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Abstract: Parametric downconversion driven by modern, high-power sources of 10-fs-scale
near-infrared pulses, in particular intrapulse difference-frequency generation (IPDFG), affords
combinations of properties desirable for molecular vibrational spectroscopy in the mid-infrared
range: broad spectral coverage, high brilliance, and spatial and temporal coherence. Yet, unifying
these in a robust and compact radiation source has remained a key challenge. Here, we address
this need by employing IPDFG in a multi-crystal in-line geometry, driven by the 100-W-level,
10.6-fs pulses of a 10.6-MHz-repetition-rate, nonlinearly post-compressed Yb: YAG thin-disk
oscillator. Polarization tailoring of the driving pulses using a bichromatic waveplate is followed
by a sequence of two crystals, LilO3 and LiGaS,, resulting in the simultaneous coverage of the
800-cm™~!-to-3000-cm™" spectral range (at -30-dB intensity) with 130 mW of average power. We
demonstrate that optical-phase coherence is maintained in this in-line geometry, in theory and
experiment, the latter employing ultra-broadband electro-optic sampling. These results pave the
way toward coherent spectroscopy schemes like field-resolved and frequency-comb spectroscopy,
as well as nonlinear, ultrafast spectroscopy and optical-waveform synthesis across the entire
infrared molecular fingerprint region.

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

1. Introduction

Asymmetric charge distributions in molecules are responsible for the efficient coupling of
infrared (IR) radiation to fundamental ro-vibrational modes of the constituent (groups of) atoms
via electric dipole moments [1]. The eigenfrequencies, strengths, and decay times of these
molecular-scale oscillations are determined by the atomic constituents, their conformation, and
dynamics. This results in a spectroscopic “fingerprint” unique to the molecular sample, and
experimentally accessible via probing with broadband IR light. Consequently, IR spectroscopy
serves a broad gamut of applications [2]ranging from fundamental science [1,3] over chemical
analysis [4] to biology and medicine [5].

Two highly desirable properties of IR sources for molecular fingerprinting are (i) broad
bandwidth, ideally covering the entire molecular fingerprint region (usually defined to start at 2.8
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um — or 3700 cm™! — corresponding to the eigenfrequency of the O-H stretching vibration), and
(ii) high brilliance, translating to sample-specific IR fingerprints strong enough to be detectable
[6]. In addition, (iii) spatial coherence and (iv) temporal coherence enable advanced spectroscopy
schemes. Most prominently, spatial coherence allows for long interaction lengths / multiple
passes through gaseous samples enhancing the sensitivity, and the frequency-comb nature of
phase-controlled broadband light enables high-resolution spectroscopy with accurate absolute-
frequency calibration [7—14]. Equally importantly, temporal coherence affords an outstanding
control over (and reproducibility of) broadband optical waveforms. In time-domain spectroscopy
techniques, the confinement of broadband optical spectra to merely a few, highly controlled
oscillations of the optical wave can be used, for instance, to probe the nonlinear response of
matter to an intensive excitation on the level of the electric field of light [15,16]. The temporal
confinement of a broadband excitation has been shown to possess sensitivity advantages even
in linear spectroscopy, stemming from the temporal separation of the sample-specific response
from the — often orders-of-magnitude — stronger and shorter excitation [17].

In recent years, coherent IR sources based on femtosecond lasers have demonstrated the
feasibility of different combinations of the properties (i)-(iv), see, e.g., [10,17-35] and references
therein. Yet, simultaneously achieving these properties in a robust and compact source has
remained a challenge. Here, we address this challenge employing intra-pulse difference-frequency
generation (IPDFG) in a multi-crystal in-line geometry, driven by the high-power 10-fs-scale
pulses of a 10.6-MHz-repetition-rate, nonlinearly post-compressed Yb:YAG thin-disk oscillator.

2. Yb-based femtosecond frontend

The initial pulse train in our setup is produced by a Kerr-lens mode-locked Yb:YAG thin-disk
oscillator with a repetition frequency of 10.6 MHz, previously described in Ref. [36]. At an
average output power of 140 W, this frontend operates in air and delivers pulses with a duration
of 300 fs, spectrally centred at 1030 nm. To achieve the 10-fs-scale pulse durations necessary for
broadband IPDFG, with high throughput efficiency, we employed extra-cavity pulse compression
based on multiple passes through thin Kerr media [37—41]. Specifically, 120 W from the oscillator
output were sent to a dual-stage Herriott-cell-type spectral broadening along with subsequent
chirped mirrors [42], followed by a distributed quasi-waveguide [43]. The pulse durations after
the first two compression stages were 68 fs and 16 fs, respectively. The last stage consisted of
four individual plates and chirped mirrors for temporal re-compression after the third one and
was designed to provide fine control over nonlinearity and dispersion. At the output, 10.6-fs
linearly-polarized pulses with a Fourier-transform-limited duration of 9.8 fs, an average power of
100 W, and an M2 value of 1.2 were measured.

3. Polarization-tailored multi-crystal IPDFG

When driven with 10-fs-scale near-IR pulses, the 2nd-order parametric process of IPDFG
[32,44,45] (also known as “optical rectification”) can, in principle, result in the coverage of the
entire IR molecular fingerprint region. In addition, if higher-order (cascaded) nonlinearities
are negligible, the waveforms obtained by IPDFG exhibit outstanding passive optical-phase
stability [46], because the nonlinear polarization responsible for the emitted IR electric field
follows the cycle-averaged intensity envelope of the driving pulse [47]. Its conceptual simplicity,
together with the excellent temporal coherence, make IPDFG-based IR sources highly promising
candidates for unifying the properties (i)-(iv) listed in the Introduction, in particular in the context
of modern, high-power, compact near-IR femtosecond lasers [10,11,14,17-21,24-26,31]. In the
following, we demonstrate how using the train of nonlinearly-compressed pulses described in the
previous section in an in-line multi-crystal arrangement fulfills this promise.

In our setup, 4% of the power of the temporally-compressed near-IR pulses was split off for
field-resolved detection (discussed in the next section) via reflection off a wedge (Fig. 1(a)).
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Fig. 1. (a) Schematic of the experimental setup, see text. PL: plane mirror, OAP: off-axis
parabola, FS: fused silica wedge, NLC/NLCs: nonlinear crystal(s), BWP: bichromatic
waveplate, Ge: germanium, SPF: short-pass filter. A 3 mm Ge plate was used as a beam
combiner for the mid-IR and the near-IR gate beam. At the angle of incidence of 80°
for the incident p-polarized mid-IR beam and for the s-polarized near-IR beam. The Ge
plate transmitted and reflected the majority of the mid-IR and gate beams, respectively. (b)
Polarization distribution and evolution of the spectra upon propagation through the crystals,
with respect to the ordinary (0) and extraordinary (e) optical axes of the crystals. The colors
represent the spectral distributions on the axes (and not temporal information). The inset
shows the intensity spectra (colored) measured after the BWP on the two polarization axes,
normalized to the maximum of the input spectrum (dashed line).
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A second wedge removed spatial chirp and, together with a chirped mirror, was used to
compensate for the chromatic dispersion of subsequent optical elements. A 500-mm focal-length
lens was used to generate a focus with a 40-um 1/¢*-intensity radius.

IPDFG was driven in two different crystals, LilO3 (LIO) and LiGaS; (LGS). To maximize
the conversion efficiency while simultaneously reaching a broad spectral coverage, type-I phase
matching was used for both crystals. Rotating the polarization of the lower-frequency part of the
driving spectrum (signal) with respect to the high-frequency part (pump) utilizing a bichromatic
waveplate (BWP), see Fig. 1(b), provides a convenient way to optimize the polarization distribution
of the driving field for type-I phase matching [25,32-34,48]. Here, we have employed a BWP
consisting of a combination of three quartz plates mounted with air gaps, each plate having
antireflection coatings on both sides (manufactured by B. Halle). The three quartz plates have the
thicknesses 3.4, 2.2 and 1.4 mm and are mounted at 0°, -53° and 0° with respect to the slow axis,
respectively. The orientations of the effective fast and slow axes of the combination vary over
the spectrum. In the 1150-to-1250-nm range, the optic acts as a nearly achromatic half-wave
plate with a polarization rotation by 90°, whereas in the 880-t0-980-nm range the BWP leaves
the polarization unchanged. The inset in Fig. 1(b) shows the near-IR spectra measured in the two
polarizations after the BWP.

Following the BWP, a 400-um-thick LIO crystal was used to cover the high-frequency mid-IR
range, with wavenumbers above ~1850 cm™!, where LIO becomes opaque being an oxide. The
protection-coated crystal was oriented with its e-axis along the polarization direction of the
higher-frequency components of the near-IR light after the BWP, and was tilted to extend the
high-frequency cut-off as far as possible. The angles for type-I (e-0-0) phase-matched IPDFG
were ¢ = 0° and 6 = 20°. By systematically shifting several LIO crystals toward the focus, the
damage threshold was experimentally determined to be at a peak intensity of around 76 GW/cm?,
reached at a near-IR beam radius of 0.8 mm. For the IPDFG experiments, the crystal was placed
behind the focus, with an estimated peak intensity 10% lower than the damage threshold.

In order to separate the generated IR light from the driving pulses, an ultra-broadband beam
splitter was designed and manufactured in-house (Fig. 1(a), BS) [49]. The beam splitter deposited
on a 1-mm thick ZnSe substrate consists of ZnS and YbF3 layers. The back side of the substrate
was coated by a ZnS/YbF3 anti-reflection coating. Its front side, while transmitting in the mid-IR
range (see transmission curve shown in Fig. 2(a)), is highly reflective (spectral average of 90%)
for the near-IR spectrum. To suppress the unconverted near-IR power, we used a sequence of
three such optics, followed by an additional 3-mm Ge plate, anti-reflection-coated in the range
between 3 um and 12 pm.

By accounting for the transmission and reflection properties of all optics used between the
LIO crystal and the position of the IR power measurement (see Fig. 1(a)), we estimated an
average output power directly after the crystal of 30 mW. The generated spectrum, measured with
a Fourier-transform infrared (FTIR) spectrometer (see setup in Fig. 1(a)) is shown in Fig. 2(a)
(magenta, continuous line).

In analogy to IPDFG driven in LIO, in a second experiment, IPDFG was driven in an uncoated
300-um LGS crystal, cut in the x-z plane, and set up for type-I phase matching with ¢ = 0° and
6 = 48°. The crystal was placed at a near-IR beam radius of 0.87 mm, corresponding to a peak
intensity of 56 GW/cm? and was tilted to favor phase matching for lower mid-IR frequencies.
The output power behind the LGS crystal was 102 mW. The power spectral density is shown in
Fig. 2(a) (blue, continuous line).

The influence of the first crystal on the IPDFG in the second one in terms of driving pulse
dispersion or depolarization was minor/negligible, as confirmed by the MIR power generated
in the two-crystal case approaching the sum of powers for IPDFG in the individual crystals,
as well as by the linear polarization of the generated MIR radiation. Placing both crystals
collinearly (first LIO, second LGS) resulted in continuous spectral coverage of more than 2
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Fig. 2. (a) Transmission of the near-IR/mid-IR beam splitter (red, dashed line, right y-axis),
and experimental spectra (continuous lines, measured with an FTIR spectrometer and
normalized to their respective maxima), for LIO and LGS individually, as well as for their
in-line sequence. Dashed lines: results of numerical simulations for all configurations. (b)
Brilliance comparison of our source (red) with a representative selection of 1-um-driven
IPDFG-based coherent mid-IR sources. Grey lines (and right y-axis): transmission through
1 m of laboratory air [68], approximating the mid-IR beam path in our setup from generation
to detection. The brilliance curve for our experiment is stitched from two measurements:
via FTIR spectrometer (continuous, red line) above 1000 cm~! (limited by the detector at
smaller wavenumbers) and via EOS (dashed, red line) below 1000 cm™!. EOS provides a
broader detectivity range toward smaller wavenumbers (see instrument response function
in Fig. 3). The EOS curve was stitched to the FTIR curve in the 500-to-1000-cm™~! range,
where the spectral shapes match.
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octaves (Fig. 2(a), black, continuous line). The total average power after the second crystal with
the BWP in place was determined to be approximately 130 mW, as compared to 35 mW without
the BWP. A slight mismatch between the sum of the powers in single-crystal configuration and
the total power in tandem configuration is attributed to alignment differences and propagation
effects through the first crystal. The LIO crystal was anti-reflection coated for the NIR spectral
range, minimizing losses upon Fresnel reflection. The broadband IR beam was collimated by
an unprotected gold-coated off-axis parabola (OAP) to a diameter of ~6 mm, with the intensity
profile of the beam shown in the inset in Fig. 2(a). Figure 2(b) compares the brilliance of our IR
source to the state of the art of 1-um-driven IPDFG sources, as well as to that of a 3rd-generation
IR synchrotron beamline and that of widely-employed thermal sources [50].

4. Phase stability of the synthesized optical field

Besides the simplicity and compactness of IPDFG, one highly attractive feature is its passive
optical-phase stability [32]. However, for a free-running femtosecond frontend — that is, without
stabilization of the optical phase of the pulse train that drives IPDFG — the resulting mid-IR
radiation only exhibits passive phase stability if there is no process mixing the optical phase of the
driving pulses into the mid-IR field. This condition is, for instance, not fulfilled when cascading
nonlinear processes are involved [24,51]. In our case, the combination of the central wavelength of
the driving pulses, phase matching and relatively low nonlinearity avoids cascading nonlinearities
and allows for the coverage of the entire molecular fingerprint region with waveform-stable light.
At the same time, the central wavelength of 1030 nm of the driving pulses (with uncontrolled
optical phase) enables their spectral separation from the targeted mid-IR molecular fingerprint
region. In the following, we discuss the numerical as well as experimental verification of the
optical-phase stability of the polarization-tailored multi-crystal IPDFG source.

To build a theoretical understanding of the nonlinear processes occurring in the crystals,
we modeled these effects numerically employing the nonlinear wave equation in the slowly-
evolving wave approximation [52]. We use literature values for the refractive indices and
nonlinear coefficients of LGS [53], LIO [54], and GaSe [55,56], accounting for 2nd and 3rd
order nonlinearities. The system was solved on a uniform, three-dimensional grid (two spatial
dimensions, plus time) and propagated numerically in space through the optical system.

In the full simulation, the electric field, whose temporal intensity was determined by a
frequency-resolved optical gating measurement, and assumed to be Gaussian in space, propagated
nonlinearly through the LIO crystal, propagated through 11 mm of free space, then propagated
nonlinearly through the LGS crystal. Finally, the carrier-envelope phase (CEP) and pulse energy
of the input pulse were scanned in order to determine their influence on the noise characteristics
of the final IPDFG field. The results for the mid-IR power spectral densities obtained with the
numerical simulations are shown with dashed lines in Fig. 2(a) for the three configurations (LIO,
LGS, LIO followed by LGS). The agreement with the measured spectra validates our numerical
model.

In order to numerically verify the optical-phase stability of the generated mid-IR radiation, we
repeated simulations with the CEP phase of the near-IR driving pulses varied from O to 2 in
steps of st/8 rad and otherwise identical input values. The temporal phase of the resulting mid-IR
field varied by less than 1 prad in the output bandwidth, which is expected to be negligible in
applications.

To confirm the theoretically predicted mid-IR waveform stability, we implemented an electro-
optic sampling (EOS) setup [57-60]. As the gate pulse, we used a copy of the near-IR driving
pulse, reflectively attenuated to an average power of 80 mW at the EOS crystal. After the spatial
combination of the mid-IR wave with the near-IR gate pulse train at an uncoated Ge plate
(Fig. 1(a)), the collinear beams were focused onto the EOS crystal by an unprotected gold-coated
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90° off-axis parabola. At the focus, the radius values were 43 x 60 um? and 58 x 58 um? for the
gate and the mid-IR beams, respectively.

Capturing the entire bandwidth of the generated mid-IR field at once requires an ultrabroadband
electro-optic sensor. To this end, as well as to record a signal that closely resembles the actual
optical electric field, we opted for a 3-um-thin GaSe crystal optically contacted on a 0.5-mm
CVD (chemical vapor deposition) diamond plate [61]. This assembly combines the advantages of
an ultra-broadband instrument response with the suppression of multiple reflections (echo effect)
inside the EOS crystal. Following the GaSe-crystal-on-diamond assembly, the EOS detection
consisted of a Wollaston prism, a 950-nm short-pass filter, and an electronically-balanced detector
with two Si photodiodes. Lock-in detection was used, mechanically chopping the mid-IR beam
at 6 kHz. The instrument response function calculated with our numerical model, including the
nonlinear propagation in the GaSe crystal and filtered detection of the resulting polarization state
of the gate pulse, is plotted in Fig. 3. It exhibits a broadband, flat spectral response up to 2000
cm™~!, with a suppression of higher wavenumbers.
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Fig. 3. Spectral magnitude (normalized to its maximum, blue, continuous line) and spectral
phase (red, dashed line) of the EOS instrument response function (see text). Note that the
response in the absorption of GaSe near 500 cm™! is likely to be distorted by features of the
complex refractive index not included in the Sellmeier equation used [55,56,69].

Figure 4 shows EOS measurements of the three configurations: LIO only (Fig. 4(a)), LGS only
(Fig. 4(b)), and LIO followed by LGS (Fig. 4(c)). The individual traces are baseline-corrected,
power-normalized, and delay-shifted to compensate for minor power and delay drifts of the laser
system and of the detection interferometer. In detail, slight drifts in the balanced detection are
compensated via a constant shift of the baseline while drifts in power and delay are corrected by
minimizing the deviations between the individual full scans by scaling the amplitude and shifting
the position of each scan separately. The insets present simulation results performed with near-IR
driving pulses having opposing CEP values, and illustrating the expected optical-phase stability
of the generated mid-IR field. The statistics of the measured EOS traces exhibit similar values
for all cases, confirming the mid-IR waveform stability within our measurement uncertainty.
Fluctuations appear the weakest in the first zoom-in, to the above-mentioned pre-processing
steps. In addition to the normalization, the relative effect of detection noise, as well as laser
and interferometer drifts increase towards longer delays. Inter-trace timing jitter, which can be
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attributed to a long interferometer, is strongest visible in the middle panels, showing the zero
crossings of the waveform.
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Fig. 4. Waveform stability. EOS measurements for (a) LIO only, (b) LGS only, and (c) LIO
followed by LGS. The measurements shown in panel ¢ have been taken on a different day
than those in panels a and b, with a slightly worse noise performance of the laser system.
For each configuration, 40 individual scans are shown (grey), with a measurement time of
4.5 seconds per scan. Red lines: average of recorded scans. Insets: simulated EOS traces for
near-IR driving pulses having opposing CEP values, illustrating the independence of the
waveform obtained via IPDFG thereof. The deviation of the measured waveform from a
Fourier-transform-limited pulse is caused by strong absorptions in the molecules making
up the laboratory atmosphere, by propagation through the 3-mm of ZnSe substrate of the
NIR/MIR beam splitters, the 2-mm Ge beam combiner for EOS, and the EOS response
function. Careful management of these contributions, along with MIR dispersive mirrors
hold the potential of temporally compressing the measured waveforms.
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5. Conclusions and outlook

In conclusion, we have presented a femtosecond-laser-based IR radiation source combining — for
the first time to the best of our knowledge — all the properties desirable for broadband spectroscopy
in the molecular fingerprint region: broad spectral coverage with a brilliance exceeding that
of synchrotron IR beamlines by more than 2 orders of magnitude over the entire molecular
fingerprint region (and up to 4 orders of magnitude), and spatial as well as temporal coherence.
At the same time, our femtosecond source preserves the conceptual simplicity of an in-line setup.
The simultaneous coverage of the entire molecular fingerprint region was achieved by IPDFG
driven in two consecutive crystals, thus combining their phase-matching bandwidths. Tailoring
the polarization distribution for the input field resulted in record brilliance values for 1-pum-driven
IPDFG sources. Table 1 summarizes the most important experimental parameters, in the context
of state-of-the-art 1-um-driven IPDFG sources.

Table 1. Parameters of state-of-the-art 1-um-driven IPDFG sources.?

NIR peak Nonlinear IPDFG spectral Mid-IR power Power Reference
intensity crystal span [um] [mW] conversion
[GW/ cm?] (at-30dB efficiency [%]
intensity)
76, 54 LIO and LGS 3.4-15 130 0.147 This work
350 LGS 6.7-18 103 0.2 [18]
150 LGS 5-11 31.8 0.16 [25]
130 LGS 8-11 0.37 0.04 [70]
250 LIO 2.5-8 1.1 0.003 [26]
90 ZnS 3-15 0.8 0.02 [31]
140, 300 LGS and LGS 6-9 160 2 [71]

“The peak intensity values are given as stated in the papers if available, and otherwise calculated as I = P, /A, where
P, = E,/Tand A = n(r/ 2)? denote the pulse peak power and area of a Gaussian beam, respectively. T and r denote the
pulse duration and the beam radius, respectively.

We have verified the coherence properties of the source both in theory and experiment, the
latter employing ultra-broadband electro-optic sampling. In our arrangement, the spectral content
and chirp of the NIR driving pulse train have two effects on the generated MIR waveforms.
Firstly, the latter are generated with identically repeating electric fields, in particular in the range
where the spectra individually generated in the two crystals, overlap. While a full study of the
conditions under which this holds lies beyond the scope of this paper, we note that our results
demonstrate the feasibility of coherent spectral synthesis. Secondly, they affect the shape of these
reproducible waveforms (which is approximatively reproduced by the broadband EOS detection).
This is likely to provide a means for tailoring specific waveforms. In accordance with the stability
of the NIR femtosecond frontend in terms of spectral content and chirp over the time scale of
several hours, both aforementioned properties were conserved in our experiment on the same
time scale.

Besides being readily suitable for Fourier-transform spectroscopy, this source enables advanced
spectroscopy schemes drawing from its temporal coherence. In particular, the offset-free (that is,
single-parameter) frequency-comb nature of the spectrum of the high-repetition-rate phase-stable
waveforms promises convenient implementations of ultra-broadband mid-IR frequency-comb
[62], dual-comb [11,12,63] and cavity-enhanced [64] spectroscopy over the entire molecular
fingerprint region, just to name a few examples. In addition, the waveform stability enables
high-sensitivity field-level detection [6,11,16-20,24,25,27,30,51,61].

The generated mid-IR pulses with an energy of 12.3 nJ support a Fourier-transform limit of 13
fs. When tightly focused, field strengths well into the multi-MV/cm come into reach, extending
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the scope of this source to (field-resolved) nonlinear spectroscopy schemes [15,65]. The fact
that the multi-crystal IPDFG arrangement preserves phase stability promises the feasibility
of generalizing this scheme toward synthesis of waveforms [66,67] with specific shapes. In
addition, covering even broader bandwidths, in particular toward lower IR frequencies with
waveform-stable light seems feasible.
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