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Abstract: Single-frequency lasers are essential for high-resolution spectroscopy and sensing applica-
tions as they combine high-frequency stability with low noise and high output power stability. For
many of these applications, there is increasing interest in power-scaling single-frequency sources,
both in the near-infrared and visible spectral range. We report the second-harmonic generation of
670 pJ at 532 nm of a single-frequency fiber amplifier signal operating in the quasi-continuous-wave
mode in a 10-mm periodically poled Mg-doped lithium niobate (MgO:PPLN) crystal, while increasing
compactness. To the best of our knowledge, this is the highest pulse energy generated in this crystal,
which may find applications in the visible and UV such as remote Raman spectroscopy.
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1. Introduction

High-power single-frequency laser systems have become increasingly attractive thanks
to their high spatial and temporal coherence, which has enabled technological advances
in many applications such as high-resolution spectroscopy, remote sensing, non-linear
frequency conversion, and holography. In particular, remote Raman spectroscopy [1,2]
is witnessing increasing use, especially in military and defense applications, to detect
and identify chemical, biological, radiological, nuclear, or explosive materials [3]. The
Raman signal strength (intensity) is directly proportional to the power of the laser used to
excite the sample, and inversely proportional to the laser wavelength [4]. In this regard,
diode-pumped solid-state lasers are desirable laser sources, as they offer low noise, good
power stability, and good beam pointing stability. Power scaling of single-frequency laser
sources at 532 nm is, therefore, very attractive. It can be achieved by power scaling the
signal at 1064 nm and/or increasing the efficiency of second-harmonic generation.

The former solution raises significant challenges that worsen with increasing com-
pactness. The reason is that the combination of high power, small fiber core, and narrow
spectral linewidth usually results in the onset of stimulated Brillouin scattering (SBS) [5]
and, to a smaller extent, other undesirable power-scaling limitation effects occurring in the
fiber, such as high thermal loading [6] and photodarkening [7]. SBS is generated by the
non-linear interaction of the laser signal and the Stokes fields through an acoustic wave
generated in the fiber through electrostriction [8,9]. When the optical power exceeds a
certain power threshold P gps, a strong frequency-shifted, backward-propagating wave is
generated in the fiber, causing power instability. The SBS threshold power is proportional to
the fiber core area and inversely proportional to the fiber length. Therefore, to power scale
the signal at 1064 nm, we have chosen to use highly Yb-doped fibers, which contributes to
both suppressing SBS and maintaining compactness [7].

On the other end, the generation of high single-frequency powers in the visible range
in a simple and compact format is possible by using periodically-poled nonlinear crystals
in a single-pass configuration. This solution is particularly important for single-frequency
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lasers, because it can provide high conversion efficiencies even at limited fundamen-
tal powers (see Table 1). Even though periodically poled Mg-doped lithium niobate
(MgO:PPLN) has a higher effective nonlinear optical coefficient (degs = 16 pm/V) [10] than
PPKTP (degs = 10 pm/V) and PPLT (degs = 9 pm/V) [11], its lower thermal conductivity
(4.4 W/(mK) [12] makes it less beneficial at high optical power. Nevetheless, a conversion ef-
ficiency of 34% and an output power 3 W at 532 nm were demonstrated by Furuya et al. [13]
using a single-pass configuration. Lai et al. [14] reported 30% and 7.5 W in the same con-
figuration. A higher conversion efficiency of 66% was demonstrated by Mizushima et al.,
who reported an output power of 5 W using a multi-pass scheme instead [15]. These
three reports all used a crystal length of 25 mm and CW excitation. In most reports of
green generation in the CW mode using PPLN crystals and both a fundamental power
higher than 7 W and an output power higher than 2.5 W at 532 nm [10,16-18], gives rise to
green-induced infrared absorption (GRIIRA). This effect causes damage to the material [19]
and other thermal limitations such as thermal dephasing and thermal lensing, resulting in
constraints of the conversion efficiency and deterioration of the generated beam quality.

One way to overcome the thermal limitations is to operate the laser in a pulsed mode.
Second-harmonic generation benefits significantly from this approach, in two ways. First,
for the same average signal power, the signal peak power can be significantly higher,
resulting in a higher SHG power (proportional to the signal power squared). Second, for
the same average power, the thermal load on both the fiber and the non-linear crystal
are the same. Stated differently, the SHG efficiency is enhanced, but the thermal load is
unchanged. Conversely, the same SHG conversion efficiency can be achieved with a lower
average power and, therefore, a lower thermal load. These features can be advantageous to
other applications such as remote pulsed Raman spectroscopy [20], metal laser cutting [21],
and gas tracing [22], especially when the pulses are sufficiently long to maintain a similar
behavior as in the CW mode.

Although conversion efficiencies of 68% [23] and 60% [24] have been demonstrated in
pulsed mode operation in a PPLN crystal. The conversion efficiencies are high due to the
short pulse duration, in the order of 100 ps [23] and 560 ps [24], while the second-harmonic
pulse energies were relatively low, in the range of sub-pJ [23] to tens of pJ [24]. On the other
hand, for a given drive current, operating a laser in the QCW mode generally allows it to be
driven above its CW rating and to obtain peak powers that are greater than the maximum
CW power. This approach has proven useful to increase the conversion efficiency in other
non-linear crystals like LBO [25]. In general, short fundamental pulses (nanoseconds)
produce high conversion efficiencies thanks to their very high peak powers, but low second-
harmonic pulse energies due to their low pulse energy. Longer fundamental pulses yield
the opposite benefits, namely lower efficiencies but higher second-harmonic pulse energies.
In spite of this benefit, the use of longer pulses has not been fully exploited in a MgO:PPLN
crystal. To the best of our knowledge, the highest pulse energy reported so far is limited to
440 pJ in a 20-mm MgO:PPLN crystal (double the length used in the work reported here),
with no details on the development of QCW opereration [26].

Table 1. Selected work on the second-harmonic generation using periodically poled Mg-doped
lithium niobate (MgO:PPLN) crystals.

Reference Fundamental Pulse Energy Output Power  Peak Power at Conversion Crystal Confisuration Operation
Power (W) at 1064 nm at 532 nm (W) 532 nm (W) Efficiency (%) Length (mm) & Mode
[14] 25 - 7.5 - 30 25 single-pass CW
[15] 7.6 - 5 - 66 - multi-pass Ccw
[18] 20 - 11 - 9 10 single-pass CW
[23] 0.2 - 0.135 - 68 10 single-pass pulsed
[24] 0.069 10 0.04 - 60 5 single-pass Pulsed
[26] - - - 8.8 34 20 single-pass QCW
This work 0.428 4280 0.067 6.7 20 10 single-pass QCwW

In light of the foregoing, here we investigate the frequency doubling of a QCW single-
frequency fiber amplifier in a 10-mm MgO:PPLN crystal. We report the generation of
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output peak powers at 1064 nm up to twice as high as the maximum power achievable
under the CW pumping, and output pulse energies at 532 nm close to 700 pJ. To the best
of our knowledge, this is the highest pulse energy achieved in a PPLN crystal. Moreover,
QCW operation reduces the number of pump diodes required for the fundamental laser,
hence contributing to further reducing the size of the fiber amplifier.

2. Experimental Setup

The experimental setup of the fiber amplifier used in this work is shown in Figure 1.
The seed laser is a low-noise, single-frequency, diode-pumped solid-state laser (DPSSL)
(Cobolt, a Hiibner Company, Stockholm, Sweden), described in detail elsewhere [5]. Light
from the seed source was free-space-coupled with a coupling efficiency into a single-
cladding polarization-maintaining (PM) fiber greater than 85%. This fiber was spliced to
a high-power PM isolator (Advanced Fiber Resources, Beijing, China), which was itself
spliced to a (2 + 1) x 1 PM combiner (ITF Technologies, Quebec, CA, USA).
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Figure 1. The schematic of the QCW fiber amplifier divided into two parts: the upper block depicts the
QCW single-stage fiber amplifier. All components use the same 10/125-um polarization-maintaining
fiber; the lower block is a schematic representation of the single-pass frequency conversion to 532 nm.

A high pump-power stability was achieved by using a wavelength-stabilized pump-
diode module (BWT Beijing, China) operating at 976 nm. It delivered up to 60 W of CW
power at the maximum current rating of 12 A. A high-power, compact laser driver (DAE-
20050, Monocrom, Barcelona, Spain) was used to control the pump diodes in either the
CW or QCW mode. The active fiber used is the commercially available PM Yb-doped fiber
with the highest Yb concentration (Liekki Yb1200-10/125DC-PM). It has a core/cladding
diameter of 10/125 um, and a core numerical aperture of 0.08, making it single-moded
at 1064 nm. It has a cladding absorption of 6.5 dB/m at 976 nm. The fiber was coiled
to a diameter of 8 cm. The unabsorbed pump power was stripped by a single-cladding
PM passive fiber with the same core/cladding dimensions that was spliced to the end of
the active fiber, with the possibility of replacing it with an anti-reflective end-cap in the
future. The SBS signal power was monitored in the backward direction by a photodiode
(see Figure 1). The onset of SBS was defined as the signal power at which the backward-
propagating pulses started to deform and exhibit narrow spikes.

For single-pass external cavity nonlinear frequency conversion, we evaluated the
performance of a 10-mm periodically poled MgO-doped LiNbO3 (MgO:PPLN) crystal
(Covesion, Southampton, UK) that was kept at constant temperature in a temperature-
controlled oven. The crystal temperature was adjusted to achieve quasi-phase matching
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and thereby maximize the conversion efficiency. No interface material such as thermal
paste or copper foil was used to facilitate heat exchange between the crystal and the oven
atmosphere. Three dichroic mirrors were placed after the non-linear crystal to remove the
residual 1064 nm light from the frequency-converted 532-nm light. The power transmission
value of the mirrors was nearly 98-99%, and consequently more than one mirror was
needed. The maximum residual fundamental power was, therefore, at most ~0.001% (or
less than 0.4 mW).

3. Experimental Results
3.1. High-Power Laser Diode Driver Performance in CW and QCW Modes

The laser driver produced a current waveform that could be either CW, modulated, or
pulsed, up to a current of 200 A. In our experiments, we used diode currents up to 12 A
in the CW mode, which is the rated maximum current of the pump laser diode in the CW
mode. At this power, the diode produced an output power of 60 W (see Figure 2). The
pump diodes were very stable, and wavelength-stabilized.

140
120+
QCW mode,
~ 100! 1% duty cycle
2
QB) 80! -
2 g —Electrical pulse
S 60 = 300 | —Optical pulse
g 3 200
= = —
© 40 Z 100 _
g
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Figure 2. The output power of the wavelength-stabilized pump-diode module operating in the CW
(average power) and QCW modes (peak power). Inset: Electrical and optical pulse shape of the
pump-diode module.

However, in the QCW mode, a 100-pus pulse duration and a duty cycle of 1% were
used, corresponding to a pulse repetition rate of 0.1 kHz. The maximum current that could
be used was then more than twice the manufacturer’s CW rating. Specifically, and as shown
in Figure 2, we were able to drive the laser diode up to 25.5 A and produce a peak power of
123 W. The diode efficiency was nominally the same in the QCW and CW modes: operating
it in the pulsed mode enabled us to extract twice as much power from it. The laser diode’s
output power was monitored for several hours at these settings and showed no sign of
power degradation or thermal damage to the pump source, indicating that potentially
higher diode currents or longer pulse durations could have been used. Nevertheless, this
pump current was deemed sufficient for the purpose of this study.

3.2. Optimisation of the Yb-Doped Fiber Amplifier Output Power

Figure 3 presents the measured output-power characteristics of the single-frequency
fiber amplifier. The amplifier was tested with different fiber lengths to identify the length
that strikes a suitable compromise between the slope efficiency (which improves with
increasing length) and the SBS power threshold (which decreases, i.e., degrades, with
increasing length).
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Figure 3. Measured characteristics of the single-stage fiber amplifier output signal at 1064 nm using
either 3 m of fiber pumped continuously or 1.5 m pumped in the QCW regime. (a) Output power in
the case of CW pumping (solid curves) and QCW pumping (dashed curves). The onset of SBS was
reached at an output power of 25 W and 42.8 W, respectively. (b) Normalized optical spectrum in the
forward direction under QCW pumping at an output peak power of 42.8 W.

Figure 3a shows the measured dependence of the output power at 1064 nm on the
launched pump power for CW and QCW pumping, each for a different fiber length. For
a length of 3 m (a small-signal pump absorption of ~21 dB), in both the CW and QCW
modes the SBS threshold occurred at a relatively low launched pump power of 38 W. The
maximum output power in the CW (average) and QCW (peak power) modes was the same,
and both were limited to 25 W by SBS. The slope efficiency was the same (61%). For the
1.5 m length, the output power in the CW mode was limited to 27.6 W by the available
pump power, while in the QCW mode, the output peak power was limited by SBS to a
value of 42.8 W. Further shortening of the fiber is not a viable option as the slope efficiency
would be too low and the increase in output power would be insignificant. The stability of
the output power of the fiber amplifier was measured in the CW mode over a period of 1 h.
Power fluctuations of less than 0.1% were observed, and no long-term power degradation
was noticed.

Figure 3b shows the measured optical spectrum in the forward direction under QCW
pumping of a 1.5-m fiber at the maximum output peak power of 42.8 W. The SNR exceeded
55 dB, and the power in the amplified spontaneous emission signal was found to be
negligible.

3.3. Second-Harmonic Generation Using an Efficient Nonlinear Crystal

The frequency conversion efficiency of CW 1064 nm in PPLN crystals has been shown
to saturate when the output power generated at 532 nm exceeds 3 W [10,16-18,27]. There-
fore, our second-harmonic generation is performed only in the QCW mode. To frequency-
double the signal at 1064 nm, the laser beam coming out of the amplifier was collimated,
then focused into the non-linear crystal using a lens with a focal length of either 100 mm
or 150 mm to achieve different beam waist diameters, namely of ~52 um and ~80 pm,
respectively. The nonlinear crystal used was a z-cut, type-0 ee-e 10 mm-long, 1 mm-thick,
and 10 mm-wide MgO:PPLN bulk crystal (Covesion, UK) with five periodically poled
gratings with periods of 6.83 um, 6.86 pm, 6.90 pm, 6.93 pm, and 6.96 um. The following
results were obtained with the first grating because it was designed to operate at the lowest
phase-matching temperatures, namely 35 °C at 1064 nm. The oven then did not have to be
operated at high temperatures. Both the input and output facets of the crystal were coated
to reduce their power reflectivity at 532 nm and 1064 nm to less than 1%.

To achieve efficient SHG, the phase-matching temperature proprieties were studied by
determining the phase-matching temperature and acceptance bandwidth for each grating.
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The measured temperature tuning curve of the single-pass SHG is shown in Figure 4a. The
sinc? fit to the experimental data shows a full-width at half maximum (FWHM) bandwidth
of 3.8 £ 0.4 °C at a phase-matching temperature of 36 °C evaluated at 4 W. This value is
slightly larger than the calculated value of the temperature acceptance bandwidth, namely
2.28 °C, using eq. 44 in [28]. This discrepancy may be due to the non-uniformity of the
grating period along the length of the crystal, or to uncertainties on the Sellmeier coefficients
used to perform the fit [29]. No change in the phase-matching temperature was observed
when increasing the fundamental power.
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Figure 4. (a) Measured temperature tuning curve (with error bars) and sinc? fit of the 10-mm
MgO:PPLN crystal at 4 W. (b) Measured output power at 532 nm as a function of peak pump power
at 1064 nm (1% duty cycle) at the output of the 10-mm PPLN crystal, for a fundamental beam with a
waist diameter of either ~80 um or ~52 um, which corresponds to a focusing parameter ¢ of ~1.12
and ~0.47, respectively.

The power conversion efficiency for second-harmonic generation is proportional to
the focusing parameter & = L/b, where L is the length of the nonlinear crystal and b is the
confocal parameter [30]. The confocal parameter is defined as b = 27, / Aww?Z, where ng,,
Aw, and w are the refractive index, wavelength, and beam waist radius, respectively, of the
fundamental beam. For this crystal length, the calculated optimum focusing parameter
is & &~ 2.84, which would require a relatively small beam waist diameter of ~32 pm. For
peak powers greater than 40 W, this spot size would exceed the damage threshold of the
crystal in the CW mode (500 kW /cm?) and may approach the damage threshold in the
QCW mode (no data are reported for the crystal damage in the ps regime). Therefore, we
limited our experiments to larger focused beam diameters, namely ~80 pm and ~52 pm,
corresponding to an L/b of ~0.47 and ~1.12, respectively. For a 52-um beam diameter, the
conversion efficiency was consequently halved compared to what it would have been if
operated at the optimal focusing parameter.

The output peak powers and conversion efficiency measured with respect to the peak
power at 1064 nm (duty cycle of 1%) at these beam diameters are presented in Figure 4b.
For a beam waist diameter of ~80 um (& ~ 0.47), we achieved a maximum output peak
power of 2.3 W at 532 nm, which corresponds to a power conversion efficiency of 5.4%.
By reducing the beam waist diameter to ~52 um (& =~ 1.12), the maximum output peak
power and conversion efficiency increased to 6.7 W and 20%, respectively, limited by the
PPLN-crystal damage threshold. This corresponds to maximum pulse energies at 532 nm
of 230 pJ and 670 uJ for beam diameters of ~80 um and ~52 pum, respectively, using a pulse
duration of 100 us and a 1% duty cycle (0.1-kHz repetition rate).

No limitations due to thermal effects under these conditions were observed, indicating
that further power scaling is feasible for shorter pulse durations. Higher output peak
powers at 532 nm can be achieved under similar operating conditions, for example by
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using a crystal in a double-pass scheme, a longer nonlinear crystal, or two crystals in a
single-pass scheme.

4. Conclusions

We have demonstrated the second-harmonic generation of the fundamental free-space
beam generated by a compact single-frequency diode-pumped Yb-doped fiber amplifier
operating in the QCW mode. The SHG was achieved in a 10-mm periodically poled MgO-
doped LiNbOj crystal used in a single-pass configuration. By operating the pump diode
in the QCW mode with a duty cycle of 1% (100 ps pulses at 100 Hz), it was possible to
apply twice as much maximum drive current to the pump laser, thereby increasing by the
same amount the maximum available fundamental peak power. The power conversion
efficiency of 20% and pulse energies up to 670 puJ were achieved, which can be useful in
high-resolution spectroscopy, remote sensing, and holography applications. Moreover, this
laser source could prove useful for the generation of high output peak power laser sources
operating at 355 nm via frequency tripling.
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