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Abstract: We present a coherent mid-infrared (mid-IR) light source based on a periodically
poled lithium niobate optical parametric oscillator (OPO) that is capable of producing arbitrary
pulse shapes in the nanosecond regime. By controlling the shape of the 1064-nm wavelength
pump, we compensate for the cavity dynamics that enable temporal pulse shaping of the mid-IR
output for a signal wavelength of 1.9 uym (with a corresponding idler wavelength of 2.4 pm).
Examples of complex pulse profiles demonstrate the versatility in temporal shaping of the OPO
output. This low-energy mid-IR source, delivering pulses of around 1 mJ, is ideally suited to
provide temporally optimized seed radiation for further high-energy amplification.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Tunable mid-infrared (mid-IR) radiation sources that can offer broad wavelength coverage,
narrow spectral bandwidth, and high power or energy are needed in many applications [1-3]
including spectroscopy, high-harmonic generation, imaging, biomedical diagnosis, material, and
industrial processing, as well as distance ranging and military counter-defenses. An important
class of mid-IR sources is based on optical parametric oscillators (OPO) and optical parametric
amplifiers (OPA). These optical sources based on nonlinear frequency conversion extend access to
wavelength ranges where no tunable laser systems exist, for example in the mid-IR region. With
continuous advances in the fabrication of nonlinear materials, efficient optical conversion and
high-energy output can be achieved [4-7]. Attractive features of OPO’s include a simple cavity
design, broad wavelength tunability, and a wide range in temporal profiles spanning from cw
through to femtosecond pulse widths [8§—10]. Radiation sources emitting high-energy nanosecond
pulses at 2—10 um wavelengths are of particular relevance to the generation of extreme ultraviolet
(EUV) light for EUV lithography [11]. Such driving pulses of several hundred mJ are imaged
onto sub-mm tin targets to create EUV-emitting plasma. Central to the achievement of the
highest conversion efficiencies of the drive laser pulse energy into useful EUV radiation is the full
geometrical overlap of the laser profile and the tin target [12], as well as a top-hat temporal pulse
shape [13]. In such applications, the OPO output is used as seed radiation for a subsequent optical
parametric amplification (OPA) stage. However, the complex OPO cavity build-up dynamics
strongly influences the output pulse shape. These dynamics can be a limiting factor in obtaining
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the maximum amplification efficiency in the OPA if this results in a suboptimal temporal overlap
of the OPO seed output and OPA pump.

In this paper, we describe an OPO operation in which the temporal cavity dynamics is controlled
by tailoring the temporal shape of the pump laser. This allows controlling the build-up time to be
as short as possible, resulting in the output of the OPO signal having a square temporal profile
that is required in our experiments on plasma EUV generation [13]. This capability is made
possible with the use of an advanced 1064-nm pump laser source, which can deliver temporally
programmable pulse shapes, developed in our laboratory [14]. As the nonlinear medium of
the OPO, we make use of a 10-channel periodically-poled lithium niobate (PPLN) device, with
channels chosen to have different poling periods, which together with temperature tuning allows
broadband wavelength tunability from 1.4 to 4.4 um [15,16]. The high level of temporal control
of the pump input could be exploited to produce an OPO output in the mid-infrared with arbitrary
temporal profiles that may be useful in other advanced applications, such as in laser ignition
facilities [17,18].

2. Experiment

A schematic representation of the setup is shown in Fig. 1. The pump laser system used, which
delivers 1064-nm pulses with excellent temporal shaping capability, was developed at our institute
and has been described previously by Meijer et al. [14]. While this pump laser can deliver
up to hundreds of mJ (also depending on the pulsewidth), only a small portion is split off to
provide up to 10 mJ, which is sufficient for pumping the OPO. The OPO requires a collimated
Gaussian pump beam of ~800 um 1/¢?-diameter, which is obtained by placing a demagnifying
telescope in the pump beam. A 400 um diameter circular aperture is placed at the focus for
spatial filtering purposes. A 50 mm long periodically poled lithium niobate (PPLN) device (HC
Photonics Corp.), housed in a temperature-controlled oven, is used as the nonlinear material.
This PPLN device contains ten channels with different poling periods ranging from 27.6 to
31.6 um, which enable the tuning of wavelengths between 1.4 and 4.5 um (collective range
for both signal and idler). Two flat mirrors define the optical cavity, with a high-reflectivity
input coupler (99.8% reflectivity for 1.4 — 2.1 pum) and an output coupler with around 14%
transmission for the signal wavelength at 1.9 um. Both cavity mirrors are antireflection coated
for the 1064-nm wavelength pump beam. Here, we demonstrate the operation of OPO for a
signal wavelength of 1.9 um (with a corresponding idler wavelength of 2.4 um), using the PPLN
channel with the longest poling period and with the oven temperature set at 190° C. We have
performed preliminary tests of OPO operation at other signal wavelengths, including temporal
shaping, and found similar behavior as described here for 1.9 um. The polarizations of the
pump input, signal, and idler outputs are linear and are all aligned along the vertical. The OPO
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Fig. 1. A schematic diagram of the OPO setup is shown; f1, f2: lenses; A: spatial filter;
HR: high-reflector for signal wave (high-transmitter for pump ); OC: output coupler; PPLN:
nonlinear material; DM: dichroic mirror. The OPO signal output is steered towards diagnostic
instruments. The depleted pump is also monitored.
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signal energy conversion efficiency is about 18-23%, delivering a signal output of up to 1 mJ
with a good spatial beam profile and an estimated M? value of <1.5. After the OPO cavity, a
dichroic mirror is used to reflect the signal wavelength, with the transmitted pump monitored
for depletion. Transmission spectral filters are used downstream in the signal beam path for
further spectral separation. Separate fast photodiodes (EOT ET5000), connected to a 4-GHz
bandwidth oscilloscope (Keysight DSO9404A), are used to monitor pump and signal temporal
profiles. The electronic time delay between the photodiodes and cable connections was measured
and compensated for in the temporal analysis described below.

3. Results and discussions

In this study we present results at A = 1.9 um, which is representative of the behavior for
other wavelengths in our OPO tuning range. The OPO signal output exhibits a temporal profile
reminiscent of a logistic growth curve when pumped with a top-hat (or square) pulse, as shown
in Fig. 2(a). The periodic oscillation in the temporal profiles of Fig. 2(a) corresponds to the
round-trip period of the signal cavity of 7cyy = 1.09 ns, resulting from the interference of multiple
modes circulating in the cavity. This measured round-trip period is consistent with the cavity
length expected for the resonator distances and the crystal length. We first compare the signal
output obtained from a top-hat pump with an energy amplitude of 2.3 mJ and pulsewidth of 20 ns
(pump intensity I, = 29.6 MW/cm?) shown as the blue curve in Fig. 2(a), and the OPO output
from a top-hat pump with an energy of 0.90 mJ and pulsewidth of 20 ns (/, = 11.7 MW/cm?)
shown as the green curve in the same figure. The buildup is faster at higher pump energy, leading
to earlier signal emission compared to a lower pump energy. As expected, the higher-energy
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Fig. 2. Temporal profiles of the OPO signal output. (a) The green, orange, and blue curves
are produced by a top-hat pump profile with intensities of 12 MW/cm? (20 ns), 12 MW/cm?
(50 ns), 30 MW/cm? (20 ns), respectively. The 20-ns and 50-ns pump profiles are plotted
as gray dotted curves. The OPO outputs in (a) share the same relative intensity scaling.
The vertical dashed lines indicate the measured build-up time 7, of the OPO outputs with
respect to the pump which is used to set = 0. (b) For comparison, a signal output with
top-hat temporal profile (red curve) is also shown, obtained using a non-top hat but an
optimally shaped pump profile (gray curve), see the main text. The red data marker serves
as reference for Fig. 3.
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(blue) curve also reaches a higher final amplitude compared to the lower-energy (green) curve
at the end of the pump pulse at 20 ns. This behavior is expected, given the non-linear nature
of the parametric process that depends on the threshold intensity /i, and the pump intensity /.
This is further demonstrated by another comparison with the OPO output of a top-hat pump
with an energy of 2.3 mJ and a longer pulse width of 50 ns (/, = 11.7 MW/cm?) shown as the
orange profile in Fig. 2(a). The green and orange traces, having the same pump intensity but with
different pump pulse widths of, respectively, 20 and 50 ns, show perfect overlap in their time
evolution. The use of different pump temporal shapes leads to different temporal OPO output
profiles; an example is shown in Fig. 2(b), where the top-hat signal profile (in red) is obtained
with a tailored pump profile (in gray), as discussed in more detail below.

Before demonstrating the control and optimization of the cavity dynamics, we first turn to
quantifying the cavity response to a temporally top-hat profile. We define a cavity build-up time
parameter Ty, as the elapsed time for the signal output to reach 10% of its maximum intensity, as
graphically represented in Fig. 2(a). This time interval is measured relative to the ¢ = 0 position
taken as the on-time of top-hat pump intensity (when it reaches its half-maximum). Note that our
definition for Ty, differs from those used in the literature from the perspective of theoretical or
analytical studies [19,20], which relate the build-up of a minimum detectable signal with respect
to the absolute quantum noise floor. This approach is not easily implemented in the experiment,
and instead we opt for our more robust, empirical 10%-threshold definition. Note that the exact
value of this threshold does not affect the temporal pulse shape optimization procedure discussed
below, and only leads to a scale factor on 7. Our present definition then enables us to compare
the results between two experiments, where one is our current PPLN-based OPO setup and
the other is a KTP-based OPO setup [13], with measurements made under otherwise identical
conditions in the same laboratory. There may be limitations in a quantitative comparison of
Thu, €specially when comparing signal output shapes with qualitatively different signal profiles.
For this reason, we limit our direct comparison of 7, for the case of top-hat pump input pulses,
where we only vary the pump energy (and hence intensity I,) while keeping the pump pulse
width constant at 20 ns.

The extracted OPO signal build-up times Ty, are plotted in Fig. 3 (left panel) as the top-hat
pump input intensity is varied. The build-up time shows a trend towards shorter 7, values
with higher pump energies. The indicated error bars are dominated by systematic errors due
to the cavity oscillations and slow logistic build-up function for long build-up times, while the
oscilloscope sampling speed limits that for the short build-up times. Representative temporal
profiles for the PPLN OPO operation leading to build-up times of 3.0, 1.0 and 0.8 ns are plotted
in the right panels of Fig. 3. These temporal traces exhibit a change in shape towards a steeper
increase and amplitude saturation accompanying shorter build-up times. As seen in the left panel
of Fig. 3, the PPLN OPO leads to much shorter build-up times compared to the KTP OPO in
Ref. [13], from which the KTP 7, dataset is reproduced here. The shorter build-up time for the
case of PPLN relative to KTP is expected when comparing the non-linear intensity thresholds for
these materials. For the 5-cm PPLN crystal length in this study, we obtained a characteristic
irradiance of Iy calc = 0.25 MW/ cm? calculated from the definition given in Eq. (1.25) of Ref.
[21], for the present signal and idler wavelengths. In contrast, the characteristic irradiance for the
1.8 cm long KTP crystal used in Ref. [13] is much higher at fj calc = 38 MW/cmz, leading to a
higher pump intensity requirement to induce parametric oscillation for KTP.

Inspired by Refs. [13,19], we express the cavity build-up time 1, as:

Tou = Ty (1)

A\/Ip/lth,calc - B’

where 7,y is the resonator roundtrip time of the signal wavelength and I, is the input pump
intensity. Despite the shorter KTP OPO cavity with a round-trip time of 7,y kTP = 0.30 ns [13]
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Fig. 3. (Left) Build-up times 7, of the PPLN OPO signal output (blue circles) as a
function of the intensity I, of a top-hat pump. For comparison, the build-up times of a
KTP OPO, described previously by Behnke et al. [13], are plotted (unfilled squares). Line
fits using Eq. (1) are also plotted for each build-up time dataset. (Right) Temporal profiles
corresponding to three representative build-up time datapoints are shown. Dashed vertical
lines indicate the onset of the pump (at r=0, gray) and when the 10% threshold intensity
is obtained, defining the build-up time. The top and middle panels are the same curves as
shown in Fig. 2(a), with a 20-ns top-hat pump pulse. The datapoint in red (diamond) in
the left panel indicates the build-up time of the optimized top-hat signal output shown in
Fig. 2(b) [see text].

compared to Teay ppLN = 1.1 ns, the PPLN OPO exhibits much shorter build-up times as seen in
Fig. 3. The optimal fits based on Eq. (1) for both the PPLN and KTP datasets are also plotted in
Fig. 3, demonstrating that the simple relation adopted here adequately describes the behavior
of cavity build-up time. Equation (1) is a simplified form related to the analytical expression
derived by Godard et al. [20], which however does not include optical losses from, for example,
absorption or scattering. Eq. (1) is also consistent with the relation used previously in Ref. [13]
for the analysis of a KTP-based OPO, with an appropriate redefinition of the parameters. In the
analysis in Ref. [13], three parameters were fitted, including the characteristic threshold energy
E, which corresponds to Iy, here, but that leads to an overdetermined fit that couples the fit
parameters. In the present analysis, we fix Iy caic to the calculated values [22] and only fit the
parameters A and B. The parameters extracted from the PPLN fitting procedure are Appr Ny = 0.082
and Bppr N = 0.29, while the KTP analysis yields Axtp = 0.040 and Bgtp = 0.013. One can
interpret the A parameter as describing an effective feedback factor that promotes signal gain,
and the B parameter as accounting for the effective losses. Remarkably, such counterbalancing
influences that depend on mirror reflectivities, absorption, scattering, and alignment losses
leading to complex nonlinear oscillator dynamics in different setups are nevertheless shown to be
well captured by the approximate relation in Eq. (1). Although the A parameters for both the
PPLN and KTP cases are comparable (within a factor of 2), the B parameters are different by a
factor of 20, leading to an interpretation of much higher losses of the signal wave for the PPLN
OPO relative to the KTP OPO. If the B parameters had been comparable, we would expect an
even much faster build-up for the PPLN OPO by a factor /Iin xtp /I prLN ~ 12.
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We can use the obtained understanding of the cavity dynamics to optimize its response.
Specifically, we demonstrated that build-up times below 1 ns are feasible at modest intensities
of several 10 MW/cm? using long, 20-ns flattop pulses. The build-up time may be expected to
reduce further with higher intensity. To compensate for the slow intensity rise in the beginning
of the signal build-up in the case of a top-hat pump input, one can choose a pump input profile
with a much higher intensity amplitude at the very beginning of the pulse to prompt the initial
signal build-up. To mitigate any fluence damage thresholds, the intensity should be sustained for
a minimum duration, and we opt for reducing the pump to a lower, constant intensity after this
initial high-intensity burst. We demonstrate this approach with good results, with the special
example shown in Fig. 2(b) of a top-hat OPO signal output. The tailored pump temporal profile
was obtained by active optimization of the pump shape shown as the gray curve in Fig. 2(b).
The build-up time of 0.1 ns for this top-hat OPO signal output is plotted in Fig. 3 as the red
(diamond) datapoint (taking an averaged intensity of 30 MW/cm? over the 20-ns pump pulse
duration), also corresponding to Fig. 2(b). Considering that the instantaneous intensity burst is
only 150 MW/cm?, the measured 7y, = 0.1 ns is much shorter than would be expected for the
PPLN fit function in Fig. 3 (i.e., this is much shorter than the extrapolated Ty, value from the fit
function for that peak intensity). Note also that the 0.1 ns build-up time in this example is much
shorter than the cavity round-trip time and could be interpreted as transient optical parametric
generation before the onset of the cavity feedback.

The capability to manipulate the signal output’s temporal profile can be extended towards
tailoring much more complex outputs, with examples shown in Fig. 4(a) and (b). For these
complex temporal shapes, an initial EOM profile is provided that is iterated in a completely
autonomous and automated optimization procedure. For the first example, the output temporal
profile (blue) and the target profile (gray) are both shown in the upper panel (a) comprising
several ramp-up and ramp-down events that resemble pyramidical (or triangular) structures. The
corresponding pump input profile (orange) is shown in the bottom panel (c), along with the
depleted pump temporal profile (green). To obtain these output pulses, an initial high-intensity
pump input is needed to prime the OPO dynamics, where the signal wave takes some time to
build up. This initial pump intensity burst needs to be turned down abruptly to ensure that
the resulting output follows linear growth. Otherwise, if the pump intensity is maintained for
longer, a logistic growth in the signal output would evolve instead (for example, those depicted in
Fig. 2(a)). The effect of this initial pump pulse burst is not converted into a top-hat feature in
the signal output. This is consistent when looking at the pump depletion, which shows hardly
any difference with the pump input for the leading burst feature. This tiny amount of parametric
signal generation serves as a seeding primer that is essential to produce the linear ramp in the
first triangular output structure. The nonlinear gain effect in the parametric process can be seen
by comparing the peak heights of the first two pyramidal structures of the OPO output. Notice
that the peak height difference of the first two structures is more pronounced in the signal output
than in the input pump pulse shape. Such advanced output profiles may be useful for applications
where fast (nanoseconds) ramping (up- or down-) events are required.

Another example of a nontrivial signal output pulse profile is shown in Fig. 4(b). The target
profile (gray dashed curve) and the resulting signal output profile (blue curve) are demonstrations
of a complex train of box pulses with arbitrary amplitudes, pulse widths, and gaps between the
pulse features. In the lower panel of Fig. 4(d), the corresponding pump profile input is shown as
the orange trace, while the depleted pump is also shown as the green trace. The depleted pump,
indicating the unconverted pump energy, sheds some light on the parametric conversion process.
Although there is some correlation in the input and output profiles, the non-linearity in the OPO
cavity dynamics is apparent particularly at early times. We note that the difference in the onset
behavior is mainly determined by the intensity of the pump, which was somewhat higher in panel
(d) than in panel (c). After the onset of conversion, the signal closely but non-linearly follows the
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Fig. 4. Examples of arbitrary temporal shaping of the OPO signal output (individually
normalized). (a) A series of ramp-up and ramp-down events resemble pyramidical structures.
The experimental data is shown in blue and the target temporal profile in gray. (b) A complex
train of mid-IR top-hat pulses, with various amplitudes widths and time gaps, resembling
a city skyline. The input pump profile (orange) and the depleted pump profile (green)
are shown in the lower panels, where (c) corresponds to (a), and (d) corresponds to (b),
respectively.

pump. These subtle yet impactful details highlight the good level of temporal shaping control
required. Such a complex train of pulses can be of interest as seeding radiation for high-energy
laser systems that are used in investigations at advanced laser ignition facilities [17,23].

4. Conclusions

We have shown tailored temporal shaping of the mid-IR output of an optical parametric oscillator,
demonstrated here for 1900-nm wavelengths with sub-mJ output energies, by controlling the
temporal shape of the 1064-nm wavelength pump input. An analysis of the build-up times
provides insight into the cavity dynamics of the PPLN-based OPO in this study, which can be
compared to that of a different KTP-based OPO. The build-up times are captured well by a
semiempirical formula, which explains the much shorter build-up times obtained for the current
PPLN-based OPO. By exploiting the temporal dynamics of the signal (and idler) wave building
up in the cavity, arbitrary temporal shaping capability of the output is demonstrated from flat-top
profiles to more complex pulse trains. The quality of such top-hat profiles is of particular
importance in the optimization of light conversion efficiency in plasma-driven EUV sources.
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