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I. INTRODUCTION

Difference-frequency generation (DFG) has proved to be 

an efficient scheme to generate terahertz (THz) waves 

[1-4]. DFG offers the advantages of compactness, narrow 

linewidth, wide tuning range, high peak power, and room- 

temperature operation. However, the quantum conversion 

efficiency of DFG is relatively low. To improve the low 

quantum conversion efficiency and overcome the Manley- 

Rowe limit, cascaded DFG, in which more than one THz 

photon is generated from the depletion of a single pump 

photon, is a promising method. Theoretical descriptions and 

experimental demonstrations of enhancement of THz wave 

generation via cascaded DFG have been reported [5-9]. 

Nonlinear optical crystals, such as ZnGeP2, GaSe, GaAs, 

GaP, and organic optical crystals, are characterized by 

large second-order nonlinear optical coefficients, which are 

employed to generate THz waves via DFG. THz waves 

are generated by DFG with collinear phase matching in 

birefringent crystals of ZnGeP2 [10] and GaSe [11], with 

collinear phase matching in the organic crystal OH1 [12], 

and with noncollinear phasematching in zincblende-structure 

crystals of GaAs [13] and GaP [14], as well as with 

collinear phase matching in GaP [15]. Crystals with periodic 

variation of the χ(2) nonlinear optical coefficient can solve 

the problem of wave-vector mismatch in DFG process, 

via quasi-phase-matching (QPM). THz wave generation by 

DFG in a QPM crystal with a nanosecond pulse was first 

demonstrated in periodically poled LiNbO3 (PPLN) [16], 

and recently was demonstrated in periodically inverted 

GaP [17], periodically inverted GaAs [18] and periodically 

poled KTiOPO4 (PPKTP) [19].

Similar to the above nonlinear optical crystals, BaTiO3 is 

an attractive material for the nonlinear optical interaction 

between optical and THz waves, due to its wide transmission 

range (0.4-5 µm) [20], a relatively high second-order non-

linear optical coefficient (d15 = 13.7 pm/V at 1064 nm) [21], 

and a high optical damage threshold of 83 GW/cm2 at 596 

nm with a 1-ps pulse width [22]. At room temperature, the 

lattice vibrational modes of BaTiO3 are split into three A1 
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and four E infrared-active and Raman-active transverse 

optical (TO) modes, and one B1 Raman-active mode [23]. 

The four E TO modes in the tetragonal phase, with 

frequencies of 34 cm-1, 180 cm-1, 308 cm-1 and 498 cm-1, 

are doubly degenerate, having their polarizations along the 

x and y axes [24]. The three A1 TO modes in the 

tetragonal phase, with frequencies of 178 cm-1, 260 cm-1 and 

515 cm-1, are polarized along the z axis [25]. The nonlinear 

susceptibility induced by TO modes can be employed to 

enhance the effective nonlinear optical coefficients invol-

ving both second-order and third-order nonlinear optical 

coefficients [26]. Periodically poled BaTiO3 (PPBT) offers 

several advantages in THz wave generation by DFG. First, 

the coercive electric field required for domain reversal is 

100 V/mm, which should allow fabrication of PPBT with 

wider apertures [27]. Second, the transmissivity at 4-5 µm is 

greater than 90% (for 1-cm crystal length), which is larger 

than in PPLN. Third, while the second-order nonlinear 

optical coefficient of PPBT is smaller than that of PPLN, 

the effective nonlinear optical coefficient of PPBT is larger.

In this manuscript, we theoretically investigate THz 

wave generation by PPBT with a QPM scheme based on 

cascaded DFG processes. We analyze both the cascaded 

Stokes processes and the cascaded anti-Stokes processes. 

The effective nonlinear optical coefficients of PPBT are 

calculated. According to coupled wave equations, we calculate 

THz intensities and quantum conversion efficiencies.

II. THEORETICAL MODEL

Figure 1 shows a schematic diagram of THz wave 

generation with PPBT by QPM cascaded DFG. The wave 

vectors of pump wave Kp, first-order Stokes wave Ks, and 

THz wave KT are all parallel to the x axis. The electric 

field vectors of pump wave Ep and first-order Stokes wave 

Es are perpendicular to the optical axis (z axis), whereas 

THz wave ET is parallel to the optical axis (z axis). The 

THz wave is generated via interactions between the incident 

pump wave and first-order Stokes wave in the first-order 

Stokes process, which consumes the higher-frequency pump 

photon and amplifies the lower-frequency first-order Stokes 

photon. The amplified first-order Stokes wave also acts as a 

higher-frequency pump wave, which amplifies the THz wave 

and generates a new lower-frequency cascaded Stokes (ωcs) 

wave in the second-order Stokes process. Simultaneously, 

anti-Stokes interactions will also occur and consume the 

THz photon and pump photon, resulting in a higher- 

frequency anti-Stokes wave (ωcp). The cascaded Stokes and 

anti-Stokes processes can be continued to any high order, 

as long as the phase-matching conditions are satisfied. The 

intensity of the THz wave is determined by a trade-off 

between the Stokes processes and the anti-Stokes processes.

The coupled wave equations of the cascaded DFG can 

be derived from the common nonlinear optical three-wave 

interaction equations, shown as
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where ωn and ωT denote the frequency, En and ET denote 

the electric field amplitude, αn and αT denote the absorption 

coefficient, κn and κT are the coupling coefficient, and nn 

and nT are the refractive index, with the subscripts n and 

T denoting the cascaded optical wave and THz wave 

respectively. Δkn indicates the wave-vector mismatch in the 

cascaded forward DFG (Eq. (5a)) and cascaded backward 

DFG (Eq. (5b)), as shown in the inset of Fig. 1. deff is the 

effective nonlinear optical coefficient, c is the speed of light 
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FIG. 1. Schematic diagram of the cascaded DFG generating a 

THz wave with PPBT. The wave vectors of pump, Stokes, 

and THz waves are all parallel to the x axis. The electric field 

vectors of pump (Ep) and Stokes (Es) waves are perpendicular 

to the optical axis (z axis), and that of the THz wave (ET) is 

parallel to the optical axis (z axis). The pump wave, Stokes 

wave, and THz wave are o-wave, o-wave, and e-wave 

respectively.
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in vacuum, ε0 is the vacuum dielectric constant, Λ is the 

poling period of PPBT crystal, and I is the power density. 

The theoretical values of the refractive index are calculated 

using a wavelength-dependent Sellmeier equation for PPBT 

in the infrared [20] and THz [25] range, respectively.

For high-power THz wave generation by cascaded DFG, 

the magnitude of the nonlinear optical coefficient is impor-

tant. We calculate the effective nonlinear optical coefficient 

deff and THz wave absorption coefficient αT using the 

theoretical model proposed by Sussman [26],
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where 0 j
ω , j

S  and jΓ  denote respectively the eigenfrequency, 

oscillator strength, and the bandwidth of the jth A1-symmetry 

phonon mode in the BaTiO3 crystal. ε
∞
 is the high-frequency 

dielectric constant. 
15

16
E

d dπ=  and Qd  are nonlinear optical 

coefficients related to pure parametric (second-order) and 

Raman (third-order) scattering processes respectively. To 

take advantage of the largest nonlinear optical coefficient 

d15 of BaTiO3, we consider that the pump wave, the 

first-order Stokes wave, and the THz wave are o-wave, 

o-wave, and e-wave respectively, as shown in the Fig. 1.

When the THz frequencies are far below the lowest TO 

mode of 178 cm-1, Eq. (8) can be rewritten as

jeff E j Q

j

d d S d= +∑  (10)

The relationship between E
d  and Qd  is given by [26, 28, 

29]
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where 51
r  is the electro-optic coefficient of BaTiO3, and 51

r  

is 1640 pm/V at 546.1 nm for the unclamped BaTiO3 [30].

III. CALCULATIONS

In simulating the cascaded DFG processes, the initial 

input pump wavelength and first-order Stokes wavelength 

are 546.1 nm and 547.1 nm, corresponding to ωp and ωs of 

549.35 THz and 548.35 THz respectively. THz frequency 

ωT is taken to be 1.0 THz. The wave-vector mismatch Δ

kn and coherence length Ln in cascaded Stokes and anti- 

Stokes processes are shown in Fig. 2. Figure 2(a) shows 

forward cascaded DFG with Λ of 661.6 µm. In the shaded 

area, both wave-vector mismatches Δkn in 4th-order cascaded 

Stokes and anti-Stokes processes are less than 3.14 cm-1 in 

forward cascaded DFG processes. Both wave-vector mis-

matches Δkn in 20th-order cascaded Stokes and anti-Stokes 

processes are less than 15 cm-1. According to the relation 

n n
L kπ= Δ , the wave-vector mismatches of 3.14 cm-1 and 

15 cm-1 correspond to coherent lengths Ln of 1 cm and 

0.21 cm respectively. Figure 2(b) shows backward cascaded 

DFG with Λ of 48.2 µm. In the shaded area, both wave- 

vector mismatches Δkn in 4th-order cascaded Stokes and 

anti-Stokes processes are less than 3.14 cm-1 in backward 

cascaded DFG processes. Both wave-vector mismatches Δkn 

in 20th-order cascaded Stokes and anti-Stokes processes are 

less than 15 cm-1.

According to Eqs. (1)~(7), we calculate the intensities of 

the THz and optical waves in first-order backward Stokes 

process, assuming both the initial input pump intensity Ip 

and first-order Stokes intensity Is are 10 MW/mm2, as 

shown in Fig. 3. According to Eqs. (8)~(11), the effective 

nonlinear optical coefficient deff is 14,200 pm/V at a pump 

wavelength of 546.1 nm, and the absorption coefficient at 

1.0 THz is 8.84 cm-1. The deff of 14,200 pm/V exceeds the 

largest values of the nonlinear optical coefficient dE by many 

orders of magnitude [31]. The nonlinear optical coefficient 

dE is purely electronic in origin, since all frequencies are 
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FIG. 2. Wave-vector mismatch Δkn and coherence length Ln in cascaded DFG processes, assuming ωp = 549.35 THz, ωs = 548.35 THz, 

and ωT = 1.0 THz: (a) forward cascaded DFG, Λ = 661.6 μm, (b) backward cascaded DFG, Λ = 48.2 μm.
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above the lattice mode frequencies. The value of deff differs 

from that of dE because dQ lies below or close to the optical 

lattice mode frequencies, so that ionic as well as electronic 

anharmonicities induce large dQ [32]. From Fig. 3 we find 

that the THz and optical wave intensities vary periodically 

with crystal length. The first maximum value of THz 

intensity is realized with a crystal length of 0.01 mm. The 

large effective nonlinear optical coefficient deff leads to fast 

energy conversion from optical wave to THz wave. The fast 

energy conversion within 0.01 mm allows THz generation 

in higher-order cascaded DFG processes, because the 

coherent length in 20th-order cascaded DFG processes is 

over 0.21 cm. As shown in Fig. 4, THz intensities in 

backward cascaded Stokes processes with cascaded orders 

of 1, 3, 7, 10, 15 and 20 are calculated. From the figure 

we find that THz intensities without cascaded processes 

are extremely low. THz intensities with cascaded orders of 

3, 7, 10, 15 and 20 are enhanced. A THz intensity of 0.54 

MW/mm2 can be obtained by 20th-order cascaded Stokes 

processes. Compared to the noncascaded Stokes process, 

THz intensities from 20th-order cascaded Stokes processes 

increase by a factor of 30. In a noncascaded Stokes process, 

at best, a single THz photon is generated from each pump 

photon. The cascaded Stokes processes can enhance the 

THz output, simply by generating several THz photons from 

each pump photon.

Figure 5 shows the influence of the anti-Stokes processes 

on the intensities of THz waves. The THz intensities in 

backward cascaded Stokes processes are larger than those 

in backward cascaded Stokes and anti-Stokes processes. 

The maximum THz intensity in backward cascaded Stokes 

processes is 0.54 MW/mm2, whereas the maximum THz 

intensity in backward cascaded Stokes and anti-Stokes 

processes is 0.37 MW/mm2. To enhance THz intensity, the 

cascaded anti-Stokes processes must be suppressed.

Phase matching in cascaded DFG is important, since 

high-order optical waves interact to generate the THz wave. 

Figure 6 shows the THz intensities in 20th-order backward 

cascaded DFG processes, with and without wave-vector 
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FIG. 3. THz and optical intensities in first-order backward 

Stokes process, assuming Ip = Is = 10 MW/mm2, Λ = 48.2 μm, 

ωp = 549.35 THz, ωs = 548.35 THz, and ωT = 1.0 THz.
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mismatch. From the figure we find that THz intensities 

show no obvious difference between the cascaded DFG 

with and without wave-vector mismatch, whereas the 

position differences at the maximum THz intensities 

between the cascaded DFG with and without wave-vector 

mismatch gradually increase. The reason is that the large 

effective nonlinear optical coefficient deff leads to fast 

energy conversion from optical wave to THz wave within 

0.05 mm. Wave-vector mismatch within 0.05 mm has little 

effect on cascaded DFG processes. With wave-vector mis-

match, complete energy conversion from optical wave to 

THz wave requires a longer crystal length.

Since the cascaded Stokes processes generate THz 

photons and the cascaded anti-Stokes processes consume 

THz photons, THz intensity depends on the interaction 

between the cascaded Stokes and anti-Stokes processes. 

Figure 7 shows the maximum intensities of the optical 

waves during the 20th-order backward cascaded Stokes and 

anti-Stokes processes. From the figure we find that the 

intensities of optical waves in the Stokes processes are 

higher than those in the anti-Stokes processes, which 

indicates that the cascaded Stokes processes are stronger 

than the cascaded anti-Stokes processes.

Pump intensity is directly related to the quantum 

convertsion efficiency of a cascaded DFG processes. The 

maximum THz intensities and quantum conversion effici-

encies in 20th-order backward cascaded DFG processes are 

calculated when the initial input pump wave and first-order 

Stokes wave intensities are varied from 1 to 10 MW/mm2, 

as shown in Fig. 8. The figure demonstrates that the maxi-

mum THz intensities and quantum conversion efficiencies 

increase with the optical intensities. A THz wave with a 

maximum intensity of 0.37 MW/mm2 can be generated with 

an optical intensity of 10 MW/mm2, corresponding to a 

quantum conversion efficiency of 1033%, which exceeds the 

Manley-Rowe limit, indicating that PPBT is an excellent 

crystal for THz wave generation via cascaded DFG.

THz wave generation via cascaded DFG in PPBT has 

certain advantages over those in PPLN and PPKTP. First, 

the coercive electric field required for domain reversal is 

lower for PPBT than that for PPLN and PPKTP, which 

should allow fabrication of PPBT with wider apertures. 

Second, the effective nonlinear optical coefficients of PPBT 

are larger than those of PPLN and PPKTP, which indicates 

that PPBT can provide a higher gain in cascaded DFG.

IV. CONCLUSION

THz waves can be efficiently generated by PPBT via 

cascaded DFG processes. The calculated results indicate that 

cascaded Stokes processes are stronger than cascaded anti- 

Stokes processes. Compared to a noncascaded Stokes process, 

THz intensity from 20th-order cascaded Stokes processes 

increase 30-fold. Originating from the contributions of the 

second- and third-order nonlinear optical coefficients, the 

large effective nonlinear optical coefficients of PPBT enhance 

the generation of the THz wave. A THz wave with a maxi-

mum intensity of 0.37 MW/mm2 can be generated in 20th- 

order cascaded DFG processes when the optical intensity 

is 10 MW/mm2, corresponding to a quantum conversion 

efficiency of 1033%. The high generated THz intensity and 

quantum conversion efficiency indicate that PPBT is an 

excellent crystal for THz wave generation via cascaded DFG.
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