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Watt-level, 1.6 ps x®-lens mode-locking of an
in-band pumped Nd:LuVO, laser
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Abstract: y®-lens mode-locking of an in-band pumped Nd:LuVOy laser using a periodically-
poled KTiOPOy crystal for phase-mismatched second-harmonic generation is demonstrated,
achieving pulses as short as 1.6 and 7.5 ps at average powers of 0.7 and 4.6 W, respectively.
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1. Introduction

In the past decades, orthovanadate crystals TVO4 (T =Y, Gd, Lu) have become one of the most
important host materials for the neodymium active ion. Their high absorption and stimulated
emission cross-sections, as well as their good thermal conductivity, make them attractive for the
development of efficient diode-pumped laser systems. The most popular one, Nd:YVO,, emitting
at 1064 nm, is frequently used in both research and commercial devices. Another vanadate
crystal, Nd:GdVO,, whose laser properties are similar to Nd:YVOy4 [1], but with a slightly shorter
emission wavelength (1063 nm), has also been investigated extensively in continuous-wave
(CW), Q-switched, and mode-locked regimes of operation. Recently, mixed vanadate crystals
Nd:Gd, Y-« VO4 were also used in Q-switched [2] and mode-locked lasers [3]. The third member
of this family, Nd:LuVQy, has higher absorption and emission cross sections than Nd:YVOq4
and Nd:GdVOy, and a slightly wider fluorescence emission spectrum (1.5 nm) [4,5]. Efficient
operation in the CW regime [6], as well as Watt-level Q-switched operation [7] have already been
demonstrated with Nd:LuVO,4. Moreover, the ratio between the absorption cross sections o ps
at 880 and 808 nm for Nd:LuVOy crystals is ~0.75 [8], higher than the same ratio in Nd: YAG
(~0.12), Nd:GdVO4 (~0.5) and Nd:YVO4 (~0.7) [9], which makes this crystal the most suitable
candidate for direct in-band pumping into the upper laser level with laser diodes emitting around
880 nm. This scheme minimizes the thermal load by reducing the quantum defect by ~28%,
while the absorption cross section remains high enough for efficient laser operation. Difficulties
in the fabrication of Nd:LuVOy have hindered its wide use in the past but nowadays improvements
in the crystal growth technology ensure dimensions and laser quality that are comparable with
those of the other vanadate crystals.

This paper presents a study of the Nd:LuVO;, laser mode-locking through the formation of a
negative x?-lens and negative self-phase modulation (SPM) in periodically-poled KTiOPO4
(PPKTP) and bulk LiB3Os5 (LBO) nonlinear crystals used for phase-mismatched second-harmonic
generation (SHG). This technique has been developed and implemented with narrowband laser
materials emitting at 1 um, such as Nd:YVOy4 [10] and Nd:GdVOy4 [11], as well as at 1.3 um with
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Nd:YVOy [12]. In this earlier mode-locking research it was found that using a negative %*-lens
formation and negative SPM leads to shorter pulse durations compared to the frequency-doubling
nonlinear mirror (FDNLM) based on phase-matched SHG. Since this method does not rely
on absorption, it has the potential to produce relatively high average powers in mode-locked
laser operation. However, to date, there have been no reports of Watt-level powers with pulse
durations of the order of 1-2 ps, approaching the limits set by the emission linewidths typical for
Nd-doped orthovanadate crystals. More recently, a similar method based on phase-mismatched
intracavity SHG has been successfully used in the 2-pum spectral range with a Tm:YAIO3 laser
[13] and in a configuration with a positive X(2>-lens formation [14] in a Nd:YVOyq laser. It shall
be emphasized that mode-locking based on intracavity SHG-based negative-lens formation is a
method substantially different from the previously developed FDNLM technique [15], applied
successfully to narrowband Nd vanadate lasers in standard longitudinal-pumping [16], bounce
and thin disk [17-19] geometries, broadband Nd lasers based on disordered host crystals [20,21],
as well as vibronic Cr:ZnSe lasers emitting near 2.5 wm [22] and narrowband Pr:YAIOj3 lasers
emitting around 640 nm [23].

In the present work, the Nd:LuVOy laser is in-band pumped by a fiber coupled laser diode bar
having a central wavelength of ~880 nm. For comparison, the same experiments are performed
using a pump source emitting around 808 nm. We compare also the mode-locking performance
using a 25-mm long LBO and a 5-mm long PPKTP nonlinear crystals operating far from perfect
phase matching.

2. Experimental setup

The laser cavity is schematically shown in Fig. 1. The laser crystal was a plane-parallel 6 mm
long a-cut Nd:LuVO4 with 0.4 at.% doping. It was emitting in m-polarization due to the higher
cross section. Both 3 x 3 mm? end faces were antireflection (AR) coated for minimal losses
at the laser wavelength. Nevertheless, the crystal was slightly tilted in order to avoid etalon
effects in the laser cavity. It was mounted in a copper holder whose temperature was stabilized at
25°C by circulating water. The Nd:LuVOy laser was longitudinally pumped by the unpolarized
radiation of 880 or 808 nm laser diode bars coupled into a 400 um optical fiber (NA =0.22). The
absorption of the Nd:LuVO;, crystal was 64% and 72% at 880 and 808 nm, respectively. The
pump beam from the optical fiber was focused by a 1:1 reimaging unit and delivered onto the
Nd:LuVOy crystal with a spot radius of ~200 um through the highly reflecting flat rear mirror
which transmitted the pump radiation.

- 600 mm Pump source:
w a 0 - 45 W at 880 nm (808 nm)
Concave Mirror \‘ / —
RoC = - 504 mm \ Nd: LuVO4
» Opm,al fiber
Rear tl f2= 6 mm 400 pm

Mirror
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L ] Mirror

Qutput 130 mm 175 mm
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Fig. 1. Experimental setup of the mode-locked Nd:LuVO, laser (NLC - nonlinear crystal).

The radius of curvature (RoC) of the concave folding mirror (RoC = -504 mm), the focal length
of the AR-coated intracavity lens (f3 = 80 mm), and the separations given in Fig. 1 were chosen
to ensure Gaussian beam radii of ~80 um in the nonlinear crystal and ~200 um in the position of
the laser crystal. The physical cavity length amounted to ~1.34 m. The laser cavity was designed
in a way that the increase of the optical power of the negative nonlinear lens results in a decrease
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of the mode size in the position of the laser crystal, changing the overlap between the cavity mode
and the pump and as a result leading to amplitude modulation and eventually to mode-locked
operation.

Four plane mirrors with different characteristics were employed as output couplers (OC). Three
of them had high reflectivity for the second harmonic wave and 70%, 80% and 95% reflectivity
for the fundamental wave. In this case both nonlinear reflection from FDNLM and x®-lens
mode-locking effects were simultaneously present. In order to analyse the relative contribution
of the two mechanisms to the mode-locking process we suppressed the FDNLM effect by using
the fourth OC with 95% reflectivity for the fundamental but with high transmission at the second
harmonic.

As a nonlinear crystal (NLC) we employed a 25-mm long LBO with an aperture of 3 X 3 mm?
cut at #=90° and ¢=11.2° in the x-y plane for type-I oo-e phase-matching, and a 5-mm long
PPKTP crystal with a thickness of 1 mm along the z-axis and a width of 5 mm (along the y-axis).
Both crystals were AR-coated for the fundamental and the second harmonic wavelengths. In the
case of LBO, phase-matching was adjusted by the critical angle, while the temperature was held
at 25°C through precise control (+0.1°C) of the temperature of the water circulating through
the copper holder. In the case of PPKTP, whose period (8.94 pm) was designed for SHG at
1064.2 nm at 70°C, quasi-phase-matching was adjusted by precise control (+0.1°C) of the oven
temperature.

3. Results and discussion
3.1.  Mode-locking by intracavity second harmonic generation in PPKTP

Initially we chose PPKTP for intracavity SHG because the quasi-phase-matching technique allows
one to utilize higher effective second order nonlinear coefficient in comparison to birefringent
crystals. This results in stronger SPM based on phase-mismatched SHG [11,12], and the phase
mismatch parameter 4kL can be easily controlled by adjusting the NLC temperature. Furthermore,
there is no spatial walk-off because the waves propagate along the principal x-axis.

The measured second-harmonic power versus temperature shows maximum conversion
efficiency at Tax = 85°C (crystal holder temperature) and ~ 9°C FWHM of the temperature
phase-matching curve (Fig. 2). The deviation from the design temperature is mostly due to the
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Fig. 2. Single-pass second harmonic (SH) power divided by the squared fundamental power
as a function of the PPKTP crystal holder temperature (T) measured in the CW regime
with a 5% OC which transmits the SH and the 808 nm pump radiation (circle symbols) and
theoretical fit (solid curve).
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slightly longer wavelength (1065.4 nm) of Nd:LuVOy4. However, stable passive mode-locking
operation is observed at higher temperatures, Ty, = 103 £ 2°C. This corresponds to SHG far
from perfect phase matching (see Fig. 2). Using the existing temperature-dependent Sellmeier
equations for KTP [24] we calculated a phase mismatch of 5.6 + 0.66 rad at Ty, = 103°C, where
stable mode-locked operation was observed. Nearly the same value of ~5.9 rad is obtained with
Ppm = 0.33 rad/°C for the phase mismatch temperature dependent coefficient, derived by fitting
the experimental data in Fig. 2 (black symbols) with the theoretically calculated single-pass SH
signal (red curve) as a function of A4kL/2 = ¢pmAT where Ak is the phase mismatch and L is the
crystal length. The phase-mismatched SHG introduces a nonlinear phase shift in the fundamental
wave due to the coupling of the two waves within the medium through the nonlinear polarizations
at their respective frequencies. This nonlinear phase shift exists independently, without necessity
of a cascaded energy exchange process between the fundamental and second harmonics, which is
sometimes, though not always appropriately, used as an explanation for the underlying physical
mechanism.

This phase change depends on the intensity of the fundamental wave and generates nonlinear
effects in both space and time, including a y®-nonlinear lens effect and SPM inside the laser
cavity. In our case, operation on the right wing of the phase-matching curve leads to the formation
of a negative y(?-lens and negative SPM. Conversely, operation on the left side of the curve
results in positive SPM and a positive nonlinear lens (Kerr-lens type), typically associated with
Kerr-lens mode-locking. Our resonator was designed to operate at the instability boundary in CW
mode, which can return to the stability region for more intense resonator pulses, naturally creating
conditions for passive mode-locking. The primary criterion for this is the overlap between the
pump beam and the resonator mode waists within the active medium. When a negative nonlinear
lens enhances this overlap, a stable mode-locking regime is established and maintained. The best
performance is achieved at maximum pump power, near the point where thermal lensing begins
to disrupt the resonator conditions for laser generation, leading to a decrease in power in CW
mode, see Fig. 3(a). We have also attempted to redesign the resonator for mode-locking through
a positive x*-nonlinear lens, but we were unable to achieve stable and sustained operation.
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Fig. 3. (a) Input-output characteristics of the Nd:LuVOy laser using PPKTP with an OC
transmitting 30% at 1064 nm while highly-reflecting at 532, and (b) autocorrelation trace
(black curve) and a fit assuming a sech? pulse profile (red curve) at highest output power.
The mode locking region in (a) is marked by an oval.

Using the 808 nm pump source and 30% output coupling, we achieved a maximum output
power of 2.7 W and a slope efficiency of 29%, while the measured pulse duration in this case was
around 7 ps. We achieved the shortest pulse duration of 3.1 ps at this pump wavelength, using
a 5% OC at 1064 nm. We also applied in-band pumping at 880 nm. Figure 3(a) displays the
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input-output characteristics of the laser using the 880 nm pump source and 30% output coupling,
corresponding to the maximum output power. The achieved higher slope efficiency (38%) is due
to the reduced quantum defect and thermal load when pumping at 880 nm. This also shifted
the mode-locking region to higher pump and output powers. The maximum output power in the
mode-locked regime reached 4.6 W, more than 70% higher than in the case of the conventional
808 nm pumping. The measured autocorrelation trace (see Fig. 3(b)) indicated a pulse duration
of 7.5 ps (FWHM assuming a sech” pulse shape). We achieved substantial pulse shortening in
both cases (808 and 880 nm pumping) using an OC with 95% reflectivity at the fundamental
wave, at the cost of lower output powers, ~1 W. Table 1 summarizes the results obtained using all
OCs and both pump sources.

Table 1. Summary of the mode-locked laser performance of Nd:LuVO,4 with PPKTP NLC and
different OCs using both pump sources. T: transmission, HR: highly-reflecting, HT:
highly-transmitting.

Output coupler T=5% at 1064nm | T=20% at 1064nm | T=30% at 1064nm | T =5% at 1064 nm
HR at 532nm HR at 532 nm HR at 532nm HT at 532 nm
Apump [nm] 808 880 808 880 808 880 808 880
Threshold [W] 1 0.7 1.9 11 1.7 1.7 1 0.5
Slope efficiency [%] 15 18 34 31 29 38 18 17
Pump power in mode 9.6 11 10.7 14.2 13 153 9.6 11
locking region [W]
Output power [W] 0.4 1 1.9 33 2.7 4.6 0.8 1
Pulse duration (sech? 3.2 3.2 6.1 43 7 7.5 3.1 3.5
shape) [ps]

The results presented so far refer to a phase mismatch of ~5.6 rad., i.e., a temperature of
103°C of the PPKTP holder. By increasing the phase mismatch to approximately 10 rad at 117°C
and using an OC with 95% reflectivity at the fundamental and high reflectivity for the second
harmonic wave, we were able to achieve a pulse duration of 1.6 ps (cf. Figure 4), the shortest
pulses ever reported from a narrowband Nd-doped crystal laser. The average output power was
0.7 W at a repetition rate of ~111 MHz.
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Fig. 4. Autocorrelation trace (black curve) of the mode-locked Nd:LuVOy laser using
PPKTP and a fit assuming a sech? pulse profile (red curve) with an OC transmitting 5% at
1064 nm while highly-reflecting at 532.
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As mentioned in the experimental section, all results with stable and sustained mode-locking
were obtained with the formation of a negative x?-lens and negative SPM. Attempting to redesign
the resonator to compare with the regime based on a positive x?-nonlinear lens, we were unable
to achieve a stable mode-locking operation under those conditions. Although there have been
isolated successful reports with a positive x?-lens [14], the obtained time-bandwidth product
(TBP) was significantly higher than its Fourier transform limit of 0.315, with values ranging from
a minimum of 0.38 to typically 0.57. In contrast, in the negative x®-lens and negative SPM
regime realized in our studies, the pulses were nearly transform-limited, with a TBP of 0.32-0.35
across a wide range of experimental conditions [25-27].

Another characteristic feature of the demonstrated mode-locking regime is that the pulse
duration typically decreases as the intracavity pulse energy increases and further shortens at
high phase mismatch values. In this study, pulse shortening is observed with decreasing OC
transmission. This trend is consistent with previously reported results, where, for constant
pumping and OC but varying only the repetition rate between 110 and 600 MHz [26], an inverse
relationship between pulse duration and intracavity pulse energy was observed.

In our case, along with the spatial nonlinear effect, negative SPM in the time domain may also
play a role. It is known that positive SPM and negative group delay dispersion (GDD) in the
laser cavity can enhance Kerr-lens mode-locking stability through soliton pulse shaping [28].
Furthermore, a characteristic feature of soliton-formed pulses is the reduction in pulse duration
with increasing intracavity pulse energy [29], a trend also observed in the reported regime. In
this context, soliton-like pulse shaping could enhance the %®-lens mode-locking stability due to
the combination of SHG-induced negative SPM and positive GDD in the laser cavity. However, a
dedicated quantitative study focusing solely on this effect would be necessary to fully understand
its impact.

In all cases, the long-term stability of the laser was good, with no additional modulations of
the pulse train envelope observed, providing evidence of stable CW mode-locking operation.
Furthermore, in cases where OCs with low transmission were used (i.e., the intracavity intensity
was higher) and the phase mismatch was below ~8 rad, the mode-locking regime was self-starting.
At a larger phase mismatch of around ~10 rad (corresponding to an NLC holder temperature of
117°C), the mode-locking regime was not self-starting. However, once started, this regime was
stable over time.

Compared to the well-known Kerr-lens mode-locking, which is highly effective for lasers
with a broad gain bandwidth (tens of nm), the y®-lens formation has the advantage of being
applicable to media with a narrow gain bandwidth (~1 nm) due to the relatively high value
of (x®-%?))) compared to the third-order nonlinear susceptibility (x>). Additionally, it offers
greater flexibility, as both its sign and magnitude can be adjusted easily by changing the phase
mismatch parameter 4k [30,31]. Considering that the size of the pump beam waist in the active
Nd-crystal and the main transverse mode of the hot resonator are on the order of several hundred
microns in diameter, i.e. significantly larger than the typical size for Kerr-lens mode-locked lasers,
lasers with a y®-nonlinear lens would not exhibit greater sensitivity to mechanical perturbations
compared to the well-known Kerr-lens mode-locked lasers.

3.2.  Mode-locking by intracavity second harmonic generation in LBO

The higher effective nonlinear coeflicient (deg) of PPKTP allows the laser to operate in a
self-starting mode-locking regime but the intensity-induced degradation and thermal dephasing
could make it less useful at higher average powers [32]. For comparison and a more reliable
approach at higher average powers, we performed similar experiments using the 25-mm-long LBO
crystal, which could potentially support long-term stable operation and an order of magnitude
higher average powers.
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In the case of LBO, detuning from perfect phase matching was achieved by changing the
critical angle . Similarly, the phase-mismatched SHG introduced a negative % - lens in the
laser resonator. As a result, mode-locked operation was possible by tilting the nonlinear crystal
only in one direction, which was still far from perfect phase matching and corresponded to the
formation of a negative x®-lens and negative SPM. Using the 808 nm pump source and 30%
output coupling, we achieved a maximum output power of 2.7 W, similar to the case of PPKTP,
but with a higher slope efficiency (36%). The measured pulse duration in this case was almost the
same (7.5 ps). Again, replacing the pump source with the one emitting around 880 nm (in-band
pumping) resulted in an almost two-fold increase in output power reaching 5.1 W, see Fig. 5(a),
higher than the maximum output power in the case of PPKTP and 880 nm in-band pumping.
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Fig. 5. (a) Input-output characteristics of the Nd:LuVO, laser using LBO with an OC
transmitting 30% at 1064 nm while highly reflecting at 532, and (b) autocorrelation trace
(black curve) and a fit assuming a sech? pulse profile (red curve) at highest output power.
The mode locking region in (a) is marked by an oval.

The FWHM of the measured autocorrelation trace, 8.6 ps (Fig. 5(b)), corresponds to a pulse
duration of 5.6 ps assuming a sech’ pulse shape. Similarly, we achieved substantial pulse
shortening in both cases (808 and 880 nm pumping) by reducing the output coupling using a
mirror with 95% reflectivity at the fundamental wave. Table 2 summarizes the results obtained
using all OCs and both pump sources in the case of LBO.

Table 2. Summary of the mode-locked laser performance of Nd:LuVO,4 with LBO NLC and different
OCs using both pump sources. T: transmission, HR: highly-reflecting, HT: highly-transmitting.

Output coupler T=5% at 1064nm | T=20% at 1064nm | T=30% at 1064nm | T =5% at 1064 nm
HR at 532nm HR at 532 nm HR at 532nm HT at 532 nm
Apump [nm] 808 880 808 880 808 880 808 880
Threshold [W] 1.2 0.7 1.4 0.9 25 1.9 1 0.6
Slope efficiency [%] 16 20 29 41 36 39 16 16
Pump power in mode 9.6 9.5 11.6 13.7 11.6 16.3 9.6 95
locking region [W]
Output power [W] 0.9 15 3.1 438 2.7 51 1 14
Pulse duration (sech? 5.5 39 5.5 4.6 7.5 5.6 5.3 38
shape) [ps]

The bulk nonlinear crystal LBO is known for its ability to operate at high average powers, even
exceeding 100 W. The laser demonstrated good long-term stability. Generally, at relatively low
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intracavity power, the mode-locking regime was not self-starting; however, once initiated, stable
operation was maintained during the whole day.

4. Conclusion

In conclusion, we have demonstrated steady-state, passively mode-locked operation of a Nd:LuVOy4
laser pumped at 808 nm as well as directly in-band pumped at 880 nm. Our results indicate
that the formation of a negative x?-lens in a phase-mismatched SHG is the primary process for
passive mode-locking of the studied Nd:LuVOy, lasers. The amplitude modulation effect of the
FDNLM (the combination of the NLC and the dichroic output coupler) plays only a secondary
role, helping to initiate the process. In addition, the formation of a negative y*-lens as a spatial
nonlinear effect is accompanied by a negative value of the self-phase modulation, which is a
nonlinear effect in the time domain. The latter, when combined with the positive value of the
group velocity dispersion of the laser resonator, may further support the generation of extremely
short pulses and help maintain the stability of the operational regime through soliton-like effects.
The optimized in-band pumping configuration resulted in a higher slope efficiency and a shift
of the mode-locking region towards higher pump, and consequently average output powers. By
increasing the phase mismatch to approximately 10 rad and above, and enhancing the intracavity
power using an output coupler with higher reflectivity, we were able to improve the pulse
shortening capabilities of the system, achieving pulse durations as short as 1.6 ps. This duration
roughly corresponds to half the fluorescence linewidth for Nd:LuVQy, and, at the same time,
represents the shortest pulse duration reported for mode-locked lasers utilizing Nd-vanadate
crystals. The implemented negative y®-lens technique offers the unique advantage of generating
very short pulses from laser materials with a narrow fluorescence linewidth, such as Nd**-doped
crystals, where the Kerr-lens mode-locking technique is practically inapplicable. The successful
application of negative x?-lens mode-locking using LBO crystals opens up prospects for its use
in mode-locked lasers with high average power—tens of Watts and beyond. We also achieved
stable mode-locking with an average output power close to the maximum continuous-wave
average output power for the laser, which presents an additional advantage.
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