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Abstract: We study a coupled cavity laser configuration where a passively Q-switched
Nd:YAG microchip laser is combined with an extended cavity, including a doped multimode
fiber. For appropriate coupling levels with the extended cavity, we observed that beam self-
cleaning was induced in the multimode fiber thanks to nonlinear modal coupling, leading to a
quasi-single mode laser output. In the regime of beam self-cleaning, laser pulse duration was
reduced from 525 to 225 ps. We also observed a Q-switched mode-locked operation, where
spatial self-cleaning was accompanied by far-detuned nonlinear frequency conversion in the
active multimode fiber.
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1. Introduction

Multimode optical fibers (MMFs) may provide an interesting alternative to large mode area
(LMA) single mode fibers for the fiber-based delivery of high peak power pulses, and for
fabricating high-power fiber amplifiers and lasers [1-3]. Indeed, MMFs feature a large
effective area, and may be rare-earth doped over their entire core cross-section, without
requiring the tight refractive index uniformity and the expensive technology of active LMA
fibers. MMFs preserve good guiding properties under bending or thermal load, and their
modal instability is reduced when compared with LMA fibers. The main obstacle with the use
of MMFs is their inherent degradation of the spatial beam quality leading to modal noise, and,
in the short pulse regime, temporal broadening from modal dispersion. Therefore, a control of
the output spatial modes and their dispersion is mandatory to ensure the delivery of high
quality (brightness) beams and short pulses.

Many techniques have been proposed so far to filter out a given mode (e.g., the
fundamental mode) in a MMF amplifier and laser [3-4]. For example, spatial filtering and
differential diffraction losses, differential bending losses [1], resonant coupling with a
surrounding structure [5], long-period Bragg gratings, tailoring of the doping area [6], and
gain guiding [7], to mention a few. Another approach involves adaptive input wavefront
shaping by electrooptic phase control in order to properly shape the output beam in spite of
the highly multimode propagation environment [8]. Beam self-cleaning resulting from
multimode nonlinear propagation provides a potentially much simpler approach for restoring
and maintaining a good beam quality throughout a MMF. So far, stimulated Raman scattering
(SRS) has been mainly used to demonstrate high brightness MMF amplifiers and lasers, by
exploiting Stokes beam cleaning via mode dependent Raman gain [9-12]. Some Raman lasers
were even directly pumped by multimode laser diodes [11]. Beam self-cleaning was also
recently achieved in GRIN MMFs by exploiting the instantaneous Kerr nonlinearity, which
leads to an irreversible power transfer from higher-order modes into the fundamental fiber
mode [13—18]. The benefit of self-cleaning is that there is no change to the input light carrier
frequency. Significant improvement of the beam quality of sub-nanosecond to sub-
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picosecond pulses at the output of GRIN fibers was demonstrated at multi-kW peak powers.
Kerr beam self-cleaning was also recently observed in a Yb-doped MMF amplifier [15]. This
suggests its use in a MMF-based laser, for the generation of intense short laser pulses with a
quasi-single mode transverse beam profile.

It is interesting to note that in a theoretical work [19] C. Michel ef al. predicted the
existence of spatial phenomena of thermalization and condensation (that is a macroscopic
population of the fundamental plane-wave model) of optical waves in passive optical cavities,
in the absence of waveguides and with pump pulses whose coherence time is shorter than the
round-trip time of the cavity.

In this work we propose and analyze the operation of a new coupled cavity laser,
composed by a passively Q-switched Nd:YAG microchip laser and an external cavity
comprising an Yb-doped MMF amplifier. Coupled cavity lasers (but enclosing single mode
fibers in the external cavity) had been previously used for timing jitter reduction of a Q-
switched laser, and for supercontinuum generation [20-21]. Here we show that, by combining
functionalities of short and long cavities, one may readily and simultaneously shape the
output beam in the spatial, spectral and in temporal domains. We obtained intra-cavity
nonlinear beam self-cleaning in the active MMF section under appropriate settings of its gain,
and of the coupling between short and long cavities. Moreover, we achieved both Q-switched
and Q-switched mode-locked operations, in combination with spatial beam cleaning in the
MMF amplifier.

2. Coupled cavity composite laser based on a multimode fiber

Our coupled cavity laser is schematically described in Fig. 1. It is based on a Nd:YAG
microchip laser, diode pumped at 808 nm, and passively Q-switched by a thin Cr*" doped
YAG crystal. An extended cavity is formed by adding an external high reflectivity mirror
M.y, that couples light back into the microchip laser. The coupling strength can be varied by
means of a polarizing beam splitter (PBS) interposed between two half-wave plates (HWP).

A 80-cm long section of Yb-doped double clad multimode fiber is inserted in the extended
cavity. The Yb-MMF has a diameter of 50 pm, and is characterized by a refractive index
profile, which is intermediate between a step and parabolic shape (see inset of Fig. 1). More
details on this fiber are provided in Ref [15]. We used two positive lenses (L) to couple light
into the MMF, and to collimate the beam at the fiber output. In order to provide extra gain, a
multimode beam at 940 nm emitted by a CW pump laser diode (LD in Fig. 1) was injected
into the D-shaped (i.e. with a noncircular cross section) double cladding of the MMF through
a dichroic beam splitter. The laser diode was equipped with a fiber pigtailed of 200 um in
diameter and a numerical aperture NA = 0.2; the available CW power measured at the output
of the pigtail was up to 10 W. The pump field at the output face of the pigtail was then
imaged into the input face of the Yb-MMF with a free-space optics system with 1:1
magnification. In a first series of experiments, the pump laser was turned off, and the MMF
was operating in the passive regime with or without feedback (i.e. with or without M.y,). The
results of these studies are reported in section 3. Next, the pump laser was turned on, and the
impact of the additional gain provided by the Yb-MMEF on the laser operation is discussed in
sections 4 and 5. To measure the quality of the laser beam we used a scanning slit beam
profiler BC106-VIS combined with an automatic M? measurement system (Thorlabs).
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Fig. 1. Schematic of the coupled cavity composite MMF laser comprising a Nd:YAG/Cr:YAG
microchip, half-wave plates (HWP), a polarizing beam splitter (PBS), a pump laser diode (LD)
coupled to the 80 cm long Yb-MMF by a dichroic beam splitter (DBS) and a highly reflective
mirror (Mey). The PBS provides also two of the output ports of the laser, indicated as (1) and
(2); a third access point is represented by the weak transmission of mirror My, Inset: refractive
index profile of the fiber core (dark line) compared to a theoretical parabolic profile (Red
dashed line).

3. Intracavity nonlinear beam self-cleaning in the MMF of the composite laser

To provide a reference case, we first measured the spatial evolution of the beam delivered by
the MMF in a single pass configuration, where the mirror My, is removed. The uncoupled
microchip laser (i.e., in the absence of any reinjected feedback) delivers ~525 ps pulses (see
Fig. 2(b)) with a 500 Hz repetition rate, a total average power of 45 mW (maximum peak
power: 180 kW), and a beam quality M” = 1.2. The microchip laser beam was focused on the
MMF input facet by forming a spot of nearly 22 um in diameter. At relatively low input peak
power (800 W), the beam observed at the output of the MMF was spatially highly multimode,
as illustrated by Fig. 2(a). On the other hand, Fig. 2(c) shows a spectro-spatial analysis of the
output field, directly measured by a high-resolution imaging spectroscope, without the
additional filtering of a slit. We identified two laser lines separated by ~100 pm, which
correspond to two longitudinal modes of the microchip laser with unequal power distribution.
Here we may also clearly discern the presence of multiple spatial mode interference: the
broad vertical distribution observed at the main wavelength of the microchip laser (see Fig.
2(c)) corresponds well to the spatial dimension of the output transverse pattern of Fig. 2(a).

By increasing the input peak power to about 20 kW, we observed Kerr beam self-cleaning
in the 0.8-m long Yb-MMF (here operating in the passive regime). Correspondingly, we
observed a strong improvement of the output beam quality, testified by the significant
decrease of M? from M?~13 down to M? = 2. A detailed report on the nonlinear beam
evolution of high power sub-nanosecond pulses upon multimode propagation in the same Yb-
MMEF can be found in Ref [15].

Next, we inserted the cavity mirror M, to establish a feedback from the fiber cavity into
the microchip. It is worth noticing that, due to the large difference in length between the
microchip cavity (~7 mm) and the MMF cavity (~1m), and consequently to the large
difference in their corresponding free-spectral ranges, there are always resonance frequencies
shared by the two cavities, without the need for an electro-optic servo. The multimode
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character of the Yb-doped fiber further expands the opportunities for finding common
longitudinal modes.
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Fig. 2. Characteristics of the output beam after a single pass through the multimode Yb-doped
optical fiber, for low input peak power (800 W). Spatial profile (a), temporal profile (b)
spectro-spatial analysis (c).

In the linear regime, that is when low power pulses were launched in the MMF, the two
cavities were weakly coupled. A highly multimode beam was propagated forward and
backward through the MMF. When cavity coupling was sufficiently increased by rotating the
half-wave plate #1, we observed the following three signatures of coupled cavity operation:
(1) a sudden rise of the power level in the MMF section, which was measured through the
leaks of the mirror Mgy (~4%); (ii) the excitation of multiple longitudinal modes in the laser
spectrum (see Fig. 3(c)); and (iii) a switching by 90° of the polarization orientation of the
microchip laser. At the same time, the laser beam at the MMF output, which was monitored
through the cavity mirror, switched from a broad speckle pattern to a clean bell-shaped beam.

Level (a.u.)

Time (ns)

Fig. 3. Characteristics of the output beam measured through the leaks of the M.y mirror
obtained in coupled cavity regime at maximum obtained peak power. Spatial profile (a),
temporal profile (b) spectro-spatial analysis (c).

A typical example of the obtained self-cleaned beam is shown in Fig. 3(a). The same
spatial behavior was observed on the opposite facet of the MMF, imaged through the output
(1) of the PBS. The abrupt change in the beam profiles at both ends of MMF was
quantitatively confirmed by the measurements of their beam quality, that was significantly
improved, with M? dropping down to M* = 1.7. It is interesting to point out that strong cavity
coupling preserved Q-switched laser operation with unchanged repetition rate with respect to
the uncoupled microchip laser, but the delivered pulses were significantly shortened, with a
duration reduced down to 225 ps, see Fig. 3(b) (instead of 525 ps in the absence of coupling,
see Fig. 2(b)). Note that, even though the laser pulses are very short with respect to the round-
trip time of the extended cavity, their buildup was dramatically affected by feedback coming
from the MMF and the mirror.



Research Article Vol. 25, No. 19 | 18 Sep 2017 | OPTICS EXPRESS 22224

Optics EXPRESS

1.2

B
o
1
1

w
w
T

w
o

N
w

[y
w

=
(=]

w

Normalized cavity coupling K/,

o

Intra-MMPF-cavity average power (mW)

Half waveplate orientation (degree)

Fig. 4. Intra-cavity average power measured in the MMF branch (red solid dots) for various
level of coupling with the microchip cavity, as set by the orientation of the HWP#1. The red
dashed line is a guide for the eye. The theoretical normalized cavity coupling is plot in solid
blue for p polarization and in orange for s polarization. The grey area gives the boundaries for
coupled cavity operation. The central blue area close to zero degrees corresponds to the
angular range where mode-beating was observed.

The maximum peak power of pulses circulating in the MMF section of the composite
laser cavity was estimated to be close to 200 kW. Port (1) of the PBS provides the major
output of the laser, with an average power of about 6 mW. The coupling strength between the
two sections of the composite laser cavity, namely between the free-space part and the fiber
part, was varied by rotating the HWP#1. Our measurements show that, in order to work in the
coupled cavity regime, the HWP orientation should be included in a 20° angular range (see
Fig. 4), which corresponds to a situation of strongest reflection of the extended cavity back
into the YAG laser. We can estimate that the coupling coefficient between the small and long
cavity k, normalized to its maximum value Ko, is directly dependent on the HWP orientation
0. For the polarization state (p) transmitted by the PBS we have /i, = cos*(260), whereas for
the polarization state (s) reflected by the PBS we have /k, = sin*(20). In the range where the
intra-cavity field in the fiber section remained at a nearly constant high level (~25 mW),
nonlinear beam self-cleaning was well maintained. Whereas, self-cleaning disappeared when
the coherent coupling was lost, i.e., outside the limit angles 6 = + 10°.

4. Nonlinear beam self-cleaning with gain in the Yb-MMF

Next, we switched on the pump laser at 940 nm, in order to change the Yb-MMF into an
amplifier. However, before turning on the pump radiation, we revised the setting of the fiber
cavity, in order to reduce the intra-cavity power by introducing new losses thanks to the
HWP#1. The Yb-MMF gain could be varied with the pump power, up to a maximum of G =
23 (when measured for an input signal of 0.5 kW peak power [15]). The available amplifier
gain was however limited by the damage threshold of the fiber end face. The fiber damage is
likely to be facilitated by the inhomogeneous distribution of dopants along the fiber. The
main impact of MMF gain was an increase of the output laser power, and the addition of an
ASE background to the output beam pattern, owing to the low pulse repetition rate fixed by
our laser system. An example of the output beam registered at the maximum gain condition is
shown in Fig. 5(a). The beam pattern was still quasi bell-shaped, and similar to the
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fundamental mode. However, the beam profile was not as clean and perfectly circular as in
the passive MMF situation. The corresponding laser spectrum exhibits a discrete structure
including the longitudinal modes fixed by the coupled cavities (see Fig. 5(c)). The beam
quality remained high with M” = 1.8, as measured on the leaks of the M, mirror. The
temporal profile (see Fig. 5(b)) of the output pulse was close to that obtained in the absence of
fiber gain. However, the temporal profile exhibited a more asymetric shape, with a 350 ps
duration (FWHMI). Such Q-switched mode was reproducible with peak power fluctuations of
less than 10%, despite the weak temporal modulations appearing on the pulse profile (see Fig.

5(b)).

Time (ns)

Fig. 5. (a) Laser beam image recorded at the output M., mirror at the maximum output peak
power; (b) Temporal shape of the Q-switched pulse; (c) Spectro-temporal analysis of the
output beam.

For a complete characterization of our coupled cavity laser, we measured the average
output power at all three available output ports of the composite laser. Namely, after the My
mirror, and at the two ports of the PBS. Maximum output power is obtained by properly
adjusting the level of losses introduced by the PBS when light travels back toward the
microchip, after a round-trip in the extended fiber cavity (output (1), Fig. 1). Almost 10 mW
of average power (Fig. 6) was obtained with 500 Hz repetition rate and pulse durations close
to 300 ps. The output power increase due to the presence of the active fiber is only moderate
(we have obtained 6 mW with the unpumped MMF). However, one should bear in mind that,
in order to avoid damaging the MMF, extra losses had to be added in the extended cavity. The
estimated output peak power reached 66 kW. A second laser output was provided by the
residual transmission of the extended cavity rear mirror M. In that position, we measured
2.2 mW (which corresponds to 14 kW of peak power). The third output port was provided by
the leakage of light coming out from the microchip before the fiber (output (2), Fig. 1). Such
power, which was due to the PBS, remained clamped to a value below 0.2 mW.

5. Q-switched mode-locking and intracavity nonlinear conversion in the active
Yb-MMF

For particular settings of the HWP#1, close to its orientation at 0°, we observed significant
changes in the output pulse temporal profile: Q-switched pulses became strongly modulated
in time, leading to a train of pulse bunches. The bunch envelope remained within the same
range of 300-400 ps durations and profiles (see Fig. 7) as within the smooth Q-switched
pulses observed in previous situations. However, in the pulse bunch case, each sub-pulse was
of less than 50 ps duration (limited by our 20 GHz detection chain), with 85 ps temporal
spacing. The corresponding repetition rate is consistent with the roundtrip time of the
microchip cavity: therefore, the short pulses may result from a beating among longitudinal
modes of the microchip laser or a partial mode-locking (ML) effect, since the modulation
depth of the pulse train was measured to be 72% within the Q-switched pulse. The bunch
train operating regime was not as stable as in the previous cases: through long acquisitions
with the oscilloscope (in the segmented memory option) we observed some long-term
fluctuations. Moreover, we identified that the partial ML or mode-beating behavior is not
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connected with beam propagation in the MMF: rather, ML is a consequence of the extended
cavity feedback. In fact, even when removing the MMF we still observed Q-switched self-
mode-locked pulses, similar to those in Fig. 7(a). Such ML effect was previously discussed in
the literature, and explained as either resulting from the dynamics of coupled cavities, or from
nonlinear spatial beam reshaping in a multimode microchip [22-23].
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Fig. 6. Average output power of the Q-switched composite laser as a function of gain in the
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Fig. 7. Temporal profile of the Q-switched mode-locked pulses at: 1064 nm (a); 799 nm (b);
641 nm (c).

The ML regime permitted to reach higher peak intensities, so that nonlinear frequency
conversion occurred in the MMF. Remarkably, new frequency generation was accompanied
by the formation of bell-shaped beams at those frequencies. New frequencies were generated
by four-wave-mixing, an effect that was not observed in all previously mentioned coupled-
cavity experiments. Our laser produced sharp anti-Stokes components at 641 nm (AS2) and at
799 nm (AS1), along with their Stokes counterparts at 1592 nm (S1) and presumably at 3128
nm (S2), which is out of the reach of our spectrum analyzer (see Fig. 8(a)). The
corresponding temporal profiles at these sidebands have a much higher modulation depth, as
reported in Figs. 7(b) and 7(c). The associated frequency detuning from the pump beam is 93
THz and 186 THz for AS1 and AS2, respectively. All wavelengths obtained in the visible and
near infrared domains essentially propagate in the fundamental mode, and exhibit a quasi-
Gaussian beam shape (see Figs. 8(b), 8(c), 8(d)). Spectral powers carried by these new
spectral lines are 11 dB below the pump level at 1064 nm.

It was previously demonstrated that temporal modulation instability, induced by the
periodic spatial self-imaging of a multimode beam (or geometric parametric instability
(GPI)), may produce sideband peaks with a very large detuning in normal dispersion regime
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[13]. That result was obtained in a graded-index MMF, where propagation constants of the
guided modes are equally spaced. In our case, the refractive index profile of the fiber core
departs from a parabolic law, a situation which is known to be less favorable to spatially
periodic self-imaging. Nevertheless, the observed four-wave mixing processes provide a
spectral signature of GPI, resulting from a multimodal nonlinear parametric interaction. In
fact, as a first approximation, if we consider a relative index difference of 9.5 x 107, a core
diameter of 50 um, and an estimated dispersion of the Yb-MMF of —50 ps/(km nm), the
frequency detuning of the first sideband is expected at 96.5 THz, which agrees fairly well
with the experimental results. Moreover, the laser gain saturation could reinforce the
modulation depth of a weakly efficient periodic self-imaging process.

: ‘ . ; ;
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Fig. 8. (a) Laser beam image recorded behind the output My mirror; Output spectrum of the
laser for the HWP# 1 oriented close to 0°. The mode-locked regime leads to FWM generated
with far detuned spectral lines.

Conclusion

We demonstrated Q-switched, and Q-switched mode-locked operation of a composite laser
comprising a Nd:YAG microchip laser and a Yb-doped multimode fiber in an extended
cavity. For a sufficient coupling strength, beam self-cleaning was obtained in the MMEF,
thanks to nonlinear mode coupling. Spatial quasi-single mode operation (M* = 1.8) was
demonstrated at 1064 nm, with output pulses exhibiting peak powers higher than 66 kW in
the active configuration. For some particular polarization settings, the composite laser
delivers short pulse trains (Q-switched and mode-locked) with even higher peak intensity.
This regime gives rise to intra-cavity nonlinear frequency conversion in the active MMF
through GPI. Far detuned sidebands in the visible and in the near infrared domains were
observed, with frequency detuning of 93 THz and 186 THz.
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