of the z-direction is very large
in comparison with those of the z- and y-directions,

the stress problem in the fibre can be considered to
be a plane strain problem. The stress components
can be numerically calculated by the finite element
method.[®8] The parameters used in the following sim-
ulations are Young’s modulus E = 7.8 x 1019 N/m?,
Poisson’s ratio v = 0.186, thermal expansion coeffi-
cients qeore = 1 X 1076°C™1 agup = 2.24 x 1076 °C~1
Qlad = 5.4x1077°C~! and the difference between the
softening temperature and room temperature AT =
1300°C. According to the photo-elastic theory, the
relation between the principle index and the principle
stress can be expressed as[®7]

Nz = NO + 10, + C2(0'y + Uz);

Ny = No + c10y + c2(0, + 02), (4)

where 0, oy and o, are the stress components along
the x-, y- and z- directions; IV, and N, are the princi-
ple index; ¢; and ¢y are stress-photoelastic coefficients.
As the modal birefringence of the Panda-type EDPMF
is mainly the stress-induced one, the birefringence B
can be approximately expressed as!”

B ~ (C(04(0,0) — 0,(0,0)). (5)

Here, C is the relative stress-photoelastic coefficient
and C = ¢; — ca = 3.43 x 1072m?/N; 0,(0,0) and
oy(0,0) are the values of the stress components o, and
oy at the centre of the fibre, respectively, which can
be calculated by the finite element method software.

It is well known that the modal birefringence in-
creases when the structural parameter ¢ decreases.!”!
So the values of g can be as small as possible on
condition that the third item of the criteria is sat-
isfied. Hence the parameter ¢ can be chosen as 4
if Ac
Ae ~ 1.40 um. The outer diameters of fibre cladding

~

0.92 ym, and the value of ¢ can be 3 if
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are usually 125 um and 80 pym for the telecommunica-
tion and gyroscope applications, respectively.

First, we discuss the optimal values of b when
D = 125um. We numerically calculate the modal
birefringence as a function of the relative size of the
SAPs when g = 4 and D = 125 um, and the results are
shown in Fig.3(a). It is clear that the values of corre-
sponding structural parameter b should be more than
0.20, 0.23 and 0.27 if the core diameters are given 2.8,

9
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3 e d=3.8um
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3.3 and 3.8 pum, respectively. Thus the modal birefrin-
gence can be more than 4 x 10~%. Figure 3(b) shows
the modal birefringence versus the relative size of the
SAPs when ¢ = 3 and D = 125um. It can be seen
that the values of parameter b should be more than
0.27, 0.32 and 0.37 if the core diameters are given 5.0,
5.9 and 6.7 um, respectively. Then B is increased to
more than 4 x 1074,

Birefringence B /10~*
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Fig.3. Modal birefringence versus the relative size of SAPs.

Next, the optimal values of b are investigated
when D = 80pm. The modal birefringence of the
EDPMFs with D = 80pum and ¢ = 4 is shown in
Fig.3(c). It is clear that the values of parameter b
should be more than 0.24, 0.28 and 0.33 if the core
diameters are given 2.8, 3.3 and 3.8 um, respectively.
Then B is more than 3 x 107%. From Fig.3(d) in
which the parameters are ¢ = 3 and D = 80 pum, it
can be seen that the values of parameter b should be
more than 0.33, 0.40 and 0.53 if the core diameters
are given 5.0, 5.9 and 6.7 um, respectively. Then B is
more than 3 x 1074,

Thus four groups of optimal parameter combi-
nations are obtained. The cutoff wavelength should
be about 0.92 ym if the 980 nm pump is used. Thus
d~33pumand A~1.6x10"2. And ¢q can be chosen

as about 4. If D = 125 um, b should be more than
0.23, then B > 4 x 10~%; If D = 80 um, b > 0.28, then
B>3x107%

The cutoff wavelength can be about 1.40 ym if the
pump wavelength is about 1480 nm. Thus d ~ 5.9 ym
and A~ 1.1 x 1072, And ¢ can be 3. If D = 125 um,
b > 0.32, then B >4 x 107%; If D = 80 um, b > 0.40,
then B > 3 x 1074

3. Fabrication and characteristics

According to the results of optimization, we se-
lected two kinds of EDPMF's to be fabricated and they
are referred to as E#1 and E#2. The design targets
of E#1 are that D = 125 ym and A. = 1.40 um. And
the requirements of E#2 are that D = 80pum and
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Ae = 0.92 pm.

Fabrication process of the Panda-type EDPMF is
as follows. First, the erbium-doped preform is fabri-
cated by the combination of the MCVD process and
the solution doping technique. Here, the core layer
containing SiOs and GeOs should remain porous to
allow for solution doping. The soot is immersed for
about one hour in the solution in which high-purity er-
bium chloride and other chlorides have been dissolved.
It is pointed that the solution of E#1 contains ErCls;
and AlCl3, and the solution of E#2 contains ErCls,
BiCl3, GaClg and A1013
centrations in the solutions of E#1 and E#2 are the

And the erbium ion con-

same. Further process includes dehydration, sintering
and collapsing.

Next, the erbium-doped preform is ground on
both sides and two symmetrical grooves are formed.
Then two boron-doped preforms are inserted into the
grooves. Last, the silica tubes are collapsed over the
composite unit. Thus a Panda-type EDPM preform
is completed. EDPMF is drawn from the preform by
using the conventional fibre drawing technique.

The difference in refractive index between the core
and cladding can be adjusted and increased to the
design target by controlling the ratio of silicon tetra-
chloride flow to germanium tetrachloride flow in the
deposition process. We use a Photon Kinetics P104
Preform Analyser to study the refractive index profiles
and the core dimension of the erbium-doped preforms.
And the refractive index differences of E#1 and E#2
are increased to about 1.1 x 1072 and 1.5 x 1072, re-
spectively, through making trial of fabrication several
times.

The core diameter of the fibre can reach the design
target through the process of overcladding. Finally,
the ratios of the core and cladding diameter in the
preforms E#1 and E#2 are about 1:21.6 and 1:23.3,
respectively. And the ratios of the core diameter to
the SAP diameter in E#1 and E#2 are both 1:4. The
parameters g of E#1 and E#2 are approximately 3
and 4, respectively.

The refractive index profiles (RIPs) of EDPMF
E#1 and E#2 are measured by using the refracted
near-field technique of EXFO NR-9200 Optical fibre
analyser. Figure 4 shows the RIP of E#1. And the 3D
RIP view of E#2 is shown in Fig.5. The cutoff wave-
lengths are measured by using the Photon Kinetics
2210 Optical fibre analysis system. The cutoff wave-
lengths of E#1 and E#2 are 1.392 um and 0.938 um,
respectively.
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Fig.4. Refractive index profile of E#1.

Fig.5. 3D RIP view of E#2.

The absorption spectra are investigated by the
cut-back method (PK 2210 Optical fibre analysis sys-
tem). Figure 6 shows the absorption coefficient of
E#1 and it can be seen that the absorption coeffi-
cient of E#1 is 12.5dB/m at 1.53 um and 4.7 dB/m at
1.48 pm. The erbium concentration can be estimated
from the peak absorption coefficient at 1.53 um. The
relation between the absorption coefficient o, (A) and

erbium concentration n; satisfies the formulal®
aa(A) = ga(AN) T (A)ny. (6)

Here, I' and o, are the overlap factor and absorption
cross section, respectively. The absorption cross sec-
tion of erbium in the GeOy-SiO2—-Al;03 at 1.53 um
is about 4.9 x 10725 m2.[% The overlap factor can be
numerically calculated by

_ ffcore Pzdxdy
[],, P.dzdy

Here, P, is the longitudinal power flow intensity. The

r (7)

overlap factor of E#1 is calculated according to the
structural parameters of E#1 and its value at 1.53 ym
is about 0.783. Thus, the erbium concentration of E#1
is estimated to be about 7.5 x 10?*ion/m?.
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Fig.6. Absorption coefficient of E#1.

The absorption spectrum of E#2 is shown in
Fig.7. It is clear that the absorption coefficient of E#2
is 57.9dB/m at 1.53 ym and 29.1dB/m at 0.98 ym.
The absorption coefficient of E#2 is much higher than
that of E#1. The overlap factor of E#2 at 1.53 is cal-
culated to be about 0.525 by using the formula (7).
In addition, co-doping elements in the silica-based fi-
bre have little effect on the absorption cross section of
erbium at 1.53 ym.!! Thus the erbium concentration
of E#2 is estimated to be 5.2 x 10%%ion/m3. It can
be deduced that co-doping Bi, Ga and Al can greatly
increase the erbium concentration in the silica based
fibre.
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Fig.7. Absorption coefficient of E#2.

The birefringence of EDPMF is studied by us-
ing the HP 8509B Polarization Analyser. The differ-
ential group delay (DGD) of the fibre E#1 with the
length of 1.1m is measured and the result is depicted
in Fig.8. The relation between the differential group
delay At and the walk-off parameter Ang satisfies the

formulalt?]

Any =27, ®)

where ¢ is the velocity of light in vacuum and L is
the fibre length. The walk-off parameter is defined as
the difference in group refractive index between the x-
polarization mode and y-polarization mode.'*) From
Fig.8, it can be seen that the mean value of DGD is
about 1.77ps. Thus the walk-off parameter of E#1
is estimated to be about 4.8 x 10~%*. The walk-off
parameter is also called the group birefringence, and
the relation between the modal birefringence and the

walk-off parameter satisfies the expression'?!
dB

As the birefringence of the Panda-type EDPMF is the
stress-induced one, the difference between B and An,
is very little. So the modal birefringence of the fibre
E#1 is about 4.8 x 10~

2.5
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=
ot

1.0t i

0.5 ) . ) . )
1.530 1.535 1.540 1.545 1.550 1.555
Wavelength \/pm
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Fig.8. DGD of E#1 with L = 1.1m.

In addition, the DGD of the fibre E#2 with the
length of 1.0 m is measured and the result is shown in
Fig.9. The mean DGD of E#2 with L = 1 m is about
1.23 ps. Thus the group birefringence of E#2 is about
3.7 x 1074,
target.

Their birefringence achieves the design
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Fig.9. DGD of E#2 with L = 1.0m.
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4. Conclusion

The Panda-type technology is suitable for fabri-
cating the EDPMF as it has the advantage of effec-
tively decoupling the fabrication of the erbium-doped
preform from the stress members. The design crite-
ria of the Panda-type EDPMF are presented, which
take into account the cutoff wavelengths, mode field
diameters, background loss and modal birefringence.
Four groups of optimum structural parameter combi-
nations are determined in terms of the design crite-
ria. These structural parameters include core diam-
eter, the refractive index difference between the core
and cladding, the relative distance between the core
and the SAPs, the relative size of the SAPs and the

cladding diameter. Two kinds of EDPMF's with dif-
ferent structural parameters have been selected to be
fabricated. The fabrication process and the parame-
ter control of EDPMF are given in detail. Their re-
fractive index profiles, absorption spectra and bire-
fringence are experimentally investigated. The ab-
sorption coefficient of the EDPMF, whose core is co-
doped with Bi, Ga, Al and Ge, is about 57.9dB/m at
1.53 pm. Its erbium concentration is estimated to be
about 5.2 x 102% ion/m?. Co-doping Bi, Ga and Al can
greatly increase the erbium concentration in the silica
based fibre. The high birefringence is obtained for the
Panda-type EDPMF. The group birefringence of the
EDPMF, whose outer cladding diameter is 125 ym, is
about 4.8 x 1074,
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