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We report on the generation of narrowband carrier-envelope
phase stable mid-infrared (MIR) pulses between 10 and
15 μm. High pulse energies and narrow bandwidths are re-
quired for the selective nonlinear excitation of collective
modes of matter that is not possible with current sources.
We demonstrate bandwidths of<2% at 12.5 μmwavelength
through difference frequency generation between two near-
infrared (NIR) pulses, which are linearly chirped. We obtain
a reduction in bandwidth by one order of magnitude, com-
pared to schemes that make use of transform-limited NIR
pulses. The wavelength of the narrowband MIR pulse can
be tuned by changing the optical delay between the two
chirped NIR pulses. © 2017 Optical Society of America
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Optical pulses at mid-infrared (MIR) frequencies (6–20 μm
wavelength) are a powerful tool to control the functional prop-
erties of solids and molecular systems [1,2], for example, by
driving lattice vibrations to large amplitudes [3,4]. Typically,
tunable MIR pulses between 10 and 20 μm are obtained by
difference frequency generation (DFG) between two femtosec-
ond near-infrared (NIR) pulses [5,6]. However, the broad
bandwidths of the NIR pulses that are used in these cases trans-
late into MIR pulses with relative bandwidths of 10%–30%
Δω∕ω0. These are much larger than the vibrational mode
linewidths in condensed matter, which are often of the order
of a few percent only, resulting in poor spectral selectivity of
the excitation. In order to selectively access such modes and,
in particular, to separately drive closely spaced modes, it is

necessary to reduce the MIR bandwidth by at least one order
of magnitude.

The most straightforward method to reduce the bandwidth
of either the interacting NIR pulses or of the resulting MIR
light consists of linear spectral filtering by bandpass filters (such
as Fabry–Perot filters) or by slits placed in the Fourier plane of a
zero-dispersion pulse shaper [7]. However, this approach is in-
trinsically inefficient, since its energy loss is proportional to the
achieved spectral narrowing. Narrowband pulses can be effi-
ciently generated by nonlinear interaction between suitably
chirped broadband pulses, allowing for frequency components
with the same sum or difference to interact and directly transfer
their energy into the narrowband output. This approach has
been successfully applied in various spectral regions: narrow-
band visible pulses have been obtained via sum frequency gen-
eration of NIR pulses with opposite chirp [8]. Analogously,
narrowband MIR pulses with wavelengths shorter than
10 μm have been generated by DFG between NIR pulses hav-
ing chirp with the same sign [9–11]. However, the spectral re-
gion between 10 and 20 μm, of interest for vibrational control
in solids, has not been addressed.

Furthermore, the narrowband MIR pulses generated so far
were lacking CEP stability, a feature shown only in the THz
range, at 300 μm wavelength [12]. However, this CEP stability
is a big asset for the investigation of mid-infrared and THz
vibrational control in condensed matter as it enables to explore
the coherent perturbation of electronic, magnetic, or structural
degrees of freedom on the sub-cycle phonon timescale [13], as
well as phase-dependent effects [14].

In this Letter, we apply chirped-pulse DFG to generate nar-
rowband, CEP-stable MIR pulses in the 10–15 μm wavelength
range. We achieve pulses with relative bandwidths of Δω∕ω0 !
1.6% at a 12.5 μmwavelength, one order of magnitude narrower
than the bandwidth obtained from the unchirped NIR pulses.

Letter Vol. 42, No. 4 / February 15 2017 / Optics Letters 663

0146-9592/17/040663-04 Journal © 2017 Optical Society of America



The MIR carrier wavelength is easily tuned by changing the de-
lay between the chirped NIR pulses.

Figure 1 summarizes the principle of narrowband MIR pulse
generation by DFG among chirped pulses. Panels (a)–(c) show
the time-frequency Wigner distributions [15] of the interacting
NIR pulses; theMIR light is generated at the difference frequency
(DF) between frequency components interacting at the same time
in the nonlinear medium. The MIR bandwidth can be estimated
at the zero order as ΔΩ ! Ω2 −Ω1 where Ω1∕2 is the frequency
difference between the closest/farthest interacting frequency com-
ponents. If the two NIR pulses are transform limited, all their
spectral components interact simultaneously [see Fig. 1(a)], giving
rise to the broadest MIR pulse [dotted line in Fig. 1(d)]. If the
two NIR pulses are linearly chirped with different group delay
dispersion (GDD), as depicted in Fig. 1(b), only a subset of
their frequency components can interact, leading to a decrease
in the MIR bandwidth [dashed line in Fig. 1(d)]. In this case,
the NIR chirped pulses can be described as E1;2"t# !
E01;02"t# exp$i"ω1;2t % C1;2t

2#&, where E01;02"t# is the envelope
and C1;2 is the linear chirp. The resulting MIR pulses are then

EMIR"t# ! E01"t#E
'
02"t# exp$i"ω1 − ω2#t % i"C1 − C2#t

2&:

Since the chirp in the two pulses is different, C1 ≠ C2, the
MIR pulses acquire a time-dependent frequency, i.e., they are
also chirped. Furthermore, if the two NIR pulses have the same
bandwidths, this also implies that some of the frequency com-
ponents of the most dispersed pulse do not interact with the
other, resulting in a strong reduction of the DFG efficiency.

If the two NIR pulses are chirped with the same amount of
GDD [see Fig. 1(c)], C1 ! C2 and the spectral components
involved in the DFG process are all at constant beat note; hence
ΔΩ ! Ω2 − Ω1 ≈ 0. This potentially leads to the generation of
the narrowest, almost monochromatic MIR pulse. However,
the DF spectrum gets inevitably broadened, since any cut at
time t’ of the time-frequency distribution of the NIR pulses
has a finite bandwidth. A first-order estimation of the MIR

bandwidth Δω [solid line in Fig. 1(d)] can be obtained by
recalling that the MIR pulse cannot be longer than the inter-
acting stretched NIR pulses. For this reason, fixing Δω corre-
sponds to choosing the target MIR duration and, hence, the
NIR stretching.

The experimental setup for the generation of narrowband
MIR pulses is illustrated in Fig. 2. The NIR pulses were obtained
from two-stage optical parametric amplifiers (OPAs), pumped
with 100 fs, 800 nm pulses from a commercial Ti:sapphire re-
generative amplifier at a 1 kHz repetition rate. The two OPAs
were seeded by the same white light continuum; hence, they pos-
sess the same CEP fluctuations in their signal output pulses [16].
The MIR pulses generated by DFG are thus CEP stable [16–18],
making it possible to measure their electric fields by EOS [5].
To this end, we used 20 fs gate pulses at a 900 nm wavelength,
derived from a synchronized non-collinear OPA [19].

The NIR pulses were tuned to 1.31 (∼229 THz) and
1.46 μm (∼205 THz), with pulse energies of 330 and 310 μJ,
respectively. These were made to interact in a 600 μm thick GaSe
crystal to generateMIR pulses at 12.5 μm (24 THz). At this wave-
length, Δω∕ω0 ≈ 2% corresponds to a pulse duration of about
1 ps, setting a lower limit for the duration of the chirped NIR
pulses. The NIR wavelengths were tuned to above 1.2 μm to pre-
vent two-photon absorption in GaSe.

The NIR pulses were chirped by linear propagation in highly
dispersive transparent materials, which are far simpler to handle
than gratings [8,9] or prism pairs [11], and introduce an easily
reproducible dispersion. They are also easily inserted or removed
from the optical setup to switch between the broadband and nar-
rowband generation schemes, without affecting the footprint or
the alignment. These materials should be transparent in the
NIR, with a high enough dispersion to stretch the OPA pulses
in a contained space. They should introduce suitable GDD and
third-order dispersion (TOD), allowing for the matching of the
two NIR chirps, and have a high bandgap to prevent two-photon
absorption. In Table 1, we show the calculated GDD and TOD
for three readily available materials commonly used in the NIR:
zinc selenide (ZnSe), cadmium telluride (CdTe), and silicon (Si).
For any of these materials, rods of different thicknesses LI and
LII are required to obtain the same GDD for the two different
OPA frequencies, respectively. Once LI and LII are set, the
material with the optimum dispersion properties is the one
for which TODI and TODI I are closest to each other, making
TODI∕TODII a good figure of merit.

Fig. 1. Principle of the narrowband MIR pulse generation: (a)–(c) time-
frequency Wigner distributions of the interacting NIR pulses for various
chirp configurations; theMIR components are generated at the DF between
NIR spectral frequencies at the same time delay. Ω1 and Ω2 are the lowest
and highest MIR frequencies, respectively. (d) Corresponding MIR spectra.
When going from the configuration (a)–(c), Ω1 and Ω2 get closer to each
other, resulting in a narrower MIR spectrum.

Fig. 2. Setup for the generation of the MIR pulses. OPA I/II, two-
stage IR OPAs; WLG, white light generation; DL, delay line; PI∕II,
ZnSe rods; WGP, wire grid polarizer; LPF, long pass filter; NOPA,
non-collinear OPA.
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Table 1 shows that ZnSe and CdTe are very similar from
this point of view, while Si is significantly worse. We chose
ZnSe as a dispersive element because of its smaller nonlinear
refractive index, and because of its higher bandgap (2.8 versus
1.5 eV in CdTe) which minimizes two-photon absorption [23].
ZnSe rods of LI ! 4.7 cm and LII ! 5.2 cm thickness were
used to obtain GDD of about 22; 500 fs2, which chirps the
60 fs NIR pulses to ≈1 ps. The amount of dispersion could
be easily doubled to GDD ! 45; 000 fs2 by introducing
two ZnSe rods into each NIR beam.

Spectral broadening due to self-phase modulation was mini-
mized by decreasing the intensities of the two NIR beams with
two telescopes. The beams were magnified from 4 to 10 mm
(FWHM) before chirping and demagnified again to 4 mm onto
the DFG crystal. The overall throughput of the stretching
section was 85% (73%) when we introduced one (two) ZnSe
plate(s) per beam.

Figure 3 displays the time-frequency Wigner map of the NIR
pulses before (a) and after (b) stretching with one ZnSe rod, re-
trieved from frequency-resolved optical gating (FROG) measure-
ments [24]. Without the stretching blocks [see panel (a)], both
OPA NIR pulses were transform limited, with a duration of 60 fs.
Their DFG produced broadband MIR pulses at 24 THz
(12.5 μm) with 4.2 μJ of energy andΔω∕ω0 ! 15% bandwidth,
as shown by the black dotted line spectrum in Fig. 4(b), calculated
as the Fourier transform of the measured EOS trace [black line in
Fig. 4(a)]. Figure 3(b) shows the Wigner map of the stretched
NIR pulses after inserting the ZnSe rods of thickness LI and
LII . As expected, the time-frequency traces of both NIR
pulses are parallel to each other and to the dashed line, which
represents the frequency chirp with GDD ! 22; 500 fs2 and
TOD ! 20; 000 fs3.

Figure 4(a) shows the CEP-stable MIR pulses generated by
DFG in the GaSe crystal and measured by EOS. Stretching the

NIR pulses by one or two pairs of ZnSe rods results in an in-
crease in MIR pulse duration from 0.12 to 0.92 and 1.65 ps,
concomitant with a bandwidth reduction from 15% Δω∕ω0 to
2.5% and 1.6% Δω∕ω0, respectively, as shown in Fig. 4(b).
The time-bandwidth product, close to 0.44 for the 0.12-ps
broadband MIR pulses, only slightly increased to 0.55 (one
rod pair) and 0.63 (two rod pairs).

Stretching the two NIR pulses also caused a reduction of the
MIR pulse energy to 1.4 and 0.6 μJ, respectively. We attribute
this efficiency reduction mostly to the lower peak intensity of
the chirped NIR pulses in the DFG process, with a minor
contribution due to the losses in stretching sections.

The two stretching steps reduced the bandwidth to 16% and
10% of the starting value, respectively. For spectral filtering tech-
niques, this corresponds to the maximum theoretical energy
efficiency, without keeping into account further losses intro-
duced by the optical elements. In our case, the energy efficiency
was 35% and 15%, and can potentially be increased by the use of
a thicker GaSe crystal or focused NIR beams.

The MIR beam radius in the focus was estimated to be
around 50 μm, obtained by measuring the transmission

Table 1. Dispersion at the Pump (λI ) and Signal (λI I ) Wavelengths Introduced by Propagation in 1 cm of Highly
Dispersive Materialsa

λI ! 1.31 μm λI I ! 1.46 μm

Material GDDI∕L"fs
2∕cm# TODI∕L"fs

3∕cm# GDDI I∕L"fs
2∕cm# TODI I∕L"fs

3∕cm# TODI∕TODI I

ZnSe 4741 4277 4131 3992 0.93
CdTe 10530 11500 8938 10080 0.96
Si 16865 60530 12330 17320 2.55

aThe last column is the ratio between the TODI and TODII at plate thicknesses where GDDI ! GDDII . The dispersion was calculated with Sellmeier coefficients

from [20–22].

Fig. 3. Experimental time-frequency Wigner maps of the NIR
OPA pulses, retrieved from the measured SHG-FROG. (a) Pulses
as generated (close to the transform limit). (b) Pulses chirped by
one ZnSe plate in each optical path. Dashed line: the target spectral
chirp with GDD ! 22; 500 fs2 and TOD ! 20; 000 fs3.

Fig. 4. Normalized EOS (a) traces and (b) spectra of the MIR pulses
for different amounts of the NIR chirp. The data in panel (a) are offset for
clarity, and the inset shows the EOS traces around 0 ps. The percentage in
the legend of panel (b) indicates the relative bandwidth Δω∕ω0.
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through a calibrated 75 μm pinhole. This value was constant
for all the measurements, indicating that the beam quality is
not affected by the NIR stretching setup. For the 0.6 μJ,
1.65 ps pulses discussed above, this corresponds to a
1.9 MV/cm peak electric field.

Delay-dependent frequency tuning of the MIR output is
reported in Fig. 5(c), where the red and blue solid lines depict
the narrow spectra obtained for different NIR pulse delays
(with one ZnSe rod pair), rescaled according to the correspond-
ing measured energy and normalized to the maximum pulse
energy (1.4 μJ). Indeed, if the delay between the incoming
pulses is changed, the subset of frequencies that can interact
at any time t’ in the DFG is shifted and, hence, their difference
frequency changes [11]. In addition, the pulse energy of the
narrowband MIR light scales with the shape of the broadband
spectrum (black line) because changing the NIR pulse delay
affects the amount of interacting frequency components.

An illustrative example is shown in Fig. 5(a), where the delay
between the NIR pulses is such that only the frequencies close
to each other (red arrow) interact. Since the chirp of the NIR
pulses is still the same, the narrow MIR bandwidth remains,
but the central frequency is ΩMIR;1, on the low-frequency re-
gion of the corresponding broadband pulse. Similarly, Fig. 5(b)
shows the situation where the pulse delay only allows for the
interaction of the NIR frequency components farther from
each other (blue arrow), resulting in the ΩMIR;2 central wave-
length, on the high-frequency wing of the corresponding
broadband pulse.

Tunability of the MIR source can be also be obtained by
tuning the OPA wavelengths, allowing us to optimize the con-
version even at longer MIR wavelengths. In this case, by tuning
each OPA by (4 THz around the center wavelengths
(λI ! 1.31 μm and λII ! 1.46 μm), the GDD of each beam
varies only by ΔGDD ≈ TOD ' Δω ≈ 150 fs2. Hence,
thanks to the dispersion properties of ZnSe, the chirps of

the two NIR beams are still matched, preserving narrowband
interaction. The only factor limiting the MIR tunability is the
phonon absorption in the GaSe crystal above 17 μm. Even
longer wavelengths could then be achieved by applying this
technique to organic crystals as a nonlinear medium [25].

In summary, we reported on the generation of narrow-
bandwidth CEP-stable MIR pulses in the mid-infrared wave-
length range between 10 and 15 μm (20–30 THz) by DFG
between chirped NIR pulses. The technique allowed us to
easily reduce the MIR bandwidth by inserting highly dispersive
ZnSe rod pairs in the NIR beam paths. We generated MIR
pulses with bandwidths down to 1.6% Δω∕ω0, a MV/cm peak
electric field, and a good time-bandwidth product. These pulses
were tunable by delaying the chirped NIR pulses with respect
to each other. We expect these pulses to find important appli-
cations in the coherent vibrational control of solids.

Funding. European Union’s Horizon 2020 Research and
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