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Abstract

We report on an all-solid-state light source for nanosecond (ns) laser pulses, with broad tunability in the mid-infrared, spectral
bandwidth close to the Fourier transform limit, and pulse energy in the mJ regime. To this end, we extend a tunable, continu-
ous wave (cw) singly resonant optical parametric oscillator by an optical parametric pre-amplifier with a periodically poled
lithium niobate crystal and a power amplifier stage with two bulk lithium niobate crystals. We demonstrate pulse energies
beyond 1 mJ in a tuning range between 3.3 and 3.8 um center wavelength, with options for even larger output pulse energy
and tuning range. The total conversion efficiency in the power amplifier reaches 20%. From measurements of absorption
spectroscopy, we determine a very narrow linewidth of 108 MHz (full width at half maximum, FWHM), which is only a
factor of 1.4 above the Fourier limit. We demonstrate the applicability and versatility of the laser system for nonlinear spec-
troscopy by resonantly enhanced third harmonic generation and sum frequency mixing in a gas sample of HCI molecules.

1 Introduction

Sensitive molecule detection by nonlinear optical spectros-
copy via vibrational states requires light sources for mid-
infrared laser pulses with continuous tunability, narrow
spectral bandwidth (close to the Fourier transform limit)
and high pulse energy.

With regard to the pulse duration, nanosecond (ns) pulses
typically offer the best combination of still sufficiently nar-
row bandwidth to selectively address rovibrational transi-
tions and large pulse energy (or intensity) to drive nonlinear
interactions. There are a few approaches, usually involving
nonlinear optical frequency conversion processes, to gen-
erate such tunable, intense, mid-infrared (ns) laser pulses
with pulse energies in the mJ regime. Examples are differ-
ence frequency mixing of visible radiation from tunable dye
lasers [1, 2] or generation of mid-infrared radiation directly
from optical parametric oscillators (OPOs) [3]. While dye
laser systems are typically rather large, as well as difficult
to handle and embed in realistic applications of nonlinear
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spectrometry, OPOs as compact and robust all-solid-state
devices are an attractive solution for such purposes. In the
OPO process, a pump field creates a signal and idler wave
by difference frequency conversion. For a visible or near-
infrared pump wave, the lower frequency idler wave is in the
mid-infrared spectral range. Phase matching allows for broad
tunability of such devices. The OPO process takes place in
a cavity to enhance the conversion efficiency and to allow
for mode selection.

Since periodically poled lithium niobate (PPLN) became
available as a medium with large nonlinear susceptibility and
large interaction length due to operation under conditions
of quasi-phase matching, the implementation of continuous
wave (cw) singly resonant OPOs to deliver narrowband,
mid-infrared radiation with high beam quality became pos-
sible [4—7]. The (cw) OPO devices are broadly tunable in
ranges of many 100 nm (or beyond), permit single longitudi-
nal mode operation, and output power reaching several Watt.
In a recent, related approach, a broadly tunable diode laser
was applied to seed an (cw) OPO system [8].

Thus, (cw) OPO-based mid-infrared sources are mean-
while readily available. However, there are so far only very
few (ns) OPO-based laser systems, which combine broad
continuous tunability with Fourier-limited spectral band-
width and large pulse energy. In particular, providing for sin-
gle longitudinal mode operation in a broadly tunable, pulsed
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OPO is a severe challenge [9]. Bosenberg and Guyer [10]
reported on a (ns) OPO with an intracavity grating to operate
on a single longitudinal mode. Extended by additional dif-
ference frequency mixing stages, the rather complex system
allowed the generation of continuously tunable mid-infrared
(ns) pulses with wavelengths of 1.3—4 pm at pulse energies
in the mJ range, but still at a large bandwidth of 500 MHz.

While injection seeding of pulsed OPOs may serve to
efficiently reduce the bandwidth, it does usually not pro-
vide broad tunability and requires precise mode matching
of the seed laser with the OPO cavity. In such an approach,
Baxter and Orr [11] set up a (ns) OPO, involving injection
seeding by a tunable diode laser. The signal output of the
OPO seeded an optical parametric amplifier, to generate
(ns) pulses with a spectral bandwidth approaching the Fou-
rier limit. The system reached a combined pulse energy of
2 mJ for the signal and idler output. At an idler wavelength
of 3.4 pm this corresponds to an idler pulse energy of 0.6 mJ,
i.e., at least approaching the mJ regime. However, due to the
limited tunability, the authors demonstrated operation at a
fixed idler wavelength only.

Optical parametric generators (OPG) were considered as
an alternative [12]. In such devices, amplification of vacuum
fluctuations produces measurable output even after a sin-
gle pass through the nonlinear crystal, without the need for
a cavity. However, due to the large acceptance bandwidth
of the OPG process, the output radiation has huge spectral
bandwidth—which exceeds the Fourier transform limit for
(ns) pulses by orders of magnitude. Powers et al. demon-
strated spectral filtering of the OPG output with an etalon
to provide seed radiation for a second stage OPA process
[13]. While the system only requires a single pump laser,
the etalon prohibits broad tunability. Furthermore, the free
spectral range of the etalon limited the bandwidth of the
idler pulses to ~ 1.8 GHz, i.e., much larger than the Fourier-
limited bandwidth. Béder et al. used a temperature-tuned
laser diode as seed source to reduce the spectral bandwidth
of the OPG process down to 140 MHz [14]. However, while
the setup reached at least a pulse energy of 0.76 mJ, also this
approach did not provide broad tunability (similar to seeding
an OPO, see above) and the beam quality (measured in terms
of M?) was far from the diffraction limit.

In the following, we present a setup for a (ns) OPO laser
system, which involves a (cw) OPO as a broadly tunable
seed source for two subsequent optical parametric ampli-
fier (OPA) stages, pumped by a (ns) laser. In an OPA, the
seed radiation is amplified, along with generation of sig-
nal or idler radiation at the corresponding wavelength. This
approach allows the generation of widely tunable (ns) pulses
in the mid-infrared, with spectral bandwidth close to the
Fourier transform limit, and large output pulse energy in the
m] regime, along with very good beam quality. As an addi-
tional attractive feature for spectroscopic applications, (cw)
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and (ns) mid-infrared radiation are simultaneously available.
We thoroughly characterize the laser system, also involv-
ing determination of its spectral bandwidth by absorption
spectroscopy, and verification of the narrow bandwidth by
nonlinear spectroscopy in molecular species.

2 Experimental setup

Figure 1 shows the setup of the OPO/OPA laser system. We
apply a commercial (cw) singly resonant optical parametric
oscillator (OPO, Argos Model 2400-C, Aculight/Lockheed
Martin), pumped by a fiber amplifier (YAR-15K-1064-LP-
SF, IPG Photonics), seeded with an external fiber laser oscil-
lator (Koheras Basik Y10, NKT Photonics) at a wavelength
of 1064 nm. The (cw) OPO delivers output powers in the
range of 1 W across an idler tuning range between 3.2 and
3.9 pm (for the specific OPO module, other wavelength
intervals in the mid-infrared are accessible with other OPO
modules of the Argos system). An intracavity etalon selects
a single longitudinal mode. Mode hop free fine tuning of
the idler output is established by tuning the pump fiber laser
wavelength. The spectral bandwidth is specified < 1 MHz
(full width at half maximum, FWHM) [7]. We modified
the commercial OPO to enable computer-controlled wave-
length tunability [15]. For spectroscopic investigations
and wavelength calibration, we detect a small fraction of
the (cw) OPO idler output with a home-made grating spec-
trometer. By spectroscopic investigations in HCl we con-
firmed, that the amplified (ns) pulses have the same central
wavelength as the (cw) OPO idler radiation (see discussion
in Sect. 3.2). We note, that in the meantime we build the
(cw) OPO modules with a home-made design ourselves, to
improve robustness, applicability, and wavelength coverage.
However, we conducted all measurements presented below
still with the commercial (cw) OPO.

The idler wave from the (cw) OPO propagates into the
first OPA stage (pre-amplifier), implemented by a PPLN
crystal (dimensions: 50 X 12 x 1 mm?, anti-reflection coated
for all involved fields, HC Photonics). The crystal contains 7
different sections with quasi-phase matching periods rang-
ing from 27.17 to 30.45 pm. This design provides tunability
between 3.2 and 4.6 um idler wavelength (i.e., even beyond
the wavelength range of the (cw) OPO module applied here)
via a temperature control unit (HC Photonics), which covers
the range from room temperature up to 200 °C. To omit pho-
torefractive damage, the substrate is doped with 5 % Mag-
nesium oxide (MgO) [16]. An injection-seeded Nd:YAG
laser (Quanta-Ray PRO 230, Spectra Physics, equipped
with a ROCK fiber laser seeder, NP Photonics), providing
pulses with a duration of 8 ns (FWHM) at 1064 nm, Fourier
transform limited bandwidth of 55 MHz, pulse repetition
rate of 20 Hz, and maximal pulse energy of 1.3 J serves as
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Fig. 1 Schematic overview of the laser setup with polarizing beam-
splitter (PBS), half-wave plate (HWP), Pellin-Broca prism (PBP), and
an ultra-fast photodetector (UPD). The inset shows the beam profiles

pump source for both OPA stages. We use a spatial filter to
improve the Gaussian profile of the pump beam. We col-
limate the pump radiation to a 1/e’>-diameter of ~ 0.83 mm
and mildly focus the (cw) mid-infrared seed radiation with
a diameter of ~ 0.65 mm into the PPLN crystal. The typi-
cal pump pulse energy was 0.5 mJ, limited by the damage
threshold of the PPLN crystal. Dichroic mirrors on CaF,
substrate (Laseroptik) serve to combine and separate pump
and idler radiation. Due to the large effective nonlinear
susceptibility, a PPLN-based OPA might suffer from gain
guiding and self-focussing in the crystal [17]. We noticed
somewhat large divergence for the mid-infrared OPA output
and slightly reduced beam quality.

After the PPLN OPA, we further amplify the mid-infrared
pulse energy in a second OPA stage (power amplifier). To
prohibit back conversion, we remove the near-infrared signal
output of the PPLN OPA with a spectral longpass filter (#68-
653, Edmund Optics). The second OPA stage consists of two
3 cm long bulk lithium niobate (LNB) crystals, doped with
5 % MgO (supplied by Castech), cut at type I phase matching
angles 8 = 45 ° and ¢p = 30 °. We note, that PPLN would not
be applicable at the large pulse intensities in the power ampli-
fier due to the low damage threshold of the PPLN substrate,
combined with the limited crystal thickness. Thus, we use bulk
LNB. In an earlier version of our setup, we noticed oscilla-
tions of the idler pulse energy, when we varied the wavelength.
These were probably due to etalon effects for idler and signal

power amplifier
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LNB OPA
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to spectroscopy
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of the signal output at Ag,,, = 1521 nm and the corresponding mid-
infrared idler output at Ay, = 3543 nm, measured behind the LNB
OPA stage (red depicts large intensity, blue low intensity)

wave in the power amplifier stage. Hence, the crystal aper-
tures are anti-reflection coated and have 0.5 °© wedges to pre-
vent back reflections and oscillations. We operated the power
amplifier with a typical pump pulse energy of 23 mJ, limited
by the damage threshold of the dichroic combiner mirrors.
The pump field experiences a walk-off of 2.1 °. To cope with
this, we arrange the two crystals of the power amplifier stage
in walk-off compensation geometry [18]. The pump and seed
beam 1/e?-diameters in the crystal are 1.6 mm and 3.9 mm,
respectively. With the larger seed beam profile, we ensure
spatial overlap throughout the crystals. We note that this con-
figuration might lead to perturbations in the idler beam profile
due to the pump beam walk-off. We chose this setup due to
technical limitations of the spatial filter for the pump radiation,
in combination with the low damage threshold of the dichroic
combiner mirror. After the OPA stages, a Pellin-Broca prism
separates the mid-infrared idler pulses from the near-infrared
signal pulses, residual pump radiation and other parasitic non-
linear processes, which occur in the LNB crystals.

3 Experimental results
3.1 Characterization of the OPA stages

We measure the beam profiles for the signal and idler output
of the LNB OPA stage with a home-made moving-aperture

@ Springer



188 Page4of9

J.F.Kinder et al.

beam profiler, involving a pinhole of diameter 100 pm
(P100H, Thorlabs) and a photovoltaic InAsSb detector
(P13243-011MA, Hamamatsu Photonics) to determine the
transmitted pulse energy. The inset in Fig. 1 shows the pro-
files of the (ns) signal and idler beams after the LNB OPA
stage (power amplifier). Both beams have nice Gaussian
shapes, with 1/e?-radii of ~ 1.1 mm (signal) and ~ 2.2 mm
(idler). The difference is due to the wavelength dependence
of the beam divergence.

As we could not measure the pulse duration of mid-infra-
red pulses directly, we measured the second harmonic of the
signal pulses instead and estimated the idler pulse duration
from the data. In the measurement, the idler had a wave-
length of 3547 nm. With a pump wavelength of 1064 nm, we
calculate the signal wavelength as 1520 nm, and its second
harmonic at 760 nm. We generate the second harmonic in
a 12 mm long Beta Barium Borate (BBO) crystal (Castech)
and detect its temporal profile on an ultra-fast photodetector
(UPD-200-UD, Alphalas). The pulse trace has a Gaussian
temporal shape with a duration (FWHM) of 4.2 ns. The rise
time and resolution of the detection and digitization setup is
~ 1ns. Hence, the actual second harmonic pulse duration is
4.1 ns. This corresponds to a signal pulse duration of 5.8 ns.
Assuming, that the gain in the power amplifier stage is large
(i.e., well beyond one), we may expect equal pulse durations
for signal and idler. We also verified this assumption with a
numerical simulation using SNLO [19].

We turn our attention now to the tuning characteristics of
the OPA stages. As the pre-amplifier stage relies on quasi-
phase matching, we require variation of the temperature
for different poling periods. Figure 2a shows the meas-
ured quasi-phase matching temperature in the PPLN OPA
vs. idler wavelength. Three sections on the PPLN crystal
with poling periods of 30.45, 29.8, and 29.25 pm cover the
wavelength tuning range depicted in the figure. A calcula-
tion based on the temperature dependent refractive index
of 5 % MgO-doped LNB [20] and coefficients for thermal
expansion [21, 22] describes the experimental results very
well.

Figure 2b shows the measured phase matching angle in
the LNB OPA vs. idler wavelength. As the power amplifier
relies on critical phase matching, we require angle tuning of
the LNB crystals. For this task, we use computer controlled
stepper motors as actuators. The angle values in Fig. 2 take
refraction at the air-crystal interface into account [20]. We
use the phase matching angle of 8 = 45 °, corresponding to
an idler wavelength of 3500 nm, as reference. The experi-
mental data agrees very well with a calculation based upon
the refractive index of 5 % MgO-doped LNB [20].

Already obvious from the latter results, the OPA stages
permit generation of mid-infrared (ns) pulses throughout the
whole tuning range of the (cw) OPO. We will consider now
the achieved pulse energy. Figure 3a shows the idler power
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Fig.2 a Quasi-phase matching temperature for the PPLN crystal ver-
sus (cw) seed wavelength. Blue squares, triangles, and circles indicate
phasematching periods 30.45 pm, 29.8 pm, and 29.25 pum, respec-
tively. Lines indicate the expectation. b Internal phase matching (PM)
angle for both LNB crystals of the LNB OPA stage versus (cw) seed
wavelength. The dashed line indicates the expectation

of the (cw) seed OPO, which serves as input to the OPAs.
The seed power is larger than 0.75 W over the whole tuning
range. It drops at larger wavelengths, which fits with the
specifications of the commercial OPO module and is proba-
bly due to the coatings of the cavity mirrors. We will discuss
the effect of the (cw) seed power upon the OPA performance
in more detail below. Let us consider now the obtained (ns)
idler pulse energy after amplification (see Fig. 3b), meas-
ured with a pyroelectric energy meter (PE10-C, Ophir). The
PPLN OPA stage (pre-amplifier) provides idler pulse ener-
gies in the range of 30 pJ over the whole wavelength range.
The LNB OPA stage (power amplifier) delivers idler pulse
energies of more than 1.2 mJ with a peak pulse energy of
1.7 mJ at 3570 nm. We noticed lower idler pulse energies
of the pre-amplifier stage when we operate at low quasi-
phase matching temperatures < 50 °C (see data points at
wavelength 3440 and 3660 nm). This is probably due to
temperature fluctuations or gradients in the PPLN crystal,
which decrease the efficiency of the amplification process.
For realistic applications, we would operate at poling peri-
ods matched to higher temperatures (compare Fig. 2a). The
output pulse energy of both OPA stages slightly drops at
the edges of the tuning range, which is probably due to the
wavelength dependent transmission of various optical ele-
ments in the beam path. Nevertheless, we maintain a pulse
energy beyond 1 mJ for all idler wavelengths.

We consider now the amplification in the two OPA
stages separately. In particular, we investigated the
dependencies of the idler pulse energy vs. seed and pump
pulse energy. We perform these measurements at a fixed
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Fig.3 a (cw) seed power versus (cw) OPO wavelength. b Output
mid-infrared idler pulse energy versus (cw) OPO wavelength. Red tri-
angles indicate the output of the power amplifier OPA, blue squares
give the corresponding output of the pre-amplifier PPLN OPA (note
the scale factor of 10). The pump pulse energies for the PPLN OPA
were 0.51 mJ and for the second-stage OPA 22.9 mJ. We compensate
the pulse energies for transmission losses in optical elements before
the energy meter

idler seed wavelength of A,y = 3545 nm. We vary the
pump pulse energy with a variable attenuator, which con-
sists of a half-wave plate and a polarising beamsplitter
cube, and measure the pump pulse energies for the OPA
stages with calibrated photodiodes. An energy meter
detects the mid-infrared output idler pulse energy (PE10-
C, Ophir). The red data points in Fig. 4a show the idler
pulse energy vs. pump pulse energy, while we keep the
(cw) seed power fixed at 0.96 W. The latter corresponds
to a seed pulse energy of = 8.1 nJ during the pump pulse.
At a pump pulse energy of 650 pJ the PPLN OPA (pre-
amplifier) delivers an idler pulse energy of ~ 37 pJ. This
corresponds to a single pass gain of = 4.6 X 10°. We do
not observe significant saturation. Hence, the process is
still far below threshold. We compare our results with a
numerical simulation based on SNLO [19]. It fits very well
with the variation of the measured idler vs. pump pulse
energy. We note, that there is a constant scale factor < 2
between simulation and experimental data, which is prob-
ably due to non-perfect Gaussian beam profiles or beam
overlap, and parasitic nonlinear processes.

Note, that the PPLN OPA also produces a signal output at
Asignal = 1520 nm. As the photon energy scales with 1/4, for
an idler pulse energy of ~ 37 puJ we expect a corresponding
signal pulse energy of =~ 85 pJ. Hence, the total conversion
efficiency of the pre-amplifier stage is & 19%. This value
is lower than our expectation of 30 %, as estimated with
SNLO [19].
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Fig.4 a Output mid-infrared idler pulse energy of the PPLN OPA
stage versus pump pulse energy with a seed power of 0.96 W (red
points). b Output idler pulse energy versus seed power with a pump
pulse energy of 499 pJ (blue squares). ¢ Output mid-infrared idler
pulse energy of the LNB OPA stage versus pump pulse energy with a
seed pulse of 28.6 pJ (red points, the PPLN OPA pump pulse energy
was 560 pJ). d Output idler pulse energy versus seed pulse energy
with a pump pulse energy of 22.8 mJ (blue squares). The (cw) seed
wavelength was 3545 nm. We corrected the pulse energies for absorp-
tion losses. Lines indicate a numerical simulation, divided by a factor
of 1.65 (pre-amplifier) and 1.90 (power amplifier)

We also varied the power of the (cw) seed, while keeping
the pump pulse energy fixed at 499 pJ (see blue data points
in Fig. 4b). For small seed power, the idler pulse energy
increases roughly linear—as expected for difference fre-
quency mixing in the non-depleted pump approximation. For
larger seed power, the process saturates. This is an impor-
tant feature, which we already saw in the tuning behaviour
(compare edges of the tuning range in Fig. 3): The large
amplification in the PPLN OPA already smoothens varia-
tions in the seed power, e.g., across the wavelength tuning
range. The data also indicates, that we may expect compa-
rable performance of the pre-amplifier stage also for seed
laser sources with lower output powers in the mW range.
Again, the numerical simulation qualitatively describes the
experimental data.

Let us turn now to the power amplifier stage. The red
data points in Fig. 4c show the idler pulse energy after the
LNB OPA stage vs. pump pulse energy, while we keep the
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seed pulse energy (i.e., the output of the pre-amplifier stage)
fixed at 28.6 pJ. We see no sign of saturation here. Hence,
also the second OPA stage operates far below threshold. On
the other hand, the dependence of the idler pulse energy
vs. seed pulse energy from the pre-amplifier (see blue data
points in Fig. 4d), while keeping the pump pulse energy
fixed at 22.8 mJ shows the steep rise for low seed energies
and saturation for large values, as also observed in the pre-
amplifier. For seed pulse energies larger than ~ 20 pJ the
idler pulse energy is almost constant—which again helps
to keep the idler pulse energy constant also when the seed
power varies. Larger pump energy for the power amplifier or
additional OPA stages would further increase the idler pulse
energy. The numerical simulation based on SNLO confirms
these findings.

In our measurement, we reach a maximal idler pulse
energy of 1.37 mJ for a pump pulse energy of 22.8 mJ and
a seed pulse energy of 33.7 pJ. This corresponds to a single
pass gain of = 41. From the idler pulse energy, we calcu-
late a corresponding signal pulse energy of 3.2 mJ. Thus,
with regard to the combined idler and signal pulse energy,
our system operates in the regime of several mJ—with the
option to proceed further at larger pump pulse energy. The
total conversion efficiency in the LNB OPA stage is ~ 20%,
i.e., similar to the PPLN OPA stage. We’d expect similar
performance of the laser system, if we seed the power ampli-
fier stage with signal rather than idler pulses from the pre-
amplifier stage. This might be relevant for operation in other
wavelength regimes or with other (cw) OPO seed sources.

3.2 Determination of the linewidth by molecular
spectroscopy

We proceed now to demonstrate the narrow spectral band-
width of the mid-infrared laser pulses from our OPO/OPA
laser system. To do so, we apply the laser pulses for sim-
ple absorption spectroscopy and two variants of nonlinear
spectroscopy in hydrogen chloride (HCI) molecules. The
latter experiments on nonlinear spectroscopy also prove the
applicability of the laser system for such purposes of applied
nonlinear optics. HCl is relevant in combustion processes,
e.g., waste incineration of polyvinyl chloride (PVC) com-
pounds [23] or biomass [24]. In a first series of measure-
ments, we perform absorption spectroscopy at a rovibra-
tional transition between the vibrational ground state v =0
and the first excited state v = 1 of HCI molecules in a gas
cell. The resonance is at a wavelength of 3546.65 nm in
the isotope H¥'C1 [25]. We apply either amplified (ns) idler
pulses or (cw) OPO seed radiation. The radiation passes a
simple gas cell (length 18 cm) with wedged CaF, windows
(WW51050, Thorlabs). The cell contains HCI molecules at
a low pressure of 0.09 mbar. The power or pulse energy is
measured before and after the cell with an InAsSb detector.
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At low HCI pressure, the natural linewidth and collisional
self-broadening are negligible compared to Doppler broad-
ening. Thus, we get a Gaussian-shaped spectral profile of
the absorption line.

The blue data points in Fig. 5b show the absorption spec-
trum obtained with narrowband (cw) radiation. The spec-
tral bandwidth of the Gaussian function fitted to the (cw)
absorption data is 190 MHz (here and in the following we
will define all spectral bandwidths as FWHM). This agrees
well with the expected Doppler width of 170 MHz. Note,
that a Voigt profile might be inaccurate to describe the spec-
tral line shape at low absolute pressures, as collisions effect
the spectral line shape even when collisional broadening is
rather negligible [26, 27].

The laser linewidth < 1 MHz of the (cw) OPO is far
below the Doppler width. Hence, it is negligible for the
determination of the (ns) linewidth in the following. We ver-
ified, that the OPO operated at a single longitudinal mode.
This enables us to use the (cw) measurement as reference
to determine the spectral bandwidth of the amplified (ns)
laser pulses, which will add to the linewidth of the molecular
resonance. We apply now the (ns) pulses from the full OPO/
OPA system for absorption spectroscopy (see red triangles
in Fig. 5b). Because of the larger spectral bandwidth, the
peak absorption is lower than for narrowband (cw) radia-
tion. From a Gaussian fit to the data, we determine a spec-
tral bandwidth of 219 MHz. Deconvolution using the refer-
ence spectrum yields a spectral bandwidth of ~ 108 MHz
for the (ns) pulses. From the pulse duration of = 5.8 ns for
the amplified idler pulses, we calculate a Fourier limited
bandwidth of 76 MHz, i.e., close to the value measured in
absorption spectroscopy.

We also measured an absorption spectrum for the (ns)
idler output of the PPLN pre-amplifier stage (data not shown
in the figure). We derive a FWHM of 200 MHz from the
Gaussian fit, i.e., a spectral bandwidth of &~ 62 MHz for the
(ns) pulses from the pre-amplifier. Again, this value is very
close to 55 MHz for a Gaussian laser pulse with a pulse
duration around 8 ns, which we roughly expect for mixing
the 8 ns long pump pulse with (cw) seed radiation in the
pre-amplifier stage.

In a second series of spectroscopic measurements, we
demonstrate the applicability of the OPO/OPA laser sys-
tem for nonlinear optical spectroscopy. In other work, we
already investigated molecule detection by third harmonic
generation (THG), resonantly enhanced by rovibrational
resonances in HCI, driven by our (ns) mid-infrared light
source [28]. We performed a similar experiment now, with
an emphasis to determine the laser linewidth from THG
spectra. Figure 5a gives the relevant rovibrational energy
levels of the electronic ground state in H*CI. When intense
mid-infrared laser pulses at a wavelength of 3.533 pm inter-
act with the molecules, the fundamental radiation drives
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Fig.5 a Level schemes for two-photon resonant THG and SFM
among rovibrational states in the electronic ground state of HCL
v and N indicate vibrational and rotational quantum numbers.
b Absorption coefficient for attenuated and collimated radiation from
the (cw) OPO and the (ns) LNB OPA, versus detuning from the P(3)
line of HCI at 3546.65 nm. The HCI pressure was 0.09 mbar. Lines
indicate Gaussian fits. ¢ Normalized THG and SFM signal pulse
energy versus two-photon detuning at an HCI pressure of 3.9 mbar.

THG to yield a signal at thrice the fundamental frequency,
i.e., a wavelength of 1.178 pm. We tune the OPO/OPA sys-
tem now in the vicinity of a rovibrational two-photon reso-
nance between the vibrational ground state v = 0 and the
excited state v = 2. This two-photon resonance enhances the
THG conversion efficiency. For the experiment, we focus
the mid-infrared fundamental radiation from our OPO/OPA
system with a pulse energy of 0.7 mJ, a confocal parameter
of b = 6 cm into the L = 18 cm long gas cell. This yields a
Gaussian beam profile with an 1 /e*-radius of ~ 180 pm. We
separate the THG signal from the fundamental field with a
Pellin-Broca prism and detect it on an avalanche photodi-
ode (APD, IAG200S6, Laser Components) equipped with
an amplifier (DLPCA-200, Femto).

We conduct the measurement at a low HCI pressure
of 3.9 mbar. Thus, Doppler broadening with a width of
175 MHz dominates the spectral linewidth of the two-photon
resonance. Collisional broadening adds ~ 54 MHz to the
linewidth [25, 28]. As Doppler broadening leads to a Gauss-
ian spectral profile and collisional broadening to a Lorentz-
ian, we expect a Voigt profile of the two-photon resonance
with a linewidth of 206 MHz for their combined contribu-
tion. We use an approximation to calculate the FWHM of
a Voigt profile based on the Gaussian and Lorentzian com-
ponents [29].

Figure 5c shows the THG signal yield, when we tune
the OPO/OPA system across the two-photon resonance. A
Voigt profile obviously describes the experimental data well.
The observed linewidth is 298 MHz, i.e., larger than the

0.0
detuning (GHz)

-0.50 -0.25 0.00 0.25

two photon detuning (GHz)

0.50

The fundamental wavelength was 3533 nm. The fundamental pulse
energy was 0.7 mJ for the THG spectrum and 0.8 mJ for the SFM
spectrum. The probe pulse energy was 0.6 mJ at 1064 nm. Lines
indicate Voigt fits with a fixed Lorentzian component of 54 MHz
(FWHM), which corresponds to the collisional broadening at an HCI
pressure of 3.9 mbar. Shaded areas indicate the standard deviation for
binning of the data points in 30 MHz increments

resonance linewidth. The difference is due to the bandwidth
of the mid-infrared laser pulses, which possess a Gaussian
spectrum. The fitted Gaussian component of the Voigt pro-
file has a linewidth of 268 MHz. Deconvolution involving
thrice the idler bandwidth of 108 MHz yields a Gaussian
linewidth of 192 MHz, i.e., close to the expected value for a
Doppler broadened line. Thus, the spectral line from THG
confirms the narrow bandwidth of the idler pulses.

In an extension of the setup, we also investigated the two-
photon resonance by sum frequency mixing (SFM). Figure 1
depicts the coupling scheme: In the molecular gas, we mix
the mid-infrared pulses from our OPO/OPA system with
some residual near-infrared radiation of our injection-seeded
Nd:YAG laser, which we also apply as pump laser for the
OPA stages. Due to selection rules, this requires a four-wave
mixing process, e.g., involving two photons from the mid-
infrared laser and one photon from the near-infrared laser.
The resulting SFM signal is at a wavelength of 664 nm, i.e.,
in the visible regime and easily detectable with silicon-based
photodetectors.

For the SFM experiment, we overlap both beams with
the same confocal parameter in the gas cell. Dichroic optics
separate the SFM signal from fundamental radiation and
parasitic processes. The signal is detected on a photo mul-
tiplier (R4220, Hamamatsu Photonics). Figure 5c shows
the SFM signal yield, when we tune the OPO/OPA system
across the same two-photon resonance, which we already
discussed for THG above. As in THG, also the SFM signal
is enhanced by the two-photon resonance. The Voigt profile
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for SFM has a linewidth of 281 MHz. The Gaussian compo-
nent as a result of the Voigt fit has a bandwidth of 251 MHz,
i.e., lower than for THG. Deconvolution involving twice the
idler of 108 MHz and once the probe bandwidth of 55 MHz
yields a linewidth of 191 MHz, which is very similar to
THG. Hence, the SFM experiment confirms the spectral
linewidth obtained from the THG measurements. This is no
surprise, as both nonlinear processes probe the same two-
photon resonance. Moreover, the spectral line from SFM
again confirms the narrow spectral linewidth of the idler
pulses, as determined from the absorption measurements.

The measurements of nonlinear spectroscopy by THG
and SFM clearly demonstrate, that our OPO/OPA setup is
very well applicable for such purposes. It provides sufficient
pulse energy to drive nonlinear processes for spectrometry
and narrow bandwidth close to the Fourier limit enabling
large spectral resolution. We note, that in our previous, sys-
tematic investigations of THG spectroscopy we also con-
firmed the broad tunability of the OPO/OPA system across
a large wavelength range [28].

4 Summary and conclusion

We demonstrated an all-solid-state light source for nano-
second (ns) laser pulses, with broad tunability in the mid-
infrared spectral regime, narrow spectral bandwidth close
to the Fourier limit, and pulse energy in the mJ regime. The
mid-infrared output of a tunable, continuous wave (cw)
singly resonant optical parametric oscillator (OPO) seeds
a two-stage optical parametric amplifier (OPA), pumped by
an injection-seeded (ns) Nd: YAG laser. The first OPA stage
(pre-amplifier), based on a PPLN crystal, generates mid-
infrared pulses with pulse energies in the range of 30 pJ.
A subsequent second OPA stage (power amplifier), which
consists of two bulk LNB crystals in walk-off compensa-
tion configuration, further amplifies the idler pulse energy
up to 1.7 mJ while maintaining a homogeneous, close-to-
Gaussian beam profile. The conversion efficiency in the
power amplifier stage with regard to combined idler and
signal pulses reaches 20%, yielding several mJ of combined
output power. We demonstrated the broad tunability of the
laser system for mid-infrared wavelengths between 3.3 and
3.8 pm, while maintaining idler pulse energies beyond 1 mJ.
By exchanging the (cw) OPO seed source, the OPA chain
is ready to cover an even larger wavelength range between
3.2 and 4.6 pm. We determined a pulse duration of 5.8 ns
for the mid-infrared idler pulses by measuring the second
harmonic of the corresponding signal pulses. From absorp-
tion measurements in hydrogen chloride (HCI), we deduce
a narrow spectral bandwidth of 108 MHz for the (ns) idler
pulses. This is very close to the Fourier limit, expected at
76 MHz. Finally, we demonstrated the applicability of the

@ Springer

OPO/OPA laser system by nonlinear spectroscopy via third
harmonic generation (THG) and sum frequency mixing
(SFM) enhanced by rovibrational resonances in HCI. The
spectral data confirmed reliable tunability and narrow spec-
tral bandwidth.

We conclude, that the combination of high-gain PPLN
pre-amplifier and high-energy bulk LNB power amplifier
stages is a versatile and efficient way to generate narrow-
band, broadly tunable, intense mid-infrared (ns) pulses from
a (cw) OPO seed source. It is a rather straightforward exten-
sion for the increasing number of commercially available
(cw) OPOs in the mid-infrared, which offer broad continu-
ous tunability, single longitudinal mode operation, good
beam quality, and large output power. The OPO/OPA sys-
tem will be an appropriate tool for applications in nonlinear
spectroscopy and trace molecule detection.
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