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We present a technique to optimize the intrapulse dif-
ference frequency generation efficiency for mid-IR gen-
eration. The approach employs a multi-order wave-
plate that is designed to selectively rotate the polariza-
tion state of the incoming spectral components on the
relevant orthogonal axes for subsequent nonlinear in-
teraction. We demonstrate a significant increase of the
mid-IR average power generated by a factor ≥ 2.5 com-
pared to the conventional scheme, due to an optimally
distributed number of photons enrolled in the differ-
ence frequency generation process. © 2021 Optical Society

of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Intrapulse difference frequency generation (iDFG) [1–3] is
a particularly simple and efficient way to generate large band-
width and carrier-envelope phase (CEP) stable mid-IR radiation,
when a sufficiently broad input spectrum is available. In the
past few years, it has received renewed attention due to two
recent technical achievements. First, few-cycle pulses at high
repetition rate are now available due to the recent development
of efficient nonlinear compression schemes of ultrafast sources
at either 1 µm [4, 5], or at longer wavelength [6–8]. This allows
covering the whole mid-IR range from 4 to 20 µm through iDFG,
at unprecedented average power. These table-top sources are
now brighter than infrared beamlines in large scale synchrotron
facilities [7, 8]. Second, the fabrication of large bandgap non-
linear crystals transparent in the mid-IR, in particular LiGaS2
(LGS) is reaching increased maturity. This material exhibits a
large damage threshold (∼1 TW/cm2) [9], low residual and two
photon absorption at the pump wavelength, and broadband
phase matching around 8 µm when pumped at 1030 nm [10].
A number of experiments have been recently reported, show-
ing excellent results [9, 11–14]. On the other hand, for longer
pump wavelength, the reduced photon energy allows a more effi-
cient conversion to the mid-IR while detrimental two photon ab-
sorption is almost negligible, thus allowing to use crystals with
lower bandgaps but higher nonlinear coefficients [7, 8, 15, 16].

In all these crystals, the experiments make use of type I phase-
matching configuration where the input pulse for iDFG must be
split between two orthogonal polarization states. This is done
by sending a linear polarization state oriented at 45° from the
interaction axes [2, 3]. However, in this configuration, half of the
photons corresponding to the pump and the signal waves do not
contribute to the nonlinear interaction: phase matching is only
achieved when the pump (short wavelength side) and signal
(long wavelength side) exhibit orthogonal polarization states. To
further enhance the generation efficiency, a possible trade off is
to detune the pump-to-signal splitting ratio in order to increase
the pump intensity, at the expense of a reduced signal intensity
[17, 18]. Another more efficient solution is adding a specially
designed multi-order waveplate that maximizes the use of pho-
tons by selectively rotating the input linear polarization to the
interaction axes of interest based on their wavelengths: the high
energy (pump) photons and the low energy (signal) photons
available for the iDFG interaction are selectively rotated to the
phase-matched configuration. This concept was demonstrated
before [19, 20] in different contexts: in [19], it was applied to
the generation of pulses at a center wavelength of 2 µm in BBO,
which is not relevant for MIR applications. The technique is only
mentioned in [20], in the context of a very specific optical para-
metric amplifier setup aiming at tailoring the input spectrum
for the DFG process. In both cases it was performed with Ti:Sa
based sources at 3 kHz and 1 kHz repetition rate.

In this Letter, we perform an in-depth study of this optimiza-
tion, employing a multi-order waveplate designed to act as a
wavelength-dependent polarization rotator and demonstrate
that this simple technique allows an increase in NIR to mid-IR
conversion efficiency by a factor ≥2.5.

The scheme of the iDFG experiment is shown in Fig. 1. It
is driven by a high-energy Yb-doped-fiber amplifier delivering
200 µJ pulses at a central wavelength of 1030 nm and at a rep-
etition rate of 250 kHz, corresponding to an average power of
50 W. The pulse duration is 260 fs. The M2 beam quality fac-
tor measured at the output of the laser is 1.3 x 1.2. To broaden
the spectrum of the pulses, the system is followed by a 70 %
high-efficiency dual-stage nonlinear compression scheme, simi-
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lar to the setup presented in [4]. The first nonlinear compression
stage is based on a gas-filled multipass cell and chirped mir-
rors that compresses the pulses down to 43 fs. It is then sent
to a second nonlinear compression stage based on a 350 µm
diameter 1 m-long capillary and dispersive mirrors. The pulse
duration is characterized using a d-scan system [21], and ex-
hibits a pulsewidth of 10.3 fs and a total average power of 34.5
W. To avoid too high intensity on the crystal, we only used a
fraction of the total output power by using a 80/20 beamsplitter.

Prior to the mid-IR generation, an additionnal 90/10 beam-
splitter is inserted to use 10% of the energy as a gate for electro-
optic sampling (EOS) [3, 9, 22]. 90% of the energy is used for
the mid-IR generation stage which is composed of a calcium
fluoride plate to optimize compression of the input pulse prior
to the DFG stage, a bichromatic waveplate (BWP) oriented with
an angle of 45° between its axis and the input beam polarization,
an AR 900-1100 nm (R<1%) and 4-8 µm (R<4%) coated LGS
crystal for iDFG, and a dichroic mirror that filters out the 1030
nm beam. The coated LGS crystal is 1-mm-thick and cut in the
XY plane at an angle θ of 90° and φ of 44.1°. This corresponds
to phase matching for a pump beam at 900 nm polarized along
the XY plane (later denoted as e for extraordinary) and signal
beam at 1100 nm along the Z direction (later denoted as o for
ordinary). The idler beam in the mid-IR is polarized along the e
direction. The total average power incident on the LGS crystal
is 19.7 W (79 µJ) with a 1/e2 diameter of 3.6 mm, corresponding
to an estimated peak intensity of 150 GW/cm2.

For the EOS characterization, the s-polarized mid-IR and
the p-polarized gate beams are spatially recombined with a 2-7
µm antireflection coated germanium (Ge) plate. Both beams
are focused by a first 100 mm focal-length off-axis parabolic
mirror and propagate collinearly through a 30-µm-thick GaSe
electro-optic crystal rotated at an external angle of ∼ 50°. The
focus 1/e2 diameters are 400 µm for both the mid-IR and gate
beams. The average power of the gate beam incident on the
EOS crystal is 180 mW, corresponding to ∼ 70 % of the crystal
damage threshold. The gate and mid-IR beams are collimated
after the crystal with an identical parabolic mirror. A short-pass
filter at 950 nm is used to enhance the signal-to-noise ratio [23],
and is followed by a quarter-waveplate, a Wollaston prism, and
a pair of balanced photodiodes to detect the EOS signal.

Fig. 1. Schematic of the experimental setup.

For an iDFG process that requires orthogonal polarization
states for the pump and signal spectral parts, the input polar-
ization on the nonlinear crystal is usually set at 45° from the
desired orientation [7]. This divides the whole spectrum equally
on the crystal axes, thereby wasting half the available photons.

As depicted in Fig. 2, a suitable multi-order waveplate can sep-
arate all pump and signal photons onto the e and o axis of the
LGS respectively thus doubling the number of pump and signal
photons involved in the interaction.

Fig. 2. Evolution of the polarization states along the propa-
gation axis. The 1030 nm input beam polarization (black ar-
row) is at 45° with respect to the BWP axes. After the BWP,
the pump (blue arrow) photons are rotated on the e axis of the
LGS crystal. The signal (red arrow) polarization is unrotated.
The mid-IR radiation (orange arrow) is generated on the e axis.

The NIR spectrum at the input of the BWP is shown in Fig. 3.
It spans from 880 nm to 1160 nm at -20 dB. By carefully adjusting
the thickness of the birefringent material, and taking into ac-
count the desired interacting central wavelengths, it is possible
to design a waveplate that introduces a phase shift correspond-
ing to N × λ (where N is integer and λ is the wavelength) on
one part of the incident spectrum and to (N + 1/2) × λ on the
other part of the incident spectrum. We choose a 255-µm-thick
quartz plate as a birefringent material with a thickness of 255
µm, corresponding to N=2. When the incident polarization state
is oriented at 45° from the waveplate axis, this results in an un-
rotated polarization for the signal at 1100 nm and a 90° rotation
for the pump at 900 nm. Projected polarizations spectra on each
axis of the LGS crystal after the BWP are plotted in Fig. 3. The
measurement of the 90°-rotated spectrum has been performed
using a polarizing beamsplitter made of a λ/2 waveplate and a
Ge plate at Brewster’s angle. As expected, only the short wave-
lengths of the spectrum are rotated at 90°, while the polarization
of long wavelengths remains unrotated. To illustrate this, the
inset of Fig. 3 shows the measured power fraction of rotated
and unrotated polarizations as a function of wavelength. A sim-
ple simulation (red and blue colored lines, Fig. 3) based on the
input spectrum and the full wavelength dependence of the or-
dinary and extraordinary indices of the BWP through Sellmeier
equations shows excellent agreement with the measurements.

The corresponding measured and simulated temporal pro-
files of each polarization state at the output of the BWP are
presented in Fig. 4. The Fourier-transform limited (FTL) dura-
tion corresponding to the 10.3 fs-long input pulse is 10.2 fs. The
simulated pulse duration for the rotated and unrotated pulses
are 14.8 fs (11 fs, FTL) and 16.5 fs (12.8 fs, FTL) respectively. This
process introduces a small group velocity difference and group
velocity dispersion, along with the duration increase that corre-
sponds to spectral filtering. As the d-scan does not allow delay
measurement between pulses, we have temporally shifted them
to make the delay consistent with the simulation. We found the
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Fig. 3. Experimental spectrum at the input of the BWP (black
line). Measured (red dashed lines) and calculated (red filled
curve) unrotated spectra after the BWP. Measured (blue
dashed lines) and calculated (blue filled curve) rotated spectra
after the BWP. Inset: measured power fraction of rotated (blue
line) and unrotated (red line) polarizations as a function of
wavelength.

Fig. 4. Simulated rotated (blue line) and unrotated (red line)
and measured rotated (blue dashed line) and unrotated (red
dashed line) temporal intensity envelopes after propagation
through the 255 µm-thick BWP. The grey filled curve is the
FTL input pulse.

measured durations of the rotated and unrotated pulses to be
12.6 fs (11.2 fs, FTL) and 14.5 fs (14.1 fs, FTL), respectively. It
confirms that the durations of the pulses on each polarization
axis are increased by about 20% compared to the input one.

The iDFG setup is first operated in a standard configuration,
without BWP. We fixed the phase matching angle φ and we op-
timize the ratio between the extraordinary/ordinary waves by
turning the input polarization (angle ψ) while monitoring the
iDFG idler power. The dependence of idler power (measured
after the Ge plate) on the input polarization angle is shown in
Fig. 5. Local maxima are reached each time the input polar-
ization is at 45° with the crystal axes. One can notice that idler
power does not reach zero, which might be explained by an im-
perfect cut of the crystal or input polarization state. This result
indicates that, in our experimental conditions, without BWP, the
iDFG process is most efficient when the input power is equally
distributed between the crystal axes. The maximum generated
mid-IR average power after the Ge plate is 8.1 mW. We estimate
the generated mid-IR power directly after the crystal to be 12.9
mW considering the Fresnel reflections at the interfaces with air

Fig. 5. Dependence of the mid-IR idler beam average power
on the polarization angle of the driving NIR beam measured
without BWP (blue line) and with BWP (red line) for a 1 mm-
thick LGS crystal.

for the crystal, the dichroic mirror and the Ge plate.
The BWP is now inserted before the LGS crystal. We opti-

mize the mid-IR average power with the same method described
above, while the angle between the input polarization and the
axes of the BWP is set to 45°. We then proceed to the same mea-
surement by tuning the angle between the incident polarization
and the crystal axes. The result is shown in Fig. 5. As expected,
only two peaks appear, each spaced by 180°. Indeed, only the
two angles corresponding to the pump and the signal waves
on the e and o axes respectively are capable to generate mid-IR
radiation efficiently according to the phase matching condition.

The idler average power reaches 20 mW (31.8 mW consid-
ering different losses as described above) corresponding to an
increase by a factor 2.5 compared to the configuration without
the BWP. We carried out additional measurements with other
LGS crystals of different thicknesses (0.5 and 2 mm). These re-
sults, shown in Table 1, indicate that we optimize the number of
photons enrolled in the nonlinear interaction within the crystals.

In the following, we report on the temporal and spectral prop-
erties of the generated mid-IR beam. Fig. 6 shows the measured
EOS trace corresponding to the mid-IR pulse delivered using
the 1-mm-thick LGS crystal. The trace has been obtained by
scanning the time delay at a frequency of 2 Hz, and averaging
5 consecutive scans, corresponding to a total acquisition time
of 2.5 s. The replicas observed 450 fs before and 400 fs after the
main pulse are attributed respectively to replicas of the gate and
mid-IR pulses after an additional round trip in the GaSe crystal.
The slightly larger value of the delay observed for the gate pulse
with respect to the mid-IR pulse is consistent with the expected
difference in group velocities. These replicas are strongly at-
tenuated when plotting the pulse intensity (see inset of Fig. 6).
The corresponding pulse duration is 64 fs, close to the Fourier
transform limited pulse duration of 55.6 fs, and corresponding
to 2.4 optical cycles at the central wavelength of 8.6 µm.

Table 1. Mid-IR average powers and yields with and without
BWP for different LGS thicknesses

Average power (mW) Efficiency (%)

LGS (mm) w/o BWP w BWP w/o BWP w BWP BWP factor

0.5 3.3 10.3 0.03 0.08 3.1

1 8.1 20 0.07 0.16 2.5

2 13 37 0.1 0.3 2.8
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Fig. 6. Electro-optic sampling (EOS) trace of the mid-IR pulse
corresponding to the spectrum centered at 8.6 µm in Fig. 7.
Inset: temporal intensity of the EOS trace.

Fig. 7. Tunability of the mid-IR spectrum for the 1 mm-thick
LGS crystal. The spectra are obtained after 10 averages. Inset:
output mode of the mid-IR spectrum centered at 8.6 µm.

Finally, measurements are carried out to study the tunabil-
ity of the spectrum by slightly rotating the LGS crystal around
the angle φ. Fig. 7 shows the result: the mid-IR spectrum is
tunable over a bandwidth extending from 4.5 to 9.5 µm, while
maintaining the average power above half of its maximum. The
generated spectra are narrower as the central wavelength de-
creases because of the phase-matching properties of LGS. The
spectra obtained with and without (not shown) the BWP are
almost identical. We measured the mode of the mid-IR (see inset
of Fig. 7) corresponding to the spectrum centered at 8.6 µm Fig.
7. The ellipticity of the beam is 89 %.

To conclude, we demonstrate an increase of the mid-IR av-
erage power generated through iDFG by a factor ≥ 2.5 using
a simple waveplate that performs spectrally dependent polar-
ization rotation. The iDFG efficiency reaches 0.16 % instead
of 0.07 % without BWP for the 1 mm-thick LGS crystal. The
BWP can be made with a wide variety of birefringent materials
(calcite, quartz, yttrium or gadolinium vanadate for example)
as long as the concerned material is transparent for both NIR
wavelengths (pump and signal) involved in the nonlinear in-
teraction. Likewise, the use of this BWP applies to all types of

nonlinear crystals used to generate mid-IR via iDFG (LGS, BGS,
GaSe, AGGS, AGS, LIS, LGN, ZGP as instances), regardless of
the central wavelength of the incident pulse (for example around
800 nm, 1030 nm, or 2000 nm for Ti:Sa, ytterbium-based, and
thulium-based sources), when the phase matching condition re-
quires the interaction of a pump and an orthogonally polarized
signal. This technique should facilitate the design of high power,
broad bandwidth, CEP-stable mid- and far- infrared sources.
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