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Abstract: A laser system generating high-energy pulses at 2-um wavelength with pulse widths
tunable from 10-24 ns is described. It comprises an optical parametric oscillator that generates
mJ-level signal seed radiation and an optical parametric amplifier that boosts the output to 800 mJ
of combined signal and idler when pumped with 2 J pulses of 1064-nm laser light. The system
operated with KTP crystals and running at 10 Hz repetition rate is characterized in the spatial,
temporal, and spectral domains. The effect of saturation leads to an output pulse approaching
flat-top spatial and box-shaped temporal profiles, as desired in various applications. The amplified
pulses can be imaged down to sub-100 um diameters, making this laser system a suitable driver
for plasma sources of extreme ultraviolet light.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mid-infrared (MIR) laser sources are of interest in various applications, including spectroscopy
[1], laser ranging (LIDAR) [2], medical applications [3], material processing [4], and defense
[4]. These applications require continuous-wave to ultra-fast pulsed sources [5,6]. High-energy
laser sources of nanosecond pulses at 2—10 um radiation are of particular interest for extreme
ultraviolet (EUV) light generation in EUV lithography [7]. Here, pulses of several hundred mJ
are imaged onto tin targets to create EUV emitting plasma. A full geometrical overlap of laser
profile and target is crucial to obtain the highest conversion efficiencies of laser pulse energy to
EUYV radiation [8]. This case poses an example of an application requiring high pulse energies
with good spatial and temporal beam characteristics.

Possible sources at 2-um wavelength fulfilling the aforementioned criteria are Tm>*/Ho>*-
doped solid-state and fiber lasers [5]. An example is the high-energy Big Aperture Thulium
(BAT) laser system operating at 1.9 um-wavelength [9,10]. This laser has been demonstrated to
provide an output of several 10 joules per pulse [11,12], albeit at a low repetition rate.

Alternatively, optical parametric oscillators (OPOs) can be used to generate MIR laser light
based on non-linear wave mixing. Nanosecond OPOs generating several hundred mJ/pulse have
been built [13,14], but combining high energy, high efficiency, and good beam quality remains
a challenge [15]. Arisholm et al. [16] give an overview of the main challenges of combining
high pulse energies in OPOs and good beam quality. High-energy OPO designs are limited by
the achievable build-up time, which is the characteristic time required for amplifying the signal
beam from quantum noise to significant pulse energies. The build-up time needs to be short
compared to the duration of the pump pulse to obtain a high overall efficiency because only
after the build-up time is efficient amplification of the signal beam possible. Since laser pulse
durations of high-power pump lasers are usually in the order of nanoseconds, it is crucial to limit
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the build-up time to values well below that. This constraint limits possible resonator designs,
particularly regarding the maximum resonator length, that would enable more transverse-mode
control for beam quality enhancement. There are many approaches to enhance beam quality,
such as unstable confocal resonators [17-21] and image-rotating resonator designs [15,22,23].
However, these approaches tend to increase the build-up time [16]. Lowering the transverse
mode count in the resonator by reducing the pump beam diameter would lead (at constant energy)
to exceeding the damage thresholds of the non-linear crystals and other optics, resulting in a
trade-off between pulse energy and beam quality.

These limitations can be overcome by implementing a master oscillator and power amplifier
(MOPA) architecture [16,24,25]. In such a configuration, an OPO acts as the master oscillator
creating a seed beam at relatively low pulse energies with a reduced beam diameter, thus
suppressing higher transversal modes. The OPO output beam is expanded and used to seed an
optical parametric amplifier (OPA) boosting the output energy of the combined system. This
design enables the generation of several hundred mJ pulse energy at high spatio-temporal beam
quality because the OPA does not allow additional modes to grow.

The parametric MOPA introduced by Arisholm et al. delivered close to 300 mJ of total pulse
energy (signal and idler combined) at a pulse duration of 6 ns [16]. With our present laser design,
similarly based on KTP crystals, we demonstrate the generation of 2 um-wavelength laser light
with more than twice the pulse energy, and with variable pulse durations including temporal
shaping. The quality of the output beam supports the demagnification of a flat-top spatial beam
profile by a factor of 75, to below a spot diameter of 100 um. We designed the MOPA for driving
EUV-emitting laser-produced plasma (LPP), and successfully used it to demonstrate tin-plasmas
driven by a 2-um laser wavelength [7,26,27]. In this publication, we report on an extensive
characterization of our high-energy 2-um MOPA system.

2. Experimental setup

A schematic of the laser system is shown in Fig. 1. The upper panel shows the master oscillator
power amplifier (MOPA), with an OPO stage whose output is used for seeding a 4-crystal OPA
amplification stage. The lower panel shows light transportation and a high numerical aperture
imaging system used to project the flat-top beam profile onto tin microdroplets in a vacuum
chamber as part of a typical application in laser-produced, EUV-emitting plasmas at ARCNL.
The two stages are indicated by their respective frames.

The MOPA configuration generates high pulse energies at 2-um wavelengths with high beam
quality following the design of Arisholm et al. [16]. An injection-seeded Nd:YAG laser
(Amplitude Agilite, referred to as pump laser), emitting pulses at a wavelength of 1064 nm and
repetition rate of 10 Hz, pumps the MOPA. This pump laser has advanced temporal pulse shaping
capabilities, here allowing the laser pulse durations to be varied between 10ns and 27 ns by
means of a Pockels cell, such that the pump laser peak power remains constant. Accordingly,
the attainable pulse energies scale with the set pulse duration ranging from 2.3J at 27 ns to
0.97J at 10ns. The pump laser beam is split using a polarizing beam splitter to provide a small
fraction (<80 mJ) for pumping the optical parametric oscillator, while most of the pump energy
is delivered to the optical parametric amplification stage.

Our OPO (a customized version of GWU versaScan-L 1064) has a 30-mm-length linear cavity
comprised of flat dichroic resonator mirrors that are designed for single-pass pumping, so they are
highly transmissive for the 1064-nm pump. The optical cavity resonates the signal wavelengths
(i.e., wavelengths shorter than degeneracy at 2128 nm), and a fraction of the signal pulse energy
being transmitted through the output coupler (CM2 in Fig. 1). The OPO contains a single KTP
(potassium titanyl phosphate) crystal of 18.2 mm length and with an aperture of 15x13 mm?. The
crystal surfaces are anti-reflection coated for the 1064-nm pump wavelength and any wavelength
generated in the range around 2 pm. A pump pulse energy of 76 mJ (at 27 ns) is used for pumping
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Fig. 1. Schematic representation of the MOPA. The oscillator (OPO) and amplifier (OPA)
are pumped by a Nd:YAG laser (pump laser) operating at 1064 nm wavelengths. The
wavelengths generated are 2090 nm and 2167 nm. The flat-top beam profile of the MOPA
output can be imaged onto a target with a 75-times reduction in size. (4/2: half-wave
plate, BS: polarizing beam splitter, TFP: thin-film polarizer, BD: beam dump, CM1 and
CM2: cavity mirrors, DM: Dichroic mirror (reflection of 1064 nm, transmission of 2 ym
wavelengths), KTP: Potassium titanyl phosphate (non-linear crystal for wave mixing), VT:
vacuum tube).

the OPO. The beam diameter is reduced with a Galilean-type telescope to 2 mm in front of the
OPO resonator. This small beam diameter is chosen to improve the beam quality of the generated
2-um laser light [16]. The crystal angle is tuned to an angle of 8 =50.8° to achieve type II
phase matching (oe-o) for a signal around 2090 nm and corresponding idler around 2167 nm
wavelength. While the pump is linearly polarized vertically (defined as being perpendicular to
the plane of Fig. 1), the signal has horizontal and the idler vertical polarization. The output pulse
energy of the signal is 3 mJ with a pulse duration of 21 ns. A dichroic mirror is used to separate
the unconverted 1064-nm pump transmitted through the cavity from 2-pm light that propagates
further. The OPO output characteristics are discussed in section 3.

After the OPO, the signal beam is further separated from the idler by means of a polarizing filter.
A Galilean-type telescope is used to magnify the beam diameter of the signal to approximately
5x2mm? to seed the OPA at an intensity of 2 MW/cm?. The OPA consists of four identical
KTP crystals with a crystal length of 18.2 mm and an aperture of 15x13 mm? each. We use four
crystals to obtain a pulse energy up to 800 mJ of combined signal and idler. Similarly to the
OPO, the crystal surfaces have antireflective coatings for the pump wavelength and wavelengths
in the 2-pym range. The crystal angle is tuned to 8 =50.8° for type II phase matching (oe-o)
to amplify the 2090 nm wavelength seed light. Here, the seed at the signal wavelength has
horizontal polarization, and the pump is vertically polarized. For pumping the OPA, most of
the 2.27J (at 27 ns) of pump laser output is used. The beam is transported via relay imaging to
ensure a flat-top spatial beam profile of the pump within the OPA. Additionally, the pump beam
is optically delayed by 4 ns to account for the build-up time of the OPO. To achieve sufficient
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pump intensity within the OPA, its beam diameter is reduced from 12 mm to 6.5 mm, resulting in
an intensity of approximately 220 MW/cm?. The pump and seed beam are spatially overlapped
using a dichroic mirror and aligned for propagation through the four crystals. The crystals are
oriented for walk-off compensation (see Fig. 1). After the last crystal, the amplified 2-um light
and the remaining pump light are again separated by a dichroic mirror.

The MOPA is designed to drive LPPs at 2-um wavelength. For this intended use, it is necessary
to image and demagnify the flat-top beam profile onto a target as shown in the lower frame in
Fig. 1. Flat-top imaged beams provide uniform heating of the LPP across the plasma surface
at sufficiently high plasma temperatures, as was shown in the case of 1-um wavelength-driven
EUV emitting plasmas [8]. In this work, the output of the MOPA is imaged using a two-stage
imaging setup. After a free propagation of about 4.9 m, the beam is imaged by a first spherical
lens with a focal length of 400 mm (f400 mm). The intermediate image is reduced by about
11 times compared to the initial output beam diameter of the MOPA. After the intermediate
image, the diverging beam is collimated with an f1000 mm lens. Subsequently, an 250 mm
aspherical lens is used for imaging the beam onto a tin target. The total beam size reduction
factor is up to 75 (chosen for a particular target size). Imaging the beam down to sub-100 um
diameters is possible due to a relatively low full beam divergence 6 of approximately 2 mrad in
the horizontal and 3 mrad in the vertical direction. Taking into account the waist diameter w of
the beam of approximately 5 mm, this leads to an M? value of M2 ~ 4 along the horizontal axis
and M% ~ 6 along the vertical axis following the relation M? = 6nw/(41) based on the beam
parameter product with a wavelength of 4 = 2090 nm. The characterization of the MOPA in
terms of input and output energies, temporal beam profiles, and spatial profiles of the pump,
signal, and idler beams are discussed in section 4.

3. Optical parametric oscillator
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Fig. 2. Combined signal and idler energies from the OPO as a function of the input pump
energy (for a box-shaped pump pulse of duration 7, = 27 ns). The corresponding efficiency
for conversion summed over both signal and idler is also indicated. Error bars are smaller
than the markers.

In this section, we discuss the characterization of the optical parametric oscillator including
measurements on energy conversion, as well as recordings in the temporal domain. A repre-
sentative graph in Fig. 2 shows the combined signal and idler OPO output energy as the input
pump energy is varied. The conversion efficiency increases with pump energy, where pumping
is limited below 80 mJ to avoid optical damage to cavity mirror coatings. Conversion to total
output energies can reach efficiencies up to 24% (corresponding to a signal conversion efficiency
of 12%) and shows a plateau indicating saturation at higher pumping energies. The pulse energy
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of the combined signal and idler, obtained for the highest pump energy of 76 mJ, is 17 mJ with a
root-mean-square (RMS) stability of approximately 2% (for comparison, the pump RMS stability
is 1%). For decreased input pump energies, the lower conversion efficiencies should in part be
attributed to the long cavity build-up time of the signal (and idler).

Temporal profiles were recorded using fast photodiodes (EOT ET-5000, 12-GHz bandwidth)
and a fast oscilloscope (Agilent Technologies DSO9404A, 4-GHz bandwidth), with a typical
recording shown in Fig. 3. Dichroic mirrors and optical filters separate the signal beam from the
idler and pump beams. At a pump energy of 76 mJ, and pump pulse duration of 7, = 27 ns, the
signal resembles a box-shaped pulse with a full-width-at-half-maximum (FWHM) duration that
is shorter (75 = 21 ns) than the pump. The build-up time Ty, is defined as the delay between the
onset of the signal and the pump pulse.

Pump OPO Signal
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Fig. 3. OPO oscilloscope traces for a 27 ns FWHM pump pulse duration at maximum OPO
pump pulse energy. The temporal profiles of the initial pump beam (blue) and the generated
signal beam (red) are shown for a pump energy of 76 mJ/pulse. The FWHM pulse duration
of the signal is 21 ns revealing a build-up time of about 5.5 ns. The inset figure shows a
magnified signal trace in the 10-20 ns interval highlighting the beating due to competing
longitudinal modes. A beating period of 310 ps is measured, closely matching the cavity
round time of 300 ps.

Cavity build-up times for the OPO signal were measured for varying pump input energies as
shown in Fig. 4. For a pump pulse with duration 7, = 27 ns, signal pulse durations of 7, = 5 —
21 ns were observed for the pump energy range covered. In addition to decreasing the signal
energies and longer build-up times, the signal temporal profiles are found to increasingly deviate
from a box-shaped profile and tend towards a Gaussian profile at decreasing pump energies.

The cavity-build up time 1, behavior in Fig. 4 can be approximated following the relations
from Refs. [16,28], which can be expressed as:

oy = Tcav 8Log ’ 1)
where ¢,y is the resonator roundtrip time, g1 is related to photodetector sensitivity, € contains
information on the effective reflectivity and other optical losses and is of order unity, E, is the
input pump energy and Ey, is a pump threshold energy directly related to the characteristic
nonlinear threshold intensity /. The cavity roundtrip time is estimated to be approximately
300 ps based on the KTP crystal length and cavity mirror separation. The fitted curve, displayed
in Fig. 4, describes the experimental trend to sufficient accuracy. The fit yields grog = 22, which
is close to grog = In (lget/Inoise) = 18 that is the value commonly used in numerical studies
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Fig. 4. Measured OPO build-up times, 1y, of the signal output vs. pump energy input.
The number of cavity round trips is also indicated given a round trip time 7¢ay = 0.31ns.
The red line represents a fit according to Eq. (1) for a value of the threshold pump energy
Ey, = 29mlJ. The alternate horizontal axis (top) indicates the normalized pump intensity
Ip /1 according to the intensity threshold /iy, derived from the fitting procedure. Error bars
are derived from shot-to-shot analysis.

[28,29]. The extracted € = 0.42 is within the expected range and contains information on the
effective reflectivity and other optical losses. For the Ey, = 29 mJ obtained from the fit, the
corresponding threshold intensity is I, = 36 MW/cm?, which is close to the characteristic
irradiance of i calc = 38 MW/cm? that we calculated from the definition given in Refs. [16,30],
for the signal and idler wavelengths and KTP crystal length. In Fig. 4, an alternate horizontal axis
at the top is provided to indicate the normalized pump intensity 1, /I, according to the intensity
threshold Iy, derived from the fitting procedure.

As expected, the OPO output is rather sensitive to the optical cavity alignment, as a result of
interference between multiple cavity modes that can simultaneously be supported in an unstable
resonator. The beating of these multiple modes can be observed from the oscilloscope traces
for the OPO output as seen in the inset of Fig. 3. The measured beating period is 310 ps, which
is close to the estimated cavity round trip time of 300 ps. Such beating dynamics has been
anticipated in numerical studies [28,31] but has not been experimentally shown in the temporal
domain, to the best of our knowledge. The further slow oscillations at ~ 8 ns period visible in
both pump and OPO traces originate from the Agilite pump laser system.

Various measurements were performed to characterize and optimize the OPO for the highest
output energies, optimal temporal profiles (considering build-up and temporal widths), and
narrowest spectral widths (for mode stability, as discussed below). At these optimal conditions,
the energy and beam pointing stability are also highest, providing an ideal starting point in
seeding the MOPA amplification stage.

4. Optical parametric amplifier

4.1. Output energy

Figure 5(a) shows a graph of signal energies vs. varying OPA-pump pulse energies for the three
different set pulse durations of the pump laser: 14 ns, 19 ns, and 27 ns. The pulse durations are
altered by changing the timing of a Pockels cell within the pump laser to crop the box-shaped
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laser pulse to the desired duration. Hence, the duration is changed without affecting the peak
intensity and the overall shape of the laser pulse. To perform a scan of the pump pulse energy, a
A/2 wave-plate in combination with a thin-film polarizer is used. The intensity of the seed is
kept constant at approximately 2 MW/cm?, meaning that the seed energy is fixed at 1.3 mJ in the
14 ns setting, at 2mJ in the 19 ns setting, and at 3 mJ in the 27 ns setting.
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Fig. 5. (a) MOPA output, plotted as pulse energies at the signal wavelength of 2090 nm, as
obtained by varying pump energies at three different pump pulse durations. (b) Conversion
efficiencies for different pump intensities, again for the three different pump pulse durations.
The conversion efficiency is defined as signal energy divided by pump energy. Error bars are
smaller than the markers.

For pump energies E,ump ranging from O to 1.7 J used in the 27 ns setting, up to 390 mJ of
signal energy is achieved, thus yielding an amplification factor of 130. Since idler and signal
energies are similar, the total energy is estimated at 780 mJ. The corresponding maximum pump
intensity is 220 MW/cm?, calculated via I = Epump/ (tw?) with the pump laser pulse duration
7 = 27 ns and the laser beam radius w = FWHM/2 = 3.0 mm. Maximum pump intensities for
the 19 ns and 14 ns settings are respectively 250 MW/cm? and 300 MW/cm?, yielding signal
(and, equivalently, idler) energies of up to 300 mJ and 200 mJ, respectively. Maximum pump
intensities are limited by laser-induced damage thresholds of the antireflective coatings on the
KTP crystal surfaces.

Figure 5(b) displays the conversion efficiency of pump energy to signal or idler energy for
the OPA for varying pump intensities for the three different set pulse durations 14 ns, 19ns,
and 27 ns. The trends for all pulse duration settings follow the same pattern. The conversion
efficiencies at 14 ns (CE4,5) and at 19 ns (CE19,;) settings show a plateauing behavior starting at
pump intensities of 180 MW/cm?. Here, the term saturation refers to this leveling of conversion
efficiency at high pump intensities. CE14,; saturates at 17 % and CEg,, saturates with 20 % at a
somewhat higher efficiency. CE»7,,; does not reveal such a distinct saturation behavior and it
reaches a total conversion efficiency of 22 % for the highest pump intensity. These differences in
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saturation behavior might be explained by the varying temporal pulse shapes across the spatial
profile of the pump beam (see section 4.3). This saturation of conversion efficiencies coincides
with the transition of a non-linear increase of the signal/idler energies to a linear incline in
Fig. 5(a), which is in line with the findings of Arisholm et al. [16]. The RMS deviation of the
output energies at the highest pump intensity is 2.8% and increases to approximately 10% at the
lowest pump intensities. This phenomenon may be ascribed to the effect of saturation.

It might be expected that higher output energies could be achieved by a further increase of the
pump energy. However, for increased pump energies, laser-induced damage of the antireflective
coatings on the KTP crystal surfaces is observed. Alternatively, more KTP crystals could be
added to the OPA to enable operating at lower pump intensities. Additionally, dichroic mirrors
could be used in between the KTP crystals of the OPA to reflect the idler beam out of the
OPA. The latter would suppress nonlinear backconversion, although no direct evidence of such
backconversion is observed. Filtering of the idler beam inside the OPA might be required,
however, for increasing the efficiency at pump energies beyond 2 J, and for future power gains of
high-energy pulsed KTP-based MOPA systems [16].

4.2. Spatial profiles

Figure 6 shows normalized spatial profiles of the seed beam, pump beam, and the signal beam
generated by the MOPA at different pump intensities. The profiles at 2-um wavelength are recorded
using a pyroelectric camera (Ophir PyroCam IV), located at a fixed position approximately 3 m
after the OPA. Using a single spherical lens, with a focal length of 600 mm, seed and MOPA
beam profiles are imaged onto the chip of the pyroelectric camera with a magnification of 2.6Xx.
The pump beam profile is taken using a silicon-based CCD camera (Ophir SP920) at a fixed
position approximately 2 m after the OPA stage. Here, a spherical lens with a focal length of
300 mm is used to image the beam profile on the camera chip with a demagnification of 0.5x.
All profiles in Fig. 6 share the same scaling factor and spatial coordinate grid to facilitate direct
comparison.

Seed (2090nm) Pump (1064 nm) MOPA (2090 nm)

C) d)
_—
5mm

e oemmmmm /OMW/em®  140MW/em®  220MW/em’
00 02 05 08 10

Fig. 6. Selection of beam profiles as imaged from a defined plane inside the OPA stage for
the 27 ns pump pulse duration setting: (a) seed (signal) beam generated by the OPO with an
FWHM of 5.3 x 2.3 mm?. (b) flat-top pump beam profile with an FWHM of 6 mm. (c)-(e)
show the amplified seed beam that is the output of the MOPA system, for different pump
intensities. The flat-top beam profile generated at the highest pump intensity in panel (e) has
an FWHM of 4.5 x 5.1 mm?2, and 85% of its total energy is enclosed within the FWHM
contour. The OPO is for all cases pumped with a pump energy of 76 mJ at 27 ns pump-pulse
duration.

Figure 6(a) shows the profile of the seed beam at 2090 nm, as it is transported from the OPO to
the second crystal within the OPA, 300 mm after the OPO and twofold expanded, without relay
imaging. The seed beam has an asymmetric shape, significantly different from that of the pump
beam profile. This asymmetry may be caused by walk-off and by the multiple modes supported
by the OPO cavity. Fig. 6(b) shows the beam profile of the pump within the OPA for a set pulse
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duration of 27 ns. It resembles a flat-top beam distribution, with slight asymmetries characteristic
to the pump-laser used. The fringes originate from the aperturing in the commercial Agilite laser
system. The lower resolution of the pyroelectric camera is expected to significantly reduce the
visibility of fringes in the signal beams (see below). Fig. 6(c—e) shows the signal beam of the
MOPA for pump beam intensities of 70 MW/cm?, 140 MW/cm?, and 220 MW/cm?. The diameter
of the MOPA beam profile increases from 1.7 x 2.6 mm? to 4.5 x 5.1 mm? with increasing pump
intensity. At the lowest pump intensity, the MOPA profile deviates mostly from a flat-top beam
profile, following the seed beam profile. For increasing pump intensity, the MOPA beam profile
gradually approaches a flat-top beam profile following the pump beam profile. The percentage
of the energy enclosed inside the FWHM contour of the MOPA beam profile increases from
approximately 50% to 85% at the highest pump intensity. Ring-like structures in the outer regime
of the MOPA beam profiles become apparent, following similar features of the pump beam profile.
The spatial flattening is explained by the fact that the local seed and pump intensities vary across
the spatial overlap of the beam profiles. Consequently, the local parametric gain of the OPA
depends on the position in the beam profile. In the center of the beam, the local gain is higher
than at the edges, due to the peaking seed intensity at the beam center. This non-uniformity in
the local gain affects the local conversion efficiency, which is the efficiency of converting pump
energy to signal energy contained within a certain area of the beam profile. Consequently, the
local conversion efficiency first saturates at the center. This leads to a flattening of the beam for
increasing pump intensities when the outer areas of the beam profile catch up in local intensity
and approach saturation at higher overall pump intensities. The MOPA beam profiles do not
show definitive signs of backconversion such as local depletion in MOPA intensity caused by
converting 2-um light back to 1-um light.

4.3. Temporal profiles

Figure 7 shows various characteristic temporal pulse profiles of the MOPA for a setting of
the pump pulse to a box-shaped profile of 27 ns duration. The temporal pulse profiles of the
pump beam before and after depletion in the OPA stage, the seed beam, and the amplified 2-um
wavelength after the MOPA (referred to as MOPA pulse) are displayed for three different pump
intensities, being 220 MW/cm?, 140 MW/cm? and 70 MW/cm?. For an interpretation of the time
axis, some synchronization technicalities should be considered. The pump pulse is optically
delayed by approximately 4 ns before entering the OPA stage (see section 2.) resulting in a delay
of about I ns between the onsets of the pump pulse and the seed and MOPA pulses. By delaying
the pump pulse, the seed pulse becomes centered with respect to the pump pulse inside the OPA
stage. This also causes the low-intensity parts of the seed pulse to experience maximum pump
intensity, leading to a longer effective pulse duration (see Fig. 7).

The central result of these studies on temporal profiles is that a MOPA pulse can be generated
exhibiting a box-shaped profile of 24 ns, as shown in Fig. 7, panel (a). Such a pattern can be
achieved for a pump pulse of the highest intensity, at 220 MW/cm?, that is also box-shaped. The
box-shaped profile of the MOPA pulse is overlaid with a high-frequency oscillation, resulting
from the longitudinal mode-beating pattern originating from the OPO seed (see Fig. 3). We note
that the intensity at the beginning and end of the MOPA pulse inclines and declines more steeply
than the intensity of the seed pulse. This behavior can be explained by a strongly non-linear,
parametric amplification at lower seed intensities, whereas amplification is less strong at higher
seed intensities due to saturation. The MOPA pulse increasingly deviates from the box shape
of the pump pulse when moving to lower pump intensities, eventually becoming triangular in
shape at the lowest intensities of 70 MW/cm?. The measured pump profile after the OPA shows
depletion of its energy in the form of a dip in the local pulse intensity at times coinciding with
the MOPA pulse.
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Fig. 7. (a)-(c) Temporal pulse profiles for a 27 ns pump pulse duration setting for pump
intensities as specified in panels. The pulses of the initial pump, the seed, the MOPA output,
and the depleted pump after amplification are presented. All but the depleted pump profile
are normalized. The pulse profile of the depleted pump is scaled so that the integral matches
the percentage of the remaining pump energy to visualize the effect of pump depletion. The
light detected beyond 30 ns is assumed to originate from light leakage at the Pockels cells
controlling the duration of the pump pulse.
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Fig. 8. Temporal profile of the pump pulse resolved across the spatial beam profile. The
blue solid line shows the temporal trace of the scattered light, i.e. representative of the full
beam. The dashed/dotted lines show traces recorded with a 200 um pinhole mounted in
front of a photodiode to obtain spatially resolved traces at left, center, and right locations as
indicated in the inset figure.



Research Article

Vol. 31, No. 15/17 Jul 2023/ Optics Express 24152 |

Optics EXPRESS N

In order to explain the temporal deformation of the MOPA pulse at lower pump intensities,
the intensity of the incoming pump pulse is spatially probed using a photodiode equipped with
a 200 um pinhole in front. Results of this local probing are presented in Fig. 8, showing that
the temporal shape of the pump pulse is triangular at the center and left-hand side of the beam.
In contrast, on the right-hand side, it shows a slow increase followed by a plateau region. This
behavior may be explained by considering that for the lowest pump intensities, the center of
the seed spatial beam profile, where the intensity is highest, undergoes the strongest parametric
amplification [cf. Fig. 6(a) and (c)]. So, only the part of the pump beam profile spatially
overlapping with the center of the seed beam profile contributes significantly to the parametric
amplification at lower pump intensities. As a result, the temporal MOPA pulse profile follows
the pump pulse profile at the position of the peak of the seed beam profile; the shape is more
triangular-like [cf. Fig. 8 and Fig. 7 (c)]. When the overall pump intensity increases, gradually
more parts of the pump beam profile, overlapping with low-intensity areas of the seed beam
profile, contribute to the parametric amplification, while the part with the highest seed intensity
starts saturating in local conversion efficiency (as discussed in section 4.2). When summing up
these spatially dependent temporal pulse profiles, the overall MOPA pulse will resemble the
overall temporal shape of the pump pulse, forming a superposition of local, different, pulse
shapes. Currently it is unclear if spatio-temporal coupling (STC) of the pump is translated onto
any signal STC, nor is there a model available to predict the impact of STC on the generation of
EUV-emitting plasma. Further study is required to clarify these new topics, enabled by the laser
system presented in this work. Figure 9 shows temporal traces of the incoming pump pulse, the
seed, the MOPA, and of the depleted pump, measured for different combinations of durations and
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Fig. 9. Measured temporal profiles of the initial pump beam, the OPO-seed beam, and the
MOPA signal beam, and the depleted pump are shown for settings of the pump pulse for
combinations of duration and intensity as specified in the legends.
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intensities of the pump pulse: 27 ns and 220 MW/cm?, 19 ns and 250 MW/cm?, and 14 ns and
260 MW/cm?, respectively. The resulting durations of the MOPA pulses under these conditions
are 24, 17, and 12 ns, respectively. At the high pump intensities, all exceeding 220 MW/cm?,
the temporal box-shaped pulses of the pump could be converted into box-shaped MOPA pulses.
Interestingly, the difference between the durations of the pump pulses and the corresponding
MOPA pulses is only 2-3 ns, whereas the difference between OPO-seed and pump pulse duration,
i.e. the build-up time, is 5.5 ns (see Fig. 3). This phenomenon is attributed to the amplification
of low-intensity parts on the side flanks of the seed pulse.

In conclusion, it is demonstrated that box-shaped temporal profiles of the MOPA pulses can be
produced in a controlled fashion for varying pulse durations between 12 and 24 ns.

5. Spectrum and bandwidth

In this section, we discuss spectral measurements for the OPO output as well as the amplified
MOPA output (for 7, = 27 ns) recorded using a High-Finesse WS5 IR-III wavelength meter.
Figure 10(a) shows OPO idler output spectra for different cavity alignment settings. The OPO
idler wave, which has an orthogonal polarization to that of the signal wave, is separated by
reflection from a thin film polarizer and is used for online monitoring, while the OPO signal wave
output is transported towards the MOPA to seed the amplifier. At OPO cavity alignment-1, far
from the output energy optimum, multiple spectral modes can be observed, which we attribute to
multiple cavity modes simultaneously supported by the unstable resonator.
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Fig. 10. (a) Spectral analysis of the OPO idler output wave for three different cavity
alignment conditions. (b) Spectrum of the signal beam of the OPO alignment 3 in (a) after
amplification in the MOPA stage.

The spectral FWHM width of each mode is 2.6 nm while the crystal acceptance bandwidth
for OPO operation is estimated to be 4.7 nm from the nonlinear optics code SNLO [32]. (The
instrument limit of the spectrometer is not exactly known at this wavelength, thus our measurement
provides an upper limit.) The narrower linewidth for the observed individual modes may be due
to gain narrowing effects, where nanosecond OPO linewidths can be as narrow as 20% of the
crystal phase matching bandwidth [30]. The mode separation of 3 nm can be used to estimate
the angular deviation of 0.8 mrad for neighboring cavity mode paths, which is easily supported
considering the pump beam size and cavity length. As the cavity alignment is optimized towards
higher output energy, the spectral profile becomes more uniform with fewer spectral modes
(alignments-2 and -3), suggesting that the optimal alignment condition favors higher gains for a
smaller number of modes. For optimum alignment conditions (OPO alignment-3), the highest
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OPO output energy and narrowest composite spectral width are obtained, which also correlate
with the highest energy- and spatial-beam profile stability.

In Fig. 10(b), the amplified signal wave spectra corresponding to OPO alignment-3 in Fig. 10(a)
is shown. The OPA spectrum is taken when the amplifier is pumped with 1.7 J for a pump pulse
duration of 7, = 27 ns, corresponding to an intensity of 220 MW/cm?. The FWHM width of
the OPO alignment-3 spectrum in Fig. 10(a) is 5.0 nm, while the MOPA output FWHM width
is marginally broader at 5.5nm. The latter can be compared to the crystal phase-matching
bandwidth for signal wave amplification in a single pass of 6.5 nm estimated using the SNLO
code [32]. The SNLO code gives an OPO bandwidth that is narrower than the single-pass
mixing bandwidth, with the same input parameters. It assumes that the signal and idler tune in
equal amounts with respect to the fixed pump, hence it is the group velocity dispersion between
signal and idler that is relevant. For amplification in the OPA, it is the dispersion of the group
velocity between the seed (signal) and the pump that limits the phase matching. Note that for
these spectral recordings, the OPO seed energy is about 1 mJ while the MOPA amplified output
energy is around 400 mJ. The OPO and OPA spectral profiles demonstrate that even at high
energy operation, the amplification process closely maintains the uniform and symmetric spectral
characteristic of the seed radiation.

6. Conclusion

We built a parametric master oscillator power amplifier (MOPA) with an optical parametric
oscillator (OPO) generating 2-um wavelength light that is amplified by an optical parametric
amplifier (OPA). This configuration allows for the generation of high-energy nanosecond pulses
with a relatively good beam quality of M? ~ 5. The MOPA is pumped by a seeded 1064-nm
Nd:YAG laser that has temporal pulse shaping capabilities. The MOPA can generate box-shaped
temporal pulses with a tunable pulse duration from 10-24 ns. We demonstrate a total pulse
energy of 800 mJ, signal and idler combined, from 2J of pump energy input when using four
KTP-crystals in the amplifier.

The total conversion efficiency of 1-pm to 2-um wavelength light, combining signal and idler,
saturates close to 44%. Close to the saturation level, the spatial beam profile of the MOPA
follows the flat-top shape of the pump beam. We find a similar behavior in the temporal domain,
where the output pulse approaches a box-shaped temporal profile comparable to the input pump
pulse for increasing pump intensities. The flat-top spatial and box-shaped temporal profiles are
realized due to saturation effects of the conversion efficiency in the OPA stage.

Even at the highest output energies, the beam divergence is sufficient for imaging the beam to
a highly intense flat-top profile below 100 um diameter. Certain EUV plasma studies require
highly energetic pulsed laser radiation to irradiate a sub-100 um micro-droplet tin target with
high intensities. Those high pulse energies are not only restricted to 2-um wavelength since the
output wavelength of a MOPA can in principle be tuned in a range from 1.4-3 pm by changing
the phase-matching angle of the KTP crystals. Hence, our MOPA is an ideal laser source for
EUYV plasma studies and applications that require high pulse energies at good beam qualities in
the mid-infrared range.
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