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Abstract: We develop a comprehensive theory for describing the experimental beam profiles
from multimode fiber Raman lasers. We take into account the presence of random linear mode
coupling, Kerr beam self-cleaning and intra-cavity spatial filtering. All of these factors play a
decisive role in shaping the Stokes beam, which has a predominant fundamental mode content.
Although the highly multimode pump beam is strongly depleted, it remains almost insensitive to
the different physical effects. As a result, the intensity of the output Stokes beam is an order of
magnitude higher than the pump intensity at its maximum, in quantitative agreement with the
experimental results and in contrast with the simplified balance model.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The Raman beam cleanup (RBC) effect was first experimentally demonstrated in 1979 by Andreev
etal. [1], and it provided an effective solution for the improvement of both quality and brightness
of high-power solid-state or excimer laser beams at their Raman conversion in gaseous [2] or
solid-state [3] media. This idea was further applied to Raman lasers based on a multimode fiber,
in which low-quality multimode pump radiation is converted into a high-quality Stokes beam [4].
A previous analysis of pump and Stokes modes overlap integrals [5] has shown that the RBC
effect is present in graded-index fibers, where lower-order Stokes modes have higher Raman gain
for random pump launching conditions. Whereas in step-index fibers all transverse modes have
nearly the same Raman gain. The available analysis of small-signal gain remains only qualitative,
and it is not applicable to multimode fiber Raman lasers [4], where pump-to-Stokes conversion
occurs within the cavity, and a strong signal is generated.

Recently, high-power Raman lasers based on multimode graded-index (GRIN) fibers have
attracted a great deal of attention [6—8]. Especially interesting is the opportunity of obtaining
efficient Raman conversion of highly-multimode (M?~30) radiation from high-power laser diodes
(LDs) into a high-quality (M?~2) Stokes beam. This was implemented in an all-fiber scheme
including a in-fiber fiber Bragg grating (FBG) cavity and fiber coupling of the LD pump radiation,
see [9] for a review. Using commercially available GRIN fibers and 9xx-nm LDs, such Raman
lasers may generate high-quality radiation at wavelengths <1 um, where emission by conventional
singlemode Yb-doped fiber lasers is hardly possible. Connecting several high-power LDs to
a GRIN fiber with 100-um core through a multimode 100-um fiber pump combiner, allows
for increasing the coupled pump power up to 200 W in this scheme, and to generate Stokes
radiation with output powers 50-60 W at wavelengths 954 [9] and 976 [10] nm by using 915
and 940 nm LDs, respectively. Herewith, the optimization of the transverse profile of FBGs
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inscribed by femtosecond point-by-point technique in the near-axis part of the GRIN core enables
a stronger spatial filtering effect, and it allows for improving the Stokes beam quality to M2 <2
almost without any loss of the conversion efficiency, thus providing a pump-to-Stokes brightness
enhancement factor of >70 [10]. Besides, measurements of output beam profiles [10] show a
strong depletion of the pump beam, with burning of a hole that is much broader than the Stokes
beam profile. At the same time, simplified analytical models that were developed on the basis
of radially-dependent balance equations [10] do not describe neither the beam profiles, nor the
brightness enhancement which are observed in experiments.

This paper is an expanded version of Ref. [11]. Here we present in detail the results of
numerical simulations of beams emerging from a multimode fiber Raman laser. The simulations
are based on a comprehensive coupled-mode model, which takes into account both Raman and
Kerr nonlinearity, random mode coupling and spatial filtering, for describing the propagation of
pump and Stokes beams inside a GRIN fiber cavity. This permits us to successfully compare the
theoretical predictions for beam profiles and intensities with the experimental observations.

2. Balance equations
We consider a GRIN fiber of 1 km length with the following refractive index profile:

n(r) = {no,ll - Agr? r<a 0

)

el rza

where ng = 1.47 and n; = 1.457 are the refractive indices of the core and cladding, respectively,
a = 50um is the core radius, and Ag = V2A/a is the mode spacing, where A = (ng - nfl)/2n%.
A pump wave with a wavelength of 1p = 940 nm and a Stokes component with g = 976 nm
propagate simultaneously along the fiber. A pump wave with a parabolic intensity profile was
applied to the fiber input, filling the entire fiber core. With increasing pump power, the power of
the Stokes wave will also increase, which will lead to depletion of the pump. It is expected that,
due to this pump depletion, a dip will be formed in the centre of the transverse distribution of the
pump wave intensity, the radius of which will be equal to the radius of the fundamental mode.

To simulate the propagation of Stokes and pump waves through a multimode fiber, we first
considered a model based on the balance equations [12]:

dl.
—ds = grkslpls — asly, ()
7

diy
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where Ip and I are the intensities of the pump wave and of the Stokes component, respectively,
ag|p are their loss factors, kgp = 2mng/Ag|p is the wavenumber, and gr is the Raman gain
estimated by the pump power threshold. A radial dependence of the intensities of all waves was
assumed for this model, and the multipass problem was solved until a stable output distribution of
the pump wave and the Stokes component was established. At each passage of the Stokes wave,
153-W of pump radiation was supplied to the fiber input. At the output, the Stokes component
passed through a filter which reflected 4% of the power of the fundamental mode, and 0.4% of
the power of each of the other modes, similar to the experimental conditions from [10].

Figure 1 shows the output distribution of the intensities of the pump wave and the Stokes
component, as they are obtained by numerical solving the balance equations. One can see that
the pump wave is depleted at the centre, and a large dip is formed in its distribution. This is
due to the fact that the Stokes component has a small radius, and within the framework of this
model, energy exchange occurs locally between the intensities of the Stokes wave and pump

A
= _ngP_/lS Islp — aplp, 3)
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wave, which have the same radial coordinates. Although the model qualitatively explains the
dip formation, it does not properly describe the intensity of the generated Stokes wave. Indeed,
in the frame of this model, the Stokes intensity cannot exceed the intensity of the undepleted
pump wave. Therefore, we concluded that the model of Eqgs. (2)—(3) is rather crude, since the
interaction of the pump wave and the Stokes component does not occur pointwise (or locally),
because the modes have a finite size. In addition, the balance equations do not allow the effects
associated with the Kerr nonlinearity and random coupling of spatial modes to be described.
On the other hand, experiments have shown that these effects can have a significant role in the
Raman amplification of a Stokes wave by a pump wave in GRIN fibers [10], as well as for the
propagation of a single beam [13,14]. Therefore, in order to properly describe the experiments, it
is necessary to construct a more detailed coupled-mode model.
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Fig. 1. Output distributions of the intensities of the pump wave (a) and the Stokes component
(b), obtained using the balance equations.

3. Coupled-mode model

For a more accurate description of the process of propagation of the pump wave and the Stokes
component in a multimode GRIN fiber, let us derive and investigate a system of equations based
on a coupled-mode model. We introduce the following dimensionless and normalized variables:

{=1Ag. psp=1/\ksphg, ES"=9SPVPSP, (4)

where ES and E” are the field envelopes of the Stokes and pump waves, respectively.

With this notation, the propagation of the pump wave and of the Stokes component in GRIN
MMFs can be described by the coupled system of multidimensional nonlinear Schrodinger
equations [12,15]:
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where f = 0.2 is the ratio between the Raman and Kerr contributions. The complex field envelope
in a GRIN fiber can be decomposed into a sum of Laguerre Gaussian (LG) modes, weighted by
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the slowly varying mode amplitudes [16]:

V(L g) = D ApmOUS, (1 9), (7)
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Here A, and B, are the mode amplitudes of the Stokes and pump waves, respectively,

p and m are radial and azimuthal mode orders, L1|7m| are Laguerre polynomials, and N, , is a
normalization coefficient. By substituting the decomposition (7) and (8) into Egs. (5) and (6),
using the orthonormality of the spatial distribution of the modes, and neglecting rapidly oscillating
resonant four-wave mixing (FWM) terms, one obtains the coupled-mode model equations for the
amplitudes of the pump wave and of the Stokes component in GRIN MMFs:
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The obtained coupled-mode model allows one to simultaneously take into account the nonlinear
effects of self- and cross-phase modulation, as well as stimulated Raman scattering. In addition
to nonlinear effects, Egs. (10)—(11) also take into account the presence of random linear coupling
between all spatial modes, due to various fiber imperfections, bends and stresses, see [17] for
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more details. We consider random coupling between all modes, and the coefficients Cf: 111’5’1 (z) are
normally distributed random numbers with zero mean and standard deviation s. Moreover, in
order that linear mode coupling preserves the total beam power, it is necessary that the matrix C
is Hermitian. Fiber losses for the Stokes (as = 2.64 dB/km) and pump (as = 2.72 dB/km) waves
were also included in the model. In simulations, we consider 496 modes with mode number
n = 2p + |m| < 30. This number of modes is justified by the fact that, on the one hand, it is
enough to obtain the parabolic intensity profile observed in the experiments at the fiber output
[10]. And on the other hand, we limit the number of considered modes in order to speed up the
simulations.

It should be noted that Egs. (10)—(11) do not describe the evolution of the full field, but
separately the evolution of the amplitude of each mode of the Stokes A, and pump B, ,, waves.
This approach may significantly reduce the computation time, when compared with models based
on the 3D nonlinear Schrodinger equation, owing to the use of a large integration step, which is
permitted by neglecting rapidly oscillating FWM terms.

As the initial conditions for the Stokes wave, we used the decomposition of a Gaussian
beam with a radius of 12 um into spatial modes of the GRIN fiber; we also initially set a
random input phase for each mode. For the pump wave, all modes have equal input intensities
and random phases, in accordance with the parabolic profile observed in the experiment [10].
Calculations were performed for different realizations of the random phases, and then the results
were averaged. The numerical simulation was performed for the scheme corresponding explicitly
to the experimental one [10]. We also consider the multi-pass problem. For the first pass of
the Stokes wave, the described Gaussian beam was used at the input. In order to match the
physical experiment and for taking into account the FBG cavity, we added a 4% output coupler
that filters the fundamental mode at the fiber output. Hence, after each pass, the amplitude of the
fundamental mode of the Stokes wave was multiplied by V0.04 (this corresponds to the action of
the filter after a round trip of propagation), and the other modes were multiplied by V0.004; the
resulting beam was used as the input data for the next pass. For the pump wave, all modes were
initialized with equal intensities and random phases at the input of each pass. Starting from the
noise, the simulation with multiple passes of the Stokes wave through the resonator is performed,
until it reaches a steady state in terms of Stokes power.

For the numerical solution of Egs. (10)—(11), we wrote the system of equations in matrix form:

A
oA _ MA, (16)
0z
B—B = MpgB, (17)
0z

where A and B are vectors containing the amplitudes of all Stokes and pump modes, respectively;
the matrices M4 and Mp correspond to the right-hand side of the coupled-mode model. If random
linear coupling is neglected, the numerical solution can be calculated by using the following
finite-difference scheme:
An+] — A"
h
Bn+l —B"
h

where A" and B" are the solution at the nth step, and 4 is the integration step. This numerical
method has an accuracy of the second order O(h?), and it allows us to solve the equations with
high precision. But when we take into account the presence of random linear coupling at each
integration step, the numerical solution obtained by this method starts to diverge, due to the fact
that the used finite-difference scheme does not conserve the Hamiltonian. In order to avoid this

= M}A", (18)

= MiB", (19)
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numerical instability, we propose to use the following numerical scheme to solve the propagation
Egs. (10) and (11):

An+1 — ethAn, (20)
Bn+1 — ehMg,Bn_ (21)

This scheme requires calculating the matrix exponent at each integration step, which is a
time-consuming operation, but at the same time it allows us to preserve the total energy. To reduce
the calculation time, the matrix exponent can be evaluated by using the Padé approximation [18]:

@n-jin! 2n —j)'n! .
[Z @i Zan)'(n IR @2)

In the calculations, we used the expansion of the exponent up to the third term inclusive
(n = 3).

4. Numerical results

Let us start our analysis from the Raman lasing threshold (P;, = 110 W). We consider beam
propagation taking into account: (i) the Raman effect only, without fundamental mode filter
(violet curves); (ii) Raman effect and random linear coupling without filter (red curves); (iii)
Raman and Kerr effects, random linear coupling and FM filter (blue curves), see Fig. 2 with
Stokes profiles normalized to 1 W power. In the case of considering only the Raman effect, after
convergence, almost all of the energy of the Stokes component is contained in the fundamental
mode of the GRIN MMF (99%). The mode content is determined by calculating the overlap
integral of the output beam with the corresponding mode. When random linear coupling is
included in the model, the FM content of the Stokes beam is nearly halved, with corresponding
reduction of its peak intensity. Adding the Kerr effect leaves the profile almost unchanged due to
the low Stokes intensity. Finally, inserting a spatial filter in the presence of random coupling
increases the fundamental mode content, as well as the maximum Stokes beam intensity, but not
up to its maximum possible value.
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Fig. 2. Output spatial distributions of the intensities of the pump wave (a) and the Stokes
component (b) for different propagation regimes near the Raman threshold.

As a next step, we consider Raman lasing well above threshold, where significant pump
depletion occurs, and the Stokes wave becomes most intensive (P;, = 153 W). At first, let us
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compare the profiles obtained with the balance equations (Fig. 1) with those from the coupled-
mode model (10-11), were only terms corresponding to the Raman effect and fiber losses were
retained. Figure 3 shows the output distributions of the intensities of the pump wave and the
Stokes component, corresponding to the case of a 4% output coupler for all modes (red curves).
The black curve corresponds to an undepleted pump beam, i.e., a replica of the input beam when
just taking into account the presence of linear fiber attenuation. As we can see, in this case a large
dip is obtained at the center of the spatial distribution of the pump wave intensity. In contrast to
the balance equations (see Fig. 1), the boundaries of the dip are smoothed, in accordance with
the finite sizes of the modes. Moreover, a clear mode structure with radial modulation of the
intensity is seen both in the depleted pump dip and in the Stokes beam profiles, exhibiting a
transverse substructure which is defined by the presence of high-order modes.
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Fig. 3. Output spatial distributions of the intensities of the pump wave (a) and the Stokes
component (b) for the coupled mode model, which takes into account only Raman effects
and the losses in the fiber.

When we add the intra-cavity filter, suppressing high-order modes by 10 dB in comparison
with the fundamental one, the output intensity profile of the Stokes component takes the form
of a Gaussian distribution with predominant content of the fundamental mode (blue curves).
Although the obtained spatial intensity distributions are in qualitative agreement with the results
of the model based on balance equations, significant quantitative differences are observed, which
are important for properly describing the experiment.

Adding random mode coupling for both beams in a non-filtering cavity (red curves in Fig. 4)
washes out the modulation of the Stokes beam intensity, so that the dip in the depleted pump
beam becomes broader, and it gets closer to the experimental results presented in [10]. However,
one also obtains a smooth multimode Stokes beam, which is much broader than in the experiment.
The inclusion of the Kerr effect (blue curves) permits us to significantly compress the width of
the Stokes beam, by increasing the portion of energy contained in the fundamental mode. At the
same time, the pump depletion becomes slightly deeper.

At last, adding spatial filtering of the fundamental mode (with 10 dB suppression of high-order
modes) permits to significantly improve the Stokes beam quality, so that it becomes close to the
experimental value (see Fig. 5(a)). In this case, almost all of the energy contained in HOMs is
dissipated after each pass, so that the most of Stokes beam energy is confined in the fundamental
mode (about 70%). In Fig. 5 we compare the simulation results with the experimental profiles [10]
for input and output pump and generated Stokes beams. The comparison between experiments
and simulations shows a very good agreement, both in the qualitative shapes of the beams, and in
the quantitative intensity values.
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Fig. 4. Output spatial distributions of the intensities of the pump wave (a) and the Stokes
component (b) for different propagation regimes above the Raman threshold.
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Fig. 5. Simulated (a) and experimental (b) profiles for the attenuated and depleted pump
beam and corresponding Stokes beam, calculated with an account for the random mode
coupling, Raman and Kerr nonlinearities, and spatial filtering effects.

To summarize, our simulations have revealed that random mode coupling greatly broadens and
reduces the intensity of the Stokes beam, whereas Kerr self-cleaning and spatial filtering effects
enhance both the beam quality and the peak intensity (by one order of magnitude, when compared
with the pump intensity) of the Stokes wave. As a result, a high brightness enhancement factor
in the process of pump-to-Stokes conversion is obtained. At the same time, the depleted pump
beam profiles remain always weakly sensitive to the different physical effects.

5. Conclusion

In this work we studied by numerical simulations the propagation of Stokes and pump beams
in a multimode GRIN fiber Raman laser. We introduced a system of equations based on the
coupled-mode approach, including the presence of stimulated Raman scattering, the Kerr effect,
fiber losses, intra-cavity spatial filtering and random linear mode coupling. Numerical results
show that taking these effects into account leads to significant differences, as far as the intensity
profiles of the pump and the Stokes beams are concerned, with respect to results obtained on the
basis of a simple model, such as the balance equations, which only provides a qualitative picture.
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Simulations based on our model are in very good quantitative agreement with experimental results
[10]. Our approach can fully explain the pump-to-Stokes brightness enhancement, that can be
achieved via the compensation of strong random mode coupling by spatial filtering and the Kerr
effect. All of these factors are important for the Stokes wave, whereas they are basically irrelevant
for shaping the highly multimode pump beam. Note that similar brightness enhancement can also
be obtained in half-open cavities with random distributed feedback via Rayleigh backscattering,
which also provides a mechanism of spatial filtering in multimode GRIN fibers [19].
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