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Dependence of the spectral parameters
of a Raman fibre laser on the Bragg grating temperature

S.A. Babin, A.S. Kurkov, V.V. Potapov, D.V. Churkin

Abstract.  Changes in the output power and emission
spectrum of a two-stage Raman phosphosilicate fibre laser
are measured during the temperature tuning of fibre Bragg
gratings (FBGs) forming enclosed resonators (1.26/1.52 pm).
The output emission spectrum of the dense resonator
(1.26 pm) is split into two components, whose relative
amplitudes change during the temperature tuning of FBGs.
A simple analytic model is constructed which describes the
broadening and splitting of the spectrum as well as the
appearance of its asymmetry upon the relative detuning of
FBGs. It is shown that these effects result in the increase in
the effective transmission coefficient of the dense resonator at
least by an order of magnitude, which affects the output
power of the Raman laser.

Keywords: fibre laser, Raman converter, fibre Bragg grating, gain
saturation.

1. Introduction

Currently Raman fibre amplifiers operating at wavelengths
of 1.3 and 1.5 um and Raman germanosilicate [1, 2] and
phosphosilicate [3—6] fibre lasers for their pump have been
actively developed and studied. These devices play a very
important role in modern communication systems; how-
ever, the physical mechanisms of their operation have not
been adequately investigated.

The operation of single-, two-, and multistage Raman
lasers of different designs was numerically simulated in
Refs [7-9]. The aim of these studies was to obtain the
optimal parameters (the resonator length, the transmission
coefficient of the input mirror) providing the maximum
output power and maximum conversion efficiency. In
particular, the longitudinal distribution of the pump power
and generated Stokes components in the resonator was
calculated. Assuming that the power is independent of the
coordinate along the resonator, an analytic expression was
obtained for the efficiency at each stage of the radiation
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conversion [7], a linear increase in the output power of the
converter with increasing pump power was explained and
experimental setups were optimised according to numerical
calculations [8, 9].

In this paper, we analysed the spectral parameters of the
Stokes components in a Raman fibre laser and their changes
upon tuning the working wavelength of FBGs forming the
resonator, which is important for understanding the physi-
cal mechanisms of lasing and optimisation of the laser
parameters.

2. Experiment

Figure 1 shows the scheme of the experimental setup. An
ytterbium-doped fibre laser was pumped by a 0.98-um, 8-W
Milon-500 diode laser. The efficiency of the 0.98-um
multimode radiation conversion from the diode laser to
the 1.08-pum single-mode radiation of the ytterbium-doped
laser was 56 %. A Raman phosphosilicate fibre converter
was spliced to the output of the ytterbium-doped fibre laser.
The large Stokes shift of the converter (~ 1330 cm™') made
it possible to obtain lasing in the region of ~ 1.5 micron by
the two-stage conversion of radiation from the ytterbium-

doped fibre laser.
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Figure 1. Scheme of the experimental setup.

Two enclosed resonators formed by FBGs reflecting at
1.26 and 1.52 um provided the radiation conversion accord-
ing to the 1.08 — 1.26 — 1.52 um scheme. The reflectivity
of all gratings exceeded 99 % except the reflectivity of the
output grating, which was 42 % (2.3 dB) at a wavelength of
1.52 um. To provide stronger absorption of radiation from
the ytterbium-doped fibre laser, an additional grating with
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the reflectivity ~ 100 % at 1.08 pm was placed in the output
stage of the gratings. This way, two-pass pump was realised.

The dependence of the output power of the converter on
the pump power (Fig. 2) can be divided into three characte-
ristic regions. In the first region, when the pump power
Pyog < 0.75 W, no Stokes frequency conversion occurs, and
the transmitted pump radiation at 4, = 1.08 pm of power
no more than 1 mW is detected at the output. Above the
threshold for the first Stokes component (Pgyog = 0.75 W),
lasing appears at 1.26 um. The conversion efficiency
P56/ Pyog of this process is ~ 8%. In the third region
(Pyog > 2.5 W), the second Stokes component at 1.52 pm
becomes involved in lasing, and the converter efficiency
increases up to ~ 17 %.
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Figure 2. Dependence of the total output power Ps; + Pjo on the
diode pump power Pjq5. The inset shows the spectrum of the converter
for Pyog =4 W.

The typical emission spectrum of the Raman laser is
shown in the inset in Fig. 2. The spectrum exhibits a narrow
peak at 1.52 pm of width AA<0.4 nm at the diode pump
power Pyq9s =4 W; the peak width increases up to 0.75 nm
at Pyg3 = 8 W. The output emission spectrum of the dense
resonator at 1.26 um is split into two components, which
was observed earlier (see, for example, Ref. [4]). The central
wavelengths are determined by the maximum reflection
wavelengths of FBGs. The working wavelength of a
FBG can be changed by increasing (decreasing) the grating
temperature or by stretching (compressing) the grating.

We tuned FBGs using thermoelectric elements. When
the temperature of the output grating was changed within
40.25°C (corresponding to the wavelength change AA ~
£0.25 nm), the symmetric output emission spectrum
(Fig. 3a) became asymmetric (Figs 3b, c). As the tempera-
ture of the input grating was decreased, the emission
spectrum was distorted as upon increasing the output
grating temperature. In this case, the total output power
of the converter changed insignificantly, and the power at
1.52 um change approximately by 15 % —20 % (Figs 4b, c).
The greatest changes occur near the lasing threshold, when,
using the temperature tuning of the gratings, the lasing
threshold can be decreased (increased) or lasing can be
produced (quenched) at a given pump power (Fig. 4a). Note
that upon the red shift of the reflection spectrum of the
input grating during its heating, the output power maxi-

mum, as expected, also shifts to the red, whereas upon the
shift of the reflection spectrum of the output grating to the
red, the output power maximum shifts, on the contrary, to
the blue. The temperature tuning of the resonator grating
reflecting at 1.52 um does not cause any noticeable changes
in the shape of the emission spectrum of the Raman laser,
the spectrum being only slightly shifted. Note that the
characteristic shape of the spectrum at 1.26 um (splitting
and asymmetry caused by the detuning of gratings) was
observed both at diode pump powers Pjog < 2.3 W provid-
ing lasing only at 1.26 pm and at higher pump powers
(Pyog > 2.3 W), when lasing was also observed at 1.52 um.
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Figure 3. Experimental (left) and calculated (right) output emission
spectra at 1.26 pm for different detunings of the output grating of the
first stage.

3. The model

To explain the splitting and asymmetry of the output
emission spectrum of a dense resonator in the intermediate
stage, we consider the lasing model for a single-stage
Raman fibre laser. According to Refs [7, 10, 11], we write
the system of equations

dpPg* + -\ p* +

i = Fkogo(Py" + P )Pg + 2Py,

dPli + — + + (1)
& =+[go(Py" + Po ) Pi" —ay P,

where P;- and P;* are the powers of the pump and Stokes
waves, respectively, propagating in the positive (+) and
negative (—) directions of the z axis; kg = 4;// is the ratio
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Figure 4. Dependences of the output power P % on the grating
temperature 7T for different diode pump powers Py og.

of the Stokes component and pump wavelengths; «; is the
absorption coefficient; and g, is the Raman gain in the
fibre.

The system of equations (1) should be supplemented
with the boundary conditions: the pump power Py" of the
Raman laser and the conditions of the radiation reflection
from FBGs. Assuming that the pump radiation is com-
pletely reflected from the input grating at 1.08 um, we
obtain

Py (1,2) = Ry(A) Py (1, 4),

Pl+(07}~) =R (A)P17(0: /l)’

)
Py (D) =Py (1),

Py" = P (0) + Pg (0).

Here, R|(4) and R,(Z) are the spectral profiles of the input
and output gratings and / is the resonator length.

The numerical calculations performed in Ref. [7] show
that the value of 2P, = (P;" + P;") weakly depends on z.
Then, assuming that P; = const, we integrate the system (1)
at the specified boundary conditions (2). The required

intracavity power P;(Z) is the solution of the transcendental
equation

1
[2kogo Py + ooy — EIH(R1R2)]

= goPy" tanh[(2kogo Py + o). 3)

Even when the pump power only slightly exceeds the Stokes
component lasing threshold, the value of (2kygoP; + o)/ is
large, so that tanh[2kogoP; + o9)!/] = 1, and the intracavity
power is described by the expression

Py /(2ko) oo

j = _ %
"oyl = (1/2)In(RiRy)  2kogo

4)

In this case, as for a conventional laser, we can introduce
the saturated gain g for the Stokes wave

2k -
g(Pl):go(H o Pl) . 5)

Then, expression (4) follows from the condition of the
equality of the gain and losses after the round trip of
radiation in the resonator with the average pump power
Py = Py"/(2u,1). Note that the saturation of the gain for
the Stokes wave with increasing its power P; is caused by
the pump depletion (P{™ < P)"). Assuming that the Raman
line is broadened inhomogeneously and lasing at modes
with different wavelengths occurs independently, we can
obtain the spectral dependence of the power P;(1), knowing
the spectral dependences of the reflection coefficients R;(1)
and R,(2) of the input and output FBGs. The output power
P, is a product of the intracavity power P; by the
transmission coefficient (1 — R,) of the output grating

Pou(4) = P1(A)[1 = Ry (4)]. (6)

The spectral characteristic R;(A4) of the gratings was
determined by approximating the experimental transmission
spectrum of the grating (Fig. 5). The typical width of the
Raman gain line is ~ 10 nm [§], so that g, can be assumed
constant at the scale A4~ 1 nm. A phosphosilicate fibre
used in experiments had the following optical losses and
Raman gains: oy = 1.8 dB km™', o, =0.92 dB km ™!, o, =
1dBkm ;g =56 dBkm ' W'andg, =4.1 dBkm ' W'
The output emission spectra calculated from expression (4)
are presented in Figs 3a—c for the corresponding exper-
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Figure 5. Transmission spectrum of the grating.
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imental conditions. As in the experiment, when the spectrum
of the output gratin shifted to the red, the maximum of
lasing shifted in the opposite direction.

4. Discussion and conclusions

The obtained spectra can be simply qualitatively interpreted
(Fig. 6). If the input and output gratings are centred at the
same wavelength (Fig. 6a), then the profile of the intra-
cavity power will be centred at this wavelength (Fig. 6b). In
this case, the transmission coefficient of the output grating
of the dense resonator is close to zero at the wavelengths
where the intracavity power is maximal, and, hence, the
output power will be very low. At the wavelengths where
the transmission coefficient is close to unity, the intracavity
power is close to zero, therefore, the output power at these
wavelengths also will be very low.

The peaks in the output power spectrum are located
between these two extreme positions and are determined by
the optimal transmission coefficient of the output grating,
which is achieved at two wavelengths that are symmetrical
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Figure 6. Transmission spectra 1 — R, of the gratings (a), intracavity
power P; (b) and output emission P,, (c) spectra calculated for
R™ = R™ =99 %. The solid curves correspond to the coinciding
spectra of the input and output gratings (A4 = 0); the dashed curves
correspond to the shift of the output grating spectrum R,(4) by 0.25 nm
with respect to R;(4).

with respect to the central wavelength of the grating, i.e., the
output emission spectrum is split (solid curve in Fig. 6).

When the temperature of the output grating changes, its
spectrum shifts with respect to that of the input grating
(Fig. 6a) (the output grating spectrum is shifted by
A4 = 0.25 nm to the red). In this case, the intracavity power
spectrum (Fig. 6b) also shifts to the red, but to a lesser
extent (half the above shift).

Therefore, because of the different spectral shifts of the
intracavity power and the transmission coefficient of the
output grating, the output emission spectrum becomes
asymmetric (Fig. 6¢). In this case, the red shift of the
output grating spectrum results unexpectedly in the increase
in the left peak because the optimal transmission for this
peak is achieved at a high intracavity power, which was
observed in the experiment. A different situation is observed
when the input grating is tuned. In this case, the power
maximum shifts in the same direction as the input grating
spectrum. Note that, when the highly reflecting output
mirror is replaced by a grating with the reflection coefficient

1—R,
1.0

0.8

0.6

04

0.2

0 1 1 1 1 1 1
1259 1260 1261 1262 1263 1264

l/nm

P, (arb. units)
3.0

25 F
20
1.5
1.0
05 |

\-| 1

0
1259 1260 1261 1262 1263 1264

A/nm

P, (arb. units)
14
12
1.0
0.8
0.6
04
0.2

0
1259 1260 1261 1262 1263 1264

A/nm

Figure 7. Transmission spectra 1 — R, of the grating (a), intracavity
power P; (b) and output emission P,, (c) spectra calculated for
R™ =99% and R,™ = 50%. The solid curves correspond to the
coinciding spectra of the input and output gratings (1 = 0); the dashed
curves correspond to the shift of the output grating spectrum R,(1) by
0.25 nm with respect to R;(/4).
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~ 50 %, the splitting of the spectrum disappears (Fig. 7).
The output power spectrum of the second Stokes compo-
nent at 1.52 pm looks as shown in Fig. 7. In the case of a
synchronous shift of the input and output gratings, the
emission frequency is tuned without the change in the shape
of the spectrum.

It is very important that well above the lasing threshold,
the end effects make a substantial contribution to the
converter parameters, and the integrated (over all 1)
reflection coefficient of the grating strongly differs from
the optimum coefficient. This effect is enhanced in the case
of the relative spectral detuning of the gratings. According
to our estimate, the effective transmission increases at least
by an order of magnitude. This effect should influence the
lasing threshold and power P;s5, of the second Stokes
component (Fig. 4).

Thus, we have studied experimentally the spectral
characteristics of the two-stage fibre Raman converter by
tuning the reflection spectra of FBGs forming the resonator.
We have explained the splitting and asymmetry of the
spectrum in a dense resonator and estimated a change in
the effective transmission of the gratings caused by the end
effects. Note that we used a rather crude model: because the
saturation of the Raman gain in this model is determined by
the pump depletion, lasing at different spectral components
will not be independent. Other saturation mechanisms can
be also involved, but the results will not change if the
phenomenological expression of the type g(P;) =~ go/(1+
Pl/PIO) is valid, where P(xg, ./, ...) is the characteristic
saturation intensity.
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