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We report the generation of ultrabroadband mid-infrared
(mid-IR) pulses by noncollinear difference frequency mix-
ing. The signal and the idler output beams of an optical
parametric amplifier are combined in a silver thiogallate
crystal (AgGaS,) to generate mid-infrared radiation. We
show that a noncollinear geometry facilitates broadband
phase matching. Spectral bandwidths up to 1750 cm™!
were obtained at an external noncollinear angle of 4.2 deg,
which is more than three times broader than in a collinear
geometry. The broadband spectrum is tunable in the range
of 1500-4500 cm™!. Pulse energies up to 1 pJ were
achieved. The broadband pulses were used in sum fre-
quency generation in ZnSe and in vibrational absorption
spectroscopy experiments of liquid samples. © 2018
Optical Society of America

OCIS codes: (190.4360) Nonlinear optics, devices; (190.7110)
Ultrafast nonlinear optics; (190.4223) Nonlinear wave mixing;
(140.7090) Ultrafast lasers.
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The mid-infrared (mid-IR) spectral range (400-4000 cm™)
covers the fundamental vibrational transitions of many molecules
and solid-state compounds [1-3]. Due to this, it is extremely
important for various fields such as vibrational spectroscopy
[4], chemical identification (fingerprint region) [3], and remote
sensing [5] to develop ultrafast broadband mid-IR sources.
Ultrafast vibrational spectroscopy techniques such as surface
selective sum frequency generation spectroscopy or two dimen-
sional and multi-dimensional vibrational spectroscopies will
especially benefit from ultrafast broadband mid-IR sources.
There are a few different techniques that could be used to
generate mid-IR radiation: quantum cascade lasers [6], optical
parametric amplification, optical parametric oscillators [7],
supercontinuum generation [4,8], and difference frequency
generation (DFG) [9]. The advantage of the DFG approach
is a broad tuning range over the mid-IR spectrum [10].
Tuning is typically performed by rotation of the nonlinear
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crystal and proper selection of polarizations, wavelengths,
and bandwidths of the input pump and the seed laser sources.

Similar to optical parametric amplification [11], DFG
allows for broadband phase matching in a noncollinear geom-
etry [12]. Noncollinear DFG in an AGS (AgGaS,—silver
thiogallate) crystal was first used by Lahman ez 4/ to generate
tunable infrared output using continuous-wave lasers [13].
Haidar et al. [14] demonstrated tunable narrow band DFG
of mid-IR pulses by mixing the signal and the idler output
of an optical parametric oscillator in an AGS crystal. DFG with
femtosecond pulses in a noncollinear geometry was studied by
Rotermund and Petrov in an AGS crystal pumped at 1250 nm,
resulting in a bandwidth of up to 265 nm (73 cm™) at 6 pm
[15]. Sugita et al. further expanded this research by theoretically
and experimentally studying broadband phase matching in a
noncollinear geometry in AGS [12] for pump and seed laser
pulses centered at 760 and 800 nm. It was shown that type
I, rather than type II, phase matching is responsible for broad-
band generation. The noncollinear phase matching extended
the bandwidth by a factor of 5 up to 300 cm™'. However, this
is not enough in many fields of study where ultrabroadband IR
is needed: for instance, the generation of attosecond pulses,
high-harmonic generation, extreme ultraviolet and soft X-ray
generation, and coherent control of chemical reactions [16,17].

Recent research in the field of noncollinear DFG of mid-IR
sources was mostly focused on the exploration of novel and
more efficient nonlinear materials such as CdSiP, [18], rather
than increasing the mid-IR bandwidth. The bandwidth of the
mid-IR sources has been vastly improved (~4000 cm™) by us-
ing supercontinuum generation in chalcogenide glasses [4].
However, this approach has a number of limitations such as
instability, low power conversion efficiency, spatial chirp,
and fragility of glasses. In this Letter, we use noncollinear phase
matching towards the generation of easily tunable, ultrabroad-
band radiation by difference frequency mixing of the near-in-
frared signal and idler output of an optical parametric amplifier
(OPA) in an AGS crystal. By employing a simple design of
separating and recombining the signal and idler beam (without
the need for any focusing optics) in a slightly noncollinear
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angle, we propose that any commercial DFG laser can be
modified to generate more mid-IR bandwidth.

The experimental setup used to study noncollinear DFG
(Fig. 1) employs a one box Ti:sapphire oscillator and regener-
ative amplifier (Coherent Libra) to produce 5 mJ, 100 fs pulses
at 800 nm with a 1 kHz repetition rate. 90% of the Libra out-
put was used to pump a Light Conversion TOPAS Prime OPA
producing 1.3 W signal+idler output, while 10% was used to
produce spectrally narrowed (~2 nm, pulse duration ~1 ps)
800 nm pulses using a narrow bandpass filter (CVI Laser
Optics) for sum frequency characterization of the mid-IR out-
put. The signal and idler output beams of the OPA, which were
spatially separated by a dichroic beam splitter, were spatially
and temporarily overlapped in the 1 mm thick 8 x 8 mm?
AGS crystal cut at angles 8 = 51° ¢ = 45° (Eksma Optics).
The crystal was coated with broadband antireflective coatings
for the optical ranges of 1.1-2.6 pm and 2.6-11.0 pm.

Silver thiogallate (AgGaS,) is a nonlinear negative uniaxial
crystal [19,20] with a wide transparency range (from 500 nm to
13.2 pm) [21,22]. This means that the phase matching could
be achieved in a type I implementation [23]. In our configu-
ration, the OPA idler wave is o (ordinary), i.e., polarized
perpendicular to the optical axis of the AGS crystal, and the
OPA signal wave is e (extraordinary), i.e., polarized in the plane
formed by the optical axis and the propagation vector. The type
I interaction results in an ordinary polarized difference fre-
quency wave in the AGS crystal. A delay stage was introduced
in the idler beam to control the temporal overlap between the
signal and the idler beams. No focusing elements were used in
the signal or the idler beam to keep the fluence (40 GW /cm?)
below the damage threshold of the AGS crystal [15]
(200 GW /cm?) and to maintain the beam profile (collima-
tion). The diameters of the signal and idler beams were mea-
sured to be 5 mm (90% intensity). The orientation of the
crystal was adjusted to achieve broadband phase matching.

The residual signal and idler beams were filtered out from
the mid-IR light using a 2600 nm long-pass filter (Edmund
Optics). The DFG beam was circularly shaped, as determined
by the spot on a thermal detector card. The shape of the beam
was not affected by the noncollinear geometry. To characterize
the spectrum, the mid-IR beam was focused onto a 1 mm thick
polycrystalline ZnSe plate (Meller Optics). The spectrally nar-
rowed 800 nm pulse was spatially and temporarily overlapped

Libra TOPAS

ZnSe

Spectrograph

A
Fig. 1. Experimental setup used in noncollinear DFG generation

experiments. Black, 800 nm beam; green, idler; blue, signal; red,
mid-IR; orange, sum frequency of mid-IR and 800 nm.
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onto the ZnSe plate with the mid-IR pulse, generating sum
frequency photons. The residual scattered 800 nm beam
was filtered out from the sum frequency pulse by a 750 nm
short-pass filter (Melles Griot) and coupled into an optical
fiber connected to an Acton SpectraPro-300i imaging spectro-
graph equipped with a Princeton Instruments charge-coupled
device (CCD LN/100B) cooled down to -120°C using liquid
nitrogen.

We performed the theoretical analysis of the DFG in an
AGS crystal using the SNLO software package [23]. The
mid-IR pulse is created by a DFG process between the signal
and idler waves. The energy conservation condition can be
written as

M midir = hvg - huy. (1)

Phase matching between signal, idler, and DFG waves propa-
gating in the crystal is critical for efficient difference frequency
mixing of the photons.

The phase-matching condition can be written using the
following expression:

A; - ;5’ - 21 - EDFG - 0, (2)

where Ak is the phase mismatch, and ks, #;, and kppq are the
wave vectors of the signal, idler, and DFG waves, respectively.

A phase-matching curve determines which wavelength
of mid-IR radiation can be efficiently generated for a certain
noncollinear angle a for the OPA idler wave propagating
at the angle 8 with respect to an optical axis of the crystal
(Fig. 2).

The vertical regions of the phase-matching curve, i.e., where
the DFG wavenumber does not depend on 0, correspond to the
broadband phase-matching case. In such vertical regions,
multiple wavelengths of signal and idler waves propagating
in the same direction could be simultaneously phase matched
and lead to broadband mid-IR difference frequency output.

Phase-matching curves were generated for different signal
wavelengths in the range 1200-1400 nm for internal noncol-
linear angles between the OPA signal and idler waves ranging
from 0° to 6°. In general, noncollinear geometry allows for
broadband phase matching. This can be seen by comparing
a = 0° and @ = 2.5° in Fig. 3. The broadest phase matching
is predicted for the 1300 nm signal wavelength interacting with
the idler wave with wavelengths in the range of 16702700 nm

Fig. 2. Energy diagram of the DFG process. (a) Signal and idler
photons interact in a nonlinear crystal to produce the difference fre-
quency photons. (b) Momentum conservation vector diagram in non-
collinear geometry (a—internal noncollinear angle between the signal
and idler wave vectors). (c) Polarizations of ordinary and extraordinary
waves in a uniaxial crystal.
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(37006000 cm™!) because the phase-matching curve is verti-
cal at @ = 43° over the widest range (2000-4000 cm™') for the
internal noncollinear angle of 2.5° (4.2° external angle in our
configuration). The range of mid-IR difference frequency
wavelengths generated is 2500-5890 nm (17004000 cm™!).

The calculations performed for different pump wavelengths
in the range of 1200-1400 nm show broadband phase match-
ing for internal noncollinear angles 2-3°. The broadband
phase-matching angle shifts from 46° for 1200 nm to 39°
for 1400 nm.

The bandwidth of mid-IR radiation increased from 500 c¢m™!
in a collinear geometry to 1750 cm™! for a noncollinear angle of
4.2° (Fig. 4). The spectral bandwidth was measured at the 10%
power level. At the same time, we observed the decrease of the
mid-IR pulse energy from 10 pJ in collinear geometry to a pulse
energy of 1 pJ at external noncollinear angle of 4.2°.

The tuning of the mid-IR output spectrum was achieved by
changing the TOPAS OPA output wavelengths. The mid-IR
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Fig. 3. Phase-matching curves for type I phase matching in an AGS
crystal for a pump wavelength of 1300 nm at different noncollinear
angles (@). Broadband phase matching is achieved for a = 2.5° and
0 = 43°. The highlighted region corresponds to the range of
phase-matching angles 6 = 43° £ 0.5°.

~

Intensity, arb. units

™ =

1000 2000 3000 4000 5000

-1
Wavenumber, cm

Fig. 4. Mid-IR spectra determined by sum frequency (DFG output
+800 nm pulse) for different external noncollinear angles, TOPAS
signal wavelength of 1300 nm.
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spectra obtained for different pump wavelengths in the range of
1200-1400 nm are shown in Fig. 5.

The broadband radiation produced by DFG in silver thio-
gallate was used to measure the absorption spectra of various
liquids such as water, methanol, and ethanol. The liquid sample
trapped between two microscope slides was placed into the
mid-IR beam path. Two empty glass slides were also placed
into an 800 nm visible beam path to achieve temporal overlap.
The change in the mid-IR spectrum was monitored, and the
optical density was calculated as shown in Fig. 6. The spectrum
covers the range of 2000-4000 cm™!'. The bandwidth of the
source covers both OH and OD stretch spectral ranges.
This suggests that the radiation produced by the source can
be used for spectroscopy of H,O/D,O mixtures in sum fre-
quency generation spectroscopy of aqueous interfaces [24,25].

Our results on spectral broadening during the DFG process in
a noncollinear geometry compared to a collinear geometry are
consistent with the results of Sugita er @/ [12] on broadband
mid-IR generation (230 cm™' bandwidth), who employed the
output of a Ti:sapphire oscillator to produce pump and seed
pulses centered at 800 nm and used them for DFG in AGS
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Fig. 5. Tunability of the mid-IR output achieved by changing the
OPA signal wavelength for (a) collinear and (b) noncollinear (4.2° ex-
ternal noncollinear angle, corresponding to 1.7° internal noncollinear
angle) geometries, spectra of (c) the signal and (d) the idler output of
the OPA.
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Fig. 6. Mid IR absorption spectra of water, methanol, and ethanol
acquired with a broadband DFG source: (a) spectra of mid-IR radi-
ation transmitted through the samples and (b) optical density of the
samples in the mid-IR spectral range calculated using the Beer—
Lambert law.



Letter

to obtain mid-IR radiation in the 8501100 cm™! spectral range.
We have expanded this approach to the 15004000 cm™!
spectral range and demonstrated the use of the signal and idler
output of a commercial OPA source. We achieved almost 10
times improvement in bandwidth compared to the results of
Sugita ef al. The mid-IR spectral bandwidths obtained in our re-
search are narrower than recently reported bandwidths of mid-IR
spectra generated using other methods such as supercontinua,
where mid-IR pulses of up to 4000 cm™! bandwidth were ob-
tained in chalcogenide glasses by Petersen ez al. [4]. The drawback
of the continuum generation technique is that the mid-IR source
generated is unstable, and the chalcogenide glasses are fragile. It
has no scale-up possibility due to its inherent instability that
comes from the brittle nature of the glass which leads to optical
damage to the material. In addition, a beam focusing geometry is
already employed to reach the intensities required for continuum
generation. In contrast, our method uses nonlinear crystals that
are already exploited in commercial OPAs due to their durability
and demonstrated generation of stable mid-IR output. In addi-
tion, since no focusing optics is employed in the current design,
this approach provides us with a scope for power scale-up. By
increasing both signal and idler fluence by the factor of 5, we
expect a 25-fold increase in mid-IR power. The spectrum and
the power of our mid-IR source were stable during at least five
hours, with any instabilities arising from the fluctuations in the
regenerative amplifier and OPA output, rather than thermal
effects or damage of the AGS crystal.

In summary, we employed a noncollinear geometry to ex-
pand the bandwidth of mid-IR light produced from a commer-
cial OPA by DFG. We showed that ultrabroadband mid-IR
output with a bandwidth up to 1750 cm™ (at 10% power
level) can be generated in a silver thiogallate (AGS) crystal
for an internal noncollinear angle between signal and idler
waves of approximately 2°. We characterized the mid-IR spec-
trum by sum frequency generation in a ZnSe crystal and per-
formed the mid-IR absorption spectroscopy of liquid samples.
The generation of mid-IR broadband by noncollinear DFG has
a number of advantages over other methods reported in
literature (filamentation, supercontinuum generation) such
as stability and potential for scaling up in power.
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