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We present a mid-infrared (MIR) source based on intra-
pulse difference-frequency generation under the random
quasi-phase-matching condition. The scheme enables the
use of non-birefringent materials whose crystal orientations
are not perfectly and periodically poled, widening the
choice of media for nonlinear frequency conversion. With
a 2 pm driving source based on a Ho:YAG thin-disk laser,
together with a polycrystalline ZnSe element, an octave-
spanning MIR continuum (2.7-20 pm) was generated.
At over 20 mW, the average power is comparable to regu-
lar phase-matching in birefringent crystals. A 1 pm laser
system based on a Yb:YAG thin-disk laser was also tested
as a driving source in this scheme. The new approach
provides a simplified way for generating coherent MIR
radiation with an ultrabroad bandwidth at reasonable
efficiency.  © 2019 Optical Society of America
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Coherent mid-infrared (MIR) light has a plethora of important
applications ranging from life sciences to industrial processes.
Due to the presence of many molecular “finger-print” absorp-
tion features in this spectral region, a simultaneous coverage of
this range will enable the parallel detection and identification of
a vast number of chemicals [1,2]. This wavelength range can be
covered by numerous different schemes, each with their own
strengths and weaknesses in terms of complexity, simultaneous
bandwidth, power, efficiency, and pulse durations [3-8]. Yet,
the most popular method of coherent broadband MIR gener-
ation remains nonlinear downconversion from the near-
infrared—a spectral region where many high-power driving
lasers are available [4,7,9-18]. Obviously, this process requires
a suitable nonlinear medium that is transparent for the pump,
signal, and idler wavelengths. Furthermore, for effective con-
version, phase-matching between the beams is crucial. This
is usually achieved by birefringent crystals placed at specific
angles to the beam [4,10,12]. Quasi-phase-matching (QPM)
is also often employed with non-birefringent crystals, where
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the crystal orientation is periodically inverted to substantially
enhance the generated signal [7,19].

Random QPM (RQPM) [20] is an alternative approach
which has recently been demonstrated in an optical parametric
oscillator (OPO) [21]. The nonlinear medium is an aggregate
of randomly oriented single-crystal grains that are tens of
micrometers in size. Instead of a periodic reversal of crystal axis
as in the case of ideal QPM, the crystal axis changes randomly
along the beam path. Yet, the nonlinear susceptibility and the
corresponding signal do not average to zero [20]. The resultis a
gradual growth of the generated signal linear to the propagation
length. Consequently, non-birefringent materials whose crystal
orientation cannot easily be manipulated for QPM can still be
used. Though much lower in efficiencies compared to com-
monly used phase-matching schemes, RQPM offers an unpar-
alleled phase-matching bandwidth that is insensitive to the
incident angle. In addition, unlike single crystals, polycrystals
can easily be grown to larger dimensions to enable longer
interaction lengths [22].

The scheme was first demonstrated to generate a tunable
difference-frequency generation (DFG) signal in the MIR by
mixing two nanosecond lasers [20]. To exploit the full
phase-matching bandwidth simultaneously and generate a
broadband MIR continuum, an ultrashort pump pulse can
also be used. Using the components within a single-broadband
pulse (intra-pulse) for DFG can also result in the canceling
of carrier-envelope phases (CEP), giving rise to intrinsically
CEP-stable MIR output [4,10]. However, to generate a mean-
ingful amount of signal, a high pump power is required.

The needed high power has recently been achieved within
the cavity of an OPO, which resulted in a broadband MIR con-
tinuum spanning from 3 to 7.5 pm [21]. Though successful, an
OPO requires the alignment of two cavities at interferometric
precision, which increases the complexity of the system. RQPM
has also recently been demonstrated inside the cavity of a fem-
tosecond polycrystalline Cr:ZnS oscillator and in a single-pass
amplifier operating at 2400 nm, generating sum-frequency
signals and broadband second and fourth harmonics down
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Fig. 1. Experimental setup. A Ho:YAG-based 2 pm laser source and
a Yb:YAG-based 1 pm laser source are separately tested for driving
intra-pulse DFG in polycrystalline ZnSe/ZnS. LPF, long-pass filter;
HWP, half-wave plate; TFP, thin-film polarizer.

to 510 nm [23,24]. In this Letter, we describe the use of
a Ho:YAG thin-disk oscillator lasing at 2 pm, in combination
with a fiber pulse-compressor, as a high-power femtosecond
driver for intra-pulse DFG towards the longer wavelengths
based on RQPM. The method, relying on a single-beam geom-
etry, provides an octave-spanning MIR continuum (2.7-20 pm)
at over 20 mW of average power. This power level and the
corresponding brightness already match those available from
synchrotron infrared beam lines [3]. A 1 pm system based on
a Yb:YAG thin-disk laser and a multi-pass compression system
were also tested as the driving source in this scheme, which
shows much lower efficiencies.

The experimental setup is shown in Fig. 1. The initial pulses
are produced by a Kerr-lens mode-locked Ho:YAG thin-disk
oscillator that operates at a repetition rate of 77 MHz [25].
The oscillator delivers 260 fs pulses at 2.1 pm with an average
power of 18 W. A temporal self-compression down to 15 fs
[Fig. 2(a)] with an average power of 7 W is achieved in a com-
mercial silica-core photonic-crystal fiber [12]. The central
wavelength of this driving source corresponds to a low photon
energy of 0.6 eV, mitigating multiphoton absorption in the
nonlinear crystal and enabling a high-power operation of the
intra-pulse DFG scheme.

Among the many disordered polycrystalline materials, ZnSe
is one of the most suitable candidates to generate MIR via
intra-pulse DFG due to its broad transparency in the MIR
range (0.55 to 20 pm) and relatively high nonlinearity
(d14 = 20 pm/V). In addition, compared to other nonlinear
crystals, it has a high optical damage threshold and high ther-
mal conductivity, and is readily available commercially. Another
promising candidate is ZnS, which has very similar properties
as ZnSe, except for its narrower transparency window (0.55—
15 pm). Both polycrystalline materials are used in this Letter to
generate MIR radiation via RQPM with our recently developed
femtosecond Ho:YAG thin-disk laser source [12,25].

The self-compressed pulses are focused, using a gold-coated
off-axis parabolic mirror, into a 2-mm-thick ZnSe crystal to a
spot diameter of 60 pm. The crystal has a grain size of 50—
70 pm according to the vendor (Edmund Optics), which is
not far from the ~75 pm DFG coherence length in ZnSe crys-
tal driven by a 1.9 pm pump and 2.3 pm signal [26]. The crys-
tal is placed at an incident angle of 15° to reduce back-reflection
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Fig. 2. (a) Characterization of the 2 pm driving pulses. Red line,
measured spectrum by a Fourier transform infrared (FTIR) spectrom-
eter (Bristol 721); blue line, retrieved spectrum from a home-built
second-harmonic frequency-resolved optical gating (FROG); inset,
retrieved temporal intensity by FROG, indicating a pulse duration
of 15 fs. (b) MIR spectra with ZnSe crystal and ZnS crystal pumped
by a 2 pm laser source. The measured average output powers are
16 and 22 mW, respectively, behind the 2.7 pm long-pass filter.
The beam profiles of the MIR beam are measured by a beam profiling
camera (Pyrocam-III Ophir). The noise floors or background spectra
are measured with the nonlinear crystals shifted by ~1 mm away
from the focus.

into the laser system. Unlike regular birefringent crystals,
random phase-matching in a polycrystalline element does
not require a specific crystal orientation or input beam polari-
zation. Due to the high reflection loss of the uncoated ZnSe,
only 5.6 W of light entered the crystal, corresponding to a peak
intensity of 110 GW /cm? when the pulse’s temporal pedestal
is taken into account. The generated MIR radiation was sep-
arated from the transmitted driving beam by a long-pass filter
and sent to a monochromator (Newport Cornerstone 260) for
spectral measurement. To suppress second-order diffractions
from the monochromator’s grating, four long-pass filters with
cut-on wavelengths at 2.7, 4.5, 7.3, and 11 pm were used to
record four different spectra spanning from 2.7 to 5.5 pm, 4.5
t0 8.5 pm, 6 to 13 pm, and 10 to 22 pm. The intensities of the
measured spectra have been calibrated using a silicon nitride
infrared emitter (Bentham Instruments Ltd). This corrects
for losses in the long-pass filters and the ZnSe lens used to focus
light into the monochromator, and the low dispersion effi-
ciency of the monochromator grating at longer wavelengths
(starting from 11 pm). The corrected spectra were then stitched
together to produce the final spectrum.

As shown in Fig. 2(b), the spectrum spans nearly three oc-
taves and covers the wavelength range from 2.7 to 20 pm (at
-30 dB)—a bandwidth that can support few-cycle pulses in the
MIR. Interestingly, a cascaded intra-pulse difference-frequency
process is also found under the RQPM condition [15,16].



2988 Vol. 44, No. 12 / 15 June 2019 / Optics Letters

This process generates an ultra-broadband MIR spectrum, even
with significantly narrower input bandwidth. Via the standard
intra-pulse DFG process, the MIR spectrum would have only
reached down to 4.5 pm instead of 2.7 pm achieved in this
Letter. An average power of 16 mW was measured (S302C,
Thorlabs) behind a long-pass filter with a cut-on wavelength
of 2.7 pm. Taking into account the >10% loss of the long-pass
filter above 2.7 pm and the reflection loss on the uncoated
ZnSe crystal surface, we conclude that the generated MIR
power inside the crystal reached 25 mW. The reflection loss
can potentially be reduced by applying an appropriate anti-
reflection coating. The beam profile of the MIR is shown in
Fig. 2(b). The MIR beam exhibits the same polarization as
the incident fundamental laser beam. The MIR average power
was recorded for 1 h, showing power fluctuations of approxi-
mately 6% (root mean square). This large fluctuation originates
from the limited optimization of the mechanical stability of the
oscillator and the fiber compression stage. A significantly better
stability for the MIR output can be expected when a robust
laser housing and a thermally-stabilized fiber holder are used.

After exchanging the ZnSe crystal with a 2 mm thick ZnS
crystal, we also observed MIR generation and the cascaded
intra-pulse DFG process. A spectral coverage spanning from
2.7 to 15 pm was obtained, as shown in Fig. 2(b). An average
power of 22 mW was measured behind the 2.7 pm long-pass
filter, corresponding to an average power of 35 mW generated
inside the crystal. The grain size for the ZnS crystal is estimated
to be ~60 pm, according to the manufacturer (Korth Kristalle
GmbH), close to the coherence length of ~55 pm [27]. We
believe this better matching of the coherence length, as
compared to the ZnSe case, led to the improved conversion
efficiency.

As a comparison, a 1 pm laser system based on a Yb:YAG
thin-disk oscillator was also used as the driving source to gen-
erate MIR via RQPM. The system can deliver 16 fs pulses
[Fig. 3(a)] with an average power of 70 W at a repetition rate
of 28 MHz. The configuration of this system is very similar to
the one published by Fritsch ez /. [28], but with only two
Herriott cells for the spectral broadening instead of three.
Both ZnSe and ZnS crystals were tested under an average input
power of 4 and 6.5 W, respectively. They correspond to inten-
sities of 56 and 90 GW /cm? for a larger spot diameter of
120 pm, taking into account the reflection loss from the surface
of the crystals. These intensities are in each case just below the
damage threshold, which is defined to be the minimum power
needed to repeatedly induce damage at five different locations
on a given crystal. In comparison, with a 2 pm driving source,
no crystal damage was found, even at the maximum input
power of 7 W with the corresponding peak intensity of
110 GW /cm? inside the crystal. The lower damage threshold
when pumping at the 1 pm wavelength can be attributed to
the increased multiphoton absorption at higher photon
energies [29,30].

The generated MIR has an average power of 0.3 and
0.5 mW, respectively, measured behind the 2.7 pm long-pass
filter. The generated MIR power inside the crystals can be cal-
culated as 0.5 and 0.8 mW, respectively. The measured spectra
are shown in Fig. 3(b). The corresponding conversion efficien-
cies are more than 20 times lower compared to the case with the
2 pm driving source. These values are summarized in Table 1.
The first reason for the lower efficiency is the lower damage
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Fig. 3. (a) Characterization of the 1 pm driving pulses. Red line,
measured spectrum by an optical spectrum analyzer (Yokogawa); blue
line, retrieved spectrum from FROG; inset, retrieved temporal inten-
sity by FROG, indicating a pulse duration of 16 fs. (b) MIR spectra
with ZnSe and ZnS crystals pumped by a 1 pm laser source. The mea-
sured average powers behind the 2.7 pm long-pass filter are 0.3 and
0.5 mW, respectively.

threshold for ZnS and, especially ZnSe, at 1 pm, limiting
the intensities that can be applied for the nonlinear process.
Secondly, the coherence lengths for RQPM and the average
crystal grain sizes are better matched for the 2 pm case, enhanc-
ing the resonance effect [20]. In contrast, the coherence lengths
for a pump at 980 nm and a signal at 1080 nm are ~30 pm for
both ZnS and ZnSe, which is far away from their average grain
size of ~60 pm. Furthermore, the phase-mismatch vector,
Ak = k3 - ky - ky, is also approximately twice as large for
conversion at 1 pm. Since the intensity of the generated signal
is proportional to the inverse square of Ak [20], this also
contributes to the lower efficiency.

The average infrared power driven by both 1 and 2 pm
sources could be further boosted in the future. Since the
DEFG signal has a linear variation as a function of the sample
thickness under the RQPM condition [20], higher average
MIR power can be expected by increasing the interaction
length while maintaining the intensity. This can be achieved
by using a higher power pump source, together with a larger
spot size and a longer Rayleigh length. External cooling of the
nonlinear crystals can also be implemented to help reduce
potential thermal-induced instabilities. In addition, the DFG
signal has a resonant yield when the grain size of the polycrys-
talline material is close to the coherence length [20,21]. In the
case for ZnSe, the grain size (50—70 pm) is still somewhat
smaller than the coherence length (~75 pm) when a 2 pm
source is used. This can be improved through annealing [21]
to obtain larger and more suitable grain sizes. Considering the
higher damage threshold, lower A% for DFG, and the average
grain size of off-the-shelf polycrystalline elements, pumping
at 2 pm is the preferred route over 1 pm pumping for generat-
ing MIR through RQPM with ZnS and ZnSe crystals.
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Table 1. Summary of the Parameters with 1 and 2 pm Pump Sources?®
IFocus [GW/sz] PPump [W] T [fS] frep [MHZ] DGrain [P-m] Le [llm] Ak [mm_l] PAvg [mW] n [0/0]
1 pm ZnSe 56 4 16 28 50-70 27.3 115.2 0.5 0.02
1 pm ZnS 90 6.5 16 28 60 347 90.4 0.8 0.02
2 pm ZnSe 110 7 15 77 50-70 76.5 41.1 25 0.51
2 pm ZnS 110 7 15 77 60 56.6 55.5 35 0.71

Irocus>» peak intensity in the focus; Ppyyy, pump power; 7, pulse duration of the pump pulses; f,,, repetition rate of the pump pulses; Dy, grain size;

Le, coherence length; Ak, phase-mismatch vector; Py,,, average power of the MIR laser generated inside the crystal; 5, conversion efficiency.

In conclusion, we report the generation of broadband MIR
via cascaded intra-pulse DFG based on random quasi-phase-
matching. To the best of our knowledge, this is the first time
that random QPM has been used for intra-pulse DFG. It is
demonstrated in commercially available ZnSe and ZnS poly-
crystalline materials with both 1 and 2 pm pump sources.
Compared to the 1 pm source, the 2 pm source shows one
order of magnitude improvement in conversion efficiency and
average output power. A spectrum covering from 2.7 to 20 pm
with an average power of over 16 mW can be obtained with
a ZnSe crystal, and a spectral coverage from 2.7 to 15 pm with
an average power of over 22 mW can be obtained with a ZnS
crystal. These powers obtained by random QPM are enough
to saturate typical HgCdTe detectors used for this wave-
length range. The system, which uses economical and widely
available polycrystalline materials, combines the robust and
simple single-beam geometry for intra-pulse DFG with the
extreme ease-of-use of the random quasi-phase-matched pro-
cess. Moreover, intra-pulse DFG also has the potential to gen-
erate few-cycle infrared output with passive CEP stability.
These advantages make this scheme highly attractive for many
research applications.
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