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We demonstrate an ultrafast mid-infrared (MIR) source 
architecture that implements both intrapulse difference 
frequency generation (iDFG) and further optical para-
metric amplification (OPA), in an all-inline configura-
tion. The source is driven by a nonlinearly compressed 
high-energy Yb-doped-fiber amplifier delivering 7.4 fs 
pulses at a central wavelength of 1030 nm, at a repeti-
tion rate of 250 kHz. It delivers 1 µJ, 73 fs pulses at 
a central wavelength of 8 µm, tunable over more than 
one octave. By enrolling all the pump photons in the 
iDFG process and recycling the long wavelength pump 
photons amplified in the iDFG in the subsequent OPA, 
we obtain an unprecedented overall optical efficiency of 
2%. These performances, combining high energy and 
repetition rate in a very simple all-inline setup, make 
this technique ideally suited for a growing number of 
applications, such as high harmonic generation in solids 
or two-dimensional infrared (2DIR) spectroscopy exper-
iments. 

High repetition rate ultrafast sources in the mid-infrared (MIR)
are currently being actively developed by a large research com-
munity because they are the workhorse for a growing number
of applications, such as high-field physics in bulk and nanos-
tructured solids [1, 2], field-resolved spectroscopy [3] or 2DIR
spectroscopy [4–6]. In particular, 2DIR spectroscopy is ideally
suited to assess protein conformational changes, opening a very
large investigation field in the dynamics of biologically relevant
molecules. These applications require the acquisition of a large
number of 2DIR spectra with ultrashort pulses at high energy in
the MIR. Recent research work on MIR sources has focused on
combining high repetition rate diode-pumped laser sources with
supercontinuum-seeded optical parametric amplification (OPA)
systems of various degrees of complexity, sometimes with the
addition of a difference frequency generation (DFG) stage. As
demonstrated recently [7–9], a repetition rate around 100 kHz
combines fast data averaging with the ability to acquire individ-
ual spectra for each laser shot for equilibrium 2DIR spectroscopy.

These sources however suffer from relatively low conversion ef-
ficiencies (ratio between MIR energy and the total pump energy)
(0.2% - 2.6% at 7-8 µm) [10–16].

Another generation method is to perform intrapulse DFG
(iDFG) using a short enough pump pulse [17, 18]. Indeed, if the
spectrum of the incident pump pulse covers a range that exceeds
the desired optical frequency in the MIR, it is possible to realize
a frequency difference between the extremal wavelengths of the
pump spectrum, thus directly generating an ultrashort pulse
in the MIR. Advantages of this approach include a very simple
implementation, with inbuilt spatial/temporal superposition,
and the generation of shorter MIR pulses than aforementioned
systems. However, conversion efficiencies are generally even
lower than OPA-based techniques (<0.5%, typically 0.1% at 6-
10 µm) [3, 19–22]. This is due to the lower useful number of
interacting pump photons because the spectral density of the
ultrashort NIR pulse is distributed over a larger bandwidth and
two linear polarization states. A few examples of iDFG/OPA
systems pumped at 1 µm wavelength, thus benefiting from the
mature ytterbium laser technology, have been recently demon-
strated. In [23], MIR central wavelengths between 1.8 and 4.2 µm
are generated with a Ti:Sa pump laser, using a coincident phase
matching angle of DFG and OPA in a BiB3O6 (BIBO) crystal at a
repetition rate of 1 kHz. Parametric amplification of iDFG from
a Yb-based laser has also been demonstrated using an external
non-broadened pump in a subsequent dual-OPA stage [24], at
MIR wavelengths from 2.8 to 3.8 µm) and 6 kHz repetition rate.

In this work, we demonstrate that it is possible to recycle
the pump radiation at the output of an iDFG stage to transfer
part of its energy to the MIR pulse in a subsequent inline OPA
stage. This idea bears similarities with cascaded THz generation
[25], and extension to the MIR range was proposed theoreti-
cally [26]. Pumped by a few-cycle ytterbium laser system, the
described ultrafast MIR source combines a chirp-management
crystal, a bichromatic waveplate (BWP) [27, 28], a type II LiGaS2
(LGS) crystal-based iDFG stage, a delay-management birefrin-
gent crystal, and a type I LGS crystal-based OPA stage. This
implementation results in several key features: (i) all pump pho-
tons are polarized adequately to be enrolled in the iDFG process
(ii) the long wavelength pump photons that have been amplified
in the iDFG stage are available for recycling and used to pump



the OPA stage after a resynchronization stage (iii) the architec-
ture is all inline, without alignment involved for both spatial and
temporal overlaps. This architecture potentially overcomes the
conversion efficiency limitations of iDFG-based MIR sources, al-
lowing the generation of carrier-envelope phase stable 1 µJ 73 fs
pulses at 250 kHz and a central wavelength of 8 µm, with a con-
version efficiency of 2%. This unique set of parameters makes
it very appealing for applications that benefit both from a high
repetition rate and sufficient energy to drive highly nonlinear
processes.

Fig. 1. Schematic of the experimental setup. The pump beam
is sent on the 50/50 beamsplitter (BS1). The reflected driving
pulses go through CaF2 windows to adjust the chirp and the
bichromatic waveplate (BWP). Then, they drive the gener-
ation in the XY LGS crystal and the amplification in the XZ
LGS crystal. The MIR radiation is filtered by a dichroic mirror
(DM). A germanium plate (Ge 1) is inserted to adjust the GDD
of the MIR and a ZnSe lens is used to collimate it. A MgF2
crystal is inserted to adjust the signal-MIR delay. The transmit-
ted pulses (gate) are sent to a second beamsplitter (BS2) and
to a second germanium plate (Ge 2) to recombine the gate and
the MIR for the EOS measurement.

As shown in Fig. 1, the first part of the experimental setup is
similar to the one presented in [28]. The initial pulses are pro-
duced by a high-energy Yb-doped-fiber amplifier delivering 200
µJ 250 fs pulses at a central wavelength of 1030 nm and at a repe-
tition rate of 250 kHz. This source is followed by a 61% efficient
dual-stage nonlinear compression scheme [29]. The spectrum,
spectral phase, and temporal profile of the compressed pulses,
measured using a d-scan system [30], are shown in Fig. 2. The
pulse duration is 7.4 fs (see Fig. 2(b)), near the Fourier transform
limited (FTL) pulse duration (7 fs), and the average power of
this few-cycle beam is 30.5 W. We use half of this power to drive
the MIR source using a broadband 50/50 beam splitter.

The MIR generation part starts with calcium fluoride (CaF2)
plates that are inserted to optimize the chirp of the input pulse
prior to the iDFG stage. To enhance the efficiency of the iDFG
process, we add a bichromatic waveplate (BWP) oriented at an
angle of 45° between its axes and the input beam polarization to
rotate the polarization state of the wavelengths below 1030 nm
by 90° (later denoted as pump), while maintaining unrotated
the polarization state of the wavelengths above 1030 nm (later
denoted as signal) [28]. Note that we will keep using this de-
nomination of “signal” for this beam even for the OPA stage
where it really acts as a pump, and a second signal at a wave-
length of around 1300 nm is generated. Then, an AR 900–1100
nm (R<1%) and 4–8 µm (R<4%) coated 1 mm-thick LGS crystal
from Ascut UG & Co. KG. is used for iDFG. This crystal is phase

Fig. 2. (a) Independently measured (red) and d-scan retrieved
(blue) spectra, and retrieved spectral phase (green) of the com-
pressed driving pulses with 8 mm of CaF2. (b) Corresponding
temporal profile and measured far-field spatial profile in inset.
(c) Measured and (d) retrieved d-scan traces.

matched in the XY plane at angles θXY = 90° and ϕXY = 44.1°.
It corresponds to phase matching for a pump beam at 900 nm
polarized along the XY plane (later denoted e for extraordinary)
and signal beam at 1100 nm along the Z-direction (later denoted
o for ordinary). The idler beam in the mid-infrared is polarized
along the e-direction, orthogonal to the signal beam. This will
further allow convenient resynchronization using a birefringent
material. The total average power incident on the LGS crystal is
13.2 W (53 µJ) with a 1/e2 diameter of 3.6 mm, corresponding
to an estimated peak intensity of 140 GW/cm2. After a dichroic
mirror and a germanium plate to filter the MIR, we measure
MIR average powers from 5 mW (at 4 µm) to 18 mW (at 8.6 µm)
depending on the generated MIR wavelength and the thickness
of the CaF2 plates inserted (4 mm and 7 mm at 4 µm and 8.6
µm, respectively). See Table S1 in Supplementary Information
section I for more details.

At the output of the iDFG crystal, while the pump is de-
pleted, the signal pulse is amplified by the nonlinear process,
and trails the MIR pulse by a delay that depends on the specific
MIR wavelength. As mentioned earlier, this delay can be easily
compensated using a birefringent plate (later denoted as time
delay crystal), thereby allowing subsequent inline amplification
of the MIR in a second LGS crystal. Another AR 900–1100 nm
(R<1%) and 4–8 µm (R<4%) coated LGS crystal (later denoted
as OPA crystal) phase matched in the XZ plane at angles θXZ of
49.8° and ϕXZ of 0° is used for this purpose. This corresponds
to phase matching for the signal at 1100 nm polarized along
the XZ plane and the idler MIR beam along the Y-direction (a
“second” signal beam is generated in this process around 1300
nm, see Fig.S1 in Supplementary Information section I). A con-
cave enhanced silver mirror with a radius of curvature RoC= 600
mm is used between the iDFG and OPA stages to loosely focus
the beams in the OPA crystal. The beam sizes are 720 and 830
µm for the signal and MIR respectively. The incident average
power is 11.8 W for the pump and signal, and 17 mW for the
MIR. Due to the group velocity dispersion (GVD) of 300 fs² in
the iDFG crystal, the calculated signal pulse duration after the
generation stage is ∼ 70 fs corresponding to a peak intensity I
∼300 GW/cm². As time delay crystal, we choose uncoated mag-
nesium fluoride (MgF2) for the 4 to 6.5 µm MIR tunability range
and a coated Y-cut LGS crystal for the 7.5 to 8.5 µm, where the
transmission ranges are > 90% and > 80% respectively for these



Fig. 3. (a) Time delay between the pump (blue), the signal (red) and the mid-infrared (cyan) pulses after each stage. The pulses are
represented as a function of time. The central wavelengths considered are 950, 1050, and 8000 nm for the pump, signal and MIR
idler respectively. (b) Same representation for a MIR central wavelength of 4700 nm. Pulse chirp is highlighted by the color code
under the pulse envelope. The polarization of each pulse is indicated by arrows.

two materials. Fig. 3 shows the calculated time delay values
through the inline architecture, for two different values of the
MIR central wavelength.

For long wavelengths (around 8 µm) (Fig. 3(a)), a negligi-
ble signal-to-idler group velocity mismatch (GVM) and a high
group delay dispersion (GDD) of -2850 fs²/mm on the MIR are
introduced through the iDFG crystal, facilitating pulse tempo-
ral overlapping. Because the GVM remains small in the OPA
crystal, no time delay crystal is needed. This was verified at a
generated wavelength of 8 µm by measuring the MIR gain at the
output of the OPA crystal while changing the delay obtained us-
ing various thicknesses of the Y-cut LGS crystal. The maximum
amplification occurs when no time delay crystal is inserted, with
a gain of 8.9.

For shorter MIR wavelengths (around 5 µm) (Fig. 3(b)), the
MIR pulse is significantly faster than the signal one and leads
by 135 fs at the output of the iDFG crystal. Moreover, the GDD
induced by the first stage is smaller by one order of magnitude
with regards to the previous case, further constraining the over-
lapping of the pulses at the input of the amplification stage. In
addition, the GVM in the OPA crystal is ∼ 110 fs/mm, further
distancing the MIR pulse from the signal one. As predicted from
numerical simulations (see Fig. S2 in Supplementary Informa-
tion section II) a 1.5 mm-thick MgF2 plate is used (GVM = -160
fs/mm) to delay the MIR pulse by approximately 235 fs and
pre-compensate the time delay at the input of the OPA crystal.

We now report on the spectral properties of the generated
and amplified mid-infrared beams. Fig. 4(a) shows the spectrum
tunability at the iDFG and OPA stages, for a 1 mm-thick iDFG
crystal, a MgF2 plate with a thickness that maximizes the gain,
and a 3 mm-thick OPA crystal, obtained by adjusting ϕXY and
θXZ. The MIR spectrum is tunable over a bandwidth extending
from 4 to 8.5 µm, covering a range of more than one octave in
the MIR. We measured energies from 35 nJ to 640 nJ leading to
gains of 1.7 and 8.9 from one end of the tuning range to the other.
The higher gains are due to very small GVM in the OPA crystal
between the longest MIR wavelengths and the signal pulses.

Fig. 4. (a) Measured tunability of the mid-infrared spectrum
for the iDFG (dashed) and OPA (solid) stages, with corre-
sponding OPA gains. (b) Measured (blue) and simulated (blue
dashed) spectra of the amplified mid-infrared centered at 4.7
µm. (c) Measured (red) and simulated (red dashed) spectra of
the amplified mid-infrared centered at 8 µm. All spectra are
taken with the 1 mm-thick iDFG crystal and the 3 mm-thick
OPA crystal.

This effect is demonstrated by several measurements using OPA
crystals of different thicknesses: an energy of 1080 nJ (gain =
15) is reached at 8 µm for an 4 mm-thick crystal, corresponding
to an overall optical efficiency of 2% (see Fig. S1 and Table S2
in Supplementary Information section I). The amplified spectra
are narrowed, depending on the central wavelength, due to the
spectral acceptance of the OPA LGS. Fig. 4(b) and (c) shows the
measured spectra at the two representing wavelengths of the
tunability range, both in good agreement with simulations. The
output spatial profiles at 4.7 µm and 8 µm, shown in the insets
of Fig. 4(b) and (c), are gaussian with ellipticities of 88% and
87%, respectively. One can notice that it is important to monitor
the amplified spectrum (and not only the average power) dur-



ing the tunability process to avoid parasitic generations in the
OPA crystal at other mid-IR wavelengths (see Supplementary
Information section III).

Fig. 5. (a) EOS trace (blue) and temporal intensity (red) of the
mid-infrared pulse corresponding to a spectrum centered at
4.7 µm in Fig. 4(b), with an OPA crystal thickness of 3 mm.
(b) Same measurement for a spectrum centered at 8 µm with
an OPA crystal thickness of 4 mm. A large phase-matching
bandwidth leads to shorter pulse durations at 8 µm.

Finally, an electro-optic sampling (EOS) setup is used to study
the temporal properties of the amplified mid-infrared pulses.
Details of the EOS setup can be found in Supplementary Infor-
mation section IV. Fig. 5(a) and (b) show the measured EOS
traces and temporal intensities of the MIR pulses amplified in
the OPA crystals with thicknesses giving the highest energies
at the extrema of the MIR tunability range (see Fig. 4). The
measured pulse durations are 148 fs at 4.7 µm and 73 fs at 8 µm.
The 4.7 µm pulse can be compressed by removing the dispersion
corresponding to 11 mm of Ge, yielding a duration of 122 fs,
close to the FTL duration of 119 fs. The 8 µm pulse duration is
73 fs, close to the FTL duration of 69 fs. In terms of optical cycles,
the measured pulse durations correspond to 9 and 2.5 optical
cycles at the central wavelengths of 4.7 and 8 µm, respectively.

To conclude, we demonstrate an all inline two-stages MIR
source based on iDFG and subsequent OPA, with pump recy-
cling. It delivers 1 µJ, 73 fs (sub-three optical cycles) pulses
at a 250 kHz repetition rate and a central wavelength of 8 µm,
corresponding to a total energy efficiency of 2%, or a quantum ef-
ficiency of 15%. The amplified MIR is tunable over a large range
from 4 to 8.5 µm. The presented technique has a very large appli-
cability. A wide variety of iDFG and OPA crystals (LGS, BaGa4S7
[BGS], GaSe, AgGaS2 [AGS], ZnGeP2 [ZGP] as instances) can be
used, regardless of the central wavelength of the pump pulse
(for example around 800 nm, 1030 nm, or 2000 nm for Ti:Sa,
ytterbium-based, holmium and thulium-based sources), as long
as synchronization between the pulses involved in the nonlinear
interaction is achieved with a birefringent crystal transparent
for both signal and idler wavelengths. This architecture is com-
pact and simple, combining high energy, broad bandwidth, and
high repetition rate, particularly suitable for two-dimensional
infrared spectroscopy experiments.
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