
Current Optics and Photonics 

Vol. 3, No. 4, August 2019, pp. 342-349

- 342 -

I. INTRODUCTION

Over the past two decades, stimulated polariton scattering 

(SPS) has proven to be an efficient scheme to generate 

terahertz (THz) waves [1-4] because SPS can stimulate 

both electronic and ionic nonlinearities [5, 6]. To realize 

high-power THz radiations, the nonlinear crystal must 

possess low absorption coefficients at THz frequencies, 

large effective nonlinear coefficients and a high optical 

damage threshold. In addition, it is advantageous for the 

crystal to have low refractive indices at THz frequencies 

to allow collinear phase matching (CPM) during SPS 

processes. MgO:LiNbO3 has been the most widely used 

crystal for THz wave generation via SPS [7-9]. Due to 

strong dispersion of MgO:LiNbO3 between the optical and 

THz frequencies, CPM cannot be realized [1]. Moreover, 

because of large absorption coefficients at THz frequencies, 

the tuning range of THz waves is 0.5~3.2 THz.

KTiOPO4 (KTP) is one of the most widely used 

nonlinear optical crystals for optical frequency conversion. 

KTP belongs to the mm2 point group symmetry and its 

dielectric and crystallographic axes are assigned as x, y, z 

→ a, b, c. Advantages of KTP are moderate nonlinear 

coefficients: d15 = 1.9 pm/V, d24 = 3.7 pm/V, d31 = 2.2 pm/V, 

d32 = 3.7 pm/V and d33 = 14.6 pm/V [10], wide transparency 

range from 0.35 µm to 4.5 µm with “0” level [11], high 

optical damage threshold of over 30 GW/cm2 at 1064 nm 

with 8~11 ns pulse [10], excellent mechanical stability and 

high optical quality. KTP is an excellent nonlinear crystal 

for sum frequency generation [12], difference frequency 

generation [13], and optical parametric oscillation [14] 

generating visible, near-infrared and mid-infrared waves. 

Moreover, KTP is also an attractive crystal for THz 

generation [15-17]. KTP has four very intense infrared- and 
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Raman-active A1 transverse optical (TO) phonon modes, 

which are located at 268.5, 311, 385 and 687 cm-1, and 

the lowest mode (268.5 cm-1) is useful for efficient tunable 

THz wave generation because of the largest parametric 

gain, as well as the smallest absorption coefficient [18]. 

THz wave generation with SPS in KTP shows superior 

performance in terms of parametric gain and laser damage 

resistance in comparison to LiNbO3 and LiTaO3 [15].

In the reported works, THz waves were generated 

experimentally from SPS with KTP by noncollinear phase 

matching schemes [15-17]. The noncollinear phase matching 

configuration restricts the interaction volume among mixing 

waves, as a result, the quantum conversion efficiency from 

pump waves to THz waves is low. Huang et al. measured 

the KTP refractive index in the range of 142~1500 µm at 

room temperature [19]. They investigated CPM conditions 

of difference frequency generation for down-conversion 

into the THz range under a visible and near infrared pump 

wave with KTP. In this work, we theoretically investigate 

THz wave generation with KTP by CPM SPS. We deduce 

the expression of absorption coefficients for THz waves. 

CPM conditions of SPS are analyzed. We calculate effective 

nonlinear coefficients involved in SPS processes. Based on 

the parameters above, we calculate the intensities of THz 

waves by solving coupled wave equations.

II. ABSORPTION COEFFICIENTS OF 

THz WAVES

The relationship between propagation constant k
�

, electric 

field strength E
�

 and electric displacement vector D
�

 is 

written as

( )2 2

0
= k E k E kDμ ω ⎡ ⎤− ⋅
⎣ ⎦

� �� ��

 (1)

where µ0 is permeability of vacuum and ω is angular 

frequency. 
r i

= +k k ik
� � �

, 
r
k
�

 relates to dispersion and 
i
k
�

 relates 

to material absorption. =D Eε ⋅

� �

�

, where dielectric constant 

r i
= iε ε ε+
� � �

. The propagation constant k
�

 along the principal 

axes x, y, z is 1
= sin cosk k θ ϕ , 

2
= sin sink k θ ϕ , and 

3
= cosk k θ , respectively. Here, θ is the angle between the 

wave vector and the z axis, φ is the angle from the x axis 

in the xy plane. The Eq. (1) is divided into the following 

two equations,
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where 
0
k  is wave vector at vacuum, 

r r
=D Eε ⋅

� �

�

 and 
i i
=D Eε ⋅

� �

�

. 

As Eq. (3) relates to material absorption, we deduce the 

expressions of material absorption from Eq. (3). In the 

principal axis coordinate system, i
ε  is given by
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According to Eqs. (3)~(5)，Eq. (3) can be rewritten as

( )

( ) ( ) ( )

2 2 2 2 2 4 4

i i1 i1 i2 i2 i3 i3 0 0 i1 i2 i3

2 2 2 2 2

0 0 i1 i1 i2 i3 i2 i2 i1 i3 3 i3 i1 i2

+ + + c

c + + + + + =0

k k k k k

k k k k

ε ε ε μ ε ε ε

μ ε ε ε ε ε ε ε ε ε⎡ ⎤− ⎣ ⎦
(6)

In the xy plane of a biaxial crystal, ki3 = 0, the two 

solutions of Eq. (6) are

i i3 0
=

xy
k kε′  (7a)
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In the yz plane of a biaxial crystal, ki1 = 0, the two 

solutions of Eq. (6) are

i i1 0
=

yz
k kε′  (8a)
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In the xz plane of a biaxial crystal, ki2 = 0, the two 

solutions of Eq. (6) are

i i2 0
=

xz
k kε′  (9a)

1

2 2 2

i 0

i3 i1

sin cos
= +
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Because ki and εi relate to material absorption, Eqs. 

(7)~(9) can be rewritten as
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xy z
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' =
xz y

α α  (12a)

1

2 2 2sin cos
'' = +
xz 2 2

z x

θ θ
α

α α

−

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (12b)

where ''
xy

α , ''yzα  and ''
xz

α  are material absorption coefficients 

at xy, yz and xz planes, respectively, '
xy

α , '
yz

α  and '
xz

α  are 

absorption coefficients with polarization direction along z, 

x and y axes, respectively.

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Refractive indices and absorption coefficients of a THz wave at 1 THz. (a) and (b) xy plane, (c) and (d) yz plane, (e) and (f) 

xz plane.
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Because Eqs. (2) and (3) have the same form, the 

expressions of refractive indices are given by,

' =xy zn n  (13a)
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where ''
xy

n , ''
yz

n  and ''
xz

n  are refractive indices in xy, yz 

and xz plane, respectively, '
xy

n , '
yz

n  and '
xz

n  are refractive 

indices with polarization direction along z, x and y axis, 

respectively. The analytical expressions of ''xyα , ''yzα , ''
xz

α , 

'
xy

α , '
yz

α  and '
xz

α  have the same form with those of ''
xy

n , 
''
yz

n , ''
xz

n , '
xy

n , '
yz

n  and '
xz

n , respectively, where ''
xy

n , ''
yz

n  

and ''
xz

n  are refractive indices in xy, yz and xz planes, 

respectively, '
xy

n , '
yz

n  and '
xz

n  are refractive indices with 

polarization direction along z, x and y axes, respectively 

[20]. Figure 1 shows refractive indices and absorption 

coefficients of a THz wave at 1 THz. The theoretical values 

of the refractive index are calculated using a Sellmeier 

equation for KTP in the infrared range [21] and THz 

range [19], respectively. As the Sellmeier equation for a 

THz wave is applicable in the range of 0.2~2.1 THz, in 

this work we calculate phase matching conditions and THz 

intensities in this range. Absorption coefficients of a THz 

wave for high-resistivity KTP with polarization direction 

along x, y and z axes are reported by Antsygin et al. [22]. 

From the figure we find that refractive indices and 

absorption coefficients vary with a same trend. In xy 

plane, ''
xy

n  and ''xyα  decrease smoothly with φ. In yz and 

xz plane, ''
yz

n , ''
xz

n , ''yzα  and ''
xz

α  increase smoothly and 

rapidly with θ.

III. PHASE-MATCHING CHARACTERISTICS

CPM and large nonlinear coefficients for SPS generating 

THz waves are preferred. Table 1 shows CPM conditions 

and the corresponding nonlinear coefficients for KTP. The 

CPM conditions in Table 1 are derived from an energy 

conservation condition and a momentum conservation 

condition among three mixing waves. The nonlinear 

coefficients in Table 1 are derived from the wave vectors 

and polarizations of the three mixing waves. As the 

refractive indices in THz range are larger than those in 

infrared range, CPM can hardly be satisfied. CPM cannot 

be satisfied with type-0 phase matching s→s+s in yz and xz 

planes which utilizes the maximum nonlinear coefficient d33. 

s denotes slow light. Only three situations can realize both 

CPM and the corresponding nonzero nonlinear coefficient, 

s→f+f in the yz plane, s→f+s with θ < Ω and s→f+f with 

TABLE 1. CPM conditions and the corresponding nonlinear 

coefficients for KTP with pump wavelength of 1.064 µm. Y 

indicates CPM can satisfy, and N indicates CPM cannot 

satisfy

xy plane

f→f+s nonzero N

f→s+f nonzero N

f→s+s 0 N

f→f+f 0 N

s→f+s 0 N

s→s+f 0 N

s→s+s nonzero N

s→f+f nonzero N

yz plane

s→f+f nonzero Y

s→f+s 0 Y

s→s+s nonzero N

s→s+f 0 N

f→f+f 0 N

f→f+s nonzero N

f→s+f nonzero N

f→s+s 0 N

xz plane

f→s+s
θ < Ω nonzero N

θ > Ω 0 N

f→f+s
θ < Ω 0 N

θ > Ω nonzero N

f→s+f
θ < Ω 0 N

θ > Ω nonzero N

f→f+f
θ < Ω nonzero N

θ > Ω 0 N

s→s+s
θ < Ω 0 N

θ > Ω nonzero N

s→f+s
θ < Ω nonzero Y

θ > Ω 0 Y

s→s+f
θ < Ω nonzero N

θ > Ω 0 N

s→f+f
θ < Ω 0 Y

θ > Ω nonzero Y
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θ > Ω in the xz plane. f denotes fast light, and Ω denotes 

optic axial angle. Figure 2 shows THz frequencies versus 

θ with CPM for KTP with a pump wavelength of 1.064 

µm. In the xz plane s→f+s with θ < Ω, THz waves with 

frequencies from 0.2 to 1.37 THz are generated with θ 

from 0.7° to 16°. The THz frequencies decrease slowly and 

then fast with θ. In the xz plane s→f+f with θ > Ω, THz 

waves with frequencies from 0.2 to 2.1 THz are generated 

with θ from 18.5° to 28°. The THz frequencies increase 

rapidly with θ. In the yz plane s→f+f, THz waves with 

frequencies from 1.42 to 2.1 THz are generated with θ 

from 0° to 12.5°. The THz frequencies increase smoothly 

and then fast with θ. The above three CPM schemes are 

suitable for THz wave generation because all the 

absorption coefficients of the THz waves are '
yz

α  and '
xz

α  

with low values.

IV. NONLINEAR OPTICAL COEFFICIENTS

Nonlinear optical coefficients are purely electronic when 

frequencies of the mixing waves involved in SPS are far 

above the TO mode frequencies. However, when the 

frequencies of THz waves are near the TO mode frequencies, 

ionic nonlinearities as well as electronic nonlinearities are 

present. The bulk nonlinear coefficient db for SPS for 

KTP are written as follows [3, 5]:

2

0 0

b e 2 2

0 T 0 T

Q

S
d d d

i

ω

ω ω ω

= +
− − Γ

 (16)

where de is the electronic second-order nonlinear coefficient, 

Qd  is the ionic third-order nonlinear coefficient. db is the 

bulk value of the nonlinear coefficient involving electronic 

and ionic contributions. 0ω , 0
S  and 0Γ  denote eigenfrequency, 

oscillator strength and bandwidth of the TO mode, 

respectively. T
ω  is the angular frequency of the THz wave. 

Since we are interested only in the lowest intense polariton 

branch 268.5 cm-1, high frequency TO modes are not 

considered in Eq. (16) [3, 5]. With 0ω  of 268.5 cm-1, 0
S  is 

2.5 and 0Γ  is 4.5 cm-1. de is d31 in yz plane, whereas de is 

d24 in the xz plane. Jang et al. estimate that the value of 

Qd  is 183 pm/V [3]. The effective nonlinear coefficient deff 

for s→f+s with θ < Ω and s→f+f with θ > Ω in the xz 

plane is given by

eff b
sind d θ=  (17)

Figure 3 shows the effective nonlinear coefficient deff 

versus THz frequencies by a pump wavelength of 1.064 µm 

with θ of 5°, 30°, 45°, 60° and 90°. deff increases smoothly 

with THz frequencies. When frequencies approach the 

lowest TO mode of 268.5 cm-1, ionic nonlinearities which 

are described by Eq. (16) are enhanced. When θ changes 

from 5° to 30°, 45°, 60° and 90°, deff increases obviously.

(a) (b)

FIG. 2. THz frequencies versus θ with CPM for KTP with a pump wavelength of 1.064 μm. (a) s→f+s with θ < Ω and s→f+f with 

θ > Ω in the xz plane, (b) s→f+f in the yz plane.

FIG. 3. The effective nonlinear coefficient deff versus THz 

frequencies by a pump wavelength of 1.064 μm with θ of 5°, 

30°, 45°, 60° and 90°.
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V. INTENSITIES OF THz WAVES

In this section, we calculate intensities of THz waves 

for s→f+s with θ < Ω and s→f+f with θ > Ω in the xz 

plane. In SPS processes, we assume that the pump, Stokes 

and THz waves are continuous plane waves with slowly 

varying envelopes co-propagating along the +ξ direction. 

Under the slowly varying approximation, the coupled-wave 

equations for CPM SPS processes are written as

p

p s T

i k
E

i E E e
ξκ

ξ

Δ
∂

= −
∂

�

� �

 (18)

*s
s p T

i kE
i E E e

ξκ
ξ

− Δ∂
= −

∂

�

� �

 (19)

T *T
T T p s

2

i kE
E i E E e

ξ
α

κ
ξ

− Δ∂
= − −

∂

�
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 (20)

p eff

p

p

d

cn

ω

κ =  (21)

s eff

s

s

d

cn

ω

κ =  (22)

T eff

T

T

d

cn

ω

κ =  (23)

where kΔ  is phase mismatch, p
n , sn  and T

n  are refractive 

indices of pump, Stokes and THz waves, respectively, p
ω , 

s
ω  and T

ω  are angular frequencies of pump, Stokes and 

THz waves, respectively, p
κ , s

κ  and Tκ  are coupling 

coefficients of pump, Stokes and THz waves, respectively. 

T
α  is the absorption coefficient of the THz wave along the 

+ξ direction. With THz wave absorption, without phase 

mismatch and pump depletion, the coupled wave equations 

can be solved to give THz intensities, as shown in Fig. 4. 

In the calculations pump wave intensity Ip = 10 MW/mm2, 

initial Stokes wave intensity Is = 10 W/mm2. With a pump 

wavelength of 1.064 µm and θ of 5°, 10°, 15°, 21°, 24° 

and 27°, the generated THz frequencies are 1.26, 0.9, 0.33, 

0.64, 1.23 and 1.87 THz in the xz plane, respectively. The 

maximum intensities are 0.016, 0.021 and 0.009 MW/mm2 

when θ is 5°, 10° and 15°, respectively, corresponding to 

the quantum conversion efficiencies of 35%, 66.7% and 

76.9% and optimal crystal length of 23.1 mm, 12.0 mm, 

13.1 mm, respectively. The quantum conversion efficiency 

with θ of 5°is larger than those with θ of 10° and 15° 

because the SPS process with θ of 5° has the larger 

effective nonlinear coefficient and lower THz absorption 

coefficient. The maximum intensities are 0.019, 0.035 and 

0.032 MW/mm2 when θ is 21°, 24° and 27° respectively, 

corresponding to the quantum conversion efficiencies of 

83.7%, 79.3% and 47.8%, and optimal crystal length of 

6.7 mm, 4.2 mm, and 3.3 mm, respectively. With a pump 

wavelength of 1.064 µm and θ of 4°, 8° and 12°, the 

generated THz frequencies are 1.49, 1.7, and 2.06 THz in 

the yz plane, respectively. The maximum intensities are 

0.013, 0.020 and 0.009 MW/mm2 when θ is 4°, 8° and 

12°, respectively, corresponding to the quantum conversion 

efficiencies of 24.6%, 33.7% and 12.4% and optimal 

crystal length of 28.3 mm, 12.3 mm, 9.5 mm, respectively. 

The quantum conversion efficiency with θ of 12° is small 

because absorption coefficient of 2.06 THz is too large 

with θ of 12°.

Figure 5 shows the relationship among the maximum 

THz wave intensity, the optimal crystal length and the angle 

θ with a pump wavelength of 1.064 µm. In the calculations 

pump wave intensity Ip = 10 MW/mm2, initial Stokes wave 

intensity Is = 10 W/mm2. The intensities increase to the 

maximum value first and then decrease with the angle θ, 

and the optimal crystal lengths decrease fast and smoothly 

with the angle θ for s→f+f in yz plane, s→f+s with θ < Ω 

in the xz plane and s→f+f with θ > Ω in the xz plane. The 

most intense THz intensity of 0.043 MW/mm2 can be 

generated for s→f+f in the xz plane with θ of 26° and 

crystal length of 2.44 mm, corresponding to the quantum 

conversion efficiencies of 73%.

(a) (b) (c)

FIG. 4. THz wave intensities versus crystal length with a pump wavelength of 1.064 μm. Pump intensity Ip = 10 MW/mm2, initial 

Stokes intensity Is = 10 W/mm2. (a) s→f+s with θ < Ω in the xz plane, θ = 5°, 10° and 15°, (b) s→f+f with θ > Ω in the xz plane, 

θ = 21°, 24° and 27°, (c) s→f+f in the yz plane, θ = 4°, 8° and 12°.
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Figure 6 shows THz wave intensities versus crystal length 

for s→f+s with θ of 5° in the xz plane with different 

pump intensities. The maximum intensities are 0.016, 0.042, 

0.072, 0.10 and 0.14 MW/mm2 when pump intensities are 

10, 20, 30, 40 and 50 MW/mm2, respectively, corresponding 

to the quantum conversion efficiencies of 35%, 47.1%, 

53.4%, 57.7% and 61.4%. Both the maximum intensities 

and quantum conversion efficiencies increase with the 

increase of the pump intensities. The optimal crystal length 

corresponding to the maximum intensity decreases with the 

increase of the pump intensities.

Figure 7 shows the relationship among the maximum 

THz wave intensity, the quantum conversion efficiency and 

the pump intensity for s→f+s with θ of 5° in the xz plane. 

The figure demonstrates that the maximum THz intensity 

and quantum conversion efficiency increase with the pump 

intensities. THz wave with a maximum intensity of 1.1 

MW/mm2 are generated as pump intensity equals 30 

GW/cm2 which is the optical damage threshold of KTP, 

corresponding to the quantum conversion efficiency of 81.8%.

The high quantum conversion efficiencies of SPS result 

from the following reasons. First, CPM conditions are 

satisfied. Second, absorption coefficients of THz waves are 

small for s→f+s with θ < Ω and s→f+f with θ > Ω in the 

xz plane. Third, effective nonlinear coefficients are large as 

ionic and electronic nonlinearities are taken into account. 

Fourth, high pump intensities can stimulate SPS when the 

optical damage threshold of KTP is high enough.

THz wave generation with SPS in KTP shows superior 

performance in comparison to LiNbO3 and LiTaO3. First, 

CPM cannot be realized in LiNbO3 and LiTaO3, whereas 

it can be realized in KTP. Second, effective nonlinear 

coefficients and parametric gain coefficients of KTP are 

larger than those in LiNbO3 and LiTaO3 [15]. Third, 

compared with LiNbO3 and LiTaO3, KTP has a higher 

laser damage threshold [15].

VI. CONCLUSION

CPM SPS with s→f+f in the yz plane, s→f+s with θ < Ω 

in the xz plane and s→f+f with θ > Ω in the xz plane can 

generate high-intensity THz waves. CPM, low absorption 

coefficients of THz waves, high effective nonlinear 

coefficients and high pump intensities enhance the intensities 

of THz waves. With a pump wavelength of 1.064 µm, a 

pump intensity of 10 MW/mm2, an initial Stokes wave 

intensity of 10 W/mm2, an optimal crystal length of 2.44 

mm, THz wave intensity of 0.043 MW/mm2 at 1.66 THz 

can be generated for s→f+f in the xz plane with θ of 26°, 

corresponding to quantum conversion efficiencies of 73%. 

The calculation results indicate that CPM SPS with KTP 

can generate THz waves with high intensities and quantum 

conversion efficiencies.

FIG. 5. The maximum THz wave intensity and optimal 

crystal length versus the angle θ with a pump wavelength of 

1.064 μm. Pump intensity Ip = 10 MW/mm2, initial Stokes 

intensity Is = 10 W/mm2.

FIG. 6. THz wave intensities versus crystal length for s→f+f 

in the xz plane with a pump wavelength of 1.064 μm and θ of 

5°. Pump intensity Ip = 10, 20, 30, 40 and 50 MW/mm2, initial 

Stokes intensities Is = 10 W/mm2.

FIG. 7. The maximum THz wave intensity and quantum 

conversion efficiency versus pump intensity Ip for s→f+s in 

the xz plane with a pump wavelength of 1.064 μm and θ of 5°. 

Initial Stokes intensity Is = 10 W/mm2.
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