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Effect of the spectral broadening of the first Stokes component
on the efficiency of a two-stage Raman converter

O.N. Egorova, A.S. Kurkov, O.I. Medvedkov, V.M. Paramonov, E.M. Dianov

Abstract. A two-stage Raman fibre converter (1.089/1.273/
1.533 pm) based on a P,0Os-doped silica fibre is fabricated
and studied. The spectral broadening of the first Stokes
component is investigated. The Raman converter is simulated
numerically. By using the experimental data, the method of
Raman converter simulation is improved by taking into
account the additional power loss of the first Stokes com-
ponent. The results of calculations by the improved method
are in good agreement with the experiment. It is shown that
the additional power loss of the first Stokes component results
in a change in the region of the optimal resonator length from
300-600 m to 600—800 m.
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1. Introduction

The development of high-power pump sources made it
possible to create fibre lasers or converters based on
multistage stimulated Raman scattering (SRS) and emitting
virtually over the entire transparency range of silica fibres
[1, 2]. The comparatively high power and a broad tuning
range provided applications of Raman converters for
pumping fibre amplifiers [3, 4], in medicine [5], etc.

The efficiency of a Raman converter depends on several
factors such as the fibre length, pump power, parameters of
the fibre and fibre Bragg gratings (FBGs). The optimisation
of a Raman converter usually involves an appropriate
selection of the fibre length and FBG reflectivity, which
can be performed with the help of the theoretical model
proposed in [6]. It is this model that was used to optimise
Raman converters in [7—9].

The converter model [6—9] assumes that the pump and
Stokes radiations are quasi-monochromatic. However, a
finite spectral width of the Stokes components in real
Raman converters can lead to the discrepancy between
calculations and experimental results, for example, due to
the additional power losses in the resonator. These losses
appear because the width of a Stokes component is larger
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than the reflection spectrum of the corresponding FBG. The
escape of a part of the power of the intermediate Stokes
component from the resonator was observed in [10, 11].

In this paper, we improved the Raman converter model
by introducing the effective reflectivity of the 1.273-pum
FBGs in the first stage, which takes into account the escape
of a part of the first Stokes component power from the
resonator. This gave good agreement with the experimental
results obtained for a 1.533-um Raman converter. The
converter was optimised over the resonator length and
the reflectivity of the output grating for the 4.4-W pump
power, and the optimal region of values of these parameters
for this Raman converter was found.

2. Description of the model

Figure 1 shows the scheme of the Raman fibre converter.
The two-stage frequency conversion (1.089/1.273/1.533 pm)
is performed in a P,Os-doped silica fibre. The resonator is
formed by two input FBGs for the wavelengths 1.273 and
1.533 pm and three output FBGs for the wavelengths 1.089,
1.273, and 1.533 pm. All the FBGs, except that for the
second 1.553-pym Stokes component at the resonator
output, have the reflectivity 100 %.
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Figure 1. Scheme of the Raman fibre converter (0.98 pm is the radiation
wavelength of the diode array).

The powers of the pump radiation and two Stokes
components in the stationary state are described by a
system of ordinary differential equations [7, §]
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with the boundary conditions describing reflection from
FBGs and pump radiation coupling into the resonator:

P, (0) = Py, P, (L) = R,P, (L),

Pg1(0) = Rs  P5;(0),  Pg;(L) = Rg P (L), 2

Pgy(0) = RsxPs>(0).  Psy(L) = RouPs; (L)

Here, P, Pg;, and Pg, are powers of the pump, first, and
second Stokes components propagating in the forward (+)
and backward (—) directions, respectively; g; is the fibre
gain at a wavelength of 1.273 pm upon pumping at
1.089 pum (1.089/1.273 um); g, is the fibre gain at
1.533 ym upon pumping at 1.273 um (1.273/1.533 pum);
op, 01, Ogy are optical losses at the pump wavelength 4, and
at the wavelengths of the first (1g;) and second (Ag,) Stokes
components; z is the coordinate along the fibre axis; Pj, is
the input pump power; Rg; and Rg, are the reflectivities of
FBGs for the first and second Stokes components at the
input and output of the resonator; R, and R, are the
reflectivities of FBGs for the pump radiation and at the
resonator output; and L is the fibre length

3. Experimental

The Raman fibre converter was pumped by a 1.089-um
double-clad ytterbium-doped fibre laser (Fig. 1). The active
element of the converter was a P,Os-doped fibre with the
maximum difference between the refractive indices of a core
and a cladding equal to 0.01 and the 1.05-um cut-off
wavelength for the first mode. Optical losses in the fibre and
gains at different wavelengths are presented in Table 1.

Table 1. Optical losses and gains of the fibre under study.
Optical losses/dB km ™' Gain/dB W' km™!

Wavelength/um

1.089 1.38 6.47"
1.273 0.90 5.08™
1.533 0.99 -

Notes: “The gain g; at a wavelength of 1.273 um for /, = 1.089 um;
“* The gain g, at a wavelength of 1.533 um for Ag; = 1.273 pm.

Optical losses in each splicing and in the FBG were
0.1 dB on average, and the fibre length was 400 m. The
reflectivity of the output FBG measured from the reflection
spectrum was 18.7 %, the reflectivity of other gratings was
~ 100 %.

4. Simulation of the Raman fibre converter
and comparison with experiment

The system of differential equations (1) with boundary
conditions (2) was solved by the method of transfer of
boundary conditions [12]. Figure 2 shows the calculated
and measured radiation powers at a wavelength of
1.533 pm. One can see that the power calculated for
Rg; =100 % exceeds the measured output power of the
converter.

It is obvious that the Raman converter efficiency is
reduced because the reflection spectrum of the FBG is
noticeably narrower than the spectral width of the inter-
mediate Stokes component. This leads to a partial escape of
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Figure 2. Experimental and calculated dependences of the radiation
power at a wavelength of 1.533 pm at the output of the Raman converter
on the 1.089-um pump power for the reflectivities of the 1.273-um FBG
Rg; = 100 % and RET(P, 4g9) from Fig. 5.

the radiation power from the resonator. Figure 3 shows the
spectra of the first Stokes component recorded at the
resonator output for different pump powers. The hole in
the spectrum is caused by reflection of radiation from the
FBG. To take these losses into account, we introduced
instead of the reflectivity Rg; in (2) the effective reflectivity
for the first Stokes component, which accounts for the
additional radiation power loss in the resonator.
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Figure 3. Emission spectra of the first Stokes component recorded at the
resonator output for different 1.089-um pump powers.

We can quite accurately determine the effective reflec-
tivity for the first Stokes component for each value of the
pump power from the power of this component calculated
at the point L =400 m in the resonator and the measured
output power (Fig. 4). The calculated dependence of the
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Figure 4. Dependence of the 1.273-um output power of the resonator on
the 1.089-pum pump power.
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Figure 5. Calculated dependence of the effective reflectivity of the 1.273-
um FBGs on the 1.089-pm pump power.

effective reflectivity of the 1.273-um FBG on the pump
power is shown in Fig. 5. The theoretical description of the
converter taking into account the effective reflectivity gives
the power characteristic that is closer to the experimental
one than in the case of FBGs with Rg; = 100 % (see Fig. 2).
As the pump power is increased, the effective reflectivity
decreases, which suggests the spectral broadening of the first
Stokes component. We measured the spectrum of this
component inside the resonator for different pump powers
and found that the width of the spectrum did increase with
increasing pump power (the widths of the spectra in Fig. 6b
were obtained by approximating the lines by Gaussians).
The broadening mechanism of the first Stokes compo-
nent is not clear at present. In our opinion, several reasons
can exist. The intermediate Stokes component is broadened
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Figure 6. Emission spectra of the first Stokes component inside the
Raman converter resonator for different pump powers (a) and the
dependence of the width of a Gaussian approximating the emission
spectra of the first Stokes component on the 1.089-pm pump power (b).

due to the filling of the spectral range (0.5—0.7 nm) of the
FBG with a high reflectivity (99 %). This process is more
intense for high pump levels, when the next Stokes
component is generated. In this case, the additional
pump power efficiently transforms to this component.
Under these conditions, the central component in fact
ceases to grow, however, a further increase in the first
Stokes component can occur at the wings of the line. The
spectrum can be also broadened due to the four-wave
mixing of different longitudinal modes of the Raman laser
accompanied by radiation at a wavelength outside the
reflection spectrum of the FBG. This radiation can be
amplified by the pump radiation due to SRS.

5. Effect of the additional power losses
of the first Stokes component on the optimal
parameters of the two-stage Raman converter

The efficiency of a Raman converter depends on the
resonator length and the reflectivity of the output FBG. For
each pump power, there exist the optimal values of these
parameters at which the output power of the Raman
converter is maximal.

We optimised numerically the converter design. Figure 7
shows the nomograms of the dependence of the output
power of the converter on the fibre length and reflectivity of
the output grating. The calculation (Fig. 7a) was performed
for the pump power of 4.4 W and the corresponding
effective reflectivity of the 1.273-um FBG (Fig. 5).
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Figure 7. Calculated dependences of the output power of the converter
on the fibre length and the output grating reflectivity for the real
reflectivity of the 1.273-pm FBG (see Fig. 5) (a) and Rg; = 100 % (b).
The pump power is 4.4 W. The numbers at the curves correspond to the
calculated output power of the Raman converter in watts.
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The region of the maximum output power (above 1.6 W) & 3.

of the Raman converter corresponds to the fibre length L =
600—800 m and the reflectivity of the output FBG R, =
5% —10%. A decrease in the fibre length down to 300—400
nm for the value of R, properly selected did not result in a

significant reduction of the output power. The calculated 5,

output power of the converter with the experimental

parameters L =400 m and Ry, = 18.7% was ~94% of 6
7.

the maximum output power.
For comparison, Fig. 7b shows the dependence of the
output power of the converter on L and R,, for the

reflectivity of the 1.273-um FBG Rg = 100%. In this gy 9.

case, the regions of optimal values of the resonator length
and FBG reflectivity R, are 300—600 m and 5 % —10 %,

respectively. Therefore, when the additional losses of the MEI0.

intermediate Stokes component in the resonator are taken
into account, the optimal length of the resonator increases.

6. Conclusions

We have found out that the calculated output power of the 12

Raman fibre converter (1.089/1.273/1.553 um) in the quasi-
monochromatic approximation exceeds the experimental
output power. This is explained by the fact that the model
ignores the additional power losses appearing because the
spectral width of the first 1.273-um Stokes component
exceeds the width of the reflection spectrum of the cor-
responding FBG. The consideration of additional power
losses of the first Stokes component caused by the
mismatch between the spectral profiles provided good
agreement with the experimental data.

The parameters of the Raman converter resonator were
optimised for the pump power P, =44 W taking into
account or neglecting the additional losses of the first
Stokes component. The ranges of the optimal resonator
length and the output grating reflectivity for the model
considering the additional losses are 600—800 m and 5 % —
10 %, respectively, as compared to 300—600 m and 5% —
10 % for the model neglecting these losses.

Calculations based on expressions (1) and (2) taking into
account the additional losses of the intermediate Stokes
component show that a proper selection of the reflectivity of
the output FBG allows one to decrease considerably the
resonator length only weakly reducing the output power of
the Raman converter. Thus, for L =400 m and R, =
18.7 %, the calculated output power exceeds 94 % of the
maximum power.
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