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Abstract: We report on mode-locking of an Yb:Ca3NbGa3Si2O14 laser, which is pumped by a
fiber-coupled single-mode laser diode. The shortest pulse duration obtained with a
semiconductor saturable absorber mirror is 52 fs, with 75 mW of average output power. Sub60 fs operation tunable between 1055 and 1074 nm is achieved by employing semiconductor
absorbers with different characteristics. We also demonstrate passive mode-locking results
with transmissive graphene saturable absorber, reaching an 85 fs pulse duration with 23 mW
output power. Moreover, we present the non-phase-matched self-frequency doubling
properties of this non-centrosymmetric crystal in the femtosecond regime.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
Calcium niobium gallium silicate (Ca3NbGa3Si2O14, shortly CNGS) is a langasite-type silicate
crystal, which has been primarily studied mostly because of its potential in piezoelectric
applications [1,2]. Recently, this ordered, trigonal crystal has also drawn the attention of the
laser community. Initially, CNGS was investigated as a host matrix for neodymium (Nd3+)
doping in continuous wave (CW) [3–5], passively Q-switched [6] and mode-locked (ML)
lasers [7]. Subsequently, the first ytterbium (Yb3+) doped CNGS crystal has been presented
[8]. A detailed spectroscopic characterization of Yb3+:CNGS for various doping levels has
been performed in [9,10] and such crystals were employed in CW lasers optimized for
operation at the 1 µm fundamental wavelength. Using a compact microchip-type cavity
configuration, the laser delivered up to 7.3 W of average output power with an excellent slope
efficiency of 78% [9]. Yb:CNGS exhibits very broad (~50 nm) and smooth gain cross-section
spectrum, which makes it very attractive for a broadband ML operation.
Due to its non-centrosymmetric structure (trigonal symmetry, point group 32), CNGS
exhibits second order nonlinearity. This positive uniaxial crystal possesses sufficient
birefringence for realization of self-frequency doubled (SFD) lasers based on the Nd3+ [6] and
Yb3+ [8] emission near 1 µm. However, SFD has not been demonstrated in the femtosecond
regime, yet. Nonzero χ(2) nonlinearity is a very interesting property concerning ML lasers, as
it enables to obtain ultrashort green pulses [11]. Additionally, it allows one to exploit the
cascaded χ(2) mechanism, introducing negative self-phase modulation. Consequently, it can be
#353384
Journal © 2019

https://doi.org/10.1364/OE.27.000590
Received 4 Dec 2018; revised 21 Dec 2018; accepted 21 Dec 2018; published 8 Jan 2019

Vol. 27, No. 2 | 21 Jan 2019 | OPTICS EXPRESS 591

employed as a mode-locking and soliton type compression technique [12–14]. The number of
SFD Yb-doped crystals is remarkably limited, with highest second-harmonic powers achieved
with borates such as Yb:YAl3(BO3)4 (Yb:YAB) and Yb:Ca4Y(BO3)3 (Yb:YCOB) [15–18].
Most of the performed experiments concerned solely the CW regime and there are very few
demonstrations of femtosecond SFD laser oscillators operating at 1 µm [11,19].
In this paper, we present first results with an Yb:CNGS passively ML oscillator
employing two types of saturable absorbers: semiconductor saturable absorber mirror
(SESAM) and graphene saturable absorber (GSA). The crystal was pumped by a single-mode
laser diode, generating pulses as short as 52 and 85 fs, for the SESAM and GSA ML
operation, respectively. Ultrafast operation with tunability between 1055 and 1074 nm was
achieved by applying SESAMs with different parameters. We also characterized the selffrequency doubling in the mode-locking regime without phase-matching.
2. Experimental setup
The scheme of the X-shaped cavity is depicted in Fig. 1. The c-cut 5 at. % Yb:CNGS sample
was 2.7 mm thick. It was uncoated and inclined under Brewster’s angle with the c- and one of
its a-axes in the horizontal plane. Details of the growth procedure as well as the spectroscopic
properties for this doping level can be found in [9,10]. The crystal was placed between two
folding curved mirrors (M1,2) forming a waist with a size of 22 × 42 µm (Gaussian radius at
sagittal and tangential plane; calculated with ABCD matrix formalism). It was pumped by a
single-mode fiber-coupled laser diode, which delivered up to 1050 mW of polarized radiation
with an excellent beam quality. The pump beam was reimaged with an 18.4 mm aspheric lens
and a 100 mm spherical lens, which resulted in a measured beam radius of 22 µm. Due to the
relatively low pump power cooling of the gain medium was not necessary and it was not
provided. The pump wavelength of 980 nm is located close to the peak absorption of the
crystal (double peak at 977 nm and 979.1 nm [10]). The Yb:CNGS absorption at maximum
pump power was measured to be about 75% and 45% for lasing and non-lasing conditions,
respectively. Two output couplers (OCs) with transmissions of 0.4% and 2.6% were used.

Fig. 1. Experimental setup of the ML Yb:CNGS laser. L1 —18.4 mm aspheric lens; L2 —100
mm spherical lens; M1,2 — dichroic concave mirrors (RoC = −100 mm); M3 — HR concave
mirror (RoC = −100 mm); M4 — HR concave mirror (RoC = −50 mm); GTI — Gires–
Tournois-Interferometer mirror; OC — output coupler; GSA – graphene saturable absorber;
SESAM— semiconductor saturable absorber mirror, SH – second harmonic output.

In the performed experiments we investigated two different types of saturable absorbers
for starting the ML operation. Initially, we employed SESAMs, which acted as an end mirror
(cavity length ~170 cm). The intracavity beam was focused on the SESAM with a waist
radius of 30 µm. We studied three SESAMs, which varied not only in nonlinear optical
parameters, but also in the spectral position of the linear reflectivity band. Throughout the
manuscript they will be termed as SESAM 1 (linear reflectivity centered at 1030 nm,
modulation depth: 0.4%, recovery time: 500 fs), SESAM 2 (1045 nm, 0.6%, 60 ps) and
SESAM 3 (1070 nm, 1%, 10 ps). We also studied the performance of the ML laser using a
transmissive GSA. For this experiment, the cavity was extended (~175 cm) and the graphene
sample was placed at the Brewster’s angle in the waist formed by two curved mirrors M3 and
M4 (see Fig. 1). The size of the beam on the absorber at the waist position amounted to 26 µm
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× 32 µm and it could have been changed by translating the GSA sample relative to the waist
position. The GSA consisted of a chemical vapor deposition-synthesized bi-layer graphene on
a 2 mm thick calcium fluoride substrate. Details of the fabrication process as well as
characteristics of this sample can be found in [20]. In order to compensate for the normal
dispersion of the crystal (560 fs2 for the double pass [3]) and the CaF2 substrate (90 fs2 for the
double pass), as well as to balance the effect of self-phase modulation for soliton shaping we
employed three Gires-Tournois Interferometer (GTI) mirrors. The amount of the anomalous
group delay dispersion (GDD) introduced for the round-trip was experimentally optimized
with regard to the pulse duration. For the SESAM ML case it was found to be −1500 fs2 (6
bounces on −250 fs2 mirrors). For the GSA ML operation we replaced one of these mirrors
with a similar one of −550 fs2 per bounce, which increased the net value to −2100 fs2.
3. Results and discussion
3.1 SESAM mode-locking
We investigated ML operation at first with the 2.6% OC comparing the three SESAMs
described in the previous section. The passive mode-locking was always self-starting once the
pump power exceeded the threshold value, which in all cases amounted to ~300 mW. The
laser emission spectra recorded when using different absorbers are shown in Fig. 2(a). Very
similar performance was achieved with SESAMs 1 and 2. For SESAM 1 (2), the laser emitted
24.4 nm (24 nm) broad spectrum centered at 1055 nm (1065 nm). The pulse duration in both
cases amounted to 52 fs, which corresponds to a time-bandwidth product of 0.34 (0.33). An
exemplary autocorrelation trace (measured for SESAM 1) with a corresponding fit assuming
sech2-shaped pulses is shown in Fig. 2(b). SESAM 3 produced slightly longer (transformlimited) 59 fs pulses with a spectral bandwidth of 20.5 nm at a central wavelength of 1074
nm. The central wavelength shift can be attributed to differences in linear reflectivity profiles
of the SESAMs. However, it is presumably also correlated with the varying absorption bands
of the quantum wells for individual absorbers. Yet, this data was not provided by the
manufacturer. It is also interesting to note that SESAMs 2 and 3 exhibited long recovery
times (60 and 10 ps, respectively). Generation of pulses which are shorter by more than 2
orders of magnitude in these cases confirms that the process responsible for pulse
stabilization is soliton mode-locking [21]. Consequently, the pulse parameters were not
directly dependent on the absorber, which only helped to initiate the pulsed operation.

Fig. 2. Performance of the SESAM ML Yb:CNGS oscillator: (a) optical spectra of the pulses
for SESAM 1, 2 and 3, FWHM: corresponding emission spectral bandwidths, inset: optical
spectrum of the self-frequency doubled (SFD) output generated using SESAM 1; (b)
autocorrelation trace (AC) with a fit assuming sech2-shaped pulses, inset: the radio frequency
spectrum of the fundamental beat note (RBW = 500 Hz) using SESAM 1.

These measurements were performed for the maximum available pump power of 1 W
(incident on the crystal) and the output power in all cases amounted to ~75 mW. All laser
configurations exhibited similar undisturbed stability–inset of Fig. 2(b) presents an exemplary
radio frequency (RF) spectrum (for SESAM 1) of the fundamental beat note at 88.3 MHz
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with a signal-to-noise (S/N) ratio of 75 dB. We also characterized the RF spectrum in 3 GHz
wide span and did not observe additional parasitic peaks or any other signs of laser
instabilities. The additional narrow spectral peaks in Fig. 2(a) occurred due to non-perfect
dispersion management. The GDD profile of the employed GTI mirrors was not uniformly
flat over the whole emission spectrum. The value of the introduced anomalous GDD was
gradually decreasing from 1000 and 1080 nm, to the shorter and longer wavelengths,
respectively. This resulted in the appearance of a dispersive wave [21].
We also investigated the performance of the laser with the 0.4% OC, however this did not
lead to generation of shorter pulses. The shortest pulse duration (55 fs) was obtained for lower
pump power (800 mW). Further increase of the pump power resulted in the appearance of a
dominant CW component, rather than broadening of the emitted spectrum.
The tunability of the ML Yb:CNGS laser indicates that the pulse duration is not limited by
the emission bandwidth of the crystal, which should readily support sub-50 fs regime. Here,
the main limiting factor was not only the low pump power, but also the restrained reflection
bands of the employed SESAMs, which prevented from further spectral broadening.
It has been already demonstrated that Yb:CNGS exhibits self-frequency doubling
properties [8]. Indeed, we observed second harmonic (SH) generation of the fundamental
beam. Due to the low reflectivity of the cavity mirrors in the green, the strongest SH signal
could be detected after the folding mirror M2. The SH spectrum generated for the oscillator
ML with SESAM 1 is shown in the inset of Fig. 2(a). In the employed configuration the SH
generation process is non-phase-matched. Under Kleinman symmetry there is a single
independent non-zero nonlinear coefficient: d11 (defined in an orthogonal frame {xyz} where
x ≡ a and z ≡ c). Although the SFD properties of Yb:CNGS have been already studied [8], its
d11 coefficient was not determined. Nevertheless, one can assume that it shall be similar to the
value measured for the related compound Ca3TaGa3Si2O14 (CTGS), which amounts to 0.72
pm/V [22]. In our experiment, both the azimuthal angle (φ = 0°) and the angle between the
propagation direction inside the crystal and the z-axis (θ = 29°) deviate substantially from the
φ = 30° value for type-I phase-matching in positive crystals of the point group 32 and the
calculated phase-matching angle of θ = 36.6° [8], respectively. Thus the observed polarization
of the SH was the same as that of the fundamental (horizontal, corresponding to type-0, ee-e
process) as a result of the sample orientation. The non-phase-matched SH generation in the
ML regime results in fringes visible in the spectrum (Fig. 2(a), inset), which is related to the
generation of two green pulses in the crystal creating a characteristic interference pattern [23].
The spectral fringe spacing is determined by the group-velocity mismatch between the
fundamental and the SH pulses: the experimental value was equal to the calculated one
(within the measurement error), which amounts to 1 nm [21]. Naturally, non-phase-matched
SH generation is not wavelength-dependent, thus it enabled to convert the entire broadband
spectrum of the 52 fs pulses. On the other hand, the efficiency of this process is very low (the
coherence length in this configuration amounts to 8.6 μm), thus the average power of the SH
beam after the mirror M2 was ~10 µW. We have also investigated the non-phase-matched
type-I configuration with φ = 30° (while maintaining the same θ) by arranging the crystal
with its y-axis in the horizontal plane. The SH was polarized along the crystal x ≡ a-axis in
this case. Here, the measured conversion efficiency for the ee-o process was approximately 4
times higher than in the previous case due to longer coherence length.
3.2 Graphene mode-locking
Subsequently, we investigated a bi-layer graphene sample as a saturable absorber. Here, the
amount of the introduced GDD, which was found to be optimal for the SESAM ML laser,
was too low to stabilize the pulsed operation. Consequently, as already mentioned, we
increased the total anomalous GDD to −2100 fs2 per round-trip. After careful alignment of the
GSA position, the ML regime was initiated by mechanical perturbation to the M4 end mirror.
The output performance of the laser is shown in Fig. 3. The shortest pulses with a duration of
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85 fs were achieved with the 0.4% OC. The corresponding optical spectrum of the transformlimited pulses had a FWHM bandwidth of 14 nm centered at 1064 nm. Additional narrow
peaks accompanying the ML spectrum correspond to Kelly sidebands. Their appearance may
originate from an additional unsaturated loss periodically introduced by the absorber to the
soliton pulse oscillating in the cavity. It also indicates that the net cavity dispersion was close
to zero [21]. The difference of introduced GDD between GSA and SESAM mode-locking
(600 fs2 per round-trip) cannot be compensated by the double pass through the CaF2 substrate
(90 fs2). Consequently, we believe that the SESAMs exhibited an additional intrinsic negative
GDD contribution, although such data were not available from supplementary measurements.
The RF spectrum of the fundamental beat note at 85.9 MHz with a 72 dB S/N ratio confirms
the stability of the pulsed regime. The output power amounted to 23 mW at 600 mW of
incident pump power. The mode-locking was self-starting for pump power higher than 700
mW, yet this introduced a pronounced CW peak in the optical spectrum. This parasitic
contribution could be then removed by a subsequent decrease of the pump power.

Fig. 3. Performance of the GSA ML Yb:CNGS oscillator: (a) optical spectrum of the pulses;
(b) autocorrelation trace with a fit assuming sech2-shaped pulses, inset: the radio frequency
spectrum of the fundamental beat note (RBW = 500 Hz).

4. Conclusions
We have demonstrated the first ML operation of a laser based on the novel broadband gain
medium Yb:CNGS. The single-mode diode-pumped laser was passively ML by a SESAM
generating almost transform-limited pulses as short as 52 fs with 75 mW of average output
power at ~88 MHz repetition rate. By employing SESAMs with different characteristics we
obtained stable sub-60 fs operation discretely tunable between 1055 and 1074 nm. The
inherent non-phase-matched self-frequency doubling of the fundamental beam in Yb:CNGS
has also been characterized. Moreover, we have presented mode-locking with transmissive bilayer graphene as a saturable absorber. In this regime the oscillator emitted 85 fs pulses with
output power amounting to 23 mW. Performed investigations confirm that this novel crystal
is very attractive for ultrashort pulse generation. The shortest generated 52 fs pulses are still
not limited by the intrinsic emission bandwidth of the gain medium, thus we believe that
further pulse shortening should be feasible e.g. by employing high brightness pumping. In our
future work we will also focus on the SFD properties by investigating phase-matched
configurations as well as the possibility to exploit cascaded χ(2) processes. The calculated
spectral acceptance for phase-matched SH generation amounts to ~3.2 nm (at the fundamental
wavelength) for this particular sample length which will lead to two problems: (i) the SH
pulse duration will be lengthened and (ii) the ML laser will try to avoid the frequency
conversion losses by operating at a different wavelength. Thus, special efforts will be placed
on studying close-to-phase-matching configurations providing sufficient spectral bandwidths
with coherent lengths that will ensure practical SH average powers on the mW level.
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