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Transition of pulsed operation from Q-switching
to continuous-wave mode-locking in a Yb:KLuUW
waveguide laser

JI EUN BAE,' ® XAVIER MATEOS,2 ® MAGDALENA AGUILO,?
FRANCESC DiAz,2 JAVIER RODRIGUEZ VAZQUEZ DE ALDANA,?
CAROLINA ROMERO,%® ® HANSUEK LEE,'** AND FABIAN
ROTERMUND'”

! Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), 34141 Daejeon,
South Korea

2Fisica i Cristal-lografia de Materials i Nanomaterials (FICMA-FiCNA), Universitat Rovira i Virgili (URV),
43007 Tarragona, Spain

3 Aplicaciones del Ldser y Foténica, University of Salamanca, 37008 Salamanca, Spain

4 Graduate School of Nanoscience and Technology, Korea Advanced Institute of Science and Technology
(KAIST), 34141 Daejeon, South Korea

*rotermund @kaist.ac.kr

Abstract: We report on the diverse pulsed operation regimes of a femtosecond-laser-written
Yb:KLuW channel waveguide laser emitting near 1040 nm. By the precise position tuning of a
carbon-nanotube-coated saturable absorber (SA) mirror, the transition of the pulsed operation
from Q-switching, Q-switched mode-locking and finally sub-GHz continuous-wave mode-locking
are obtained based on the interplay of dispersion and mode area control. The Q-switched pulses
exhibit typical fast SA Q-switched pulse characteristics depending on absorbed pump powers.
In the Q-switched mode-locking, amplitude modulations of the mode-locked pulses on the
Q-switched envelope are observed. The radio-frequency spectrum represents the coexistence
of Q-switching and mode-locking signals. In the purely mode-locked operation, the waveguide
laser generates 2.05-ps pulses at 0.5 GHz.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Waveguide (WG) structure is one of the most promising candidates for realizing miniaturized
lasers. Compact high-repetition-rate mode-locked lasers have been actively investigated for
their specific range of applications including integrated photonic circuits, frequency comb,
astronomy and precise material processing [1-5]. In the 1-um spectral region, ytterbium ions
(Yb3*) are attractive active dopants for diode-pumped high-power ultrafast lasers. In particular,
monoclinic Yb3+—d0ped potassium double tungstates such as KLu(WO4), (KLuW), KY(WO4);
(KYW) and KGd(WO4), (KGW) possess the additional advantages of relatively broad and
high absorption/emission cross-sections and exceptionally small Stokes shift (quantum defect)
that lead to low thermal load and high laser efficiency. These benefits have attracted a lot of
interest in them as suitable gain media for WG lasers [6—10]. The fabrication of channel WGs
can be achieved via femtosecond direct laser writing (fs-DLW), which has been recognized
as a promising technique that allows for strong confinement of the fundamental laser mode
[7,10]. Recently, low-dimensional materials including nanocarbons, topological insulators and
transition metal dichalcogenides have been successfully employed as saturable absorbers (SAs)
in WG lasers for ultrashort pulse generation based on passively Q-switched mode-locking (QML)
[11-17] or continuous-wave mode-locking (cw ML) [18-22]. Although semiconductor saturable
absorber mirrors (SESAMs) are widely applied SAs, nanocarbons such as single-walled carbon
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nanotubes (SWCNTs) and graphene provide unique optical properties, which can be integrated
relatively easily into various laser systems. They benefit from their inherent broadband nonlinear
absorption, ultrafast responses and flexibility for integration.

The practical utilization of pulsed lasers may require an adjustable pulsed regime (between
Q-switching and mode-locking) that is amenable to control as well. It is well-known that a SA
incorporated into a laser cavity can cause pure passive Q-switching, QML and cw ML. QML
operation, which is usually accomplished by superimposing cw ML pulses on a Q-switched
envelope, can produce bursts of ultrafast pulses at the Q-switched frequency (usually from kHz
to MHz). Fully integrated investigations of such operation regime switching, including the
modulation of mode-locked pulses in QML, have been recently demonstrated in certain types
of laser [23-25]. However, systematic investigation on this aspect of WG lasers is still absent,
although their specific advantages make them very suitable for practical applications mentioned
earlier.

In this work, we report on the pulsed regime transition between passive Q-switching, QML
and sub-GHz cw ML in a Yb:KLuW channel WG laser based on the combination of dispersion
compensation and finely controlled mode area on SWCNT-SA. The results also show the first
mode-locking results obtained using the Yb**-doped double tungstates WG laser, where a
relatively simple extended cavity is used. The laser cavity consists of a focusing lens, fs-laser-
written Yb:KLuW WG, output coupler and SWCNT-coated highly-reflecting (HR) mirror. The
pulsed operation can be switched to different regimes by dispersion control through the Gires-
Tournois interferometer (GTI) effect and the tuning of the laser mode area on the SWCNT-SA by
using a piezo-actuator-controlled SWCNT-coated mirror. The characteristics of the Q-switched
pulses are studied by varying the pump power and the amplitude modulation of the mode-locked
pulses can be observed in the QML regime. The cw ML operation is finally achieved at a
repetition rate of 0.50 GHz with pulse duration of 2.05 ps.

2. Experimental preparations and setup

The bulk 5 at.% Yb3**-doped KLuW crystal was grown by the Top-Seeded-Solution Growth
(TSSG) Slow-Cooling method using K, W,07 as a solvent [26]. The monoclinic Yb:KLuW
(space group C®;, - C2/c) is optically biaxial. The crystal was oriented along the Ny axis (length
of 2.53 mm) of the optical indicatrix to provide access to the high-gain E || N,, polarization
(aperture 3.02 (N,,) X 2.93 (N,) mm?) being both uncoated N,,, X N, faces polished to laser-grade
quality. The depressed-index channel WGs were fabricated in the bulk Yb:KLuW crystal by
means of fs-DLW. To this aim, a Ti:sapphire regenerative amplifier emitting 120-fs pulses at
795 nm at a repetition rate of 1 kHz was employed. The laser beam was focused on the crystal
using a 40x microscope objective (N.A. =0.65) with an incident pulse energy adjusted to 74
nJ after the focusing optics. The sample scanning speed for inscription was 500 um/s along
its N, axis producing damage tracks. The semicircular WG consisted of an undamaged core
surrounded by a half-ring of damage tracks with a width of 18 um near the crystal surface. We
estimated the real part of the laser-induced refractive index change and the numerical aperture of
the WG to be An = n¢jagding — Neore = —6x107* and N.A. = 0.049, respectively. Figure 1(a) shows
the optical microscope image of the WG. The lateral separation between inscribed adjacent tracks
was 2 um. The propagation loss in the WG was estimated by a modified Caird analysis [27] for a
plane-parallel cavity with output coupling ratios of 1% to 20%. The resulting propagation loss
amounts to ~0.56 dB/cm.

Arc-discharged SWCNTs (Meijo Nano Carbon Co., Ltd), which exhibit broadband nonlinear
absorption in the 1-um spectral range corresponding to the E, interband transitions of SWCNTs
were used as SAs. The SWCNT powders were dissolved in 1,2-dichlorobenzene (0-DCB) with a
surfactant and agitated in an ultrasonicator. The solution was centrifuged for several minutes to
remove the large bundles of nanotubes and impurities. The well-dispersed SWCNT solution was
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Fig. 1. (a) Optical microscope image of the Yb:KLuW WG with a channel width of 18 um,
(b) schematic of the Yb:KLuW channel WG laser and (c) calculated GTI effect in the WG
laser.

then mixed with a separately prepared polymethyl methacrylate (Polymer Source, Inc.) solution
(100 mg/ml in 0-DCB) at a volume ratio of 1:1. The SWCNT composite was finally uniformly
deposited on the HR mirror by spin-coating. The SWCNT-SA provides a modulation depth of
~1.3%, nonsaturable losses of ~3% and a saturation fluence of ~100 uJ/cmz, while delivering a
fast and slow decay time of about 200 fs and 2 ps, respectively.

The WG laser setup used in the experiment for all pulsed regimes is depicted in Fig. 1(b). The
pump source is a tapered amplifier diode laser system (TA pro, Toptica Photonics, Inc.) centered
at 981.6 nm. The pump beam passes through a half-wave plate, polarizer and another half-wave
plate to linearly polarize it (E || N,,) and attenuate the incident pump power. The collimated
pump beam first passes through the output coupler (T = 8%) which is highly transparent at the
pump wavelength. The beam is focused onto the front facet of the Yb:KLuW channel WG using
a f=20mm plano-convex lens. The WG is mounted on a multi-axis stage without additional
cooling. The end facet of the WG is closely attached parallel to the SWCNT-coated HR end
mirror. This multifunctional HR mirror, whose GTI coating has a total group delay dispersion
(GDD) of -1300 fs?, is mounted on a piezoelectric actuator (PAZ005, Thorlabs) to control
dispersion in the cavity by utilizing the GTI effect in the air-gap between the WG and the mirror.
Theoretical calculations of the GTI effect in our laser setup lead to a period of ~522 nm as shown
in Fig. 1(c). In addition, the laser mode area on the SWCNT-SA is also controlled to switch the
pulsed regime by considering the criterion for switching between QML and cw ML [28]. The
optical cavity length of the laser in the present cavity configuration is 30 cm, which leads to the
experimentally achieved fundamental mode-locked frequency of 0.5 GHz.

3. Experimental results and discussion

Figure 2 shows the transition of different pulsed operation regimes of the Yb:KLuW channel
WG laser at the maximum power, from pure Q-switching and QML to finally cw ML. In the first
regime (Fig. 2(a)), the purely Q-switched pulses obtained during stable operation display typical
fast-SA Q-switched pulse characteristics, depending on the absorbed pump power as shown in
Fig. 3. The Q-switched pulse repetition rate and pulse duration (at full-width at half-maximum
(FWHM)) are measured directly from the oscilloscope trace (1-GHz Tektronix, TDS784D) using
a fast InGaAs photodiode. The pulse duration decreases from 2400 to 860 ns as the pump power
increases, while the repetition rate increases from 87 to 235 kHz. A maximum peak power of
3.70 W and a corresponding pulse energy of 3.18 uJ are obtained. The operating wavelength of
the Q-switched pulse is ~1046 nm.
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Fig. 2. Transition of pulsed operation switching of the Yb:KLuW WG laser at the maximum
pump power: (a) pure Q-switching, (b-d) QML including the amplitude modulation of
mode-locked pulses and (e) cw ML.
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Fig. 3. (a) Q-switched pulse train at the maximum pump power and (b-d) Q-switched laser
characteristics as a function of the absorbed pump power.

The QML operation generates amplitude-modulated ultrafast pulses on the Q-switched pulse
envelope, as shown in Figs. 2(b)-2(d). In particular, a close look at the fully-modulated case
(Fig. 2(d)) shows mode-locked pulses with a repetition rate of ~0.50 GHz which corresponds to
the effective cavity length of the WG laser as shown in Fig. 4(a). This can also be confirmed by
the radio-frequency (RF) spectrum measured by a signal and spectrum analyzer (FSW26, Rohde
& Schwarz Inc.) with a resolution bandwidth (RBW) of 1 kHz. These measurements show
the coexistence of the mode-locked frequency and the harmonics of Q-switched frequency, as
shown in Fig. 4(b). The Q-switched repetition rate at 0.23 MHz exhibits the strongest peak with
clear high harmonics. The fundamental beat note in the mode-locked repetition rate centered at
0.496 GHz shows a strong RF peak with an extinction ratio of 57 dB, with the side frequency
components of the Q-switched envelope.
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Fig. 4. (a) Mode-locked pulses on the Q-switched pulse envelope, indicating fully-modulated
QML pulses and (b) RF spectrum of the QML pulses, showing the harmonics of the Q-
switched frequency and the mode-locked frequency.

In the case of the cw ML regime, the Q-switched operation is fully suppressed as shown in the
pulse train of Fig. 2(e). Figure 5(a) displays the recorded mode-locked pulse train at a repetition
rate of ~0.50 GHz showing the pulse-to-pulse stability of ~12%. In Fig. 5(b), the fundamental
RF peak at ~0.50 GHz, measured with a RBW of 1 kHz, shows an extinction ratio of 56 dB
without any Q-switching signals or instabilities, indicating stable purely cw ML operation. The
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measured autocorrelation trace of the pulses, shown in Fig. 5(c), leads to a pulse duration of
2.05 ps assuming Gaussian pulse shapes. The corresponding spectrum with a FWHM spectral
bandwidth of 0.84 nm is centered at 1042.3 nm (Fig. 6(a)). The resulting time-bandwidth product
is 0.473, close to the theoretical Fourier limit of 0.441. The accumulated GDD in the cw ML
operation is about -473 fs?> while the total cavity GDD is estimated to be about -544 fs> when
the dispersion of Yb:KLuW crystal (+110 fs>/mm), focusing lens (+24.3 fs?/mm), air (+0.017
fs2/mm) and GTI-HR mirror (-1300 fs? per bounce) was taken into account without GTI effect in
the air gap between the WG and SWCNT-coated GTI-HR mirror. This result leads us to infer
that the GDD induced by the GTI effect is about 71 fs? (Fig. 1(c)).
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Fig. 5. (a) Measured cw ML pulse train, (b) RF spectrum of the cw ML pulses and (c)
autocorrelation trace with Gaussian fit.
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Fig. 6. (a) Spectrum of the cw ML pulse (inset: beam profile at the maximum power).
Average output power characteristics as a function of the absorbed pump power in the (b) cw
and (c) pulsed regime.

The piezo-controlled SWCNT-coated HR mirror plays a key role for switching to different
pulsed regimes. First, the GDD can be properly adjusted to obtain sufficient modulation for
mode-locking using the GTI effect. In addition, the mode area in the SWCNT-SA can be
controlled by the position-dependent laser beam divergence in the air gap between the WG and the
SWCNT-coated end mirror to meet the stability criterion for the QML and cw ML operation [28].
The criterion for critical intracavity pulse energy E,, can be expressed as E, = (Esar,1.-Esar. ~AR)1/ 2
where Eg; 1/4 is the saturation energy of gain medium/SA and AR is the modulation depth of
SA, while E 4 is the product of the saturation fluence and mode area at the SA. It should be
noted that the mode area can be changed by piezo-controlling the position of the end mirror.
Assuming that the other laser parameters are fixed and the variation in the air gap ranges from 50
to 200 um, the mode radius variation on the SWCNT-SA is to be between 8.24 and 11.1 pm. The
resulting critical E, value then lies between 7.92 and 10.7 nJ. At the maximum pump power, the
experimental E, is ~9.80 nJ. Consequently, we were able to switch the pulsed operation regime

between QML and cw ML via precise adjustments of the air gap to approach the intracavity pulse
energy.
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Figures 6(b) and 6(c) show the input-output power dependence in the cw operation without
SWCNT-SA and pulsed operation employing SWCNT-SA. The absorbed pump power is estimated
by considering the Fresnel losses at the WG facets and the absorption under the lasing condition.
The cw ML threshold is measured at the absorbed pump power of 1.35 W. The laser power at
the threshold value leads to E, of 8.43 nJ, which matches well with the range of the critical
E, calculated above. Thus, in the region of higher powers (the blue region in Fig. 6(c)), we
can achieve all pulsed operation regimes by adjusting the position of the SWCNT-coated end
mirror. In the region of lower powers, switching between Q-switched and QML operation can
be achieved. The cw and pulsed operations deliver maximum laser powers of 663 and 389 mW
with slope efficiency 7 of 49.9% and 30.8%, respectively. The results indicate very high output
powers and slope efficiency for cw ML WG lasers. Note that the polarization states of the output
beam both in cw and pulsed operations are same as that of the pump polarization E || N,,. The
measured laser spectrum of the cw ML pulses is shown in Fig. 6(a). The spectrum can be slightly
shifted depending on the air-gap size in a period of about 540 nm, which corresponds to the
periodicity of the GTI effect. The cw ML laser beam profile measured at the maximum pump
power is a fundamental mode as shown in the inset of Fig. 6(a).

4. Conclusion

We demonstrate Q-switched, QML and sub-GHz cw ML operation in a fs-laser-written Yb:KLuW
channel WG laser by employing SWCNT-SA and simultaneously investigate the transition
between different operation regimes. We achieved a cw ML Yb3*-doped double tungstates WG
laser for the first time using a relatively simple extended cavity configuration. The precisely
adjusted position of the piezo-controlled SWCNT-coated end mirror enables the switching of
the pulsed operation regime by controlling the dispersion through the GTI effect and the laser
mode area on SA. In terms of SA choice, SWCNT is a very suitable material to study transition
characteristics of the pulsed regime thanks to precisely controllable SA parameters compared to
other nanomaterials. The mode-locked laser delivers high average output powers up to 389 mW
at 1042.3 nm with a slope efficiency of 30.8%. The WG laser generates 2.05-ps pulses at a
repetition rate of 0.50 GHz. The transition characteristics of the operation regime in a compact
WG laser format reported in this study can be beneficial for diverse practical applications. Since
the dispersion and the mode area are very sensitive to the air gap size, further optimization of SA
parameters and precise dispersion management can produce much shorter pulses. In addition,
based on merits of the surface channel WG structure, evanescent-field interaction with the SA
deposited on top of the WG will be the next step to demonstrate stable high-power mode-locked
operation.
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