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Fig. 1 Schematics of the interaction between cascaded optical waves and terahertz wave in cascaded difference frequency

generation. m and M are integers, representing cascaded order. (a) Spectrum of two input laser beams;

(b) terahertz wave wy, generation by cascaded difference frequency, m —M =1; (c) terahertz wave wy, generation

by cascaded difference frequency, taking m —M =10 as an example
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Fig. 2 Schematics of experimental structure of cascaded difference frequency generation. (a) Experimental structure
diagram; (b) sectional drawing of slab waveguide, d, and d, denote thickness of waveguides [ and I,
respectively, r, and r, denote core thickness of waveguides | and [l , respectively, L, and L, denote length of

waveguides | and [, respectively; (c) relationship between effective refractive index of terahertz wave and

cascaded order m when Ak, is equal to 0, taking w, =5 THz as an example
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Fig. 3 TE fundamental mode field distributions of terahertz wave in slab waveguide, terahertz wave frequency is 5 THz.

(a) Slab waveguide [ ; (b) slab waveguide Il ; (c) sectional drawing of mode fields distributions
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Fig. 4 Terahertz wave and cascaded optical spectra generated by cascaded difference frequency. (a) Cascaded optical
spectra evolution in PPLN crystal, wy, =0.5 THz; (b) cascaded optical waves distribution in PPLN crystal, wq =

0.5 THz; (c) terahertz wave intensities and cascaded optical spectra versus slab waveguides length, wy, =5 THz;

(d) phase mismatch distributions for each order of different frequency in slab waveguides, wy, = 5 THz;

(e) cascaded optical waves distributions in slab waveguides, wy, =5 THz
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Fig. 5 Terahertz wave and cascaded optical spectra generated by cascaded difference frequency in APPLN crystal, wp, =

5 THz. (a) Terahertz wave intensities and cascaded optical spectra versus crystal length; (b) phase mismatch

distributions of cascaded difference frequency generation in APPLN crystal; (c) cascaded optical waves distributions

in APPLN crystal
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Abstract

Objective

Terahertz technologies have attracted significant attention in various fields, such as imaging, spectral

analysis, security inspections, biomedicine and communications. Wireless transmission at several hundred Gb/s rates

can be realised with high-frequency terahertz waves (=>5 THz), especially in the field of high-speed wireless

communications. For such wireless communications, a high-power, high-efficiency, inexpensive and compact source

of high-frequency terahertz waves is required. Electronic methods (e. g. travelling wave tube, backward wave

oscillator and nanoklystron) and optical methods (e. g. photoconductive antenna, optical rectification, terahertz

wave parametric oscillator, difference frequency generation and quantum cascade laser) cannot efficiently generate
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high-frequency terahertz waves. In this study, we present a novel scheme for generating high-frequency terahertz
waves in MgO : LiNbO; slab waveguides with optimised cascaded difference frequency generation at polariton
resonance. Such a terahertz source exhibits excellent advantages, such as high-efficiency, high-power, compactness
and room temperature operation. We believe that the proposed novel scheme can boost terahertz wave applications in
high-speed wireless communications.

Methods Two infrared pump waves w, of 291.76 THz and w, of 291.26 THz interact in a PPLN crystal, generating
a terahertz wave w, of 0.5 THz and a series of cascaded optical waves by cascaded difference frequency generation.
Then, the generated cascaded optical waves with frequency interval wq; further interact in an MgO : LiNbO, slab
waveguide, generating a high-frequency terahertz wave wy, of 5 THz through the optimised cascaded difference
frequency generation. The phase mismatches optimised by changing the dimensions of the MgO : LiNbQO; slab
waveguide in cascaded Stokes processes is equal to zero one by one from the first-order Stokes process to high-order
Stokes processes. The phase mismatches in cascaded anti-Stokes processes are enlarged simultaneously; thereby,
enhancing cascaded Stokes processes and suppressing cascaded anti-Stokes processes. The MgO : LiNbO, slab
waveguide is designed for fundamental TE-mode terahertz wave wy, of 5 THz. The large absorption coefficients of
terahertz wave at polariton resonance are reduced by the MgO: LiNbO, slab waveguide. With the gigantic nonlinear
optical coefficients at polariton resonance of MgO:LiNbO, and the reduced terahertz wave absorption coefficients by
the MgO: LiNbQO, slab waveguide, high-frequency terahertz waves are efficiently produced.

Results and Discussions The MgO: LiNbO, slab waveguide consisting of waveguides I and II is designed for the
TE fundamental mode of terahertz wave. The dimensions of waveguide I are d, =42.61 pm, r, =2.5 pmand L, =
151 pm, and the dimensions of waveguide II are d, =41.83 pm, v, =2.5 pm and L, = 67 pm (Fig. 2). The TE
fundamental mode of terahertz wave is mainly distributed in the core of the MgO: LiNbO, slab waveguide, which
reduces the large terahertz wave absorption coefficients of 5 THz at polariton resonance from 530. 3999 to
25.6232 cm ' in waveguide I and 24. 471 cm ' in waveguide II (Fig. 3). With the gigantic nonlinear optical
coefficients of 8652. 68 pm/V at 5 THz and the reduced terahertz wave absorption coefficients, a high-frequency
terahertz wave of 5 THz with 88.2396 MW/cm’ is generated at room temperature by two near-infrared lasers whose
intensities are 100 MW/cm’, corresponding to an energy conversion efficiency of 44.12% [Fig. 4(c)]. Most photons are
continuously converted from pump waves to high-order Stokes waves one order by one order [Fig. 4(e)]. Compared
with the MgO : LiNbO, slab waveguide for high-frequency terahertz wave generation, APPLN crystal with a high
terahertz wave absorption coefficient only produces terahertz wave intensity of 5.8215 MW/cm®, corresponding to
an energy conversion efficiency of 2.91% (Fig. 5). The high-energy conversion efficiency of the MgO: LiNbO, slab
waveguide is attributed to the reduced terahertz wave absorption coefficients. The proposed scheme can generate
5 THz and other frequencies terahertz waves.

Conclusions In this study, we proposed a scheme for generating high-frequency terahertz waves in MgO: LiNbO,
slab waveguides using optimised cascaded difference frequency generation at polariton resonance. Unlike previous
methods for generating high-frequency terahertz waves with difference frequency generation by two near-infrared
lasers, we employ our proposed scheme to generate high-frequency terahertz waves by the simultaneous interaction
of a series of cascaded optical waves. With hundreds of cascaded Stokes processes, where the phase mismatches are
optimised by adjusting the dimensions of the slab waveguide, high-frequency terahertz waves are efficiently
generated. Moreover, terahertz wave intensities are further enhanced with the gigantic nonlinear optical coefficients
at polariton resonance of MgO: LiNbO, crystal and the reduced terahertz wave absorption coefficients by the slab
waveguide. The energy conversion efficiency from pump wave to terahertz wave exceeds 40 % using this method at
room temperature. This study presents a novel scheme for generating high-power high-frequency terahertz waves,
which can promote the applications of high-frequency terahertz waves.

Key words nonlinear optics; terahertz wave; cascaded difference frequency generation; polariton resonance; slab
waveguide

0714002-10



