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We study Yb:Ca3NbGa3Si2O14 (Yb:CNGS) lasers in the mode-locked regime, focusing on their self-frequency-
doubling potential. We characterize the laser performance in configurations without and with phase-matching
for second-harmonic generation. In the former case, the laser generates 47 fs pulses at a central wavelength of
1052 nm with an average output power of 45 mW at 78.4 MHz. These pulses are further compressed extracavity
down to 40 fs, which indicates that the employed crystal is one of the most promising novel gain media regard-
ing ultrafast laser operation. Furthermore, we demonstrate that in a configuration close to phase-matching, the
laser emits 40 mW of fundamental radiation at 1046 nm with 100 fs pulse duration simultaneously producing
66 mW of second-harmonic centered at 525 nm. In order to better describe the self-frequency-doubling phe-
nomenon, we compare our experimental observations obtained in both configurations with results of numerical
modeling. ©2020Optical Society of America

https://doi.org/10.1364/JOSAB.399210

1. INTRODUCTION

Lasers emitting radiation in the green spectral band have several
important emerging applications such as in displays [1] and
ranging [2]. Moreover, if the radiation is emitted in the form
of a high-repetition-rate train of ultrashort pulses, the source
can be employed for time-resolved or frequency comb spec-
troscopy [3]. In cases in which the average power is sufficiently
high (>10−100 mW), such green laser sources can be applied
for frequency conversion to wavelength ranges otherwise not
accessible by ultrashort pulse lasers, e.g., by second-harmonic
generation (SHG) to the UV or by synchronous pumping of
optical parametric oscillators to the red part of the spectrum
[4]. High repetition rate trains of picosecond or femtosecond
pulses are normally generated by passive mode-locking of a
continuous-wave (CW) laser where the pulse itself modulates
the cavity losses much faster than an external synchronized
modulator. However, implementation of this technique to the
Ar+ ion laser produced only sub-100-ps pulse durations, not

much shorter than active mode-locking, basically limited by the
narrow spectral lines in gas lasers [5]. Solid-state active media
lasing in the green exist, e.g., due to the emission of Pr3+ and
Tb3+ ions or upconversion transitions in Er3+-doped crystals,
but the corresponding emission bands are also narrow, and such
passively mode-locked lasers again produced only sub-100 ps
pulses [6].

Despite the active development of diode-pumped all-solid-
state laser sources operating in the visible, the most frequently
used scheme for the generation of green light is still based on
frequency-doubling of 1 µm laser radiation in the process of
SHG, because such radiation is readily available. This can be
realized in crystals exhibiting non-centrosymmetric structure,
which provide the necessary χ (2) nonlinearity. Interestingly,
some of the non-centrosymmetric crystals which possess suffi-
cient birefringence for angle phase-matching can be also used
as host matrices for active ions emitting a fundamental wave
around 1µm, such as neodymium (Nd3+) or ytterbium (Yb3+).
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This enables one to design a laser which emits light in the
infrared and simultaneously supports SHG in the visible.
Intracavity SHG utilizes the higher fundamental intensity, and
if the laser is mode-locked, the conversion efficiency will be
further enhanced due to the increased peak intensity.

This phenomenon was experimentally observed for the first
time in 1969 with a Tm3+-doped LiNbO3 crystal operating
at 1853 nm [7], and was later termed self-frequency-doubling
(SFD). Most adequate SFD host materials are obviously non-
centrosymmetric crystals containing passive rare-earth ions,
such as Sc, Y, La, Gd, or Lu, which can be easily substituted by
dopants with the same charge and similar ionic radii. Several
such SFD 1 µm Nd lasers have been demonstrated, and very
efficient CW operation was obtained in a Nd:GdCa4O(BO3)3
(Nd:GdCOB) laser emitting green light with an output power
up to 3 W [8]. Very recently, a slab oscillator based on the
same gain medium delivered a record-high power of 17.9 W
at 545.5 nm [9]. Nevertheless, Nd-based SFD lasers exhibit
certain limitations such as broadband reabsorption of the
active ions centered near 530 nm, strongly deteriorating the
SHG performance of such sources around their nominal emis-
sion wavelength of 1064 nm [10]. Moreover, neodymium
gain media are typically characterized by narrow emission
bandwidth, which limits the pulse duration to typically a few
picoseconds, and hence the peak power that can be achieved
in a mode-locked operation. Yet, ultrashort pulse regime
is particularly interesting regarding SFD lasers due to the
intensity-dependent nature of the SHG process and its interac-
tion with passive mode-locking mechanisms. Moreover, SFD
can be employed not only to obtain pulsed visible radiation,
but also to introduce negative self-phase modulation based on
cascaded χ (2) nonlinearities. This can be exploited for pulse
compression [11,12] or Kerr-lens-like mode-locking [13–15],
while such lasers could also become useful tools in applications
requiring femtosecond green pulses.

In contrast to Nd lasers, gain media relying on the Yb3+ ion
are basically free from the aforementioned limitations. This is
due to the absence of reabsorption in the visible band (two-level
system) and the intrinsically broader gain bandwidth (origi-
nating from strong vibronic coupling) enabling generation of
sub-100-fs pulses. Even though the broadband emission of Yb-
doped materials represents an essential advantage for tunable
SFD, it can also become an obstacle on the way towards efficient
frequency-doubling. SHG constitutes losses for the funda-
mental radiation which are intensity-dependent and, in the
case of mode-locking, will counteract this process in any SFD
laser. However, if the spectral acceptance of the SHG process is
narrower than the broadband gain of the Yb-doped medium,
the emission wavelength might escape from it in order to avoid
these losses, which will prevent the achievement of optimal
phase-matching. This effect is normally absent in 1µm SFD Nd
lasers where the SHG spectral acceptance can easily cover the
entire emission spectrum.

The first CW SFD Yb laser was demonstrated in 1999 using
an Yb:GdCOB crystal [16]. Until now, most of the subsequent
studies have relied on borate crystals such as the isostructural
(monoclinic, optically biaxial) oxyborate Yb:YCa4O(BO3)3
(Yb:YCOB) [17] (6.2 W at 513 nm) or the trigonal (uniaxial)
Yb:YAl3(BO3)4 (Yb:YAB) [18] (1.1 W at 532 nm). Apart

from their relatively high nonlinear coefficients, the calcium
rare-earth oxyborates such as YCOB and GdCOB also exhibit
extremely broad Yb emission bandwidths, which enabled the
generation of 35 fs pulses at 1055 nm with Yb:YCOB [19].

The majority of the experiments on SFD Yb lasers were
devoted to CW operation, including some tunability, and in rare
cases Q-switched operation. Only sporadic reports on ultrafast
lasers can be found in the literature. The latter include three
reports on lasers operating under phase-mismatched SHG crys-
tal orientation using: Yb:GdCOB [20] (emitting 90 fs pulses
centered at 1045 nm), Yb:YCOB (39 fs pulses at 1049 nm) [21],
and Yb:Lax Gdy YbzScw(BO3)4 (x + y + z+w= 4), shortly
Yb:LGSB [22] (180 fs pulses at 1070 nm). However, it has to be
noted that the second-harmonic (SH) power levels reported in
Ref. [21] look highly improbable for the chosen principal crystal
cut. To the best of our knowledge, phase-matched SFD in a
mode-locked Yb laser has been studied only in one publication.
In Ref. [23], the authors observed that the SFD mechanism
prevented an Yb:YAB laser from standard soliton operation
and instead induced generation of strongly chirped picosecond
pulses with a total (bidirectional) SH power of 270 mW at
520 nm. Still, soliton mode-locking with a pulse duration of
245 fs could be achieved under slightly phase-mismatched con-
ditions with an average power of 60 mW emitted in the visible.
Consequently, there is a lack of comprehensive investigation of
the SFD mechanism in the femtosecond regime.

Recently, a novel SFD gain medium, Yb:CNGS
(Ca3NbGa3Si2O14; calcium niobium gallium silicate) has
been demonstrated [24]. Yb:CNGS is a langasite-type optically
uniaxial (positive) crystal which belongs to the same trigonal
class 32 as YAB and LGSB [25,26], although it shows dif-
ferent structure (space group P 321). While the segregation
coefficient for Yb3+ is unknown, this dopant ion substitutes
a different in charge Ca2+ host-forming cation, which is con-
sidered to be the origin of the spectrally broadened bands. The
exceptionally broadband emission can potentially match the
mode-locked performance of the disordered YCOB/GdCOB
[19] or CaYAlO4/CaGdAlO4 (CALYO/CALGO) crystals
[27,28], which enabled generation of the shortest 1 µm pulses
to date. Indeed, in our preliminary experiments, we generated
sub-60-fs pulses tunable between 1055 and 1074 nm, still
not limited in duration by the intrinsic emission properties of
Yb:CNGS [29].

In this work, we present a comprehensive study on an
Yb:CNGS laser operating in the mode-locked regime with
an emphasis on its SFD properties. In the first part of the paper,
we describe the performance of the laser operating in a phase-
mismatched SHG configuration. Here, we focus on minimizing
the pulse duration at the fundamental wavelength of 1052 nm,
achieving a 47 fs pulse width which could be further compressed
extracavity to 40 fs. Moreover, on the basis of computer mod-
eling, we show that SFD in this regime leads to generation of
two green pulses. The second part of the manuscript is devoted
to the investigation of the laser behavior for the case in which
the SFD effect is maximized. We demonstrate that the mode-
locked laser is capable of operating in a standard soliton regime
emitting 100 fs pulses at 1046 nm in a configuration close to
phase-matching. Under these conditions, it generated radiation
at 525 nm with a total average power of 66 mW. In order to
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better describe the mechanism of the SFD phenomenon, we
compare the experimental results with the outcomes of relevant
numerical simulations.

2. EXPERIMENTAL SETUP

The schematic of the laser setup is shown in Fig. 1. The active
element, 3 at. % Yb:CNGS (the growth charge composition),
had a length of 4 mm with an aperture of 3× 3 mm2, and was
antireflective (AR) coated both at the fundamental (F) wave-
length of 1050 nm and its SH of 525 nm. The crystal was cut
for type-I (e e − o ) phase-matched SHG at 1064 nm with the
anglesϕ = 90◦ and θ = 36◦ in the orthogonal x y z frame, where
x ≡ a and z≡ c (a and c are crystallographic axes). Note that
type-I phase-matching (for CNGS deff = d11cos2θ sin 3ϕ) is
a prerequisite for efficient SFD because spatial and temporal
walk-off effects are absent between the two input F waves. No
cooling of the crystal was provided.

As a pump source we employed a laser diode, which emitted
up to 1 W of 979.4 nm radiation. The pump beam was delivered
via a single-mode polarization-maintaining fiber and reimaged
onto the gain medium with a resulting focal radius of 22µm and
a confocal parameter of 5.2 mm inside the crystal. The pump
polarization was aligned as horizontal forming an e -ray inside
the crystal, which was placed at a normal incidence between two
100 mm spherical mirrors with its c axis in the horizontal plane.
These mirrors were AR-coated at the pump wavelength, highly
reflective (HR)-coated at the F laser wavelength, and provided a
transmittance of 65% at the SH of the latter.

For mode-locking, we adopted a hybrid regime exploiting
two types of intensity-dependent loss mechanisms [30]. In
order to initiate the pulsed operation, we focused the intra-
cavity beam onto a semiconductor saturable absorber mirror
(SESAM) with a resulting beam radius of 30 µm (estimated
with the ABCD matrix formalism). The finite relaxation time
of the SESAM enabled self-starting operation with a pulse
duration in the range of 100 fs. Subsequently, we carefully
decreased the distance between the SESAM and M3 mirror,
pushing the cavity towards the edge of the stability range. This
affected the beam size within the gain medium and activated
a Kerr-lensing mechanism, further shortening the duration of
the generated pulses due to its quasi-instantaneous response.
In order to obtain stable mode-locked operation, we had to
counterbalance the positive group-delay dispersion of the crystal
(single-pass GDD= 330/380 fs2 for o/e (θ = 36◦)-ray, respec-
tively [31]) and the effect of the self-phase modulation (SPM)

Fig. 1. Schematic layout of the Yb:CNGS laser: L1, 18.4 mm
aspheric lens; L2, 100 mm spherical lens; M1−3, 100 mm concave
spherical mirror; GTI, Gires–Tournois–Interferometer mirror; OC,
output coupler; SESAM, semiconductor saturable absorber mirror; F,
fundamental wavelength output; SH, second-harmonic output.

induced therein. Negative dispersion was introduced with three
different Gires–Tournois Interferometer (GTI) mirrors with a
single-bounce GDD of −100, −250, and −550 fs2 (Layertec)
used in a double pass. This specific configuration was exper-
imentally optimized regarding the shortest achievable pulse
duration. Higher values of negative GDD led to generation of
longer pulses, while for insufficient GDD, we observed mode-
locking in the chirped pulse oscillator regime [32,33]. The total
physical length of the X-shaped cavity amounted to 190 cm.

3. RESULTS

A. Non-Phase-Matched Configuration

Initially, we investigated the laser performance without SHG
phase-matching. For this experiment, we employed an OC with
a transmission of 1% and a SESAM (BATOP) with a finite relax-
ation time of 1 ps and a modulation depth of 1.2%. The cavity
was aligned to enforce lasing with σ polarization (o -ray inside
the crystal) in order to exploit the highest gain of the Yb:CNGS
crystal [26]. This was possible through fine alignment of the
overlap with the pump beam due to the spatial walk-off of the
two eigen-polarizations inside the crystal (Poynting vectors).

Figure 2 illustrates the performance of the laser operating
in the most broadband regime. It was characterized with an
optical spectrum analyzer (OSA, AQ6370, Yokogawa) and a
SH frequency-resolved optical gating (FROG) device (Mesa
Photonics). Emitted spectrum exhibited peak wavelength of
1052 nm and 28 nm full-width-at-half-maximum (FWHM)
bandwidth. However, it was strongly broadened in the long
wavelength wing. The calculated Fourier-limited pulse duration
for the measured spectrum amounts to 36 fs [see Fig. 2(b)]. The
FROG-retrieved pulse duration of 47 fs indicated residual chirp,
which is confirmed by the spectral phase profile depicted in
Fig. 2(a). While the phase was almost flat within the main pulse
component, the long-wavelength tail was clearly upchirped
(the chirp sign was identified by a subsequent measurement
after introducing additional GDD of a known value). This
was caused by the imperfect dispersion compensation, with
GTI mirrors characterized by limited spectral band up to
approximately 1065 nm. Subsequently, we managed to partially
compress the pulses with two extracavity bounces on −250 fs2

GTI mirrors. This obviously introduced an additional chirp
to the main pulse component [see Fig. 2(a)], but ultimately
enabled reduction of the pulse duration down to 40 fs. It has
to be emphasized that an intensity autocorrelation measure-
ment of the pulse duration indicated a slightly shorter value
of 38 fs, mainly due to the pulse shape deviation from a fitted
sech2 profile. Additionally, in the inset of Fig. 2(b), we present
a radio-frequency (RF) spectrum of the fundamental beat note
at 78.4 MHz. It exhibits a signal-to-noise ratio of 70 dB, con-
firming the stability of the mode-locked operation. The average
output power emitted from the oscillator amounted to 45 mW.

We believe that the achieved reduction of the pulse duration
when compared with our previous experiments [29] originated
mainly from the different crystal sample employed. The normal
incidence operation enabled higher intensity, resulting in an
enhanced SPM contribution that was additionally increased
by the longer crystal length. Moreover, we expect that the pulse
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Fig. 2. Performance of the Yb:CNGS laser in the non-phase-matched SFD configuration: (a) optical spectrum recorded with a standard OSA and
retrieved from a measured FROG trace; spectral phase with and without extracavity compression; (b) FROG-retrieved pulse profile with and without
compression compared with the calculated Fourier-limited pulse; temporal phase of the compressed pulses. Inset: RF spectrum of the fundamental
beat note at 78.4 MHz.

duration can be further shortened by applying high brightness
pumping with, e.g., a fiber laser [27].

Regardless of the lack of phase-matching conditions for SFD,
we observed residual SHG from the fundamental 1050 nm
beam. This is due to the type-0 (oo − o ) process, involving the
single nonlinear coefficient d11 of CNGS. None of the folding
cavity mirrors was HR-coated for 525 nm, and therefore the
strongest SH signal was registered directly after one of them,
mirror M2. Figure 3(a) shows the SH spectrum measured with
a CCS100 (Thorlabs) spectrometer. The spectrum exhibited
characteristic fringes, which originated from the generation of
two interfering SH pulses. Double pulse generation is a direct
consequence of the absence of both phase- and group-velocity-
matching between the F and SH beams in the process of SFD
[34–36]. This mechanism is illustrated with the results of 1D
numerical modelling performed with the Hussar software [37].
Spatially plane waves were assumed in the model with the spa-
tial walk-off (∼1.6◦) neglected. While the SFD properties of
Yb:CNGS have been investigated previously [24], the value
of the nonlinear coefficient d11 was not measured. Here, for
the purpose of visualization, we used a value determined for a
similar isostructural compound, Ca3TaGa3Si2O14 (CTGS),
which amounts to 0.72 pm/V [38]. The reliability of this value
is discussed in the next section devoted to phase-matched SFD.
However, for the case of strong phase- and group-velocity
mismatch, the exact CNGS nonlinearity is unimportant and
changing the d11 value does not introduce any significant modi-
fications to the simulation outcomes. Figures 3(c) and 3(d) show
the evolution of the temporal distribution of the two SH pulses
as they propagate along the Yb:CNGS crystal. The time delay
is normalized to the position of the F pulse, indicating that one
of the green pulses is synchronized with it, while the second one
is delayed. This is also demonstrated in Fig. 3(b), depicting the
profile of both F and SH beams at the gain medium exit.

The origin of this behavior can be briefly summarized as
follows. At the entrance of the crystal, the SH starts to build up,
but after covering the first coherence length (L coh = 9.5 µm), it
converts back to the F [causing the SH pulse energy oscillations
visible in the inset of Fig. 3(b)]. Yet, due to different group veloc-
ities of the two beams, the trailing edge of the SH component
does not overlap temporally with the F beam anymore. Thus, it

cannot be back-converted and gets isolated with a relative delay
to the F pulse defined by their group-velocity mismatch and the
propagation length. Due to the same process, the leading edge
of the F pulse constantly generates SH but does not experience
any of its back-conversion. Consequently, the SH signal is
periodically generated and back-converted as it travels under
the envelope of the F pulse. After an initial period, these two
mechanisms balance each other, and the energy of this SH pulse
is stabilized [see inset in Fig. 3(b)].

Due to the crystal orientation (ϕ = 0 for an o -ray of the F
beam), the SH beam has the same polarization as the driving F
radiation (oo − o process). Because the non-phase-matched
SHG is obviously not frequency-dependent, it enabled the
conversion of the entire spectrum of the sub-50-fs pulses.
Simultaneously, it strongly hampered the conversion efficiency,
limiting the SH average power to the microwatt level.

B. Phase-Matched Configuration

Subsequently, we investigated the laser behavior with maxi-
mized SFD effect. For this, the cavity was realigned to enforce
lasing of the F beam with π polarization, enabling phase-
matched type-I SHG (e e − o ) conditions. While the SFD
loss was negligible under phase-mismatched conditions, it
became crucial for the 1050 nm fundamental radiation as we
strongly increased the conversion efficiency. The mode-locked
regime was stabilized by the introduced SESAM and Kerr
lensing, which favored high-intensity pulsed operation over
CW lasing. Because the SFD is an instantaneous intensity-
dependent process, it naturally counteracts the action of the
passive mode-locking mechanisms and can eventually destabi-
lize mode-locking. In order to balance this effect, we employed
a SESAM with the highest available modulation depth of 2.6%
(relaxation time of 500 fs; BATOP). We have indeed observed
strong improvement of the mode-locking stability under con-
ditions close to phase-matching, when the SESAM modulation
was increased. Moreover, an OC with a transmittance of 0.8%
was used to minimize the intracavity losses.

Typically, the mode-locked operation was self-starting when
the pump power exceeded the threshold of approximately
500 mW. The corresponding average output power of the SH
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Fig. 3. (a) Measured SH spectrum of the Yb:CNGS laser in the non-phase-matched SFD configuration; inset: simulated SH spectrum.
(b) Simulated temporal profile of the fundamental (F) and second-harmonic (SH) pulses at the crystal exit; inset: normalized SH pulse energy
evolution. (c) Simulated evolution of the SH signal temporal profile along the crystal; the area marked with a dashed line is magnified in (d).

beam measured directly after M2 was in the range of 1–5 mW.
The still-low conversion efficiency was associated with the
central wavelength of the fundamental laser emission, which
moved away from the exact phase-matching in order to avoid
the SFD loss introduced to the 1 µm F radiation. Subsequently,
we changed the effective θeff angle between the propagation vec-
tor and the optical axis of Yb:CNGS by fine-tilting the crystal
and/or one of the cavity end mirrors. As θeff was tuned to maxi-
mize the SH output power, we observed two different effects: the
increased SFD loss destabilized the mode-locked operation, or it
resulted in a further shift of the central emission wavelength out
of the phase-matched configuration. Consequently, we were not
able to achieve mode-locking with perfect phase-matching for
the peak wavelength of the fundamental emission. The highest
power of the SH beam recorded after M2 mirror amounted to
21.4 mW. This indicates that the SH power directly after the
crystal was equal to 33 mW and the total SH power generated
in both directions amounted to 66 mW, with 42.8 mW emitted
from the cavity. The latter value can be easily increased with-
out affecting the laser performance by employing SH output
mirrors (M1,2) with low reflectance in the visible band.

In this configuration, the laser was still operating in a sta-
ble soliton mode-locking regime emitting 102 fs pulses with
11.8 nm broad spectrum centered at 1046 nm. Figure 4(a)
shows recorded spectrum of the fundamental radiation and
an autocorrelation trace with a fit assuming sech2 pulse profile
(obtained with APE PulseCheck). The average output power of
the F beam was equal to 40 mW, indicating that the double-pass

SHG conversion efficiency amounted to roughly 1.3%. Note
that this value exceeds the OC losses, but it is still lower than the
modulation depth of the employed SESAM. The laser perform-
ance has been characterized for the pump power of 950 mW, and
the mode-locked operation could be sustained for a whole range
of pump power levels between∼500 and 950 mW.

Figure 4(b) presents the recorded SH spectrum with a cen-
tral wavelength of 524.9 nm. This means that the crystal was
effectively configured for phase-matched SHG at 1049.8 nm,
shifted by almost 4 nm from the center of the F spectral peak.
This is equivalent to a− 0.2◦ deviation from the optimal phase-
matching angle. We have compared the experimental results
with the outcomes of the 1D numerical modeling based on the
experimental conditions. In contrast to the phase-mismatched
case, which was discussed in the previous section, here the non-
linearity of the CNGS crystal is a crucial parameter. First, as
the d11 coefficient is unknown for the studied crystal, we again
applied the value measured for CTGS, i.e., d11 = 0.72 pm/V
[38]. For comparison with the experiment, we used a spatially
averaged intensity (1/2 of the peak value) in the 1D model. The
simulated SH spectrum for such a nonlinear process [dashed
gray line in Fig. 4(b)] is consistent with the experimental data.
The measured spectral bandwidth of the main component
amounted to 1.2 nm, which agrees with a 1.19 nm acceptance
bandwidth calculated for the 4 mm long Yb:CNGS crystal at
525 nm. The Fourier-limited pulse duration for the given band-
width and a sech2 pulse profile amounts to 240 fs. Nevertheless,
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Fig. 4. (a) Performance of the Yb:CNGS laser in the SFD configuration close to phase-matching: optical spectrum; inset: an autocorrelation trace
with a fit assuming sech2 pulses. (b) Measured second-harmonic spectrum compared with the results of the numerical modeling assuming two dif-
ferent values of the d11 coefficient. Simulated temporal profile of the F and SH pulses (independently normalized) at the crystal output assuming
(c) d11 = 0.72 pm/V and (d) d11 = 0.13 pm/V.

a sech2 shape cannot be applied for the investigated SFD mecha-
nism because of the group-velocity-mismatch between the F
and SH beams inside the crystal. The SH pulse constantly drains
energy from the F pulse, but it also temporally lags behind it as
both waves propagate along the crystal. Consequently, the tem-
poral distribution of the generated SH signal strictly depends
on its nonlinear interaction with the F component. This can be
clearly seen in Fig. 4(c), which shows profiles of both beams at
the crystal exit. It yields a SH pulse duration (FWHM) of 230 fs,
but with a long low-intensity tail, which occurs because of a par-
tial depletion of the F beam. However, the conversion efficiency
calculated for the described process amounts to 13.5%, which
clearly contradicts the experimentally estimated value of 0.66%
for a single pass. Since our simulations show that the spatial
walk-off effect has a minor effect on the conversion efficiency
under the described experimental conditions, we believe that
this discrepancy originated from a highly overestimated value of
the nonlinear coefficient. A similar conclusion can be found in a
previous study on Nd:CNGS [39], where the authors estimated
the upper limit of the d11 value to be on the order of 0.46 pm/V.
Here, we matched the calculated conversion efficiency to the
actually observed level by assuming much lower nonlinear
coefficient (d11 = 0.13 pm/V). The SH pulse shape would be
then close to a flat-top (FWHM= 670 fs), due to the negligible
depletion of the F beam under these conditions [Fig. 4(d)].
Note that in such a case the pulse duration is defined by the

group velocity mismatch and the crystal length. Simultaneously,
assuming much lower CNGS nonlinearity does not significantly
affect the spectrum [dotted black line in Fig. 4(b)].

4. CONCLUSION

In conclusion, we have realized a mode-locked Yb:CNGS laser
operating in the femtosecond regime, and studied its SFD prop-
erties in configurations without and with SHG phase-matching.
When the laser was operated under the conditions preventing
efficient nonlinear frequency conversion, it generated pulses
centered at 1052 nm with a duration of 47 fs and an average
power of 45 mW, which were subsequently compressed extra-
cavity to 40 fs. Note that this achievement still does not exploit
the entire gain spectrum of Yb:CNGS, which indicates that
this material is one of the most promising novel crystals con-
cerning ultrashort pulse generation near 1 µm. Moreover, we
characterized the non-phase-matched SH signal and compared
the experimental observations with the outcomes of computer
modeling, confirming that this regime results in generation of
two ultrashort green pulses. In the second part, we reconfigured
the laser in order to enable efficient type-I SHG and maximize
the power emitted in the visible band. We were able to tune the
central wavelength (1046 nm) of the fundamental radiation
down to 4 nm out of optimal phase-matching. In this case, the
laser emitted 100 fs soliton pulses with an average power of
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40 mW, and it simultaneously generated 66 mW of radiation
at 525 nm (with ∼43 mW emitted from the cavity). On the
basis of numerical simulations, we have also studied the relation
between the Yb:CNGS nonlinearity and the temporal shape of
the SH pulse.

We were unable to achieve perfect phase-matching for the
peak wavelength of the infrared radiation. As in all Yb lasers,
this can be attributed to the broad gain bandwidth of the crystal,
which facilitated spectral shift of the fundamental emission
wavelength when the crystal was tilted towards phase-matching,
to avoid the losses. This effect can be suppressed by locking
the spectrum beneath a broader phase-matching acceptance
bandwidth. The latter will require reduction of the crystal
thickness to about 1 mm and higher doping level to recover the
pump absorption in Yb:CNGS. Another important conclusion
from the present study is that low second-order nonlinearity
(as observed in CNGS) is not a serious limitation in SFD lasers
if they operate in the femtosecond regime. Thus, sufficiently
high conversion efficiency into the visible can be expected
with a shorter crystal operating in the gain maximum. The
main advantage of Yb:CNGS over similar SFD crystals is its
capability to produce very short pulses at the fundamental wave-
length, which is expected to result in sub-100-fs durations with
sufficient average power in the green in the near future.
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