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Analysis on Raman gain coefficients in polarization
maintaining photonic crystal fibers
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The Raman gain coefficients in polarization maintaining photonic crystal fibers (PM-PCFs) are analyzed
in order to design fibers for linearly polarized Raman fiber laser with enhanced performances. The results
show that a well designed germanium-doped PM-PCF can attain the value of Raman gain coefficient over
50 W−1·km−1, going with very high birefringence and single mode operation at 1.55-μm signal wavelength
and 1.45-μm pump wavelength.
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Raman fiber lasers have found applications in telecom-
munications, medicine, and scientific areas, and most
Raman fiber lasers reported to date have a ran-
domly polarized output which is advantageous in such
applications as distributed Raman amplification in
telecommunications[1]. However, applications like har-
monic generation, parametric conversion, and spec-
troscopy of gases require emission with a high degree
of polarization. Moreover, the maximum Raman gain
efficiency can be attained no other than the pump and
signal have same polarization[2]. Therefore, some linearly
polarized Raman generation in polarization maintaining
birefringent fibers has been reported previously[2,3].

On the other hand, it has been already demonstrated
that photonic crystal fibers (PCFs) greatly enhance non-
linear effects, and therefore, they represent an optimal
solution as Raman amplification fibers[4], and a model
that can be used to describe the Raman properties of
PCFs accurately has been developed[5]. However, no
analysis of Raman properties in polarization maintain-
ing PCFs (PM-PCFs) has been presented so far. In this
letter, we analyze how the Raman gain coefficients of
PM-PCFs, where two of the air holes adjacent to the
core are larger than the others, change with varying the
structure parameters of PM-PCFs, and then the effect
of germanium-doped core is also investigated.

The Raman gain coefficient γR is related to the fre-
quency separation Δν between the pump and Stokes, and
is calculated according to[6]

γR(Δν) =∫∫
S

CSiSi(Δν)(1 − 2m(x, y))is(x, y)ip(x, y)dxdy

+
∫∫
S

CGeSi(Δν)2m(x, y)is(x, y)ip(x, y)dxdy, (1)

where S is the fiber cross section, it is important to men-
tion that the contributions to the Raman gain coefficient
are given only by the zones where the glass is present in,
so the air holes are not included in the integral region;
m(x, y) is the germanium concentration; CSiSi and CGeSi

are the Raman spectra relative to Si-O-Si and Ge-O-Si

bridging bonds, respectively. In order to consider the
peak Raman gain coefficient, we assume pump and sig-
nal wavelengths are 1.45 and 1.55 μm, respectively, so
that Δν = 13.2 THz, and then, according to the predic-
tion and experimental measurement reported in Ref. [6],
CSiSi = 33.4 μm2/(W·km), CGeSi = 118 μm2/(W·km).
is, ip are the normalized signal and pump intensities, re-
spectively. They can be given by the definition of the
Poynting vector as
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where P is the integral of the intensity over the section
of the fiber,
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Because the fields extend along the entire transverse
plane, the overall section of the PM-PCF, including the
whole air holes, is the integral region here.

Then, the most important process is calculation of the
magnetic field and the electric field. In this letter, a full-
vector plane-wave method is used[7,8]. In order to test the
accuracy of our calculation, we compare our predictions
of the Raman gain coefficient to the results calculated
through the finite element method (FEM) solver[5]. Con-
sider a same triangular PCF as in Ref. [5], pitch Λ = 4.2
μm, relative hole diameter d/Λ = 0.44 and the diameter
of the germanium-doped region dd = 6 μm. Figure 1
shows the relation between the values of γR at the fre-
quency separation of 13.2 THz and germanium concen-
tration in the doped core. The solid curve shows our
results, and the open circles show the results reported
in Ref. [5]. The agreement is excellent, showing that the
calculation is accurate.

Figure 2 shows the schematic cross section of the PM-
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Fig. 1. Raman gain coefficients γR of triangular PCF as a
function of germanium concentration in the doped core, the
solid curve shows our results, and the open circles show the
results reported in Ref. [5].

Fig. 2. Schematic cross section of PM-PCF.

Fig. 3. Raman gain coefficients γR of PM-PCFs as a function
of pitch Λ for various d/Λ.

PCF, having two large air holes with the diameter db

adjacent to the core. In this letter we will analyze the
Raman gain coefficient of this type of PM-PCF, which
has much higher modal birefringence than the conven-
tional polarization maintaining fibers[9].

Firstly, PM-PCFs with silica bulk have been consid-
ered. Figure 3 shows the Raman gain coefficients γR of
PM-PCFs, with d/Λ = 0.5, 0.6, 0.7, and d/db = 0.6, as
a function of Λ varying from 0.8 to 2. For a given value
of d/Λ, there is an optimal value of Λ that maximizes
γR, which is 1.4, 1.2, 1.1 μm for d/Λ = 0.5, 0.6, 0.7,
respectively. In order to explain this phenomenon, let us
consider two separate aspects: increasing the value of Λ
will increase the effective area of mode Aeff or Raman
effective area AR

eff , so it results in reducing the value of
γR. On the other hand, for a given wavelength, decreas-
ing the value of Λ will weaken the confinement of the

optical mode in the core, leading to reducing the value of
γR also. Therefore, at a certain value of Λ between two
extreme situations, γR becomes maximum. Moreover,
the figure also shows that γR increases with the values
of d/Λ, which can be explained that the greater filling
fraction of air holes around the central silica core is, the
higher field tightness is, leading to higher normalized
intensities of optical mode.

Then, the Raman gain coefficients γR of PM-PCFs
with various d/db are considered. Figure 4 shows γR of
PM-PCFs, with d/Λ = 0.5, 0.6, 0.7, and Λ = 1.4, 1.2, 1.1
μm, respectively, which is the optimal values obtained
by the previous study for various d/Λ, as a function of
d/db. From the figure a very interesting phenomenon
can be found, γR will be maximized when d/db is equal
to a same value, 0.6, for these PM-PCFs. This rule is
different from that for the birefringence, which becomes
larger with the enhancing of size difference between these
two kinds of holes all the while.

Afterwards, PM-PCFs with silica bulk and germanium-
doped core were investigated. Figure 5 shows γR of the
same three PM-PCFs as above, with fixing germanium
concentration m = 15 mol%, as a function of the relative
diameter of germanium-doped region dd/Λ. It shows that
there is an optimal value of dd/Λ = 1—1.2 to maximize
γR for each PM-PCF. From the result of simulation, it
is confirmed to be wrong that the wider the doped re-
gion is the higher γR is, but when the doped region is
nearly equal to the effective core of PM-PCF, the max-
imum of γR will be attained. The reason is that when the

Fig. 4. Raman gain coefficients γR of PM-PCFs, with d/Λ
= 0.5, 0.6, 0.7, and Λ = 1.4, 1.2, 1.1 μm, respectively, as a
function of d/db.

Fig. 5. Raman gain coefficients γR of PM-PCFs, with d/Λ =
0.5, 0.6, 0.7, Λ = 1.4, 1.2, 1.1 μm, respectively and m = 15
mol%, as a function of dd/Λ.
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doped region is smaller than the effective core, widen-
ing it will bring forth two kinds of improvements for γR.
One is increasing the refractive index difference between
the effective core and effective cladding, which results in
higher field tightness. The other is that the more mode
field lies in the doped region, the greater γR is by rea-
son of CGeSi > CSiSi. However, when the doped region is
larger than the effective core, widening it will bring forth
slightly impairing for γR, because the field tails will be
able to leak out through the bridges between the air holes
due to the same material.

Table 1 shows the parameters of the PM-PCFs that
optimize Raman performances and relevant maximum of
γR. These values of γR are much higher than the well de-
signed Raman fibers with conventional structure which
can reach values of γR near to 5—6 W−1·km−1.

An investigation was carried out on the germanium
concentration in the doped core. Figure 6 shows γR of
the three PM-PCFs, with fixing structure parameters as
Table 1, as a function of the germanium concentration
which has been progressively incremented starting from
5 mol% up to 30 mol% with a step of 5 mol%. As the
germanium concentration increases, the values of γR in-
crease linearly. Galeener et al.[10] have measured that
the peak relative Raman cross-section of germanium is
9.2 times greater than that of silica, and then, Davey
et al.[11] reported that Raman gain coefficient for the
SiO2-GeO2 glass is in excellent agreement with a linear
interpolation between the values for SiO2 and GeO2.

Therefore

γSiO2−GeO2
R = γSiO2

R + m × γSiO2
R × (9.2 − 1)/100%, (4)

where γSiO2−GeO2
R is the Raman gain coefficient of the

fibers with germanium-doped core, and γSiO2
R is the

Raman gain coefficient of the pure silica fibers without

Table 1. Parameters of the PM-PCFs that
Optimize Raman Performances and the Relevant
Maximum γR, with Germanium Concentration

Equal to 15 mol%

d/Λ Λ (μm) d/db dd/Λ γR (W−1·km−1)

0.5 1.4 0.6 1.2 19.6443

0.6 1.2 0.6 1.1 28.0252

0.7 1.1 0.6 1.0 36.9753

Fig. 6. Raman gain coefficients γR of PM-PCFs, with d/Λ
= 0.5, 0.6, 0.7, and Λ = 1.4, 1.2, 1.1 μm, respectively, as a
function of germanium concentration.

germanium. As an example, we can estimate from
Fig. 6 that the solid curve has the slope of 111
W−1·km−1·mol−1. And as seen from Fig. 4, γSiO2

R =
13.6 W−1·km−1 for this PM-PCF, so the slope predicted
by Eq. (4) should be 13.6 × (9.2 − 1)/100% = 111.52
W−1·km−1·mol−1, which is inagreement with that es-
timated from Fig. 6. So, it is also confirmed that our
method is an accurate tool to predict the Raman gain
coefficients of PM-PCFs.

High values of γR are indeed what we expect, but not
the all we must consider. The birefringence and single
mode characteristic affected by increasing of germanium
concentration are also needed to watch out. Figure 7
shows the birefringence and 3rd mode cutoff wavelength
of these PM-PCFs as a function of germanium concen-
tration. The values of birefringence at wavelength of
1.45 μm are little smaller than the ones at 1.55 μm, it is
because that the mode field diameter becomes smaller as
the wavelength is shortened, and this results in a reduc-
tion in modal asymmetry. In addition, there is very little
increment with the enhancement of germanium concen-
tration, and the lowest birefringence of these PM-PCFs
is near to 4 × 10−3 at 1.55 and 1.45 μm, which is much
larger than that of a conventional panda fiber.

Since the 1st and 2nd modes are the two linearly po-
larization modes of fundamental mode, the cutoff wave-
length of 3rd mode is considered for the condition of
single mode operation. When the wavelength is longer
than the cutoff wavelength of 3rd mode, any mode ex-
cept fundamental mode will be cut off. As Fig. 7 shows,
the cutoff wavelength of 3rd mode moves to the long
wavelength with the enhancement of germanium concen-
tration, the reason is that the refractive index difference
between core and cladding increases with increasing of
germanium concentration, i.e. numerical aperture in-
creases, thus the wavelength needs to be enhanced to
ensure single mode operation. Figure 7 also shows that
even though the germanium concentration is up to 30
mol%, 3rd mode cutoff wavelengths of these PM-PCFs
are lower than 1.2 μm, it is to say that the transmission
of signal at 1.55 μm and pump at 1.45 μm are both single
mode operation. This characteristic cannot be achieved
in the conventional fibers.

Fig. 7. Birefringence and 3rd mode cutoff wavelength of PM-
PCFs, with d/Λ = 0.5, 0.6, 0.7, and Λ = 1.4, 1.2, 1.1 μm,
respectively, as a function of germanium concentration. The
solid lines scaled by right y-axis show 3rd mode cutoff wave-
length, the dashed and dotted lines scaled by left y-axis show
birefringence for wavelengths of 1.55 and 1.45 μm, respec-
tively.
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In conclusion, the Raman properties in PM-PCFs,
including that structure parameter of PM-PCFs,
germanium-doped region and germanium concentration
have been analyzed. These properties have effect on the
Raman gain coefficient γR. It is shown that a well de-
signed germanium-doped PM-PCF can attain the value
of Raman gain coefficient over 50 W−1·km−1, going with
very high birefringence and single mode operation at sig-
nal wavelength of 1.55 μm and pump wavelength of 1.45
μm, which cannot be achieved in conventional fibers.
These properties of PM-PCFs are very valuable for the
new type of linearly polarized Raman fiber laser.
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