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Abstract: We present a Ho**:YAG laser pumped by a Tm3*-doped fiber laser that delivers
pulses with an energy of 2.2 mJ and a pulse duration of 20 ns at a repetition rate of 25 kHz.
The average output power is 58 W, while the pulse peak power is 108 kW. This source is used
to pump a linear zinc germanium phosphide optical parametric oscillator (OPO) in different
configurations. The resonators are investigated with a focus on maximum output power and beam
quality. By introducing a diverging lens in the OPO cavity, the beam quality of signal and idler is
improved significantly. For a pump power of 34 W, a combined mid-infrared output power of
14.1 W corresponding to a pulse energy of 0.56 mJ is obtained. For this output power, beam
quality factors M? in the x- and y-axis of 2.1 and 3.3 as well as 2.4 and 3.5 are achieved for the
signal and idler beam, respectively.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-power coherent light sources in the 3 - 5 wm mid-infrared (mid-IR) region are required
for applications like remote sensing, medical diagnostics [1], material processing [2], or optical
countermeasures [3]. Different laser sources directly emit in the mid-IR wavelength range, for
example quantum-cascade lasers based on InGaAs [4] as well as Er3*:ZrF, or Ho?*:InFs fiber
lasers [5,6]. Nevertheless, these direct emitters lack power scalability and especially the capability
to generate high-energy nanosecond pulses. The same holds true for Fe?*:ZnSe lasers emitting
around 4 — Sum [7,8] as well as Dysprosium-doped solid-state lasers [9]. Another possibility to
access the mid-IR range is the nonlinear conversion of 2 um light in optical parametric oscillators
(OPOs), an approach already proven to significantly scale the mid-IR output in both average
power and pulse energy [10,11]. As a consequence of energy conservation, while only the signal
band of the OPO is found in the near-infrared wavelength range in the case when a laser source
emitting around 1 um is used, both OPO output bands are located in the mid-IR region when
the pump source is a 2 um laser. These laser sources can be used to pump zinc germanium
phosphide (ZGP) crystals that require pump sources with a wavelength above 2 um, limited due
to the strong absorption below 2 pm [12]. ZGP has outstanding properties to serve as a nonlinear
crystal in OPOs since it has a high nonlinear coefficient (d3s = 75 pm/V) and a high thermal
conductivity [13,14].

Suitable pump sources for ZGP OPOs are ns-pulsed holmium-doped yttrium-aluminum-garnet
(Ho**:YAG) crystal lasers emitting around 2.1 um due to a variety of reasons: besides a highly
efficient pumping scheme involving Tm3*-doped fiber lasers emitting at 1908 nm, the long
upper-state lifetime of the Ho**-ion [15] enables an efficient energy extraction in Q-switched
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operation and therefore, high pulse energies can be generated [16]. Furthermore, with an
optimized cavity design, an excellent beam quality can be achieved in these lasers [17] which is a
requirement for developing OPOs with high conversion efficiencies.

ZGP OPOs pumped by Ho**-doped crystal lasers have been subject to research in the last
decades. OPO architectures ranging from simple linear resonators over ring resonators to
fractional-image-rotation enhancement resonators have been presented [10,18-20]. While linear
resonators are characterized by their low complexity and compactness, the required use of optical
isolators to protect the pump laser from back reflections limits the available pump power. 12.6 W
of output power have been shown in a linear ZPG OPO with one nonlinear crystal [21]. In a
linear ZGP OPO with two walk-off compensated crystals, 24.2 W of OPO output power have
been generated with a beam quality of M? = 3.1 measured at 20 W of OPO output power [22].
An optical isolator is not required in ring resonators, which enables higher pump and output
powers, but on the other hand ring resonators have a higher complexity. Up to 78 W of output
power with a beam quality of M2 ~ 3 have been shown in a ZGP OPO pumped by a Ho*>*:YAG
master oscillator power amplifier system [10]. As can be seen from the beam quality factors
mentioned, maintaining a good beam quality even at elevated pulse energies and output powers
remains a challenging task both in linear resonators as well as in ring resonators. The reason
for this lies in the mismatch between the small resonator mode diameters in the typically short
OPO cavities influenced by thermal lensing and gain guiding in the ZGP crystal [23] and the
large pump diameters required at high pump powers to remain below the damage threshold of the
components. An appropriate measure to address this issue is the use of an intracavity lens as has
been shown in a ZGP ring resonator by Qian et al. in 2019 [24]. However, to the best of our
knowledge, this has not yet been shown for a linear ZGP OPO.

In this paper, we investigate this topic, starting with the presentation of the setup of our
Ho**:YAG source in Sec. 2, followed by its characterization in Sec. 3. The experimental setup of
the ZGP OPO is shown in Sec. 4, while the investigation of the different resonator configurations
is presented in Sec. 5. The paper concludes with a discussion and a summary of the most
significant findings in Sec. 6.

2. Experimental setup of Ho**:YAG pump source

The Ho**:YAG laser source is shown in Fig. 1. A commercially available 100 W Tm>*-doped
fiber laser emitting at 1908 nm with a beam quality of M2<1.1 pumps the I — I, transition
of the Ho>*:YAG crystal. A thorough investigation of this resonator already been presented in
[25]. The pump beam is focused into the Ho’*:YAG crystal with a 1/ pump beam diameter
around 500 - 600 um by a Gaussian telescope, which consists of the lenses L; and L, to enable
mode matched operation. It is coupled into the resonator using a dichroic input coupling mirror
(IC) which is highly reflective (HR) (R>99.9 %) at the pump wavelength and has R<2 % for the
p-polarization of the 2090 nm light. It is also highly reflective (R>99%) for the s-polarization

Tm* -doped N1
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Fig. 1. Schematic representation of the Ho>*:YAG laser setup. Abbreviations are explained
in the text.
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of the 2090 nm light which introduces high losses at this polarization and ensures the linear
polarization of the Ho’*:YAG laser. The 28 mm long Ho**:YAG crystal with an undoped end
cap is mounted in a copper mount which is water-cooled to 20 °. The doping concentration of
the crystal was optimized for an efficient pump light absorption. The cavity is built by a convex
HR mirror with a radius of curvature of —0.25m and a concave output coupling (OC) mirror with
a radius of curvature of 0.3m and a reflectivity of 50%. The HR mirror has a high reflectivity for
both the pump and the laser light resulting in a double-pass of the pump light through the crystal
which improves the pump light absorption and, therefore, the efficiency of the system. The total
physical length of the cavity is 9.8 cm. Q-switched operation is enabled by a TeO, acousto-optic
modulator (AOM) mounted inside the resonator between the IC mirror and the OC mirror. Next
to it, an 80 um thick fused silica etalon ensures an efficient operation of the laser at the 2090
nm spectral line. The following section presents a characterization of this laser source in both
continuous-wave and Q-switched operation.

3. Characterization of Ho’*:YAG pump source

Figure 2(a) shows the output power of the Ho**:YAG pump source in continuous-wave operation.
It has a high slope efficiency of 67.6 % and low pump threshold of 3.7 W. A maximum output
power of 62 W is reached at a pump power of 99 W. The working point of the Ho’*: YAG laser is
set to a pump power of 89 W yielding an output power of 58 W since a good mode matching
between pump and laser mode is established. At this working point, an excellent beam quality
of M?<1.1 results in both the x- and y-axis of the beam. This also holds true for the operation
in the quasi-continuous regime at a pulse repetition rate of 50 kHz (see Fig. 2(b)). The beam
quality was measured by focusing the laser beam with a plano-convex lens and measuring the
1/¢* beam diameter at different positions of the resulting beam caustic. The astigmatism of the
beam most likely results from the thermally induced birefringence in the crystal and the laser
beam passing through the IC mirror at an oblique angle. Since the crystal rod has a cylindrical
shape, the thermally induced stress builds up in a radial and tangential eigensystem. Due to the
linear polarization of the laser mode, the thermally induced birefringence leads to a bifocusing
of the thermal lens which explains the first contribution to the astigmatism [26]. The second
contribution results from the axial asymmetry due to the tilted mirror inside the laser cavity
which effectively results in different resonator lengths for the two beam axes [27]. This effect is
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Fig. 2. (a) Output power of the Ho’*:YAG pump source depending on the pump power. (b)

Pump power (W)

Position (cm)

Beam quality at a pump power of 89 W yielding an average output power of 58 W.
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Fig. 3. (a) Pulse duration depending on the pump energy. The minimum pulse duration is
40 ns. The inset shows the pulse energy over a time of 30 min. (b) Exemplary temporal
pulse shape at repetition rate of 25 kHz. A pulse peak power of 108 kW is reached.

especially pronounced when the laser is operated close to its stability limit which is the case at
the chosen working point [25].

Figure 3(a) shows the pulse duration depending on the pump energy. At the working point, the
pulse duration is 40 ns and the pulse energy of the laser output is stable over a time of 30 min
with a standard deviation of 3 wJ (see inset of Fig. 3(a)). This results in a pulse peak power of
29 kW. For the application of pumping ZGP OPOs that have a pump threshold around 1 kW,
high pulse peak powers are required. Therefore, the repetition rate of the laser is decreased
to a minimum repetition rate of 25 kHz in order to remain below the damage threshold of the
intracavity components. At this repetition rate, a pulse energy of 2.2 mJ and a pulse duration of
20 ns is measured which corresponds to a pulse peak power of 108 kW (see Fig. 3(b)).

Based on the data presented above, this laser source is well suited for pumping a ZGP OPO. It
has an excellent beam quality which enables nearly planar phase fronts over the whole length
of the nonlinear crystal. Furthermore, since the pulse peak power clearly surpasses the OPO
threshold, an efficient conversion of the infrared laser pulses into the mid-IR range is enabled.
The experimental setup of the OPO cavity is described in the next section.

4. Experimental setup of ZGP OPO

The schematic experimental setup of the ZGP OPO system is shown in Fig. 4. Besides the
linear OPO resonator, it consists of beam shaping optics, the isolator needed to protect the laser
resonator from reflections of components from the OPO, and two attenuators to control the pump
power incident on the OPO as well as to limit the laser power to the rated value of the optical
isolators. The power of the Ho>*:YAG pump source is decreased to 40 W with a first attenuator
consisting of a half-wave plate and a thin-film polarizer (TFP) in order to remain below the
damage thresholds of the subsequent optical isolator which consists of a commercially available
Faraday rotator and a TFP. The isolator is followed by another attenuator to control the input
pump power coupled into the OPO and a half-wave plate to adjust the polarization to the ordinary
crystal axis in order to meet the type I phase matching condition for an efficient conversion. A
Galilean telescope is used to focus the pump beam to a 1/¢> beam diameter of 0.76 mm in order
to not exceed any damage thresholds of the OPO cavity components. The doubly-resonant OPO
cavity is formed by a plano-concave input coupling (IC) mirror with a radius of curvature of 0.1
m and a planar output coupling (OC) mirror. The IC mirror is highly transmissive for the pump
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Fig. 4. Schematic representation of the linear ZGP OPO setup. The Ho3*:YAG pump
beam is attenuated and shaped to an appropriate pump diameter by a Galilean telescope.
Furthermore, two optical isolators are inserted to protect the laser resonator from back
reflections. A diverging lens can be inserted into the resonator to test different configurations.

wavelength (R<0.2% at 2.09 um) and highly reflective for the mid-IR wavelengths (R>98% at
2.5 — 5um). The OC mirror is highly transmissive for the pump wavelength (R<1% at 2.09
um) and has a reflectivity of R = 50% at 3 — Sum. The commercially available ZGP crystal
(anti-reflection coated for 2 — 2.2um and 3.5 — 4.8um) has a size of 6mm X 6mm X 20mm and
is cut to 55.5 °. The damage threshold of ZGP crystals is typically around 1 —2J cm™2 [28,29].
Consequently, a maximum fluence of 1J cm™2 has not been exceeded. It is mounted in a copper
mount and water-cooled to a temperature of 20 °. The crystal can be rotated about its vertical
axis using a rotation stage to optimize the phase matching condition and maximize the output
power. In the positive uniaxial crystal ZGP belonging to the 42m crystal class [30], the type I
phase-matching condition for the relevant difference-frequency generation mechanism is given by

no(/lp) — nE(g’ /ls) + ne(gv /ll)
A A A

s

where 4, is the pump wavelength, A is the signal wavelength, and 4; is the idler wavelength. n,
and n, are the ordinary and extraordinary refractive indices and 6 is the phase-matching angle.
The effective nonlinearity of the ZGP crystal is given by

degt = dg - sin(20)

resulting in deg = 70.8 pm/ V.

The total length of the OPO resonator was varied between 22 mm and 33 mm. As indicated
above, the impact of an intracavity concave lens on the ZGP OPO is investigated by placing an
anti-reflection coated CaF, lens in the longer OPO cavity. By varying the focal length of the
concave lens (f = —0.1m, —0.08m, —0.05m), the mode size of the mid-IR radiation can precisely
be adjusted to that of the pump mode. A characterization of these OPO cavities without and with
different diverging lenses is presented in the following section.

5. Characterization of ZGP OPO

The characterization of the ZGP OPO is started with an assessment of the optical power
characteristics. The total OPO output power (signal and idler power added up) depending on the
pump power is shown in Fig. 5 for different resonator configurations. The slope efficiencies and
pump thresholds for the 22 mm long cavity (black), the 33 mm long cavity without diverging lens
(red), and the 33 mm long cavities with f = —0.1m (blue) and f = —0.08m (green) are similar.
The highest slope efficiency of 52.1 % is reached in the configuration with f = —0.08m. The
lowest pump threshold of 3.2 W is reached without any additional lens in the short cavity. All
resonators except the 33 mm long one with the f = —0.05m lens reach similar output powers
around 14 W. The low pump threshold in the short cavity is attributed to both the shortest
round-trip time and the smallest resonator mode size in this case. When increasing the cavity
length from 22 mm to 33 mm, the rise time of the OPO increases due to the decreased number of
round trips in the cavity. This increases the threshold power and is consistent with the black and
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Fig. 5. Total mid-IR output power depending on the pump power. Power-power curves are
shown for the OPOs without additional lens (22 mm (black) and 33 mm long (red)), and
for the 33 mm long cavities with f = —0.1m (blue), f = —0.08m (green), and f = —0.05m
(yellow). The measurement error is below 3%.
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Fig. 6. (a) Plane-plane OPO cavity including a thermal lens with focal length f. (b) Cavity
mode size depending on the resonator length assuming a fixed thermal lens. (c) Cavity mode
size depending on the pump power for a short and a long resonator in comparison. At a fixed
pump power, the cavity mode is larger in the longer cavity. Conversely, the same mode size
is reached at a higher pump power in the long cavity.

red curve shown in Fig. 5. In the longer cavities including the diverging lenses, the increase in
threshold power can be attributed to the increased mode sizes in the cavity. Illustratively, this can
be explained with the stability criteria for a resonator which contains a thermal lens presented in
[31].

In a simple plane-plane resonator with a thermal lens with focal length f and distances L,
and L, of the thermal lens from the mirrors, the mode size at the position of the thermal lens
(effectively in the ZGP crystal) increases with increasing resonator length. A scheme of the
corresponding situations and the expected modeled dependence is shown in Fig. 6(a) and (b),
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Fig. 7. Beam quality measurements of signal beams for different cavity configurations (22
mm long cavity (black) and 33 mm long cavity without additional lens (red), with f = —0.1m
lens (blue), with f = —0.08m lens (green), and with f = —0.05m lens (yellow)).

respectively. For a fixed resonator length and a thermal focal length which is considerably larger
than the resonator length, the mode size is expected to decrease with increasing refractive power
of the thermal lens. Consequently, in two resonators with different lengths the same mode sizes
are reached for a stronger thermal lens in the longer resonator (see Fig. 6(c)). Since the refractive
power of the thermal lens increases with increasing pump power, this explains the higher pump
threshold in the longer resonator. In analogy to this, an additional diverging lens in the cavity has
the opposite effect of the (in ZGP: positive) thermal lens and effectively increases the mode size
at the position of the thermal lens and consequently, the threshold shifts to higher pump powers.
This can explain why the resonator configuration using the diverging lens with f = —0.05m leads
to a considerably lower slope efficiency and maximum output power.

The specific cavity configuration does not only influence the threshold pump power and the
maximum output power, but it has a strong influence on the beam quality as well. Fig. 7 shows
exemplarily beam quality measurements for the signal beam for the different cavity configurations
at a pump power of 34 W. The beam quality of the idler beam behaves in analogy to the signal
beam but the beam quality factor tends to be slightly higher. For reasons of clarity, the beam
quality is only shown for the vertical beam axis. Two observations can be made. Firstly, the
beam quality improves in the longer cavity since the intrinsic mode size of the cavity increases in
the longer resonator and therefore, better fits to the pump diameter. Secondly, with the same
reasoning, the beam quality improves when using the lenses with f = —0.1m and f = —0.08m.
For f = —0.05m, a deterioration in beam quality is observed which might result from a signal and
idler mode larger than the pump mode. This is probably also the reason for the observed strong
decrease in output power and slope efficiency when the f = —0.05m lens is used. Taking both
the power and the beam quality measurements together, the optimum resonator configuration
for the given pump spot diameter is the 33 mm long cavity with the f = —0.08m lens which is
characterized in more detail in the following paragraph.

The maximum output power in this configuration is 14.1 W at a pump power of 34 W (see
Fig. 8). Taking into account the residual pump power of 5.7 W, a conversion efficiency of 49.8 %
results. Figure 8 also shows the beam quality of the signal beam depending on the pump power
which has been determined by separating the signal and idler beam with a dichroic filter. The
beam quality deteriorates with increasing pump power since the refractive power of the thermal
lens increases which in turn decreases the mode size of the signal mode. An increasing M? value
means that the mismatch between signal and pump mode increases. The different beam quality
factors in the two beam axes result from the astigmatic nature of the pump beam. Fig. 9(a) and
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power (resonator with f = —0.08m lens). With increasing pump power, the beam quality
deteriorates due to an increasing mode mismatch of pump and signal mode.
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Fig. 9. Beam quality of the signal (a) and idler (b) beam at 14.1 W OPO output power
(resonator with f = —0.08m lens).

(b) show beam quality measurements of the signal and idler beam, respectively, at a pump power
of 34 W. The M? value of the signal beam is 2.1 in the x-axis and 3.2 in the y-axis of the beam
and the M? value of the idler beam is 2.4 in the x-axis and 3.6 in the y-axis of the beam. In
contrast to this, in the 22 mm long resonator, the M? value of the signal beam was measured to
be 4.7 in the x-axis and 6.6 in the y-axis and the M value of the idler beam was measured to be
4.5 in the x-axis and 6.3 in the y-axis. Although better beam quality results have been obtained
by other research groups, e.g. M*><1.5 at 4.2 W OPO output power by Budni et al. [18] and
M? ~ 2.7 at 12.6 W OPO output power by Elder [21], it should be clarified that the aim of this
work is to show that a beam quality improvement is possible by inserting an intracavity lens.
Figure 10 shows an exemplary pulse from the pump source and the OPO output. The OPO
pulse has an energy of 0.56 mJ and a pulse duration of 17 ns which is slightly lower than the
pump pulse duration. This results from the high OPO threshold power which is required for the
nonlinear conversion. Consequently, at the rising and falling edge of the pulse, the pump light is
not converted since the power is below the OPO threshold which results in the shorter OPO pulse
duration. While the pulse energy stability of the pump pulse was measured to be 1.3 %, the pulse
energy stability of the OPO output pulse was measured to be 2.3 %. The pulse energy stability
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Fig. 10. Comparison of pump pulse and OPO output pulse at a pump power of 34 W
corresponding to an output power of 14 W (resonator with f = —0.08m lens).

was determined by measuring the pulse energy of a set of 125 pulses and calculating the root
mean square deviation.

6. Conclusion

We presented an efficient and compact Ho>*:YAG pump source emitting 2.09 um radiation with
a pulse energy of 2.2 mJ and a pulse duration of 20 ns when operated at 25 kHz repetition
rate, well suited for pumping ZGP OPOs. The beam quality is below M?<1.1. This source
was used to pump a linear doubly-resonant ZGP OPO. Investigations for improving the beam
quality in this low-complexity resonator type were presented. Both a longer resonator as well
as a diverging intracavity lens increase the signal and idler fundamental mode size in the OPO
cavity. Consequently, the mismatch between pump and signal mode at higher pump powers
decreases which results in an improvement of beam quality at higher output powers. In the
optimum configuration with a 33 mm long resonator including a f = —0.08m intracavity lens, a
total OPO output power of 14.1 W is measured at a pump power of 34 W. OPO pulses with an
energy of 0.56 mJ and a pulse duration of 17 ns are generated with this linear OPO. The beam
quality at maximum output power is 2.1 and 3.2 in the x- and y-axis of the signal beam and 2.4
and 3.6 in the x- and y-axis of the idler beam. This is not only a clear improvement to the 22 mm
long cavity without intracavity lens that showed beam quality factors of 4.7 and 6.6 in the x- and
y-axis of the signal and 4.5 and 6.3 in the x- and y-axis of the idler beam but also an improvement
compared to the 33 mm long cavity that showed beam quality factors of 3.7 and 5.6 in the x- and
y-axis of the signal and 4.4 and 6.0 in the x- and y-axis of the idler beam. The presented results
show the importance and influence of mode matching between the pump and mid-IR modes and
pave the way for further scaling of the OPO output power while maintaining a high beam quality.
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