
1SCIEnTIFIC RepOrts | 7: 11097  | DOI:10.1038/s41598-017-11652-9

www.nature.com/scientificreports

Generation of octave-spanning 
mid-infrared pulses from cascaded 
second-order nonlinear processes in 
a single crystal
Yanchun Yin, Xiaoming Ren, Andrew Chew, Jie Li, Yang Wang, Fengjiang Zhuang, Yi Wu & 
Zenghu Chang

We report on experimental generation of a 6.8 μJ laser pulse spanning from 1.8 to 4.2 μm from cascaded 
second-order nonlinear processes in a 0.4-mm BiB3O6 (BIBO) crystal. The nonlinear processes are 
initiated by intra-pulse difference frequency generation (DFG) using spectrally broadened Ti:Sapphire 
spectrum, followed by optical parametric amplification (OPA) of the DFG pulse. The highest energy, 
12.6 μJ, is achieved in a 0.8-mm BIBO crystal with a spectrum spanning from 1.8 to 3.5 μm. Such 
cascaded nonlinear processes are enabled by the broadband pump and the coincident phase matching 
angle of DFG and OPA. The spectrum is initiated from the DFG process and is thus expected to have 
passive stable carrier-envelope phase, which can be used to seed either a chirped pulse amplifier (CPA) 
or an optical parametric chirped pulse amplifier (OPCPA) for achieving high-energy few-cycle mid-
infrared pulses. Such cascaded second-order nonlinear processes can be found in many other crystals 
such as KTA, which can extend wavelengths further into mid-infrared. We achieved a 0.8 μJ laser pulse 
spanning from 2.2 to 5.0 μm in KTA.

Few-cycle, mJ-level, and carrier-envelope phase (CEP) stable lasers in the short-wavelength infrared to 
mid-wavelength infrared are of significant interest to the ultrafast community. One of such interests is to produce 
isolated soft/hard X-ray attosecond pulses with shorter pulse duration and sufficient photon flux. So far, isolated 
extreme ultraviolet (XUV) attosecond pulses as short as 67 as have been achieved in high harmonic generation 
(HHG) pumped by spectrally-broadened Ti:Sapphire lasers1. Recent development of few-cycle and high-energy 
driving lasers with center wavelengths varying from 1.6 μm to 2.1 μm has already enabled the generation of the 
attosecond soft X-ray pulses in the water-window region (280 to 530 eV)2–4. In order to further extend the HHG 
cutoff photon energy and thus produce shorter attosecond pulses, the development of high-energy few-cycle 
pulses further into the mid-infrared (mid-IR) region is in demand because of the quadratic scaling of the pon-
deromotive energy with driving wavelength5, 6. Mid-IR laser pulses centered at 3.9 μm has produced X-ray pho-
tons with more than 1.6 keV7. In addition, such mid-IR laser sources are ideal tools for the study of HHG in 
solids8, 9, incoherent hard X-ray generation10, acceleration of electrons in dielectric structures and plasma11–13, 
breakdown of dipole approximation14, filamentation in air15, rotational and vibrational dynamics of molecules16, 
time-resolved imaging of molecular structures17, strong-field science in plasmonic systems18, and mid-IR super-
continuum generation19.

Currently, most few-cycle long-wavelength lasers are centered around 2 μm or below20–28, which are mainly 
achieved by using either optical parametric chirped pulse amplification (OPCPA) or dual-chirped optical para-
metric amplification (DC-OPA)29, 30 pumped by picosecond lasers. Most of those lasers are seeded via intra-pulse 
difference frequency generation (DFG)20–22, 24, 25, 27, 28. Intra-pulse DFG31–33 has several advantages: more than 
one octave super broad phase matching bandwidth, no jitter between the pump and the signal, and passive stable 
CEP for the idler since the pump and the signal are within a same pulse. In addition, it would be much desirable 
to obtain μJ-level DFG energy, which would reduce amplification stages and superfluorescence in either OPCPA 
or DC-OPA.
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Rapid progress has been made on the generation of high-energy short-pulse mid-IR laser sources above 
3 μm34–38. However, the spectral bandwidth has not reached near one octave, which limits the pulse duration 
to multi-cycle. Recently, generation of octave mid-IR pulses have been theoretically investigated in mid-IR fila-
ments39 and experimentally enabled with μJ-level energy by four-wave mixing in a two-color induced filament40, 
supercontinuum generation19, and adiabatic DFG41, 42. Especially, the adiabatic DFG42 has demonstrated the capa-
bilities of octave-spanning spectrum, arbitrary pulse shaping, and compression approaching single-cycle pulse 
duration, although the system is complex. In this Report, we experimentally generated μJ-level octave-spanning 
mid-IR pulses with both passive-stable CEP and high efficiency by using intra-pulse DFG in a relatively simple 
setup. Specifically, we report on experimental generation of a 6.8 μJ pulse spanning from 1.8 to 4.2 μm by utiliz-
ing cascaded second-order nonlinear processes43, 44, which are initiated by intra-pulse DFG in a 0.4-mm BiB3O6 
(BIBO) crystal and simultaneously amplified in the same BIBO by optical parametric amplification (OPA). 
Similarly, by using a 0.8-mm BIBO crystal, we achieved a 12.6 μJ pulse spanning from 1.8 to 3.5 μm. Such cas-
caded second-order nonlinear processes occur due to the coincident phase matching angle of DFG and OPA. To 
the best of our knowledge, this is the first time such high-energy broadband pulses around 3 μm has been gener-
ated by intra-pulse DFG, which can be used to seed a two-cycle 2.4–4.0 μm DC-OPA in MgO-doped LiNbO3 (or 
KNbO3)45, a sub-cycle 4–12 μm OPCPA in ZnGeP2 (ZGP)46 or a chirped pulse amplifier with Cr2+:ZnSe/ZnS47. 
Moreover, we have found that such cascaded second-order nonlinear processes can occur in many other non-
linear crystals, which will open up opportunities to generate wavelength further into mid-infrared. For example, 
we experimentally generated a 0.8 μJ laser pulse spanning from 2.2 to 5.0 μm in KTA by utilizing the cascaded 
second-order nonlinear processes. Such mid-infrared pulse can seed a Fe2+:ZnSe CPA laser48, 49.

Results
Experimental Setup.  The experimental setup is shown in Fig. 1. Nanojoule-level oscillator pulses (730–
830 nm) are stretched to 360 ps in an Offner-type stretcher before the pulse energy is boosted by a home-made 
14-pass Ti:Sapphire amplifier system to 4 mJ, out of which 2.6 mJ is compressed to 2.2 mJ, 30 fs by a transmission 
grating pair and is then sent to a hollow-core fiber (HCF) filled with 30 psi neon for white light generation (WLG). 
The white light is compressed to ~7 fs using seven pairs of chirped mirrors combined with fused silica compen-
sating plates, after which about 700 μJ energy is usable for experiments. The uncoated BIBO crystal, which has a 
phase matching angle θ = 10.3° in XZ plane, was placed about 30 cm away from a f = 0.5 m concave mirror. The 
beam after BIBO was collimated with another f = 0.5 m concave mirror.

Principle of cascaded second-order nonlinear processes.  The principle of cascaded second-order 
nonlinear processes is illustrated in Fig. 2. Figure 2(a) shows the normalized phase matching efficiency of a 
0.4-mm BIBO, where second-order nonlinear processes occurring at different wavelengths can be conveniently 
located. The first second-order nonlinear process–intra-pulse DFG–is within WLG pulses. The pump is from the 
short wavelengths and the signal is from the long wavelengths of the WLG spectrum. The input WLG pulse is 
linearly polarized. If the WLG pulse polarization is purely along either the ordinary (o) axis or the extra-ordinary 
(e) axis of the BIBO crystal, there is no phase matched second-order nonlinear process. In order to initiate the 
DFG process efficiently, the BIBO crystal has to be orientated in such a way that a major portion of the WLG 
pulse energy is projected along the e axis and a small portion is projected along the o axis, as shown in Fig. 2(c). 
One example of phase matching in DFG, which is illustrated by the center of the left circle in Fig. 2(a), is shown 
as follows:

ω ω ω− =e o o( ) ( ) ( ) (1)pump nm signal nm idler nm:600 :750 :3000  

Once DFG is initiated, the long wavelengths of the WLG pulse will serve as a pump and the DFG pulse will 
serve as an idler in the second second-order nonlinear process–OPA, in which a new signal around and above 
1 μm will be generated and in the meantime, the DFG pulse will be amplified. One example of such phase match-
ing in the OPA, which is illustrated by the center of the right circle in Fig. 2(a), is shown as follows:

  ω ω ω− =e o o( ) ( ) ( ) (2)pump nm idler nm signal nm:800 :3000 :1091

Thus, the two second-order nonlinear processes share a same idler, which is initiated by the DFG process 
and amplified by the OPA process. This idler is expected to be CEP stable and is the focus of this Report. From 
the phase matching plot such as the one in Fig. 2, one can obtain all the phase-matching data for predicting the 

Figure 1.  Experimental setup for the generation of multi-octave MIR spectrum via cascaded second-order 
nonlinear processes, i.e., DFG and OPA in a single BIBO crystal. The HCF is polyimide coated fused silica 
capillary tubing, which has a core size of 500 μm.
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cascaded processes. The first step is to identify available pump wavelengths (HCF spectrum in the case of this 
manuscript). With given pump wavelengths, all the idler wavelengths that are within the phase matching region 
can be located. Finally, all the signal wavelengths can be calculated from the pump and idler wavelengths.

Experimental results.  In the experiments, to optimize the conversion efficiency from pump to idler in the 
two combined second-order nonlinear processes, the angle between the input WLG pulse polarization and the e 
axis of the BIBO was set to be 8°. About 98% of the WLG pulse energy was along the e axis of the BIBO and the 
remainder was along the o axis. After the cascaded nonlinear processes, a wire polarizer was used to block the e 
polarization and only allows the o polarization to pass through. A 69 μJ spectral continuum in the o polarization 
spanning from 0.5 μm to 4.2 μm was obtained in a 0.4-mm BIBO and a 98 μJ continuum spanning from 0.5 μm 
to 3.5 μm was obtained in a 0.8-mm BIBO. Four spectrometers were used for the measurements of spectra: a 0.5–
0.95 μm NIR spectrometer, a 0.9–1.3 μm InGaAs spectrometer, a 1.1–2.5 μm IR spectrometer, and a 1.5–6.3 μm 
spectrometer. The spectra from different spectrometers were stitched together while taking into account of the 
relative spectral intensity.

The measured two continuum spectra were shown in Fig. 3. In the continuum, the 0.5–0.95 μm spectrum was 
from the original WLG pulse, which was involved in the DFG process. The 0.95–1.8 μm spectrum was the signal 
generated from the second nonlinear process–OPA. The 1.8–4.2 μm spectrum in Fig. 3(a) or the 1.8–3.5 μm 
spectrum in Fig. 3(b) was from the DFG process, which was further amplified by the OPA process. The reduced 
bandwidth in the 0.8-mm BIBO crystal is due to increased group velocity mismatch during the nonlinear pro-
cesses. Although it is known that BIBO has a limited transparency at around 3 μm, the idler generated in BIBO 
can reach 4.2 μm due to the very thin BIBO–0.4 mm. Nevertheless, the obtainable idler bandwidth in the 0.4 mm 
BIBO is still limited by optical absorption as the theoretical phase matching can go beyond 4.5 μm. Thus, the idler 
bandwidth is limited by optical absorption in a relatively thin BIBO crystal and is limited by phase matching in a 
relatively thick BIBO crystal.

Since we are primarily interested in the spectral region (>1.8 μm) originated from DFG, the energy scaling for 
the idler was studied, which is shown in Fig. 4. A long-pass filter was used to block the spectrum below 1.8 μm. 
The output idler pulse energy changes linearly with the input WLG pulse energy in both a 0.4-mm and a 0.8-mm 
BIBO crystal. A 6.8 μJ pulse covering 1.8–4.2 μm was obtained in a 0.4-mm crystal, compared with a 12.6 μJ pulse 
covering 1.8–3.5 μm in a 0.8-mm BIBO crystal. Further energy scaling in both crystals is limited by the damage 
threshold of BIBO with currently available 700 μJ input WLG pulse energy. The pulse energy fluctuation (RMS) 

Figure 2.  (a) The calculated phase matching efficiency (Sinc2[ΔkL/2]) as a function of pump and signal 
wavelengths for a 0.4 mm Type I (phase matching angle = 10.3° in the XZ plane) BIBO50 crystal. Δk is the 
propagation constant difference and L is the BIBO crystal length. The center of the left circle (black) and the 
right circle (black) show one example of phase matching of the DFG process and the OPA process, respectively; 
(b) the input pump spectrum generated from a broadened Ti:Sapphire spectrum in a HCF; (c) illustration of 
cascaded second-order nonlinear processes in the type I phase matching of BIBO, where a major part of HCF 
pulses is along the e axis of the BIBO crystal and a small portion is along the o axis.
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was about 1.0% measured over 100,000 laser shots, as shown in Fig. 5(a). The idler beam has a near Gaussian 
spatial profile, as shown in Fig. 5(b).

Discussion
Such cascaded nonlinear processes also exist in many other nonlinear crystals. By replacing the BIBO crystal, we 
have found experimentally that a 0.2-mm KTA can generate a 0.8 μJ pulse covering 2.2–5.0 μm when pumped 
with a 700 μJ compressed WLG pulse generated in HCF. The KTA crystal is uncoated and has a phase matching 
angle θ = 41° in the XZ plane.

The principle of cascaded second-order nonlinear processes in KTA is illustrated by the phase matching curve 
shown in Fig. 6(a). One example of phase matching in DFG, which is illustrated by the center of the left circle in 
Fig. 6(a), is shown as follows:

ω ω ω− =e o o( ) ( ) ( ) (3)pump nm signal nm idler nm:720 :900 :3600  

One example of phase matching for amplifying DFG in the OPA, which is illustrated by the center of the right 
circle in Fig. 2(a), is shown as follows:

  ω ω ω− =o o e( ) ( ) ( ) (4)pump nm idler nm signal nm:850 :3600 :1113

It is worth noticing that the pump (e) for DFG and the pump (o) for OPA have orthogonal polarization, 
which is unlike the case in BIBO where both pumps are along the e axis. In order to optimize the conversion effi-
ciency of the cascaded processes, the angle between the input WLG pulse polarization and the e axis of the KTA 
was set to be about 45°. Thus, the pump energy was almost equally shared between the DFG process and OPA 

Figure 3.  Measured output spectrum from (a) 0.4 mm and (b) 0.8 mm BIBO crystals with the polarization 
parallel to the o axis of BIBO crystals, including a small portion of HCF spectrum (0.5–0.95 μm), the idler 
spectrum (1.8–4.2 μm & 1.8–3.5 μm) from DFG, and the new signal spectrum (0.95–1.8 μm) generated in the 
OPA process when the DFG pulse is amplified.

Figure 4.  Measured idler energy as a function of input pump energy in 0.4 mm (red) and 0.8 mm (blue) BIBO 
crystals.
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process, which in part explains the fact that the efficiency of cascaded processes in KTA is not as efficient as that 
in BIBO. Further energy scaling in a longer KTA crystal would be expected with sacrifice of reduced bandwidth. 
Nevertheless, this 2.2–5.0 μm broadband pulse can seed a Fe2+:ZnSe CPA laser48, 49, 51.

Other crystals that allow for cascaded nonlinear processes include KNbO3, LiIO3, and LiNbO3, among which 
KNbO3 is the best candidate due to its large second-order nonlinearity and high damage threshold. The nonlinear 
processes in those crystals are not as efficient as in BIBO, but can extend DFG wavelengths beyond 5 μm.

Although the duration is unknown, it cannot be very long, given the short length of the conversion crystal. 
We are not concerned with the idler pulse duration here since the idler would be primarily used to seed either a 
Cr2+:ZnSe CPA47 or an OPCPA45, 46, and the amplified pulse can be compressed by using an acousto-optic pro-
grammable dispersive filter (AOPDF) combined with a grating pair or a bulk material.

Conclusions
In conclusion, we have experimentally generated a 6 μJ laser pulse spanning from 1.8 to 4.2 μm in a 0.4-mm 
BIBO and a 12.6 μJ laser pulse spanning from 1.8 to 3.5 μm in a 0.8-mm BIBO by utilizing cascaded second-order 
nonlinear processes. The mid-IR idler pulse above 1.8 μm is generated in the intra-pulse DFG process and is fur-
ther amplified by a second second-order nonlinear process–OPA. We also experimentally demonstrated that the 
cascaded second-order nonlinear processes in KTA can produce a 0.8 μJ pulse with a spectrum spanning from 2.2 
to 5.0 μm. The mid-IR pulse generated and amplified by the cascaded processes is expected to have passive stable 
CEP, which can be used to seed either a CPA or an OPCPA for achieving high-energy few-cycle mid-infrared 
pulses. Besides, such cascaded nonlinear processes in crystals such as KNbO3 may pave the way for high-energy 
seeding at even longer mid-infrared wavelengths.

Figure 5.  (a) Idler pulse energy stability; (b) idler beam profile.

Figure 6.  (a) The calculated phase matching efficiency (Sinc2[ΔkL/2]) as a function of pump and signal 
wavelengths for a 0.2-mm Type I (phase matching angle = 41° in the XZ plane) KTA52 crystal. Δk is the 
propagation constant difference and L is the KTA crystal length. The center of the left circle (black) and the right 
circle (black) show one example of phase matching of the DFG process and the OPA process, respectively; (b) 
the idler spectrum generated by the cascaded second-order nonlinear processes in KTA.



www.nature.com/scientificreports/

6SCIEnTIFIC RepOrts | 7: 11097  | DOI:10.1038/s41598-017-11652-9

References
	 1.	 Zhao, K. et al. Tailoring a 67 attosecond pulse through advantageous phase-mismatch. Opt. Lett. 37, 3891–3893 (2012).
	 2.	 Ishii, N. et al. Carrier-envelope phase-dependent high harmonic generation in the water window using few-cycle infrared pulses. 

Nat. Commun. 5, 3331 (2014).
	 3.	 Silva, F., Teichmann, S. M., Cousin, S. L., Hemmer, M. & Biegert, J. Spatiotemporal isolation of attosecond soft x-ray pulses in the 

water window. Nat. Commun. 6, 6611 (2015).
	 4.	 Li, J. et al. Polarization gating of high harmonic generation in the water window. Appl. Phys. Lett. 108, 231102 (2016).
	 5.	 Shan, B. & Chang, Z. Dramatic extension of the high-order harmonic cutoff by using a long-wavelength driving field. Phys. Rev. A 

65, 011804–1–011804–4 (2001).
	 6.	 Takahashi, E. J., Kanai, T., Ishikawa, K. L., Nabekawa, Y. & Midorikawa, K. Coherent water window x ray by phase-matched high-

order harmonic generation in neutral media. Phys. Rev. Lett. 101, 253901 (2008).
	 7.	 Popmintchev, T. et al. Bright coherent ultrahigh harmonics in the kev x-ray regime from mid-infrared femtosecond lasers. Science 

336, 1287–1291 (2012).
	 8.	 Ghimire, S. et al. Observation of high-order harmonic generation in a bulk crystal. Nat. Phys. 7, 138–141 (2011).
	 9.	 You, Y. S. et al. Laser waveform control of extreme ultraviolet high harmonics from solids. Opt. Lett. 42, 1816–1819 (2017).
	10.	 Weisshaupt, J. et al. High-brightness table-top hard x-ray source driven by sub-100-femtosecond mid-infrared pulses. Nat. 

Photonics. 8, 927–930 (2014).
	11.	 Naranjo, B., Valloni, A., Putterman, S. & Rosenzweig, J. B. Stable charged-particle acceleration and focusing in a laser accelerator 

using spatial harmonics. Phys. Rev. Lett. 109, 164803 (2012).
	12.	 Wandel, S., Xu, G., Yin, Y. & Jovanovic, I. Parametric generation of energetic short mid-infrared pulses for dielectric laser 

acceleration. Journal of Physics B: Atomic, Molecular and Optical Physics 47, 234016 (2014).
	13.	 Pogorelsky, I. V., Polyanskiy, M. N. & Kimura, W. D. Mid-infrared lasers for energy frontier plasma accelerators. Phys. Rev. Accel. 

Beams 19, 091001 (2016).
	14.	 Reiss, H. R. Limits on tunneling theories of strong-field ionization. Phys. Rev. Lett. 101, 043002 (2008).
	15.	 Liang, H. et al. Mid-infrared laser filaments in air at a kilohertz repetition rate. Optica 3, 678–681 (2016).
	16.	 Woutersen, S., Emmerichs, U. & Bakker, H. J. Femtosecond mid-IR pump-probe spectroscopy of liquid water: Evidence for a two-

component structure. Science 278, 658–660 (1997).
	17.	 Blaga, C. I. et al. Imaging ultrafast molecular dynamics with laser-induced electron diffraction. Nature 483, 194–197 (2012).
	18.	 Herink, G., Solli, D. R., Gulde, M. & Ropers, C. Field-driven photoemission from nanostructures quenches the quiver motion. 

Nature 483, 190–193 (2012).
	19.	 Stingel, A. M., Vanselous, H. & Petersen, P. B. Covering the vibrational spectrum with microjoule mid-infrared supercontinuum 

pulses in nonlinear optical applications. J. Opt. Soc. Am. B 34, 1163–1169 (2017).
	20.	 Fuji, T. et al. Parametric amplification of few-cycle carrier-envelope phase-stable pulses at 2.1 μm. Opt. Lett. 31, 1103–1105 (2006).
	21.	 Vozzi, C. et al. Millijoule-level phase-stabilized few-optical-cycle infrared parametric source. Opt. Lett. 32, 2957–2959 (2007).
	22.	 Li, C. et al. Generation of carrier-envelope phase stabilized intense 1.5 cycle pulses at 1.75 μm. Opt. Express 19, 6783–6789 (2011).
	23.	 Mücke, O. D. et al. Self-compression of millijoule 1.5 μm pulses. Opt. Lett. 34, 2498–2500 (2009).
	24.	 Deng, Y. et al. Carrier-envelope-phase-stable, 1.2 mJ, 1.5 cycle laser pulses at 2.1 μm. Opt. Lett. 37, 4973–4975 (2012).
	25.	 Ishii, N. et al. Sub-two-cycle, carrier-envelope phase-stable, intense optical pulses at 1.6 μm from a BiB3O6 optical parametric 

chirped-pulse amplifier. Opt. Lett. 37, 4182–4184 (2012).
	26.	 Hong, K.-H. et al. Multi-mJ, kHz, 2.1 μm optical parametric chirped-pulse amplifier and high-flux soft x-ray high-harmonic 

generation. Opt. Lett. 39, 3145–3148 (2014).
	27.	 Ishii, N., Kaneshima, K., Kanai, T., Watanabe, S. & Itatani, J. Sub-two-cycle millijoule optical pulses at 1600 nm from a BiB3O6 optical 

parametric chirped-pulse amplifier. CLEO: 2015 SF1M.3 (2015).
	28.	 Yin, Y. et al. High-efficiency optical parametric chirped-pulse amplifier in BiB3O6 for generation of 3 mJ, two-cycle, carrier-envelope-

phase-stable pulses at 1.7 μm. Opt. Lett. 41, 1142–1145 (2016).
	29.	 Fu, Y., Takahashi, E. J. & Midorikawa, K. High-energy infrared femtosecond pulses generated by dual-chirped optical parametric 

amplification. Opt. Lett. 40, 5082–5085 (2015).
	30.	 Fu, Y., Takahashi, E. J., Zhang, Q., Lu, P. & Midorikawa, K. Optimization and characterization of dual-chirped optical parametric 

amplification. Journal of Optics 17, 124001 (2015).
	31.	 Ishii, N., Kitano, K., Kanai, T., Watanabe, S. & Itatani, J. Carrier-envelope-phase-preserving, octave-spanning optical parametric 

amplification in the infrared based on BiB3O6 pumped by 800 nm femtosecond laser pulses. Applied Physics Express 4, 022701 
(2011).

	32.	 Fattahi, H., Schwarz, A., Keiber, S. & Karpowicz, N. Efficient, octave-spanning difference-frequency generation using few-cycle 
pulses in simple collinear geometry. Opt. Lett. 38, 4216–4219 (2013).

	33.	 Ernotte, G., Lassonde, P., Légaré, F. & Schmidt, B. E. Frequency domain tailoring for intra-pulse frequency mixing. Opt. Express 24, 
24225–24231 (2016).

	34.	 Andriukaitis, G. et al. 90 Gw peak power few-cycle mid-infrared pulses from an optical parametric amplifier. Opt. Lett. 36, 
2755–2757 (2011).

	35.	 Zhao, K. et al. Generation of 120 Gw mid-infrared pulses from a widely tunable noncollinear optical parametric amplifier. Opt. Lett. 
38, 2159–2161 (2013).

	36.	 Wandel, S., Lin, M.-W., Yin, Y., Xu, G. & Jovanovic, I. Parametric generation and characterization of femtosecond mid-infrared 
pulses in ZnGeP2. Opt. Express 24, 5287–5299 (2016).

	37.	 Sanchez, D. et al. 7 μm, ultrafast, sub-millijoule-level mid-infrared optical parametric chirped pulse amplifier pumped at 2 μm. 
Optica 3, 147–150 (2016).

	38.	 Malevich, P. et al. Broadband mid-infrared pulses from potassium titanyl arsenate/zinc germanium phosphate optical parametric 
amplifier pumped by Tm, Ho-fiber-seeded Ho:YAG chirped-pulse amplifier. Opt. Lett. 41, 930–933 (2016).

	39.	 Panagiotopoulos, P., Whalen, P., Kolesik, M. & Moloney, J. V. Super high power mid-infrared femtosecond light bullet. Nat Photon 
9, 543–548 (2015).

	40.	 Voronin, A. A., Nomura, Y., Shirai, H., Fuji, T. & Zheltikov, A. Half-cycle pulses in the mid-infrared from a two-color laser-induced 
filament. Applied Physics B 117, 611–619 (2014).

	41.	 Suchowski, H., Krogen, P. R., Huang, S.-W., Kärtner, F. X. & Moses, J. Octave-spanning coherent mid-IR generation via adiabatic 
difference frequency conversion. Opt. Express 21, 28892–28901 (2013).

	42.	 Krogen, P. et al. Generation and multi-octave shaping of mid-infrared intense single-cycle pulses. Nat Photon 11, 222–226 (2017).
	43.	 Tan, G. P. B. H. & Tomaselli, A. Optical frequency mixing through cascaded second-order processes in β-barium borate. Appl. Phys. 

Lett. 63, 2472 (1993).
	44.	 Kessel, A. et al. Generation of multi-octave spanning high-energy pulses by cascaded nonlinear processes in BBO. Opt. Express 24, 

5628–5637 (2016).
	45.	 Yin, Y. et al. High-energy two-cycle pulses at 3.2 μm by a broadband-pumped dual-chirped optical parametric amplification. Opt. 

Express 24, 24989–24998 (2016).
	46.	 Yin, Y. et al. Towards terawatt sub-cycle long-wave infrared pulses via chirped optical parametric amplification and indirect pulse 

shaping. Sci. Rep. 7, 45794 (2017).



www.nature.com/scientificreports/

7SCIEnTIFIC RepOrts | 7: 11097  | DOI:10.1038/s41598-017-11652-9

	47.	 Slobodchikov, E., Chieffo, L. R. & Wall, K. F. High peak power ultrafast Cr:ZnSe oscillator and power amplifier. Proc. SPIE 9726, 
(972603–972603–7 (2016).

	48.	 Kernal, J., Fedorov, V. V., Gallian, A., Mirov, S. B. & Badikov, V. V. 3.9–4.8 μm gain-switched lasing of Fe:ZnSe at room temperature. 
Opt. Express 13, 10608–10615 (2005).

	49.	 Doroshenko, M. E. et al. Tunable mid-infrared laser properties of Cr2+:ZnMgSe and Fe2+:ZnSe crystals. Laser Physics Letters 7, 38 
(2009).

	50.	 Umemura, N., Miyata, K. & Kato, K. New data on the optical properties of BiB3O6. Optical Materials 30, 532–534 (2007).
	51.	 Firsov, K. N. et al. High-energy room-temperature Fe2+:ZnS laser. Laser Physics Letters 13, 015001 (2016).
	52.	 Fenimore, D. L., Schepler, K. L., Ramabadran, U. B. & McPherson, S. R. Infrared corrected sellmeier coefficients for potassium 

titanyl arsenate. J. Opt. Soc. Am. B 12, 794–796 (1995).

Acknowledgements
This work has been supported by Air Force Office of Scientific Research (FA9550–16–1–0013, FA9550–15–1–0037);  
Army Research Office (W911NF-14-1-0383, W911NF-15-1-0336); the DARPA PULSE program by a grant 
from AMRDEC (W31P4Q1310017). This material is also based upon work supported by the National Science 
Foundation under Grant Number (NSF Grant Number 1506345). Any opinions, findings, and conclusions or 
recommendations expressed in this material are those of the authors and do not necessarily reflect the views of 
the National Science Foundation.

Author Contributions
Y.Y. and Z.C. conceived the simulations and experiments. Y.Y., X.R., A.C., J.Li., Y.W., F.Z., and Y.W. developed the 
setup and carried out the experiments. Y.Y. wrote the manuscript. All authors reviewed and contributed to the 
final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Generation of octave-spanning mid-infrared pulses from cascaded second-order nonlinear processes in a single crystal

	Results

	Experimental Setup. 
	Principle of cascaded second-order nonlinear processes. 
	Experimental results. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Experimental setup for the generation of multi-octave MIR spectrum via cascaded second-order nonlinear processes, i.
	Figure 2 (a) The calculated phase matching efficiency (Sinc2[ΔkL/2]) as a function of pump and signal wavelengths for a 0.
	Figure 3 Measured output spectrum from (a) 0.
	Figure 4 Measured idler energy as a function of input pump energy in 0.
	Figure 5 (a) Idler pulse energy stability (b) idler beam profile.
	Figure 6 (a) The calculated phase matching efficiency (Sinc2[ΔkL/2]) as a function of pump and signal wavelengths for a 0.




