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Output Characteristics of High-Power Continuous Wave Raman
Fiber Laser at 1239 nm Using Phosphosilicate Fiber
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A high-power singlemode Raman fiber laser (RFL) with maximum output power of 4.11 W and maximum
power conversion efficiency of 47.40% at 1239 nm is realized using continuous wave 8.4 W Yb-doped
double-clad fiber laser as a pump, 700 m phosphosilicate fiber, and a Raman cavity formed by a pair of fiber
Bragg grating mirrors at 1239 nm. The output characteristics of the RFL at 1239 nm for different fiber
lengths and output mirror reflectance are reported. Theoretical simulation is done to numerically optimize

for fiber length and output coupler reflectivity to obtain maximum first Stokes power.
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1. Introduction

Raman amplifiers and lasers played a vital role in the
field of optical communication in the early 1980s follow-
ing their discovery in 1972.1-3V However, with the advent
of Er-doped fiber in the early 1990s, this has been used in
fiber amplifiers and lasers in the 1550 nm wavelength
low-loss optical window.323 In the late 1990s, the high-
power multimode 810 nm/915 nm/980 nm laser diodes
and singlemode fiber lasers like ytterbium-doped double-
clad fiber laser (DCFL) at 1064 nm re-stimulated re-
search in Raman fiber lasers (RFL) and Raman fiber am-
plifiers (RFA).

The stimulated Raman scattering (SRS) in the RFL
and the RFA involves a frequency-conversion process in
which light traveling down a fiber interacts with the
vibrating molecules in silica material. This interaction
triggers a spectral shift that transfers the energy from a
shorter-wavelength pump beam to a longer-wavelength
signal one. Though the Raman gain can be obtained from
any silicate fiber, the value of Raman gain coefficient is
about eight times higher for germanosilicate fiber than
that for silicate fiber; hence, the former is used exten-
sively in RFL and RFA. Using the germanosilicate fiber
with a peak Raman shift of 440-490 cm™!, the third and
the sixth Stokes orders produce outputs at 1240 nm and
1480 nm, respectively, with a 1060 nm pump source.
However, the low-loss phosphosilicate (P,05-Si0,) fiber
has a peak Raman shift of 1330 cm ™! as shown in Fig. 1;
this is due to oxygen double-bonded to P atoms.® When
it is pumped with a 1060 nm pump source, the first and
second Stokes orders occur at 1240 nm and 1480 nm, re-
spectively. Figure 2 and Table 1 show the loss spectrum
and the fiber parameters of the phosphorous-doped fiber
(PDF) which were used in the simulation and experi-
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ments. The PDF has a loss of 1.12 and 0.95 dB/km at
1240 and 1484 nm, respectively. The 12-mole% phos-
phorous concentration results in a refractive index differ-
ence of 0.0105. A high-power RFL can be obtained using
PDF and low-loss, high-reflectivity fiber Bragg grating
(FBG) mirrors.3*36

Along with the practical realization of RFL and RFA,
there have also been many theoretical and numerical
papers on optimization of RFL output. This involves solv-
ing the non-linear coupled differential equations using
various numerical and analytical methods.3-40

The theoretical model used to analyze and optimize
the RFL performance is discussed in Sect. 2. The set of
non-linear coupled equations which describe the RFL are
solved using both the linear shooting method and the
finite difference method. The theoretical model used for
the simulation is also detailed. The performances of the
RFL for different fiber lengths and output coupler reflec-
tivity are reported in Sect. 3, and the experimental setup
and results in Sect. 4. In Sect. 5 we draw our conclusions.

2. Theoretical Model

The basic layout of the RFL is shown in Fig. 3. The
pump source at 1064 nm is spliced to the Raman cavity,
which consists of a pair of FBG mirrors. FBG1 has a
reflectivity greater than 99% at 1239 nm, while the
reflectivity of FBG2 is varied. Once the pump power is in-
creased above the first Stokes threshold, the first Stokes
order is generated in both forward and backward direc-
tions. The forward/backward Stokes orders propagate
in their respective directions along the fiber and encoun-
ter the FBG at z=0 or L. Since the FBG has a low inser-
tion loss and very narrow bandwidth of about 1 nm, it
reflects only the selective wavelengths. Hence, the for-
ward and backward first Stokes orders are reflected back
into the cavity. A fraction of the first-Stokes power at the
output coupler is coupled out as laser output from the out-
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Table 1. Fiber parameters of the phosphorous-doped fiber used in
the simulation and the experiments.

0 100 200 300 400 500 600700
Fiber length (m)

Fiber parameter Value
Fiber loss
@1064 nm 1.77 dB/km
@1240 nm 1.12dB/km
@1480 nm 0.95 dB/km
Core diameter 6.2 um
Fiber diameter 125 um
Cutoff wavelength 1.05 um
Refractive index difference 0.0105
Phosphorous concentration 12 mol%’
Mode field diameter
@1.064 um 5.96 um
@1.24 um 7.05 um
@1.48 um 8.25um
Raman gain
@l.24 5.4dB/km/W
@1.48 4.5dB/km/W

Fig. 4. Power evolution of forward/backward first Stokes powers
and pump power versus PDF fiber length for two different output
coupler reflectivities. (a) R=50%, (b) R=4%.

put end of the FBG mirror. The laser output depends on
the output coupler reflectivity.

The steady-state RFL can be modeled using the non-
linear coupled differential equations as follows:

dPr_ grf © ‘
EI: = ZR( w_spl)(PSlF + Ps1p)Pp— apPp
dP,

dZIF =grPsirPp — asiPair

dPsn
dz

= —[grPs18Ppr —as1Psis], 1)
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where Pp, Pgr and Ps;p are the pump, the forward first
Stokes, and the backward first Stokes powers, respec-
tively; gg is Raman gain coefficient, ap and as are linear
attenuation coefficients at the pump and the first Stokes
wavelengths, respectively; A is the effective core area,
and wp and wg; are the pump and the first Stokes frequen-
cies, respectively.

To solve Eq. (1), we need to define the boundary condi-
tions, as the RFL is a boundary value problem. The
boundary conditions can be deduced from the output cou-
pler reflectivities. By solving Eq. (1) using the linear
shooting method or the finite difference method, we can
determine the power evolutions along the fiber for the
pump, the forward and the backward first Stokes orders.

Figure 4 (a) and (b) show the power evolution of the
pump, the forward and the backward first Stokes orders
for the RFL, which is configured at 1239 nm with 700 m
phosphosilicate fiber, input FBG1 with high-reflectivity
and output FBG2 mirrors with reflectivity of 50% and
4%, respectively. In our simulation, we have assumed
the FBG1 to have a reflectivity of 100% at 1239 nm.
Therefore, the forward first Stokes and the backward
first Stokes powers match at 2=0, whereas at z=L the
backward first Stokes power is determined by the
product of the forward first Stokes power and the output
coupler reflectivity.

Although the simulations were done for fiber length
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ranging from 0 to 1150 m, we focused mainly on fiber
lengths of 300 m, 700 m, and 1150 m that were used in
the experiments. Similarly, simulations for three output
coupler reflectivities of 4%, 50%, and 84% were per-
formed to match the experimental conditions.

3. Results of the Simulation

Theoretical simulation was done to optimize the RFL
to achieve maximum first Stokes power by varying the
fiber length and the output coupler reflectivity indepen-
dently. Equation (1) was solved using the shooting and
the finite difference method. The shooting method is
used to solve ordinary differential equations that satisfy
boundary conditions at more than one value of the in-
dependent variable. The above equation was solved with
boundary conditions obtained by multiplication of the
powers of the previous passage with mirror reflectivities
at 2=0 and L. The initial conditions were adjusted until a
stable solution was obtained to match the values of the in-
put pump power, the forward and the backward first
Stokes powers to the boundary conditions.

The results of the simulation are summarized in Fig. 5.
The power conversion efficiency and the first Stokes
threshold are plotted as a function of the fiber length in
Fig. 5(a) and (b). The power conversion efficiency
(PCE=P,, (11239)/ P, (11064)) of 48.6% is obtained for
L=300m with output coupler reflectivity of R=50%.
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Fig. 5. Theoretical simulation and experimental results: The lines correspond to the theoretical simulations whereas the points represent
the experimental data. (a) Variation of power conversion efficiency versus fiber length for different output coupler reflectivity. (b) Variation
of first Stokes (S1) threshold versus fiber length for different output coupler reflectivity. (c) Variation of maximum first Stokes power versus
fiber length for different output coupler reflectivity to optimize for fiber length. (d) Variation of maximum first Stokes power versus output
mirror reflectivity for different fiber lengths to optimize for output coupler reflectivity.
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Fig. 6. Output powers of the residual pump and the first Stokes
power with change in input pump power for 700 m of PDF and 4%
output coupler reflectivity. Inset: output spectrum for 4.11 W first
Stokes output.

However, for 700 m PDF length and output coupler
reflectivity of 4%, the PCE of 46.3% can be obtained.
From Fig. 5(b), we understand that the threshold power
decreases with increase in fiber length. Moreover, the
RFL with output coupler reflectivity of 4% has the
highest first Stokes threshold and PCE. In this case, the
first Stokes power reflected from the output coupler and
used in generation of the SRS is very small, and it results
in an increased first Stokes threshold. In contrast, in the
RFL with higher output coupler reflectivity, the first
Stokes power reflected from the output coupler in the
cavity is large and it results in decrease of the first
Stokes threshold. In addition, only a smaller fraction of
the first Stokes power is coupled out of the RFL cavity.
In the RFL with the output FBG reflectivity of 4%, the
first Stokes threshold is very high at 5.21 W.

In optimization of fiber length and output coupler
reflectivity, both the PCE and the first Stokes threshold
are important parameters. Figure 5(c) shows the varia-
tion of the maximum first Stokes power as a function of
fiber length. The maximum first Stokes power of 4.99 W
can be obtained for an RFL cavity with fiber length of 25
m and output coupler reflectivity of 84%. However, a
large unabsorbed pump power at the fiber output is not
desirable. As shown in Fig. 5(d), we can understand that
for 19% output coupler reflectivity and 300 m fiber
length, the maximum first Stokes power of 4.57 W
can be obtained: For fiber lengths of 700 m and 1150 m,
the maximum first Stokes power can be achieved for the
output coupler with 4% reflectivity. After optimizing
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fiber length and output coupler reflectivity for maximum
first Stokes power, we can obtain 4.61 W of first Stokes
power with a fiber length of 250 m and output coupler ref-
lectivity of 19%. '

4.- Experimental Results

The experimental setup for the RFL at 1239 nm is
shown in Fig. 3. The pump source is the Yb-doped DCFL
with singlemode fiber output and maximum output
power of continuous wave (CW) 8.4 W at 1064 nm which
was manufactured by IRE-Polus. The PDF and the
FBGs were obtained from General Physics Institute, Rus-
sia. The Yb-doped DCFL has the output fiber of Flexcor-
1060 and it was spliced with low loss to the Raman cavi-
ty, which consists of a pair of FBG mirrors written in the
Flexcor-1060 fiber and the PDF. The mode-field di-
ameters (MFD) of the PDF are 5.96 and 7.05 um at 1064
nm and 1239 nm wavelengths, respectively, whereas the
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corresponding MFD for the Flexcor-1060 are 6.16 um
and 7.13 um, respectively. The mismatch in the MFD
of the Flexcor-1060 and PDF results in a splicing loss
between them, the average loss being 0.22 dB.

The output characteristics of the nine RFL cavities for
the fiber lengths of 300 m, 700 m, and 1150 m and for the
output coupler reflectivity of 4%, 50%, and 84% are
reported. Figure 6 shows the variation of the first Stokes
power and the residual pump power for change in the in-
put pump power for 700 m PDF length and 4% output
mirror reflectivity. For that RFL configuration, the laser
threshold, the PCE efficiency, and the slope efficiency
were 3.36 W, 47.40%, and 76.87%, respectively. The
full width at half maximum (FWHM) is 1.46 nm and the
first Stokes power at the output 4.11 W. The inset of Fig.
6 shows the output spectrum of the RFL, which includes
the residual pump power and the first Stokes power. The
spectrum was measured using an AQ-6315A optical spec-
trum analyzer by the ANDO Co. There was no silicate
Stokes at 1120 nm as reported by Karpov et al.>®

The consolidated results of the experiments are also
shown in Fig. 5. Maximum PCE was achieved for the out-
put coupler reflectivity of 4% and the 700 m PDF length.
This result is very similar to the theoretical simulation
wherein, for the 700 m PDF length, maximum first
Stokes output occurred for 4% output coupler reflec-
tivity.

The variation of the first Stokes threshold with respect
to the fiber length as shown in Fig. 5 (b) is similar to the
theoretical results. The RFL with 4% output coupler
reflectivity has high first Stokes threshold and it
decreases exponentially with increase in PDF length.
Figure 5 (c) and (d) show the variation of first Stokes
power as a function of the PDF length and the output mir-
ror reflectivity. The maximum output from the RFLis
obtained for the length of 700 m and 4% output coupler
reflectivity. However, as shown in Fig. 5 (d), the output
from the RFL with 300 m PDF length is much smaller
than the theoretical calculations. This is ascribed to a
large amount of residual pump power that has not been
converted into the first Stokes power.

Figure 7 shows the output spectrum for the RFL with
700 m PDF length and 4% output coupler reflectivity.
The spectral peak is at 1239.38 nm and the FWHM is
1.46 nm. Figure 8 shows the variation of the FWHM
with change in PDF length and output coupler reflec-
tivity. For 4% output coupler reflectivity, the FWHM is
seen to be smaller compared to the 50% and 84% cases,
where the first Stokes power inside the cavity is much
larger; this results in increase of the FWHM.

5. Conclusions

We have performed theoretical simulations and the ex-
periments to optimize the RFL performance for the PDF
length and the output coupler reflectivity to achieve maxi-
mum PCE and first Stokes power.

The results of the simulation show that we can achieve
a maximum first Stokes power of 4.61 W and PCE of
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57.64% for 250 m PDF length and 19% output coupler
reflectivity. The experiments for the RFL were per-
formed for 300 m, 700 m, and 1150 m PDF lengths and
4%, 50%, and 84% of output coupler reflectivity. The
maximum first Stokes power of 4.11 W and the PCE of
47.40% were achieved for the fiber length of 700 m and
4% output FBG reflectivity and are in good accordance
with the theoretical simulation results.

The RFL at 1239 nm can be used as a pump source to
amplify signals in the 1.31 um wavelength band for opti-
cal fiber communications.
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