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Abstract

A Q-switched pulsed laser based on a coupled 7-core Yb-doped fiber with a cavity based
on a fiber Bragg grating array has been demonstrated with a maximum energy of micro-
second pulses up to 15 uJ at a 1 kHz repetition rate. The lasing spectrum is hybridized so
that the laser line maxima of each core are nearly the same, having a negligible spread
relative to each other, which is much lower than the wavelength shifts between individual
FBGs in the cores. At the same time, the generated power is nearly the same in all the
cores. However, when increasing the power beyond the stimulated Raman scattering
threshold, the supermodes are destroyed so that the spectra in the cores become increas-
ingly different and less stable, and the output power is mainly concentrated in one of the
cores, whereas the pulse shortens significantly to a sub-microsecond duration (300 ns),
with damped oscillations appearing at the beginning. The new regimes we demonstrated
of the multicore fiber laser are promising for creating powerful pulsed radiation sources
with a narrow spectrum.

Keywords: fs laser inscription; multicore fiber; Raman scattering; Q-switch; LD pumping;
beam shape

1. Introduction

Multicore fibers (MCFs) have recently attracted considerable interest as promising
light guides for applications in communication [1,2], sensor [3,4] and laser technologies
[5,6]. Communication and sensor applications typically require fibers with low core cou-
pling to avoid distortions in the transmission of data and measured values. At the same
time, lasers based on such fibers essentially represent multiple light sources from multiple
cores but within a single fiber. Although this allows for minimizing the device size, beam
combining must be performed at the output of the MCF cable, which requires a complex
optical system to coherently combine all beams into a single beam with good quality [5].

As the distance between cores is reduced, strong optical coupling between them
arises, forming supermodes (SMs) with fixed phases of the core modes. In this case, the
emissions in a multicore fiber can be viewed not as a set of independent light sources but
as a unified system. It is also possible to excite a single supermode with optimal charac-
teristics for the power scaling of short pulses; for example, an out-of-phase SM in a square
5 x 5 MCEF [6], which is shown to be resistant to discrete modulation instability, can carry
a total peak power that greatly exceeds the self-focusing threshold for a single-core fiber.

Photonics 2026, 13, 612

https://doi.org/10.3390/photonics13070612



Photonics 2026, 13, 612

2 of 9

The first continuous-wave (CW) MCF laser in an all-fiber configuration was proposed
by Li et al. [7]. This laser was implemented in a 19-core Er/Yb codoped fiber in a configu-
ration that allowed for the selection of the in-phase SM via the Talbot effect. Experiments
involving a single-mode fiber Bragg grating (FBG) attached to one core of a 4-core Yb-
doped fiber [8] have demonstrated that the laser emits at the same wavelength in all cores
matching the FBG reflection peak and thus ensuring that adequate coupling between the
cores is achieved through the bending of the MCF. In [9], the effect of hybridization and
spectral collapse was first demonstrated in a CW 7-core Yb-doped fiber laser with a femto-
second-laser-inscribed array of FBGs with individual characteristics, in contrast to simul-
taneous fabrication in MCFs of similar FBGs by the phase-mask technique [10]. It was
shown that in the presence of optical coupling between the cores, the laser power is dis-
tributed uniformly across the cores, and the same narrowband spectrum is generated in
all cores, despite the sufficient difference in individual FBG reflection spectra (both central
wavelengths and shapes) [9].

Some studies have also been conducted on the pulsed operation of multicore fiber
lasers with optically coupled cores, albeit most of the modern pulsed systems explore
MCF amplifiers using a single-beam seed divided among independent amplifying cores
and a subsequent combination of output beams with active control of their phases [5]. In
MCEF lasers, Q-switched pulsed regimes have been demonstrated by adding modulators
to mode-selective MCF resonators, achieving m] pulse energies with pulse durations in
the 10 to 200 ns range. For example, a Q-switched laser based on a 6-core Yb-doped pho-
tonic crystal fiber was investigated in [11,12] —the resonator of which was constructed
using a highly reflective (HR) mirror and a 4% mirror on the other laser side. Since the
fiber cores were not single-mode (few-mode), an aperture was used for filtering in the far-
field zone to suppress higher-order modes. Pulses with energies exceeding 2 m] and a
duration of 30 ns were obtained; however, the papers do not provide data on the spectrum
of the generated signal. A similar pulsed laser, but with multi-mode cores in a 6-core fiber,
was also investigated in [13]. In this work, the resonator was also constructed using free-
space mirrors, i.e., without spectral filtering. A pulse energy of ~1.6 m] was obtained with
a pulse duration of 200 ns and a beam quality of M?~2. However, this work also did not
pay any attention to the optical spectrum analysis.

Overall, a brief overview of the literature shows that there is an extremely limited
number of publications investigating MCF lasers built using FBG arrays in individual
cores. In this paper, we continue our investigation of the generation regimes of a 7-core
Yb-doped fiber laser with a resonator based on an FBG array with wavelength-shifted
FBGs. We have implemented a pulsed regime for such MCF lasers by means of active Q-
switching using an acousto-optic modulator (AOM), thus generating pulses with a repe-
tition rate of 1-50 kHz. Spatial, temporal and spectral characteristics of the laser radiation
generated in the Q-switched MCF laser with a femtosecond-laser-inscribed FBG array
have been studied, and next-generation regimes have been demonstrated for the first time,
to our knowledge.

2. Materials and Methods

In the present work, we used a 7-core fiber manufactured at the Dianov Fiber Optic
Research Center, Moscow, Russia, using the drilling method; see [10] for details. For the
cores, the rods were obtained by drawing a single-core preform fabricated by depositing
an Al203-GeO:-5i02 matrix glass as a porous layer using a modified chemical vapor dep-
osition (MCVD) method, followed by impregnation with an aqueous solution of
Yb(NO:s)s. The refractive index difference between the core and cladding was An = 0.008.
The multicore optical fibers were coated with a reflective polymer, providing wave-guid-
ing of multi-mode pump radiation. The absorption coefficient in each core was ~400 dB/m
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at a wavelength of 976 nm for a weak single-mode signal. The cores were arranged hex-
agonally with a spacing of 17.2 um, while the cladding and core diameters were 135 and
4 um, respectively. Such an arrangement is characterized by sufficient optical coupling of
the cores that was additionally enhanced by coiling the MCF with a diameter of 6 cm.

To fabricate fiber optic gratings, we used a direct point-by-point inscription method
[14] with a Light Conversion Pharos-6W (Vilnius, Lithuania) ultrashort pulse laser (A =
1026 nm, At =232 fs, f = 1 kHz), and we achieved the fiber pulling by using an Aerotech
ABL1000 translation stage at a speed of 0.733 mm/s. The length of each FBG was 2 mm,
with a period of 0.733 um, corresponding to the second-order reflection at a wavelength
of 1064 nm. All FBGs were aligned in the same longitudinal direction; the orientation of
their grooves in the cross-section was azimuthal, with the exception of the central core,
which had a radial groove. The full width at half maximum (FWHM) of the resonance
peak (R > 90%) in the reflection spectra of each FBG was around 0.4 nm, whereas their
central wavelengths were significantly shifted to each other (up to ~0.3 nm) with a rather
narrow overlap (<0.2 nm) between the individual FBG reflection spectra (Figure 1).

(@)

Figure 1. Fiber cross-section with fs-inscribed highly reflective (HR) FBGs (a) and individual FBG
reflection spectra of the 7-core FBG array (C0-central, C1-C6 peripheral) (b).

Figure 2 shows the schematic of the studied Q-switched 7-core fiber laser. A fiber-
pigtailed multi-mode laser diode (105/125 um, NA 0.22) with a power of up to 25 W at a
wavelength of 976 nm was used for pumping the MCF. The output end of the laser diode
fiber was spliced directly to a 7-core active fiber with a light-guiding cladding. The length
of the active fiber was ~30 m—on one end of which the HR FBG array was inscribed, and
the other end was cleaved at an angle of ~10° to minimize the Fresnel reflection. The radi-
ation emerging from the fiber was collimated by a lens with a focal length of f =3 mm and
directed into the input of a free-space acousto-optic modulator (AOM), model AA opto-
electronic (Orsay, France) QS40-A1-L1064-z32, with a carrier frequency of 40.68 MHz. At
the AOM output, the +1 diffraction order was reflected back into the laser using mirror
M1 with a reflectivity of R~90%, thus providing feedback with minimal inter-pulse back-
ground. The light passing through M1 was additionally filtered by dichroic mirrors from
unabsorbed pump radiation at 976 nm, was coupled to a 50/125 pm multi-mode fiber and
was analyzed using a photodiode (1 GHz), an optical spectrum analyzer (OSA) and a pro-
filometer. Rectangular electrical pulses with a duty cycle of ~6%, generated by a waveform
generator, were applied to the AOM. Figure 2b shows an example of the generated trains
of output laser pulses with a repetition rate of 1 kHz. To analyze the output radiation in
the individual cores, an aperture was installed along the optical path, which was used to
isolate the corresponding beam.
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Figure 2. (a) Scheme of a Yb-doped multicore fiber pulsed laser: MM LD —multi-mode laser diode;
HR FBG—fs-inscribed high-reflective FBG; L— collimating lens; M1—90% reflecting mirror, M2—
M3—dichroic mirrors; OSA—optical spectrum analyzer; OSC—oscilloscope; PD—photodiode
module; AOM —acousto-optic modulator; WFG —waveform generator; d —diaphragm. (b) Output
pulse train at an LD pump power of 1.4 W and repetition rate of 1 kHz.

3. Results

The pulsed generation threshold in the laser under study was ~1.1 W of the laser
diode pumping at a pulse repetition rate of 1 kHz, and stable pulse trains were formed at
a pump power of 1.4 W (Figure 2b). Figure 3b shows the pulse shapes in each core at a
pump power of 1.4 W; the durations of which are approximately 3.5 us. The total average
output power from all cores was 10 mW, which is equivalent to 2.9 W of the peak power
for this pulse shape. Thus, the peak output power from each core is approximately 0.41
W. Figure 3b shows the corresponding optical spectra of individual cores, from which it
is evident that all the generation spectra have nearly the same maximum at ~1064.3 nm,
whereas the spectral widths (FWHM) slightly vary within the range of 0.16-0.22 nm. It is
noteworthy that the spread of the lasing lines is significantly smaller than the spread of
the maxima of corresponding individual FBG reflection spectra (see Figure 1). This spec-
tral collapse effect has already been observed in the case of a continuous-wave 7-core fiber
laser [9], but the individual lasing spectra in the cores were significantly narrower in the
CW regime.

Figure 3. Output laser pulse shapes (a) and optical spectra (b) in individual cores at a pump power
of 1.4 W, with a rep. rate of 1 kHz.

Increasing the pump power to 1.7 W results in a sharp narrowing of the pulse dura-
tion (Figure 4a), but the temporal stability deteriorates, a jitter of ~0.5 us appears, and the
pulse amplitude (peak-to-peak) can vary by 40%, as can be seen in the inset of Figure 4a.
In this case, a narrowband sub-microsecond (~300 ns FWHM) pulse train is generated,
and the peak power reaches ~50 W, which is equivalent to ~7 W/core. The generated spec-
trum also becomes less stable, and the individual core lines differ more significantly (Fig-
ure 4b). Figure 5 compares the lasing spectra over a wide wavelength range for the cases
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with a pump power of 1.4 W and 1.7 W and in a continuous mode (also with a pump
power of 1.7 W). It can be seen that in the pulsed mode with a pump power of 1.7 W, the
spectrum contains, in addition to the main 1064 nm signal, stimulated Raman scattering
(SRS) with a large number of higher Stokes orders spanning from 1100 nm up to 1350 nm.
Using a fiber thin-film filter, we isolated the spectral range > 1100 nm and analyzed the
temporal dynamics, which are shown in Figure 5b. The SRS pulse exhibits initial oscilla-
tions lasting up to 10 ns, which gradually decay, and the FWHM of the pulse extends to
130 ns.
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Figure 4. Output laser pulses (a) and optical spectra (b) at pump power of 1.7 W and rep. rate of 1
kHz.
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Figure 5. Output optical spectra at different powers (a) and the SRS pulse component at pump
power of 1.7 W (b).

The power distribution across the cores was also measured over time, as shown in
Figure 6. Here, a difference is also observed for cases below and above the SRS threshold.
At a pump power of 1.4 W, the generated power is distributed relatively uniformly across
the cores and varies little over time. When SRS arises, a significant portion of the total
power (the useful signal at a wavelength of 1064 and the SRS components) becomes con-
centrated in core #4. We also filtered the 1064 nm signal with an interference filter and
obtained a virtually identical intensity distribution; i.e., the transfer to the selected core
occurs for all components of the generated spectrum. Furthermore, fairly strong pulsa-
tions occur over time, which contrasts with the previous case.

We also tested the possibility of increasing the repetition rate to 50 kHz (Figure 7). In
this case, to maintain stable pulses, it was necessary to increase the pump power to 28 W,
while the pulse duration was 3.8 ps, and the average power was 1.1 W, which corresponds
to 5.8 W of the peak power. Since the pulses have a long falling tail, a further increase in
the pulse repetition rate is accompanied by an increase in the offset, when the previous
pulse does not have time to completely fall to zero, and a new pulse begins to form against
it.
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Figure 6. Dynamics of power distribution across the cores at 1.4 W (a) and 1.7 W (b) pumping.
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Figure 7. Train of pulses at a repetition frequency of 50 kHz (a) and corresponding optical pulse
shape (b).

4. Discussion and Conclusions

Thus, a Q-switched pulsed fiber laser based on a 7-core Yb fiber was demonstrated.
The key element of the laser is an FBG array recorded in each individual core with a wave-
length spread of reflection maxima of approximately 0.3 nm. With a pump power of 1.4
W and a specified AOM repetition rate of 1 kHz, pulses of 3.5 ps durations with a total
peak power of 2.9 W are formed. The lasing spectrum in this regime is hybridized, so that
the lasing line maxima of each core has a negligible spread relative to each other (~0.03
nm), which is an order of magnitude smaller than the spread of the FBG reflection max-
ima. The spectral collapse effect has already been observed by us in a continuous-wave
all-fiber laser [9], in which the output mirror was a straight cleave of the fiber with a 4%
Fresnel reflection back into the fiber. Now, it has been shown that this effect also occurs
with a free-space mirror and in the Q-switched pulsed generation regime.

At the same time, as the pump power increases and the SRS generation threshold is
exceeded, the output pulse shortens significantly to a sub-microsecond duration (300 ns),
with damped oscillations appearing at the beginning of the pulse, whereas the peak power
and pulse energy reach 50 W and 15 pJ respectively. The output signal spectrum of each
core exhibits noisy peaks near 1064 nm, with a spread increasing to ~0.2 nm. It can be
assumed that core de-synchronization occurs, and supermodes are destroyed in this re-
gime. Thus, the laser operation approaches a laser without intercore coupling (see [9]),
which was achieved by significantly increasing the distance between the cores in [9]. Here,
a strong Raman conversion of the generated pulses arises, which also influences the out-
put characteristics.

The spatial distribution of the output signal power differs significantly for the two
obtained generation regimes. At a pump power of 1.4 W, the power distribution across

https://doi.org/10.3390/photonics13070612



Photonics 2026, 13, 612

7 of 9

the cores differs only slightly and is quite stable over time. In contrast, when the Raman
threshold is exceeded, a strong skew in energy distribution occurs, and the brightest core
is favored, while the remaining cores divide the remaining energy almost evenly. At the
same time, this leads to strong random power fluctuations in the cores. It can be assumed
that, since supermodes are destroyed, lasing in the cores occurs more independently;
meaning that the cores with lower losses (during coil twisting, during the return from the
mirror to the fiber through an oblique cleavage, etc.) are favored. A similar effect was
observed with the strong coiling of the 4-core Yb-doped MCF with the FBG resonator [15],
but here an additional role of the Raman process also seems important. It may induce
nonlinear losses that are different for different cores.

Thus, at the transition from the CW to Q-switched regime in a coupled multicore
fiber with an FBG array, the effect of the spectrum hybridization is preserved when the
generation in individual cores has a common maximum in spite of different FBG wave-
lengths and the envelope of the total generation spectrum is significantly narrowed in
comparison with the case of uncoupled cores where generation spectra mimic individual
FBG spectra. This so-called collapse effect is defined by supermode formation and hybrid-
ization due to the core coupling. With the increasing pump power (and a peak power of
50 W that is beyond the SRS threshold), the effect of the supermode destruction on the Q-
switched laser spectral and spatial characteristics of the output radiation is clearly demon-
strated. It should be noted that the presented laser design’s parameters were far from op-
timal. For example, we used an excessively reflecting output mirror, which reduced the
output power and simultaneously led to the accumulation of high intracavity energy. In
addition, the relatively long cavity affects the pulse duration, and the large-diameter out-
put beam resulted in an increased response time in the AOM, which also delays the pulse
leading edge. The further optimization of the laser scheme, including shortening the res-
onator and replacing the output mirror with a less reflective one, will help to reduce the
pulse duration and its long falling edge, as well as increase the output power, including
by means of shifting the intracavity SRS threshold.

Multicore fiber Q-switched lasers have been studied previously, but most of these
lasers utilize bulk mirrors that reflect beams from all cores. For example, in [12] a resonator
was formed by a highly reflective mirror and a Fresnel reflection from the output end. In
[16] authors used two mirrors with reflectivities of 4% and 40%, respectively. Such designs
are simple to implement, but they sacrifice the significant potential of multicore resonators
and the flexibility to implement next-generation modes. Unlike previously published
studies, we propose a resonator based on an array of reflectors for each core. This ap-
proach has already demonstrated new effects in continuous lasers, such as spectrum col-
lapse due to supermode formation, and has now been tested in a pulsed Q-switched laser,
in which additional effects associated with SRS have emerged, imposing some restrictions
on the maximum output power during stable generation as well as new opportunities for
laser pulse shortening and conversion to Stokes-shifted wavelengths in a broad spectral
range.

A similar approach to pulse formation in a multi-mode fiber was implemented in
[17]. The authors used an AOM to modulate the Q-factor of a Raman laser cavity with a
frequency close to the cavity roundtrip time and thus obtained multicomponent pulses of
the first and second Stokes orders of SRS in the output radiation. The appearance of the
second-order Stokes radiation was accompanied by the modulation of the first-order
Stokes pulse shape and the formation of a multipulse comb, vaguely reminiscent of the
pulse oscillations we obtained here at 1.7 W pumping,.

In conclusion, the technology under study of multicore lasers with an FBG array is of
interest for future promising work aimed at creating powerful stable radiation sources
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(both pulsed and continuous) with a narrow spectrum. This laser can be further used in
the microprocessing of materials as well as in sensor systems, LIDAR, etc.
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