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A wide terahertz tuning range from 0.96 THz to 7.01 THz has been demonstrated based on ring-cavity THz wave para-
metric oscillator with a KTiOPO4 (KTP) crystal. The tuning range was observed intermittently from 0.96 THz to 1.87 THz,
from 3.04 THz to 3.33 THz, from 4.17 THz to 4.48 THz, from 4.78 THz to 4.97 THz, from 5.125 THz to 5.168 THz, from
5.44 THz to 5.97 THz, and from 6.74 THz to 7.01 THz. The dual-Stokes wavelengths resonance phenomena were observed
in some certain tuning angle ranges. Through the theoretical analysis of the dispersion curve of the KTP crystal, the inter-
mittent THz wave tuning range and dual-wavelength Stokes waves operation during angle tuning process were explained.
The theoretical analysis was in good agreement with the experiment results. The maximum THz output voltage detected
by Golay cell was 1.7 V at 5.7 THz under the pump energy of 210 mJ, corresponding to the THz wave output energy of
5.47 µJ and conversion efficiency of 2.6×10−5.

Keywords: terahertz parametric oscillator, KTiOPO4 crystal, extended tunability, energy scaling
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1. Introduction
Terahertz parametric oscillators (TPOs) based on stimu-

lated polariton scattering have been proven as promising THz
wave sources because of their advantages of widely tunable
range, high pulse energy, room temperature operation, com-
pactness, coherent radiation, and low cost, which are of great
value for various applications such as imaging, molecular
analysis, life science, and nondestructive evaluation. The prin-
ciple of the TPO is the stimulated polariton scattering, which
can be sufficiently excited in LiNbO3 (LN), MgO:LiNbO3

(MgO:LN), KTiOPO4 (KTP), KTiOAsO4 (KTA), RbTiOPO4

(RTP), and other crystals.[1–9] Polaritons exhibit both phonon
and photon behaviors.[10] Polaritons are the quanta associ-
ated with the coupled phonon–photon transverse wave field.
The closer the polariton is to the transverse optical (TO)
mode of the crystal, the weaker photon characteristic it per-
forms. Over the past few years, numerous research efforts
have been made to effectively improve the operation perfor-
mance of TPOs, such as grating coupling, Si prism coupling,
surface emission, injection seeded, pump recycled, and ring
cavity configurations.[11–18] These studies were mainly based
on MgO:LN crystal with the typical tuning range of 0.6–
3.2 THz. Recently, the tuning ranges of TPOs have been

broadened with KTP, KTA, and RTP crystals using 1064 nm
and 532 nm laser pumping. Especially, the KTP-TPO em-
ploying a plane-parallel resonator pumped by 1064 nm laser
realized a broadband tuning range of 3.17–6.13 THz, and the
maximum THz output of 336 nJ at 5.72 THz.[5] The THz fre-
quency was intermittently tuned from 3.17 THz to 3.44 THz,
from 4.19 THz to 5.19 THz, and from 5.55 THz to 6.13 THz,
which was simply attributed to the strong absorption of THz
wave near the TO mode in KTP crystal in the previous report.

In this work, a KTP-TPO system based on surface-
emitted (SE) ring-cavity configuration was demonstrated with
a 1064 nm nanosecond pulsed laser pumping. A new wide tun-
ing range from 0.96 THz to 7.01 THz with several gaps was
obtained. The maximum terahertz output energy was 5.47 µJ
at 5.7 THz under the pump energy of 210 mJ, corresponding to
the maximum THz wave conversion efficiency of 2.6×10−5.
The widely tunable THz wave was intermittently tuned from
0.96 THz to 1.87 THz, from 3.04 THz to 3.33 THz, from
4.17 THz to 4.48 THz, from 4.78 THz to 4.97 THz, from
5.125 THz to 5.168 THz, from 5.44 THz to 5.97 THz, and
from 6.74 THz to 7.01 THz. The dual-Stokes wavelengths
resonance phenomena were observed during some tuning an-
gle ranges, corresponding to the two neighboring THz tuning
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ranges. Furthermore, the dispersion curve in THz region for
KTP crystal was theoretically analyzed to reveal the charac-
teristics of discontinuities and dual-Stokes wavelengths reso-
nance. The theoretical analysis fitted well with the experiment
results. Consequently, this can provide an effective way to ex-
plore the output characteristics of KTP in THz region and its
isomorphs (KTA, RTP, etc).

2. Experiment setup

A schematic diagram of the KTP-TPO system based on
a SE ring-cavity configuration is shown in Fig. 1. The pump
source was a multimode Q-switched Nd:YAG laser with the
repetition rate of 10 Hz and pulse width of 15 ns. The z-axis
polarized pump wave from the Nd:YAG laser was first colli-
mated by the telescope lens T1, reducing the spot size in order
to increase the power density. The combination of the half
wave plate (HWP) and Brewster window (BW) was utilized
as the attenuator to adjust the energy of the pump wave. An
aperture with adjustable diameter, reducing the pump wave di-
ameter to 4 mm, was placed after the telescope lens. M5 and
M6 were general HR mirrors at the infrared range to adjust
the height and incident angle of the pump wave. The ring-
cavity was consisted of four mirrors M1, M2, M3, and M4.
The optical arrangement of the cavity was similar to that of

the SE ring cavity TPO based on LiNbO3 crystal in our previ-
ous report,[15] with some changes of the cavity length due to
the different refractive index and cutting angle of KTP crys-
tal. M1 and M2 were highly reflective (more than 99%) in the
infrared range of 1063–1100 nm for the s-polarization at inci-
dent angles of 30◦ and 65◦, respectively. Due to the compact
cavity and small phase-matching angle, it is difficult to sepa-
rate the pump wave and Stokes wave spatially. Specially coat-
ing mirrors were fabricated (OCJ/Optical Coatings Japan). M3

and M4 were both coated with high transmission (more than
98%) in 1063–1064.7 nm wavelength range and high reflec-
tion in the range of 1067–1100 nm (R> 70%@1067–1070 nm,
R > 90%@1070–1100 nm) for the s-polarization at the inci-
dent angle of 30◦. Mirror M4 was mounted on a high speed op-
tical scanner (Cambridge Technology Inc., 6230H) to rapidly
tune the THz wave frequency. It had a maximum angular de-
flection of±10◦ and an excellent scale drift of 50 ppm/◦C with
the linearity of 99.9% and repeatability of 8 µrad. The re-
sponse time of the scanner was 600 µs for small angle change
of the mirror at the optimum inertia, corresponding to about
600 µs/THz frequency. A faster response time of the scanner
than the pulse repetition rate of the pump laser resulted in the
fast terahertz frequency tuning from pulse to pulse. The angle
was controlled using the output voltage from a computer via a
digital-analog converter board (NI, PCIe-6351).

Nd:YAG

HWP

BW aperture
pump

beam

Golay cell

THz wave

KTP

dump

Stokes

beam
T1

M6

M2

M3

M1

X

Y

Z

A

M4

M5

kT

kP

kS

60Ο

Fig. 1. (color online) Schematic diagram of the experimental setup for the KTP-TPO system based on a SE ring-cavity configuration. The inset shows the
noncollinear phase matching condition for THz wave generation in KTP: 𝑘p = 𝑘S +𝑘T.

The nonlinear gain medium was a KTP crystal. The shape
of KTP crystal in the x–y plane was an isosceles trapezoid
and the waist of incidence was perpendicular to the x-axis of
the KTP crystal. The longer base and the shorter base of the
isosceles trapezoid are 40 mm and 22 mm, respectively. The
thickness of the crystal along the z-axis is 10 mm. The an-
gle between the base and the waist of the isosceles trapezoid
is 60◦. This kind of design can guarantee that the pump and
Stokes waves are totally reflected at the surface, and the THz
wave emits perpendicularly to the exit surface of the crystal

without any coupler. Point A was assumed to the cross point
between the pump and Stokes waves on the totally reflected
surface in the KTP crystal, which was fixed when the path of
the Stokes light was changed during tuning. The physical cav-
ity lengths for M1–point A, point A–M2, M2–M3, M3–M4, and
M1–M4 were about 31 mm, 40 mm, 58 mm, 124 mm, and
174 mm, respectively. The incident angle of the pump wave to
the crystal surface was fixed at 1.05◦, whereas the input volt-
age to the scanner was linearly varied from 0.21 V to−3.05 V,
corresponding to the incident angle of the Stokes light tuning
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from 0.63◦ to−7.15◦ and the generated THz frequency tuning
from 0.96 THz to 7.01 THz. The THz wave output energy was
detected by a calibrated Golay cell detector (TYDEX, Inc.,
GC-1P) at room temperature. The calibration of the Golay
cell detector was specified by the manufacturer Tydex to be
92.3 kV/W at a repetition rate of 10 Hz. To block the injec-
tion of the intense pump and Stokes pulse into the detector,
a transmittance-calibrated black polyethylene sheet (0.75 mm
thickness) was used as the THz low-pass filter.

3. Results and discussion
Figure 2 shows the measured THz-wave output ener-

gies and Stokes wavelengths of the KTP-TPO system as
a function of the optical scanner voltage under the pump
energy of 180 mJ. When the voltage of the scanner was
changed from 0.21 V to −3.05 V, the detected Stokes light
wavelength varied from 1068.16 nm to 1071.9 nm, from
1076 nm to 1077.255 nm, from 1080.52 nm to 1081.72 nm,
from 1082.885 nm to 1083.639 nm, from 1084.231 nm to
1084.401 nm, from 1085.499 nm to 1087.677 nm, and from
1090.62 nm to 1091.679 nm. The corresponded THz fre-
quency was from 0.96 THz to 1.87 THz, from 3.04 THz to
3.33 THz, from 4.17 THz to 4.48 THz, from 4.78 THz to
4.97 THz, from 5.125 THz to 5.168 THz, from 5.44 THz
to 5.97 THz, and from 6.74 THz to 7.01 THz. The THz
output energy in each section of the tuning range appeared
in the mountain-shaped curve except the range 1084.231–
1084.401 nm due to the narrow range, and it decreased fast
near the edge of each section of the tuning range. Furthermore,
it should be noticed that dual-Stokes wavelengths appeared
when the scanner voltage was from −0.13 V to −0.21 V, and
from −0.28 V to −1.36 V, corresponding to the edge regions
of four sections of the tuning curve.
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Fig. 2. (color online) Measured THz-wave output energies and Stokes
wavelengths of the KTP-TPO system as a function of the voltage of the
optical scanner at the pump energy of 180 mJ.

To explore the cause of the output characteristics, includ-
ing the discontinuities in the Stokes and THz wavelength tun-

ing ranges and dual-Stokes wavelengths, the dispersion char-
acteristics of KTP crystal in the THz region are analyzed in
the following part. According to the classical nonlinear phase-
matching relationship in TPOs, the energy conservation and
momentum conservation should be given as

Ωp = ΩS +ΩT, (1)

|kT|2 =
∣∣kp

∣∣2 + |kS|2−2
∣∣kp

∣∣ |kS|cosθ = (2πnTΩT)
2 , (2)

where Ωp, ΩS, ΩT are the wavenumbers of the pump wave,
Stokes wave, and THz wave, respectively, and np, nS, nT are
the refractive indices of the pump wave, Stokes wave, and THz
wave in the crystal, respectively. θ is the angle between the
pump and the stimulated Stokes waves inside the KTP crystal.
The frequency-dependent dielectric constant in the THz region
is given by

ε (Ω) = ε∞ +∑
j

S j
Ω 2

jTO

Ω 2
jTO−Ω 2− iΓjTOΩ

, (3)

where Ω jTO and ΓjTO are the frequency and the damping co-
efficient of the j-th TO mode, respectively, S j is its oscillator
strength, and ε∞ is the high-frequency dielectric constant (sub-
ject to certain restrictions, we can regard ε∞ as the square of
the optical refractive index.[10]) The optical refractive index
of KTP crystal is from 1.8249 to 1.7381 for the range from
0.4047 µm to 1.064 µm.[19] We use np = 1.7381 as the opti-
cal refractive index in this paper. Additionally, the complex
dielectric index for the THz wave in the nonlinear crystal is
expressed as

ε (Ω) = [n(Ω)+ iκ (Ω)]2 , (4)

where the real part n(Ω) and the imaginary part κ(Ω) are
supposed to represent the dispersion and absorption charac-
teristics of the THz wave in the nonlinear crystal, respectively.
Furthermore, the absorption coefficient of the THz wave in the
nonlinear crystal can be derived as

α (ΩT) =
2ΩTκ (Ω)

c
= αT. (5)

Thus, based on the parameters of KTP crystal from
Ref. [20], the relationship between the phase matching angle
and the Stokes wavelength can be calculated in the range of
0–7.65 THz. The result is shown in Fig. 3 (blue line) and it
matches well with the experiment results (dotted black line).
The small deviation may be related with the parameters of TO
modes used in the classical dispersion model. Due to the large
number of TO modes with different damping coefficients and
oscillator strengths in KTP crystal, there are a lot of spikes on
the dispersion curve and it has a great influence on the phase
matching process. The most fundamental reason for the THz
frequency gap in KTP crystal is that the dielectric constant be-
tween the TO and LO modes is purely imaginary. Then, there
is no polariton between the TO and LO modes, which makes it
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hard to achieve the THz wave output. In the case of the polari-
ton on the dispersion curve between the two neighboring TO
modes, the more that it closes to the TO modes, the more me-
chanical vibration characteristics it performs. Moreover, the
polariton processes more mechanical vibration characteristics,
influenced by the neighbored TO modes with larger oscillator
strength and smaller damping coefficient, which results in no
THz wave output and the broadening of the THz frequency
gap.

0 1 2 3
Internal angle between the pump

and Stokes waves/(Ο)

4

range 2

range 1

1070 1075

experiment result

theoretical result

5

1090

1085

1080

1075

1070

1065

S
to

k
e
s 

w
a
v
e
le

n
g
th

/
n
m

Wavelength/nm

In
te

n
si

ty

in
c
re

a
si

n
g
 a

n
g
le

Fig. 3. (color online) Measured (dotted black line) and calculated (blue
line) phase matching curves.

The influence of TO modes makes two segments of the
dispersion curve exist under some certain phase matching an-
gles. This contributes to the appearance of dual-Stokes wave-
lengths, indicated as range 1 and range 2 in Fig. 3 in correspon-
dence with tuning angles from 0.78◦ to 0.87◦ and from 2.10◦

to 2.20◦. That is to say, there are dual-Stokes wavelengths sat-
isfying the phase matching condition. Hence, the dual-THz
wave is expected in these ranges. The inset shows the relative
energy change of the dual-Stokes wavelength during the tun-
ing process in range 1. As the angle tuning is performed, the
energy of one of the Stokes wavelength is decreased, whereas
the energy and wavelength of the other are increased, inducing
the neighbored tuning section to begin.

Figure 4 shows the relationship between the calculated
absorption for different THz frequencies in KTP crystal and
the measured tunable output characteristics of the THz waves
from the ring cavity KTP-TPO system at a fixed pump en-
ergy of 180 mJ. In range 1 and range 2, there could be dual-
frequency THz wave output, so it is difficult to know the exact
intensity for the two THz frequencies. To simplify the process,
the detected energy of the THz wave in the overlapped range
is divided equally for two neighboring tuning ranges. The ab-
sorption of the THz wave in KTP crystal is influenced by TO
modes and is calculated with Eqs. (3)–(5). On both sides of the
peak of the mountain-shaped THz-wave output curves, THz

wave energies decreased gradually, which was mainly caused
by the strong absorption near the TO modes. The weak energy
for the tuning range of 6.74–7.01 THz is the result of the high
absorption. The lowest absorption at 6.74 THz in the tuning
range 6.74–7.01 THz is 3.71 times larger than the absorption
at 5.7 THz, as shown in Fig. 4. It should be mentioned that
the THz wave gain is also related with the simulated Raman
scattering in KTP crystal. The lower output energy for the tun-
ing range of 0.96–1.87 THz may be attributed to the smaller
THz wave gain although the absorption in this range is lower
than that at 5.7 THz.
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Fig. 4. (color online) The relationship between the absorption for dif-
ferent THz frequencies in KTP crystal and the measured tunable output
characteristics of the THz waves from the ring cavity KTP-TPO system at
a fixed pump energy of 180 mJ.

Although the higher frequency THz wave could satisfy
the phase matching condition in Fig. 3, such as 7.39–7.61 THz
(corresponding to the tuning angle of 4.14◦–5◦), there is no
THz output. It can explained as follows. First, the polari-
ton in this range has more mechanical vibration characteristics
influenced by the neighbored TO modes with large oscillator
strength. Second, the performance of the supermirror is de-
clined and the interaction area among the pump, the Stokes
and the THz waves is decreased at larger phase matching an-
gle, which will lead to the lower THz gain. Finally, the THz
wave absorption in KTP crystal is very strong in the range of
7.39–7.61 THz with the lowest value at 7.43 THz, which is at
least 6.11 times larger than the absorption at 5.7 THz, it also
weakens the output of the THz wave.

Figure 5 shows the THz wave output voltage and the con-
version efficiency at 5.7 THz as a function of pump energy.
The inset shows the THz wavelength measurement by a scan-
ning Fabry–Perot etalon consisted of two parallel THz polar-
izers, which have a relatively high reflectivity and low ab-
sorption at Thz frequency. The THz wave output energy and
conversion efficiency increased with the pump energy. The
threshold pump energy was 60 mJ. When the pump energy
reached 210 mJ/pulse (111.25 MW/cm2), the detected THz

114213-4



Chin. Phys. B Vol. 27, No. 11 (2018) 114213

voltage was 1.7 V and the corresponded THz pulse energy of
5.47 µJ/pulse was achieved, where the maximum light to light
conversion efficiency was 2.6×10−5 with the pump depletion
of 115.5 mJ. Moreover, the corresponding photon conversion
efficiency was 0.23%. Higher pump power density was not
tried for avoiding the damage to KTP crystal.
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Fig. 5. (color online) THz wave output voltage and light-to-light conver-
sion efficiency under different pump energies at 5.7 THz. The inset shows
the THz wavelength measurement by a scanning Fabry–Perot etalon.

4. Conclusion
We have demonstrated a wide tunable and high power

THz output based on surface-emitted ring-cavity KTP-TPO.
The THz wave was intermittently tuned from 0.96 THz to
1.87 THz, from 3.04 THz to 3.33 THz, from 4.17 THz to
4.48 THz, from 4.78 THz to 4.97 THz, from 5.44 THz to
5.97 THz, and from 6.74 THz to 7.01 THz. The dual-Stokes
wavelengths resonance phenomena were observed in some
certain tuning angle ranges. A theoretical analysis of the dis-
persion curve in KTP crystal was given to reveal the character-

istics of the intermittently tuned range and dual-Stokes wave-
lengths resonance. This is in good agreement with the exper-
iment results. The maximum THz output voltage detected by
Golay cell was 1.7 V at 5.7 THz under the pump energy of
210 mJ, corresponding to the THz energy of 5.47 µJ and con-
version efficiency of 2.6×10−5.
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