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We report the generation and characterization of micro-
joule level, broad bandwidth femtosecond pulses in the
mid-infrared (MIR) using optical parametric amplification
of continuum MIR seed pulses in GaSe. The signal (3µm)
and idler (6µm) pulses have energies of 6 µJ and 3 µJ
with bandwidths of ∼950 cm−1 and 650 cm−1 FWHM and
pulse lengths of 34 fs and 80 fs. Broadband 2D IR spectra
of O-H and N-H transitions are acquired with the signal
beam demonstrating the capabilities of this source for cross
peak and line shape measurements. © 2023 Optica Publishing
Group

https://doi.org/10.1364/OL.481088

The generation of few-cycle IR pulses has advanced rapidly in
recent years, with applications in high-harmonic generation [1],
terahertz generation [2], solid-state physics [3], and infrared
spectroscopy [4]. While all operating in the mid-IR (MIR)
spectral range, these various applications have different design
and implementation requirements for pulse energy, spectrum,
bandwidth, and compression, and a wide range of generation
strategies have been tailored to different needs [5]. For ultra-
fast IR spectroscopy, design criteria include compression at the
sample, broad bandwidth, and smoothly varying spectrum for
spectral coverage, microjoule pulse energies to excite molecular
vibrations, and shot-to-shot stability for averaging. Increasing
pulse bandwidth—and thus spectral coverage—while meeting
all other requirements would dramatically improve capabili-
ties for measuring broad vibrational line shapes, simultaneous
measurement of multiple transitions, and data collection effi-
ciency. Major practical challenges include generating suitable
pulses and delivering compressed pulses to the sample through
the transmissive optics required in experiments for interferom-
etry and sample housing. While often manageable for narrower
pulses, the temporal and spatial dispersion accumulated from
transmissive optics increases with pulse bandwidth. Dispersion
compensation is more difficult in the MIR than in the visible, as
chirp mirrors are unavailable and prism or grating compressors
are lossy and difficult to align.

Ultrafast two-dimensional infrared (2D IR) spectroscopy
has been used extensively to measure the vibrational struc-
ture and dynamics in molecular systems [6]. In state-of-the-
art experiments, microjoule pulse energies are obtained by

downconversion via optical parametric amplification (OPA) or
difference frequency generation (DFG) on Ti:sapphire systems,
with bandwidths limited to 150–400 cm−1 and pulse durations
of 45–70 fs [4,7–9]. This covers only a fraction of the MIR spec-
tral range of 500–4000 cm−1, making tuning necessary for broad
spectral coverage [4,9].

Alternative generation schemes include laser filamentation in
gases, which produced pulses with broad, smooth spectra cover-
ing the MIR with typical pulse energies of the order of 10–100
nJ [10,11]. These broadband IR (BBIR) continuum sources have
been implemented as a probe in 2D IR spectroscopy, dramati-
cally increasing the accessible detection bandwidth [4,9], though
pulse energies are too low to excite molecular vibrations. Micro-
joule pulse energies have been reached via OPA or DFG in
non-oxide crystals such as GaSe, ZnGeP2 (ZGP), and CdSiP2

(CSP) which support broad phase-matching when pumped near
2µm [1,12–14]. A variety of pump sources and repetition rates
are used, reaching large power by OPCPA [1,12], lasing near
2µm in Cr2+:ZnS or Tm-doped systems [15,16], or downcon-
version from 1-µm lasers [14]. Large average MIR powers were
attained by intra-pulse DFG, though pulse energies were sub-
microjoule at high repetition rates [15,16]. While the generation
of extraordinarily short, intense, or broadband IR pulses have
been reported [5], suitable pulses which meet all requirements
for 2D IR vibrational spectroscopy, while significantly improv-
ing on a bandwidth of 400 cm−1, have not yet been demonstrated
and implemented in experiments.

In this work, we report the generation and implementation
of broadband, microjoule MIR pulses spanning >1000 cm−1 for
excitation and detection in 2D IR spectroscopy of O-H and N-
H molecular vibrations. Because the BBIR source meets all
requirements but pulse energy, our strategy is to amplify that
pulse by OPA with a 2-µm pump in GaSe, which supports
a broader phase-matching bandwidth and transparency range
than CSP or ZGP [13]. The OPA and 2D IR apparatuses are
designed to minimize transmissive optics, and amplified pulses
are compressed at the sample using the bulk material. Based on
Ti:sapphire and TOPAS technology, this light source operates
on systems readily available in many ultrafast spectroscopy labs.

Figure 1 shows a schematic of the OPA and 2D IR interferom-
eter and spectrometer. The output of a Ti:sapphire regenerative
amplifier (Coherent Legend Elite, 25 fs, 1 kHz) is split into
two paths: 0.7 mJ is used to generate the seed and 1.8 mJ to
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Fig. 1. Mid-IR OPA and 2D IR interferometer and spectrome-
ter. BB, beam block; BBO, β-barium borate; BS, beam splitter; C,
optical chopper; DP, delay plate; L, lens; MCT, HgCdTe detector;
Mono., monochromator; Pin, pinhole; Pol, polarizer; WP, wave
plate. Color scheme: red, Ti:sapphire fundamental; orange, seed;
green, pump; blue, signal; dashed red, visible tracer.

generate the pump. The 2-µm pump (50 fs, 105 µJ± 0.5% at the
GaSe crystal) is generated as the idler from a commercial OPA
(Light Conversion TOPAS Prime) and expanded to a diameter
of ∼13-mm 1/e2 with a Galilean telescope.

In the seed line, continuum MIR is generated using a scheme
that has been described in detail previously [11]. The 800-nm
fundamental and its second and third harmonics are tightly
focused into N2 gas to generate a plasma which radiates light
from 2.5 to 10µm with a spectrum peaked near 6µm. The gen-
erated BBIR is recollimated and separated from the other fields
with four consecutive reflections off ITO coated glass (PGO
CEC007S). The BBIR is spatially filtered to improve the beam
profile and focusing using a 150-µm pinhole at the focus of
two bare gold coated 90° off-axis parabolic mirrors (Au-OAP),
f = 100 mm, resulting in a 20% improvement in OPA efficiency.
The resulting 50-fs BBIR seed has an energy of ∼10 nJ with
3–5% rms shot-to-shot noise.

After pulse retiming, the pump and seed are spatially over-
lapped with orthogonal polarization by reflecting the BBIR off
a CaF2 wire grid polarizer (Specac) which transmits the pump.
The collinear pump and seed pulses are focused into a 1-mm
GaSe crystal (z-cut, Eksma) using an Au-OAP (f = 200 mm).
The crystal is placed 25 mm before the focus where pump
and seed diameters are 1.6-mm and 0.5-mm 1/e2 (yielding
approximate Gaussian peak intensities 200 and 0.2 GW/cm2),
respectively. Type-1 phase matching in GaSe at a phase-
matching angle (θPM) of 11.2–11.8° supports a broad bandwidth
[Fig. 2(a)], producing amplified BBIR signal and idler with
spectra displayed in Fig. 2(b). The amplified spectra exceed
1000 cm−1, somewhat narrower than the seed due to phase
matching. Parametric amplification with θPM = 11.2° yields a
slope efficiency of 8% and 4% for signal and idler, respectively
[Fig. 2(c)], and pulse energies of 6 µJ and 3 µJ (±1% rms) with
a 105-µJ pump, consistent with the ∼2:1 ratio of output frequen-
cies. This represents a 20% total photon conversion efficiency
considering the ∼16% Fresnel reflection off the GaSe crystal,
and the lack of saturation suggests further scalability. Spatial
profiles of the collimated (focused) beams were measured by
transmission through a 400 (100)-µm pinhole mounted on an
x-y stage [Figs. S1 in Supplement 1 and 2(c) inset].

After recollimation to a diameter of 7-mm 1/e2, the amplified
BBIR is separated from the residual pump by reflection off a

Fig. 2. (a) Type-1 phase matching curve for GaSe pumped at
2µm. (b) Pulse spectra at phase matching angle 11.2° (solid) and
11.8° (dashed). (c) Pulse energy scaling with linear fit; inset, signal
spatial profile.

Si wafer at Brewster’s angle, which transmits the horizontally
polarized pump and reflects 72% of the amplified BBIR. This
approach was chosen to minimize dispersion, and more effi-
ciently transmit the pump compared to the polarizer used to
combine the beams. The signal and idler exit the GaSe crystal at
a small angle (<1°) with respect to each other due to refraction,
which we use to separate the beams by passing one through a
200-µm pinhole at the focus of two matched Au-OAPs (f= 100
mm).

For pulse compression, minimizing the total transmissive
material before the sample is an important design considera-
tion. While group delay dispersion (GDD) can be compensated
for in the MIR using oppositely signed GDD materials, third-
order dispersion (TOD) is positive for all materials and grows
rapidly with increasing wavelength [17]. The amplified BBIR
pulse exits the OPA having transmitted through only the 1-mm
GaSe crystal with GDD of 230 fs2 at 3µm. Considering also
the 3-mm KBr beam splitter (51 fs2) in the 2D IR interferometer
used here (Fig. 1) suggests that the 3-µm signal can be com-
pressed with 3 mm of CaF2 (GDD= –318 fs2), which is also a
desirable material for sample windows [18]. Idler compression
poses a greater practical challenge because of the large TOD
from transmissive material at 6µm and longer wavelengths.

Pulse compression was measured with frequency-resolved
optical gating (FROG) [19] using the interferometer and
spectrometer in Fig. 1 with slight modification (Fig. S2 in
Supplement 1). A noncollinear pulse pair is generated in a
Mach–Zehnder interferometer (MZI) with two 3-mm AR coated
50/50 KBr beam splitters. Signal (or idler) pulses are crossed
in a 0.5-mm Si (or 1-mm Ge) window at the sample position
using an Au-OAP (f = 100 mm) and one pulse is dispersed
with a monochromator onto an HgCdTe (MCT) detector. The
third-order non-resonant response is collected as a function
of wavelength and interferometer delay. This measurement
carries the same information as the transient grating FROG
measurement [20,21], and is analyzed this way using commer-
cial software (Femtosoft). The third-order FROG was chosen
to avoid phase-matching limitations in second-order processes
such as SHG FROG.

https://doi.org/10.6084/m9.figshare.21867735
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Fig. 3. FROG characterization of (a)–(d) signal using nonreso-
nant response in 0.5 mm Si with 3 mm CaF2 added in the beam path
and (e)–(f) idler using 1 mm Ge. (a) and (e) Measured FROG spec-
trogram. (b) and (f) Retrieved spectrogram. (c) and (g) Retrieved
spectral intensity (blue) and spectral phase (red), along with meas-
ured spectrum (shaded) and calculated spectral phase accounting for
transmissive material in the beam (dashed) and addition of 1 mm
CaF2 (dotted). (d) and (h) Retrieved time-domain intensity (blue)
and phase (red), along with the transform limit (shaded) and cal-
culated intensity (dashed, dotted) from the measured spectrum and
calculated spectral phases in panels (c) and (g).

Figure 3 displays the FROG measurements and retrievals
for signal [Figs. 3(a)–3(d)] and idler [Figs. 3(e) and 3(f)]. For
the signal characterization, 3 mm CaF2 was placed before the
MZI, which minimized the retrieved pulse width (Fig. S3 in
Supplement 1). The retrieved pulse width was 34 fs FWHM,
corresponding to <4 optical cycles at 3µm; the transform limit
was 26 fs. For comparison, the spectral phase was calculated
accounting for the GDD and TOD of the GaSe, KBr, and CaF2

material in the beam path [dashed line in Fig. 3(c)] using data
from Ref. [22]. Together with the measured spectrum, the cal-
culated spectral phase was used to model the pulse intensity in
the time domain [dashed black line in Fig. 3(d)]. The residual
positive GDD in the retrieved FROG is likely the result of the Si
window used for characterization, as suggested by the calculated
spectral phase when Si dispersion is neglected.

Idler FROG characterization [Figs. 3(e) and 3(f)] was meas-
ured without additional material in the beam path. The retrieved

pulse width was 80 fs FWHM, due to uncompensated nega-
tive GDD in GaSe at 6µm and positive TOD from GaSe and
KBr; the transform limit was 40 fs. For comparison, the spectral
phase was calculated accounting for 1 mm GaSe and 3 mm KBr
(dashed line), with the addition of 1-mm CaF2 (dotted line). This
suggests that the GDD can be compensated by a material such
as Ge with positive GDD, and that spectroscopic experiments
will require an alternative to CaF2 sample windows such as thin
Si3N4 windows [23].

To demonstrate the utility of this light source for spectroscopy,
2D IR measurements were collected with the spectrometer in
Fig. 1 using the compressed signal for excitation and detection.
The detection pulse is a 1% reflection off a 1-mm CaF2 wedge,
and the excitation pulse pair exit the MZI collinearly. Pulses
meet at the sample in the pump–probe geometry [25,26]. The
nonlinear signal is measured as an absorption change in the
frequency domain with a monochromator and MCT detector.
For compression, 1 mm CaF2 was added in the beam path before
and after the wedge such that all beams pass through at total of
3 mm including the sample window. The instrument response
function, measured in a 1-mm CaF2 window, decays before 100
fs (Fig. S4 in Supplement 1).

The early-time 2D IR spectrum of isotopically dilute HOD
in D2O in the O-H stretch region (a benchmark that has been

Fig. 4. 2D IR spectra of (a) and (b) 1% HOD in D2O and (c)
1 M NMA in DMSO-d6, collected at τ2 = 100 fs with parallel
polarization. Samples were excited with (a) and (c) the signal pulse
reported in this work and (b) the 3-µm source described in Ref. [8].
Preliminary assignments in panel (c) are based on Ref. [24]. Color
scheme: black, normalized linear absorption spectra; shaded, pulse
spectra; red, diagonal 2D IR slice through the maximum; dashed
green, selected transitions; magenta, nodal line.
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studied both experimentally and theoretically [27,28]) demon-
strates the improved capabilities for line shape measurements
with broadband excitation [Fig. 4(a)] compared to excitation
with 300-cm−1 bandwidth FWHM [Fig. 4(b)] generated in a
KNbO3 OPA [8]. With BBIR excitation, the 2D IR spectrum
reproduces the fundamental (red) and excited-state absorption
(ESA, blue) features, and quantitatively reproduces the nodal
line slope [6]. Notably, broadband excitation reveals that the
maximum of the O-H stretch in the 2D IR spectrum is red-
shifted in excitation frequency relative to the linear absorption
spectrum, which is not observed in Fig. 4(b) where the 2D IR line
shape is artificially narrowed by the excitation bandwidth. This
difference between the 2D IR and linear absorption peak posi-
tions is an expected result of the frequency-dependent transition
dipole moment of the O-H stretch [28].

The 2D IR spectrum of N-methylacetamide (NMA) dimers
in DMSO-d6 [Fig. 4(c)] demonstrates the capabilities of broad-
band excitation for cross peak measurements, simultaneously
exciting features spanning 1000 cm−1. This spectrum displays
numerous resonances that arise from the coupled fundamental
and overtone vibrations of the amide group [24]. The Amide
A (AmA) fundamental appears at frequencies characteristic of
both monomers and H-bonded dimers, while the rich cross peak
structure arises from couplings to overtones and combination
bands of Amide I and Amide II (AmI + AmII), which shift in
frequency upon dimerization. Notably, uphill cross peaks can
be observed simultaneously with diagonal features, which is
necessary for quantitative comparison.

In summary, we report a source for broadband, multi-µJ MIR
pulses centered at 3µm and 6µm and illustrate 2D IR spec-
troscopy with broadband excitation using the signal pulse. This
source can be applied between 1000 and 4000 cm−1 covering the
vibrational fingerprint region, making it particularly useful for
broad resonances such as O-H and N-H vibrations in aqueous
solutions. The gain curve of the OPA is not saturated, suggesting
further energy scalability with increased pump energy or crystal
length, though tradeoffs with self-phase modulation or reduced
phase-matching bandwidth may arise. With future work to inde-
pendently manipulate, compress, and combine signal and idler,
we envision broad bandwidth 2D IR spectroscopy that measures
time-resolved vibrational correlations simultaneously across the
entire mid-infrared spectrum.
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