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ABSTRACT

The simplest model for a description of the random distributed feedback (RDFB) Raman fiber laser is a power balance
model describing the evolution of the intensities of the waves over the fiber length. The model predicts well the power
performances of the RDFB fiber laser including the generation threshold, the output power and pump and generation
wave intensity distributions along the fiber. In the present work, we extend the power balance model and modify
equations in such a way that they describe now frequency dependent spectral power density instead of integral over the
spectrum intensities. We calculate the generation spectrum by using the depleted pump wave longitudinal distribution
derived from the conventional power balance model. We found the spectral balance model to be sufficient to account for
the spectral narrowing in the RDFB laser above the threshold of the generation.
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1. INTRODUCTION

The concept of the irregular feedback being exploited for lasing was introduced by Letokhov in 1960s, initially in the
context of study of microwave generation in the giant interstellar gas and dust clouds', and was experimentally
demonstrated by Ambartsumyan and others® substituting a diffusor for one of mirrors of a Ruby laser. In such a system
the generated light doesn’t accomplish exact isolated round-trips, as reflecting from different parts of bulk diffusor. In
other words, there are a lot of low-finesse modes highly overlapped, so light energy may easily flow from one mode to
another. Therefore, the system with scatterers playing role of a mirror has none of the isolated modes present in the
conventional Fabry-Perot cavity, and can be treated, following Ambartsumyan®, as having one effective mode spreading
over whole amplification spectral region. Hence, spectral properties should be determined by the amplification properties
of the media rather than by resonator particular structure. Such a feedback has been named nonresonant.

After the mentioned works, the idea of irregular feedback had originated new field of random lasers, which comprises
scatterers randomly distributed in active media. Despite the lack of the conventional cavity, the random active systems
have typical for lasers features such as threshold dependence of output power on pump rate and dramatic spectral
narrowing above the threshold. Random lasing has been demonstrated in a variety of different active media, including
active powders®,’, dye solutions with nanoparticles suspended’, polymer films doped with both dye and particles®, and
many others™®. It was shown in®* that in the case of strong scattering despite the irregular nature of the feedback some
modes arising due to interference of multiply scattered photons can retain and generation occur only in these modes.
Such regime was referred to as resonant feedback opposite to nonresonant regime discussed above. There can be a
transition from resonant to nonresonant regime in one system. If the system is excited by the pump beam of a small beam
spot, few modes only are excited resulting in resonant random feedback lasing with fine structure of several narrow lines,
corresponding to different retaining modes. Changing the shape of pump spot and increasing its size leads to growth of a
number of modes involved in generation. When it is sufficiently large, different randomly located modes overlap and the
smooth spectrum corresponding to the non-resonant feedback is generated’.
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Recently, a different type of a random laser —random distributed feedback (RDFB) fiber laser based on standard optical
fiber with irregular feedback by Rayleigh backscattering is proposed and demonstrated'’. Possessing some distinguishing
features such as quasi-CW generation with directional output, the laser demonstrates processes of spectral narrowing
over the gain bandwidth at the threshold to the smooth spectrum without fine structure. This together with fact of
extreme weakness of Rayleigh backscattering process could indicate the non-coherent type of the feedback realized in
the RDFB fiber laser.

Up to date, a number of different schemes of random DFB fiber lasers were demonstrated'' . Namely, random DFB
fiber lasers can operate in different spectral bands'*"®, emit higher order Stokes waves'*', be tunable”** and multi-
wavelength'>'*?'. The noise level of random DFB fiber lasers could be lower than of conventional lasers”” making them
attractive for telecom applications. Random DFB fiber lasers are also applied for sensor applications™".

The modelling of the random DFB fiber lasers is of interest, however only few works devoted to this. The simplest
model is the power balance model'**® which describes well the average power performances such as the generation
threshold'’, the output power value, the longitudinal distribution of the power” and can be used to perform a laser
optimization®'. To deal with spectral and temporal properties of the laser radiation, NLSE-based model usually used®.
They are implemented for the conventional lasers such as Brillouin lasers®, Ytterbium-doped fiber lasers®*** and Raman
fiber lasers (RFLs)**’. Recently, the NLSE-based model has been also applied for the description of the random DFB
fiber laser*’. The advantage of this model is the complete description of the generation properties in both spectral and
time domain.

However, the balance model is much easier to work with and demands considerably lower computation capabilities. So it
is of interest to describe the spectral properties of the random DFB fiber laser within the power balance model. Here we
suggest the spectral power balance model for the RDFB Raman fiber laser with feedback based on Rayleigh
backscattering. The model operates with spectral power densities of generation. Rayleigh backscattering is considered as
nonresonant feedback with no interference effects. We perform numerical simulation of the spectra near and at the
threshold of generation, using a simple approximation of the given pump distribution.

2. SPECTRAL BALANCE MODEL

To calculate spectral shape of the generation within balance approach, we have changed well-known power balance
equation set describing power transfer from the pump to the Stokes waves'****!. This model takes into consideration
power income to the Stokes wave due to Raman amplification, outgo from the pump wave known as depletion, linear
losses every optical fiber possesses, and Rayleigh backscattering process which mixes Stokes waves propagating in
different directions:

(@, +d/d2)P, =g, P,(P +P; +4hvAv)~= O
VS .

(agtd | dz)P; =g, P, (Pi +2hviAv) + & - Py

Here P denotes the power, lower indexes P, S refer the corresponding terms to pump and Stokes waves, respectively,
while upper indexes + and — refer to forward (propagating in the direction along the z axis) and backward (corresponding
to z axis) propagating waves, respectively. Coefficient o defines the linear losses, g, is the maximum Raman gain
coefficient at the peak of amplification spectrum, v is the radiation frequency, Av is the Raman amplification spectrum
bandwidth, ¢is the backscattering coefficient, derived as ¢, multiplied by backscattering factor Q. Backscattered factor
is determined by geometrical measures of the fiber and is the part of scattered radiation which is then recaptured by the
fiber waveguide and starts to propagate in opposite direction.

It was proved that power balance model describes well distributions of the generated power’®*'. Note that in the model
(1) the generation wave is assumed to be a single-frequency radiation having a wavelength corresponding to the
maximum Raman gain. This simplification gives the adequate results due to rather narrow spectrum of the RDFB lasers
(of 1 nanometer) compared with the spectral bandwidth of the Raman amplification (tens of nanometers).

Here we make a further step and introduce a spectral balance mode by assuming that the pump wave is depleted by
number of Stokes wave generated at different frequencies within the Raman gain profile. In other words, we use spectral
power densities Py(A) instead of the total powers P,.
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Here we use Ps(4) to denote spectral power density of the Stokes wave. Note that the equation (3) governing the
evolution of the Stokes wave Ps(4) comprises the wavelength dependent Raman gain coefficient g(4) instead of constant
over wavelength Raman gain in power balance model (1).

(@ £d | )P (2) = g (A) B, (P (A) +2hvgAv) + &5 - P (2)

The power balance model does not comprise Kerr nonlinear coefficient, so it can not describe nonlinear effects such as
four-wave-mixing inside the Stokes wave spectrum or cross-phase modulation between the pump and the Stokes waves.
Meanwhile, it is well known that nonlinear broadening is a crucial factor determining spectral shape of the generation of
Raman fiber lasers”™ and the spectral width of the random DFB fiber lasers depends both on nonlinearity and
dispersion”’. We consider here only the region of the pump power under and near the generation threshold, where
nonlinear effect are negligible because of small Stokes wave power.

We find the generation Stokes wave spectrum by finding the generation power Pg(4) from Eq.(3) at each fixed
wavelength. To do that one needs to know the distribution of the pump power over the fiber Pp(z). To find the pump
power distribution, we use the power balance model (1) as it provides a quantitative description of the pump power
distribution®**". The obtained pump power distribution Pp(z) is then used in equations (3) to find the spectral shape of

Pg(4). In this case equations (3) at different wavelengths can be separated, and the pairs of equations on P: (A) and

P~ (A) for each wavelength are solved independently.

As we have already mentioned above, the balance model (1) proved to describe well the power distributions of the
Stokes wave in the RDFB laser, thus use of pump power distribution Pp(z)found from (1) is reliable.

Further we consider the one-arm configuration of the random DFB fiber laser, Fig. 1. In this scheme tpe pump power is
launched into the fiber span from one side. So the boundary conditions for the laser read

{ F,(0)=F,

. . (4)
F(O)=F(L)=0

where P;,is input pump power and L is fiber length. To solve the boundary problem (3,4) the shooting method is used.

L
Backward wave P, Forward wave Pt

Figure 1. Setup under investigation

We suggest the 1455 nm pump creating amplification at around 1550 nm. As a test-bed of the approach, parameters for
the typical commercially available nonzero-dispersion-shifted fiber are used for simulation. The parameters were
estimated from the manufacturer data or directly measured and are as follows: ,=0.05 1/km, ¢,=0.04 1/km, 0=0.0007,
L=50 km, gz=0.8 1/W/km. We use the spectral shape of the Raman gain in conventional single mode fibers taken from™.

3. RESULTS AND DISCUSSION

As was found from the integral balance model (1), the threshold power for the system under investigation is around 0.8
W. On the fig.2 the pump distributions Pp(z) derived from (1) are depicted for two different input pump powers. While
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under the threshold (0.7 W) the pump distribution is well described by the exponential decay function Pp(z)~exp(-0.,z).
While above the threshold (0.9 W) pump wave attenuates faster because of energy transfer into Stokes wave.

0.9+ —07W
0.8 —09W

Power, W

Distance, km
Figure 2. Pump distributions Pp(z).

The results of the spectral modeling for different pump powers are shown on Fig.3(a). For the small pump powers, only
broadband spectrum corresponding to amplified spontaneous emission is generated. With the pump power increase, the
spectrum of ASE gradually narrows, demonstrating the “superluminescent” regime well known for different types of
lasers. But after a certain pump power level, the output spectrum narrows abruptly, Fig.3(b). As the same time, total

generated Stokes power found as j P~ (A)d A starts to grow up. Thus, this is a generation threshold. We found from our

simulations the threshold pump power value of 0.8 W that is well coincides with previously experimentally demonstrated
threshold for the similar laser schemes'®. Above the threshold, the generation spectrum has a form of a distinct well-
pronounced single peak situated at the maximum of Raman amplification profile.
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Figure 3. (a) Numerically obtained generation spectra of the random DFB fiber laser under different pumping. The pump power
increases from 0.2 to 1.4 W with 0.05 W step. (b) The full width at half maximum of the Stokes wave spectrum

Integrating the generation spectrum over the wavelength, one can find the total generation power, Fig. 4. In our case, the
total Stokes power calculated above the threshold is too small compared to previous experimental data: in experiments
slope efficiency of more than 60% is reported®’ in one-arm schemes while it’s of 5% in the simulation. This means that
despite the generation spectrum has a spectrum shape in qualitative agreement with experiments, further studies should
be undertaken to achieve a quantitative agreement. In particular, the pump power distribution should be accounted more
accurately by taking into account the pump power depletion governed by Eq.(2) instead of Eq. (1).
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Figure 3. Output generation power obtained by integration the spectra simulated.

4. CONCLUSION

To conclude, we suggest a simple approach to account for an impact of Rayleigh backscattering on spectral properties of
the random distributed feedback fiber laser. We extend the power balance model and modify equations in such a way
that they describe now frequency dependent spectral power density instead of integral over the spectrum intensities. We
implement the approach of the given pump distribution, which is derived from power balance model avoiding spectral
shape of the radiation and then is used to find spectral power densities of the generation. The model describes in the
qualitative way the generation spectrum of the random DFB fiber laser. In particular, one can trace how the spectrum
acquires its final spectral shape starting from initial broad gain spectrum.
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