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Abstract: Diode-pumped multi-mode graded-index (GRIN) fiber Raman lasers provide prominent
brightness enhancement both in linear and half-open cavities with random distributed feedback via
natural Rayleigh backscattering. Femtosecond laser-inscribed random refractive index structures
allow for the sufficient reduction in the Raman threshold by means of Rayleigh backscattering signal
enhancement by +50 + 66 dB relative to the intrinsic fiber level. At the same time, they offer an
opportunity to generate Stokes beams with a shape close to fundamental transverse mode (LP01),
as well as to select higher-order modes such as LP11 with a near-1D longitudinal random structure
shifted off the fiber axis. Further development of the inscription technology includes the fabrication
of 3D ring-shaped random structures using a spatial light modulator (SLM) in a 100/140 µm GRIN
multi-mode fiber. This allows for the generation of a multi-mode diode-pumped GRIN fiber random
Raman laser at 976 nm with a ring-shaped output beam at a relatively low pumping threshold
(~160 W), demonstrated for the first time to our knowledge.

Keywords: fs laser inscription; random structures; Rayleigh backscattering; spatial light modulator;
Raman laser; graded-index fiber; multi-mode; LD pumping; beam shape

1. Introduction

In early times of fiber optics, multi-mode fibers were treated as a less stable and
more complicated media than single-mode fibers, which are able to guide fundamental
transverse modes over huge distances without any distortions, even in the presence of
nonlinear effects. Interest in multi-mode fibers has greatly increased in the last decade,
thanks to new perspectives on their use for optical communications [1] and high-power
lasers [2]. In addition to limited transmission capacity, their use is also justified by clear
limitations in single-mode laser regimes either in active fibers (mainly photo-darkening
and transverse-mode instability) or in passive fibers with Raman gain (mainly a necessity
to use single-mode pumping); see [3] for more details.

Recently, Raman fiber lasers (RFLs) based on multi-mode graded-index (GRIN) fibers
have attracted great interest because they may be directly pumped by laser diodes; see [4,5]
for a review. Impressive results have already been achieved in generating relatively high
power radiation at short wavelengths (<1 µm) not previously available, neither in active
fibers doped with rare earth elements [3] nor in conventional RFLs based on single-mode
passive fibers [6]. An attractive feature of such lasers is the efficient conversion of highly
multi-mode pump radiation into the generated Stokes beam, the quality of which turns
out to be much higher than that of the original pump beam, thanks to the Raman beam
cleanup effect in GRIN fibers [7], leading to higher Raman gain for lower-order modes. The
use in laser cavities of a fiber Bragg grating (FBG) inscribed by femtosecond (fs) pulses in
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the cross-section of a GRIN fiber core, corresponding to the fundamental mode, makes it
possible to further enhance the effect of beam cleaning for the generated Stokes radiation [4].
So, in a linear resonator consisting of an FBG pair, the generation of a Stokes beam at a
wavelength of 976 nm with power of more than 50 W and beam quality of M2 ≈ 2 during
pumping by multi-mode laser diodes (LDs) with low beam quality (M2 ≈ 34) at 940 nm has
been obtained [8]. This scheme of pump-to-Stokes beam conversion demonstrates record
brightness enhancement, BE ≈ 73, for such types of lasers. In [9,10], a two-stage cascaded
Raman laser has been demonstrated, and the characteristics of the output radiation in the
schemes with two pairs of FBGs and with a half-open cavity for the second stage based
on random Rayleigh backscattering in GRIN fiber itself instead of output fs-FBG were
compared. It was shown that in the case of Rayleigh-based random lasing, the efficiency of
pump conversion and the quality of the output second-order Stokes beam were higher. The
use of random Rayleigh feedback at the second stage of the cascaded cavity appeared to be
possible due to the fact that the quality of the first Stokes beam generated in the FBG cavity
was quite high (M2 ≈ 2). Therefore, the second Stokes threshold was relatively easy to
achieve at relatively weak Rayleigh backscattering on natural refractive index fluctuations
in a 1 km long GRIN fiber. For a random generation of the first Stokes wave in a half-open
cavity with low-quality pumping, a much longer GRIN fiber [11] or much higher pump
power [12] is required. So, more than 300 W of power for random lasing at the first Stokes
wavelength of 1120 nm was obtained in a 62.5 µm core GRIN fiber with ~700 W multi-mode
pumping by combined Yb-doped fiber lasers at 1070 nm [12]; however, the threshold pump
power for such a random Raman laser was as high as ~500 W.

It should be noted that natural Rayleigh backscattering (RBS) on frozen refractive in-
dex inhomogeneities inside a silica-based fiber core is widely used in laser applications [13].
However, the low backscattering coefficient (α~4.5 × 10−2 km−1) of a standard telecom-
munication fiber limits laser system performance and requires the use of an extended
fiber length (1–10 s km) and high pump power in the case of a Raman fiber laser with
random distributed feedback on intrinsic Rayleigh backscattering both in single-mode
and multi-mode fibers. Therefore, artificially increasing the density of inhomogeneities
allows for the enhancement of the backscattering level and random distributed feedback
as a result, which offers new opportunities to develop random fiber lasers with improved
performance [14], as well as more sensitive distributed sensing systems based on Rayleigh
backscattering [15]. Among methods used to create artificial scattering structures [14–16],
the fs laser-based technique is assumed to be the most promising and flexible for modifica-
tion inside transparent materials such as silica fibers. Due to the nonlinear absorption of fs
pulses in the near-IR range, the refractive index can be locally changed (inside the focal
volume) with high spatial resolution, which allows for the creation of 1D-3D structures
inside multi-mode non-photosensitive fibers through a polymer fiber coating by the point-
by-point (P-b-P) writing technique [14]. With this method, it is possible to select specific
regimes of refractive index modification depending on fs pulse energy and duration, in
order to achieve the desired level of RBS enhancement and inserted optical losses. Addi-
tionally, fs laser inscription provides extremely high temperature stability (up to 1000 ◦C)
of the induced refractive index changes [17].

As a rule, the direct P-b-P fs writing technique is based on the fiber translation relative
to a static focal spot of the laser beam using high-precision linear positioning stages [14].
At the same time, the implementation of adaptive optics provides new opportunities for
the direct P-b-P writing technique [18]. Recently, spatial light modulators (SLMs) have
been shown to allow for scanning of a focal spot inside a static fiber using the phase
modulation of a fs laser beam and thus writing periodic structures with desired refractive
index profile along the fiber core [19]. In multi-mode fibers, the inscription of artificial
Rayleigh reflectors by the conventional P-b-P writing technique in the near-axis area of the
multi-mode core is shown to provide random Raman lasing with a relatively low threshold
and predominant content of fundamental mode (LP01) in the output beam [14]. Meanwhile,
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the new SLM-based technique is able to form more complicated structures, thus enabling
more complete control of the mode composition of the generated output beam.

Here, we study an opportunity to obtain random Raman lasing in a multi-mode
diode-pumped GRIN fiber Raman laser by means of enhanced backscattering in artificial
fs-inscribed random structures used as an output reflector, both for fundamental and
higher-order modes. We test random reflectors formed by the conventional P-b-P fs writing
technique with different positions in the fiber core and demonstrate predominant generation
in either fundamental (LP01) or next-order (LP11) transverse mode in the half-open GRIN
fiber cavity with random distributed feedback provided by an artificial Rayleigh reflector.
We also present opportunities for the new SLM-assisted writing technique of random
structures providing higher-order mode selection. The inscription of ring-shaped random
structures in multi-mode GRIN fiber with Rayleigh backscattering level enhancement of up
to +66 dB/mm is demonstrated. The performed line-by-line (L-b-L) inscription of reflective
structures with random distances along the fiber is optimized in terms of fs pulse energy,
SLM frame rate, the overall length and average distances between the structures. The
generation of a Raman fiber laser with a ring-shaped output laser beam at a relatively low
threshold based on ring-shaped random structures inscribed in GRIN multi-mode fiber is
demonstrated for the first time, to our knowledge.

2. Materials and Methods

With the use of an fs laser, we fabricated different types of artificial random reflec-
tors inscribed by a focused fs laser beam inside the core of multi-mode GRIN fiber with
100/140 µm core/cladding diameters (Figure 1).
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Figure 1. Artificial random reflectors of different types fs-inscribed inside the GRIN fiber core: (a) 1D
in-line point reflector written along the fiber axis by the direct P-b-P technique, (b) similar 1D in-line
reflector shifted off the axis; (c) 3D ring reflector written by SLM-assisted L-b-L technique, meaning
that circular lines of overlapping points are inscribed in different planes with the average distance
between the planes ∆L and integral length of the structure L.

At, first, using the direct P-b-P fs writing technique, we inscribed an in-line (1D)
random structure of point scatterers with variable integral length L and random distance
between scattering points with average value ∆L, directly focusing the fs laser beam on the
fiber axis and translating the fiber along z axis (Figure 1a); see also [14] for details. Such a
structure has been shown to provide a predominant reflection of the fundamental mode
(LP01) with increased backscattering by about +50 dB/mm [14]; it was used as a reference
for further steps towards the selection of higher-order transverse modes of the multi-mode
GRIN fiber. As a next step, a similar 1D in-line random structure of point scatterers was
fs-inscribed by the P-b-P writing technique, but with a transverse shift ∆y off the fiber axis
for the sake of predominant selection of the next transverse mode (LP11); see Figure 1b.

To test the opportunity of fabricating random structures with arbitrary 3D shapes
for the selection of higher-order modes in a GRIN fiber, we applied the SLM-assisted
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fs writing technique [19] with corresponding modifications aiming to achieve increased
backscattering level enhancement with lower losses inserted. In this case, the phase of
the Gaussian beam from a femtosecond laser, Pharos-6W by Light Conversion (Vilnius,
Lithuania), with maximum pulse energy of >3 µJ at 1026 nm and a pulse duration of ~230 fs
was modulated by the reflective phase-only SLM Holoeye Pluto-2.1-NIR-149 by HOLOEYE
Photonics AG (Berlin, Germany) for the movement of the focal spot within the static fiber
core (Figure 2). The ring structures inside the multi-mode fiber core were inscribed in
randomly spaced cross-sections of the fiber core with an average longitudinal distance
∆L (see Figure 1c) by setting the pre-calculated phase masks according to the following
expressions:

φ(x, y) = φgrating + φtilt

φtilt(x, y) = kxx + kyy ,

where φgrating(x, y) = (2π/Λ) × y is the phase mask representing periodic grating to obtain
a first-diffraction-order beam; φtilt(x, y) is the phase mask for movement of the focal
spot inside the objective field of view (x f , y f ) along and perpendicular to the fiber axis,
correspondingly; x, y are the coordinates relative to the center of the SLM screen; kx, ky are
parameters depending on the tilt angle of the beam with coordinates x f , y f in the focal
plane of objective with focal distance f as follows:

λkx

2π
=

x f√
f 2 + x2

f

,

where λ is the laser wavelength. In the approximation of x f ≪ f , we can rewrite φtilt in
the following way:

φtilt =
2πx f

λ f
x +

2πy f

λ f
y .
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For a displacement of the focal spot in the depth along the z axis (focusing or defocus-
ing depending on the sign of z f ), the following phase mask was generated:

φ(x, y) = φgrating + φ f ocus

φ f ocus =
πz f

λ f 2

(
x2 + y2

)
,

where z f is the depth displacement from the initial focal plane at the condition of z f ≪ f .

To write ring structures, the z coordinate was set to the following value: z f =

√
R2−y2

f
n ,

where R is the ring radius and n is the refractive index of the fiber core.
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After SLM (see Figure 2), the fs laser beam passed through the 4f system with a focus
length of 20 cm, which made it possible to separate the diffraction orders in space in the
Fourier plane, where a spatial filter was located for selection and inscription in +1 order.
Furthermore, the laser beam was focused by the objective Mitutoyo APO NIR 20× by
Mitutoyo Europe GmbH (Neuss, Germany) into the fiber core located on the 3D stage
PlanarDL-100XY-PL4 by Aerotech GmbH (Fürth, Germany).

Before writing Rayleigh reflectors with complex geometries, we optimized inscription
parameters (fs pulse energy, SLM frame rate, the overall length and distances of random
structures along the fiber), which allowed us to achieve maximum Rayleigh backscattering
enhancement with minimal inserted optical losses. For this purpose, we inscribed Rayleigh
reflective structures with random distances along the fiber using the line-by-line method
in single-mode fiber. It was observed that an increase in fs pulse energy leads to a larger
inhomogeneity size and, consequently, a higher backscattering signal. The SLM frame rate
determines the energy efficiency of the laser beam reflected from the SLM. The overall
length and random distance along the fiber between random structures define the concen-
tration of scattering inhomogeneities, which influences both the Rayleigh backscattering
and inserted loss level. As a result, optimal inscription parameters (pulse energy of about
3 µJ, SLM frame rate of 5 Hz, the overall length and average distance between structures
along the fiber of 2 mm and 5 µm, respectively) were found.

Further, ring-shaped random structures were inscribed in a 100/140 µm GRIN multi-
mode fiber using the optimal inscription parameters found, which allowed us to achieve
Rayleigh backscattering enhancement of up to +66 dB/mm above the natural RBS level
(Figure 3a) at the integral loss level comparable to those for 1D structures described above.
The average value and random variation of the distance between rings and the diameter
of ring structures were within 5 ± 0.5 µm and 20 ± 10 µm ranges, respectively, which
allowed us to obtain a broadband reflection spectrum with an integral reflection coefficient
of ~0.01% (Figure 3b).
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The random structures of different types of fs-inscribed structures in multi-mode
GRIN fiber (Figure 1) were used in a Raman fiber laser for the enhancement of random
distributed feedback in the half-open cavity. The laser scheme that is shown in Figure 4 is a
GRIN fiber cavity directly pumped by 3 multi-mode laser diodes (LDs) with total coupled
power of up to ~180 W at 940 nm after their combination by an all-fiber combiner. The
pump power was fed into a 100/140 µm GRIN fiber with a total length of ~1 km. An input
highly reflective (HR) FBG (R ~ 90%) inscribed in the GRIN fiber by a CW UV laser (see [8]
for details) and fabricated random reflectors as the output coupler (OC) formed the laser
cavity.
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The multi-mode Raman laser output power, spectrum and beam shape/quality were
characterized by power meter (P), optical spectrum analyzer (OSA) and M2-meter with a
camera. The characterization results for the output beam generated in RFL with different
random reflectors are described in the next section.

3. Results
3.1. Multi-Mode RFL with Direct PbP-Fabricated 1D Random Structures

First, we tested a random structure of in-line (1D) point scatterers with and without a
shift off the GRIN fiber axis (Figure 1a,b).

Depending of the parameters of the 1D reflector, we obtained sufficiently different
characteristics. For the first sample (L = 120 mm, ∆L = 25 µm), the output power amounted
to 4.7 W at ~180 W pumping (see Figure 5), and the spectrum was concentrated near the
maximum reflection of the UV-inscribed FBG. In this case, the beam quality was measured
to be M2 ≈ 4, while the losses in the structure were estimated as ~50%. Increasing the
average distance between modified points in the longitudinal direction to ∆L = 50 µm and
shortening the entire structure length to L = 60 mm (Figure 6) reduced the losses to 25–30%,
improved the beam quality and increased the output power as a result. Thus, in the last
configuration of the laser, power of 5.5 W was achieved at maximum pumping in spite of
the higher Raman threshold (~160 W), with an output beam quality as good as M2 ≈ 2.4,
indicating the predominant generation of fundamental mode LP01.
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shown in the inset (c) of the MM RFL with an OC in-line random reflector (L = 60 mm, ∆L = 50 µm).

As a next step, we studied the reflectors with a relative shift in the transverse direction
of ∆y ~ 3 µm as compared with the previous ones (off the fiber axis, as we supposed). It
should be noted that it was difficult to say the exact relative position of the 1D random
structure against the axis as the fs-inscribed scattering points had ellipsoid shapes with
~1 × 10 µm dimensions in the x-y axes, respectively; see [4,14] for more details.

Figure 7 shows the results obtained with two successive random reflectors inscribed
with a relative vertical shift ∆y ~ 3 µm, the average distance between the adjacent modifica-
tion points ∆L = 25 µm and the length of each reflector L = 120 mm (with a 2 × 120 mm
total length chosen to lower the generation threshold). The threshold pump power in
this configuration was ~140 W, output power was 3.3 W at 174 W pumping, while the
beam quality was M2 ≈ 5.4. In this case, the transverse intensity profile consisted of two
maxima (indicating predominant LP11-mode generation). The spectrum with this random
output reflector was broader and exhibited stronger irregularities that were also a sign
of higher-order mode generation. At the same time, the losses of the random structure
were estimated to be high enough, amounting to 70–80%, which explains the lower output
power in this case. Nevertheless, the main result here is that the off-axis shifted 1D random
reflector allows for the selection of LP11 transverse mode.
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Figure 7. Output Stokes power together with a residual pump (a), spectra at different input pump
powers (b) and output beam quality and intensity profile (color corresponds to intensity) in the
waist shown in the inset (c) of the MM RFL with an OC in-line random reflector (L = 2 × 120 mm,
∆L = 25 µm) with a relative shift ∆y ~ 3 µm.

3.2. Multi-Mode RFL with SLM-Fabricated 3D Random Structures

In another series of experiments with multi-mode RFLs, three types of 3D random
reflectors fabricated in the GRIN fiber under different conditions of SLM-assisted writing
with fs pulses were used as the OC random reflectors. Three different energy levels of
femtosecond pulses near optimal values (2.75, 3 and 3.2 µJ) were selected, at which, the
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photo-modification of samples was performed. Different pulse energies during writing led
to different reflection coefficients and losses of output random reflectors, and a significant
difference in the output characteristics of the Raman laser was expected.

Figure 8 shows the output powers of the residual pump at 940 nm (a) and the generated
Stokes wave power at 976 nm as a function of the input pump power. As expected, the
maximum efficiency of Raman conversion into the Stokes wave occurred in the case of an
OC random reflector written with the highest energy of fs pulses (3.2 µJ), while the Stokes
generation threshold was ~160 W and the output Stokes power reached 5.3 W at 180 W
pump power.
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Figure 8. (a) Output power of laser with different samples of 3D random distributed reflectors (OC).
(b) Generated Stokes power shown in larger scale.

Figure 9 shows the measured Stokes generation spectra in the schemes with different
random reflectors at different Stokes power levels. It is also interesting to compare the
obtained data with the reflection spectrum of an HR FBG, the maximum of which corre-
sponded to the reflection wavelength of the fundamental mode, while the peaks located
to the left of the maximum corresponded to the FBG reflection resonances of higher-order
transverse modes of the GRIN fiber. Figure 9 shows that the Raman generation occurred
on the short-wavelength slope of the FBG, i.e., high-order transverse modes were excited.
However, for reflectors written by high-energy pulses, additional excitation with a lower-
order mode occurred, i.e., it can be assumed that the reflection maximum of fs-modified
rings shifted closer to the center of the fiber core. It is noteworthy that in a laser with a
specific type of random reflector, with an increase in the pump power, the beam quality
degraded due to the excitation of higher-order modes, as can be seen from the presented
spectra. The beam quality parameter (M2) measurements shown in Figure 10 agree with
the generation spectra analysis. Thus, when using reflectors with photo-modification pulse
energies of 2.75, 3 and 3.2 µJ, the M2 parameter was consistently improved to 5.6, 4.7 and
4.2, respectively.
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Figure 11 shows the output beam intensity profile for the strongest OC reflector (3.2 µJ)
captured from the plane of the fiber end face. Suppression of the fundamental mode
and formation of a ring optical structure were visible, which, however, were not stable. It
should be noted that the generated highly multi-mode beams in this scheme had sufficiently
different shapes on the end face of the GRIN fiber near the output 3D random reflector
(see Figure 11) and in the waist of the focused beam (see Figure 10). So, this fact should be
considered during the analysis of the highly multi-mode beam shapes, in contrast to the
beams with predominant content of a single mode (like LP01 or LP11 in Figures 6 and 7),
for which the beam shape remained almost unchanged.
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4. Discussion and Conclusions

Thus, a single-stage Raman laser based on multi-mode GRIN fiber with random
backscattering structures artificially induced by fs laser pulses, enhancing feedback either
for the fundamental mode or higher-order modes, has been demonstrated.

It was shown that the artificial structures greatly reduced the threshold pumping (to
140–160 W) for random Raman lasing in multi-mode GRIN fiber, as compared with the
random RFL scheme based on natural Rayleigh backscattering [12]. At the same time,
relatively high losses in the artificial reflector (30–70%) significantly limited the efficiency of
the conversion of highly multi-mode (M2 ~ 34) LD pump radiation (940 nm) into a Stokes
beam (976 nm) with the desired transverse mode composition. Another problem is related
to rather low long-term stability due to heating, although the results were usually repeated
every time the laser is turned on, at least at the initial stage of laser operation.
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For the 1D random reflector fs-inscribed along the GRIN fiber axis by the point-by-
point technique with parameters (L = 60 mm, ∆L = 50 µm), the Stokes radiation with beam
quality improved to M2 ~ 2.4, indicating that predominant content of the fundamental
mode (LP01) was generated with output power of 5.5 W at ~180 W pumping. It has been
shown that it is possible to select higher-order LP11 mode when using a 1D random reflector
shifted off the fiber axis in the transverse direction (∆y ~ 3 µm in the experiment). In this
case, a typical beam with two maxima and a ~2 times-increased beam quality parameter
M2 was generated, demonstrating the possibility of such higher-order mode selection.

For the generation of more complicated transverse mode compositions in the scheme
of a multi-mode LD-pumped GRIN fiber random Raman laser, we have presented a new
fs laser writing technique assisted by a phase-only SLM. This writing technique provides
an opportunity to move a focal spot inside static fiber, which allows for the inscription of
various reflective structures with complex geometries. We optimized inscription parameters
such as pulse energy, SLM frame rate and the overall length and distance of structures
along the fiber by using line-by-line modification in the chosen fiber cross-section and
random distances between the modified areas along the fiber, being initially optimized in
a single-mode fiber. With optimal parameters, the inscription of 3D ring-shaped random
structures in the 100/140 µm GRIN multi-mode fiber was demonstrated, which allowed
for the achievement of Rayleigh backscattering enhancement of up to +66 dB/mm. Such
random structures with parameters (L = 2 mm, ∆L = 5 µm) SLM-inscribed in GRIN fiber
were used as random output couplers of the Raman laser cavity. The random Raman
laser generated a ring-shaped output Stokes beam (with M2 ~ 5) out of the multi-mode
fiber with relatively low pumping threshold (~160 W), whereas the output Stokes power
amounted to 5.3 W at 180 W pumping. It should be noted that the output characteristics
of the random RFL generating a ring-shape beam were close to those obtained for the
RFL with 1D in-line random structures, which was in correspondence with their similar
integral backscattering/loss coefficients. Let us also mention that the proposed method
also allowed for the inscription of arbitrary-shape structures in multi-mode fibers to form a
half-open cavity, with an artificial random reflector allowing for the selection of various
transverse modes and their compositions at a relatively low generation threshold. This
is especially attractive after the recent demonstration of an LD-pumped random Raman
fiber laser with natural Rayleigh backscattering feedback in a multi-mode GRIN fiber of
a 100 µm core [20]. It demonstrated the high output power (0.65 kW) of the Stokes wave
(1018 nm) above the relatively high threshold (~1 kW), which was possible to overcome
due to the spectral combination of multiple LDs in the 950–990 nm spectral range.

In addition, since a random reflector in the general case is not a spectrally selective
element and has weak dependence of the reflection coefficient on the wavelength, such
types of Raman lasers with tunable HR FBG can be used as tunable or wavelength agile
laser sources in a wide wavelength range in corresponding practical applications.
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