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Abstract: We demonstrated a Cherenkov phase matched THz-wave
generation with surfing configuration for bulk lithium niobate crystal. THzwave output was enhanced about 50 times by suppressing phase
mismatching for THz-wave propagation direction. The suppression was
achieved by combining two pumping waves with dual wavelength with
finite angle, and THz-frequency was controllable by changing the angle
within 2.5 degrees range. Higher frequency THz-wave generation at around
4.0 THz was successfully obtained by the method.
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1. Introduction
Terahertz (THz)-wave is very attractive spectral regions, for advanced applications, involving
biomedical analysis, stand-off detection for hazardous materials, etc. The development of
monochromatic and tunable coherent THz-wave sources is of great interest for use in these
applications. Recently, a parametric process based on second-order nonlinearities has been
used to generate tunable monochromatic coherent THz-waves using nonlinear optical (NLO)
crystals [1-4]. In general, however, nonlinear optical materials have high absorption
coefficients in the THz-wave region, which prevents efficient THz-wave generation.
Avetisyan et al. proposed surface-emitting THz-wave generation by difference frequency
generation (DFG) in a periodically poled lithium niobate (PPLN) waveguide to overcome
these problems [5]. A surface-emitted THz wave radiates from the surface of PPLN and
propagates perpendicular to the direction of the pump beam. The absorption loss is minimized
because the THz wave is generated from the PPLN surface [6-7]. Moreover, the phasematching condition can be designed using PPLN with an appropriate grating period. Surface
emitted THz-wave device has a potential for realizing high conversion efficiency, and
continuous wave THz-wave generation was successfully demonstrated [8]. Unfortunately,
tuning range of THz-wave is limited by design of PPLN, each PPLN has about 100 GHz of
tuning range. Wide tuning range cannot be realized by quasi phase matching method.
We demonstrated Cherenkov phase matching method [9-13] for monochromatic THzwave generation via DFG process using bulk lithium niobate crystal [14]. We successfully
generated monochromatic THz-waves with wide tunability in the range 0.2–2.5 THz. The
highest THz-wave energy was about 800 pJ/pulse [15], and this energy could be obtained for
the broad spectral region in the range around 0.2–2.0 THz. Although we successfully got
wide tunable characteristics of THz-wave generation, conversion efficiency of a THz-wave
generation at higher frequency region above 2.0 THz was slightly low. It would be caused by
phase mismatch of generated THz-wave in a propagating direction of THz-wave. Beam
diameter of pumping waves in a lithium niobate crystal in our previous work was about 300
µm, which corresponded to about ten cycles of THz waves at 2.0 THz because the refractive
index of lithium niobate is about 5.2 [16]. THz-wave generated at far from a crystal surface
interfered with that generated at neighborhood of a crystal surface, resulted in denying each
other. By reducing the width of beam diameter in the crystal in the direction of THz-wave
propagation to about one-half of the THz wavelength, there was no need to consider phase
matching in that direction. We observed the effects by condensing a pump beam diameter to a
THz-wave propagation direction by cylindrical lenses [17]. Although higher THz-wave
around 4.0 THz was successfully generated under tight focusing by the cylindrical lens with
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20 mm of focus length, output of THz-wave at lower frequency region was reduced, because
tight focusing resulted in reducing interaction length for pumping wave propagating direction
2. Cherenkov phase mating with surfing configuration
In this study, we propose surfing configuration of Cherenkov type phase matching for THzwave generation for bulk crystal to suppress a phase mismatching. Interference pattern of
pumping waves in the crystal is induced by combining the dual wavelengths beams with finite
angle. It provides a same spatial pattern of second order nonlinear polarization in THzfrequency. The interference pattern has not checkerboard one, which is a results of
interference of tilted beams with same frequency, like as mentioned in Ref. 18, because dual
wavelength beam courses other spatial interference pattern, corresponding to difference
frequency, and the interference pattern is superimposed in checkerboard one.

(b)

(a)

19.1 µm

y
x
45.7 µm

120 µm

(c)
B

C
θc
A

Fig. 1. Normalized electric field distribution of (a) combined dual wavelength pump beams
with finite angle, and (b) exited second order nonlinear polarization of difference frequency.
Here, λ1=1300 nm, λ2=1317 nm and 3 THz of difference frequency with 3.7 degrees of beam
angle. (c) Geometric relation of A: excited nonlinear polarization for x-direction, B:
interference period of pump beams for y-direction and C: THz-wavelength in the crystal.

Figure 1 shows electric field distribution of (a) pumping waves and (b) excited nonlinear
polarization, with λ1=1300 nm, λ2=1317 nm (here, three waves in DFG interaction has a
relation of ω1=ω2-ωTHz, and corresponding THz frequency is 3 THz) and 3.7 degrees of angle
between divided pumping beams, α. The periods of nonlinear polarization pattern of dual
wavelengths beams, A for x-axis and B for y-axis are represented by following equations,
2π

A =
(k1 − k 2 )cos α


2

4
π
B =

(k1 + k 2 )sin α

2
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where k1=2πn1/λ1 and k2=2πn2/λ2, here n1 and n2 are refractive index of λ1 and λ2,
respectively. We used Sellmeier equation at near-infrared region for a lithium niobate crystal
from Ref. 19. On the other hands, Cherenkov angle of the crystal, θc, is decided by relation of
length A and THz-wavelength in the crystal, C=λTHz/nTHz, here λTHz and nTHz are THzwavelength in vacuum and refractive index of the crystal at THz frequency. A phase
matching condition for THz-wave propagation direction is satisfied by choosing an
appropriate angle α of the pump beams for required THz-frequency. The angle α is
formulated from geometric relation of A, B and C, A2C2=B2C2=A2B2, as shown in Fig. 1(c).

16π 2
 − (k + k )2 +
1
2

(λTHz / nTHz )2
α = 2 arccos
2
2
4(k1 − k 2 ) − (k1 + k 2 )












(2)

Generated THz-wave can propagate without influence of phase mismatching in the
direction of propagating direction, just like as surf rider on nonlinear polarization waves, as
shown in Fig. 1(b). The required angle for frequency tuning was shown in Fig. 2(a) internal
and (b) external crystal. Phase matching condition is satisfied by changing the angle α for
required THz-wave and pumping wave wavelength. And slightly narrow tunability (about 300
GHz at around 3 THz generation) is obtained at a fixed angle, α=4.0 degrees.
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Fig. 2. Tuning angle (a) internal and (b) external of crystal under 1300, 1400 and 1500 nm of
pumping wavelength of λ1.

3. Experimental setup
Figure 3 shows the schematic of experimental setup. A pump source for DFG process was
same as our previous works [20], and which has a tunable range of 1250 to 1500 nm, 15 ns of
pulse duration and 0.88 mJ of pulse energy. An output of the source with dual wavelength
was focused by circular lens (f=500 mm) before divided by half beam splitter, and combined
again with finite angle. The spot diameter of the combined beam was 0.45 mm. The 5 mol %
MgO-doped lithium niobate crystal (MgO:LiNbO3) used in the experiment was cut from a 5 ×
65 × 6 mm wafer, and the x-surfaces at both ends were mirror-polished. An array of seven Si
prism couplers was placed on the y-surface of the MgO:LiNbO3 crystal. The y-surface was
also mirror-polished to minimize the coupling gap between the prism base and the crystal
surface, and to prevent scattering of the pump beam, which excites a free carrier at the Si
prism base. The polarizations of the pump and THz waves were both parallel to the Z-axis of
the crystals. The THz-wave output was measured with a fixed 4 K Si bolometer.
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Dual wavelength
KTP-OPO

Frequency doubled
Nd:YAG Laser
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532 nm, 15 ns, 50 Hz
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Half Wave Plate
f = 500 mm

5 mol % MgO:LiNbO3
with Si-prism coupler
L=65 mm

Mirror
Mirror
or beam dumper
Beam
Splitter

α

Mirror
or beam dumper

THz wave

Tsurupica Lens
f = 45 mm
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Fig. 3. Schematic of experimental setup for Cherenkov phase matching THz-wave generation
with surfing configuration.

4. Results and discussion

100

Single beam 1
Single beam 2
Combined beams

10
THz-wave
output energy [pJ/pulse]

THz-wave output energy [pJ/pulse]

Input-output properties of THz-wave for pumping energy are shown in Fig. 4 at 1.0 THz
generation with α=2.49 degrees. Circles and triangles denotes THz-wave output signal with
combined beams and with single beam by dumping the other beam before entrance to the
crystal, respectively. Maximum pumping energy of only 0.44 mJ was achieved at single beam
pumping, because a half of whole pumping energy was dumped as shown in Fig. 3. The
vertical axis is the THz-wave pulse energy calculated from the output voltage of a Sibolometer detector, a pulse energy of about 101 pJ/pulse corresponded to a Si-bolometer
voltage output of 1 V when the repetition rate was less than 200 Hz. As shown in the figure,
remarkable enhancement of THz-wave generation with surfing configuration, whose magnetic
was about 50 times, was successfully observed. Inset of Fig. 4 shows double logarithmic plot
of input-output properties. Slope efficiency under combined beams and single beam pumping
were almost same values. It means that enhancement factor of about 50 was a result of a
suppression of phase miss-matching.
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Fig. 4. Input-output property of THz-wave for pumping energy at 1.0 THz generation with
α=2.49 degrees. Circles and triangles denotes THz-wave output signal with combined beams
and with single beam. Inset shows double logarithmic plot of input-output properties.
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The generated THz-waves at different position in the crystal were in-phase each other, and
outputted THz-wave was enhanced. Intensity of overlapping in-phase THz-waves in an
absorptive media was calculated as shown in Fig. 5. A 5 mol % MgO-doped Lithium Niobate
crystal at THz-wave frequency region would has about 30 cm-1 of absorption coefficient [21].
The enhancement effect of in-phase interference would be effective for about 2 mm of
traveling distance of THz-wave, this fact leads optimum pumping beam width in y-axis
direction is about 1.8 mm. In this study, pumping beam width in y-axis was about 0.45 mm,
results in a propagating length of a THz-wave was about 1.2 mm. Higher enhancement above
50 would be obtained with tight focused beam only for z-axis by cylindrical lens.
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Fig. 5. Calculated intensity of overlapping in-phase THz-waves in an absorptive media.

THz-wave output energy [pJ/pulse]

Figure 6 shows THz-wave output characteristics under fixed pumping wavelength of 1300
nm and several fixed angle, 2.49, 3.80 and 5.03 degrees. Maximum THz-wave output at each
angle was obtained at higher frequency in the bigger angle, α. Obtained peaks of THz-wave
output were about 1.1, 1.6 and 1.9 THz, respectively. The relation between the angle and the
frequency where maximum output was obtained agree well with Eq. (2), 1.08, 1.61 and 2.07
THz under 1300 nm pumping respectively. Tuning range for higher frequency region was
remarkably improved compare with our previous collinear and not tight focused configuration.
THz-wave output at around 4 THz was successfully obtained.
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Fig. 6. THz-wave output spectra under fixed pumping wavelength of 1300 nm and several
fixed angle, 2.49, 3.80 and 5.03 degrees.
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As described in our previous work [22], because the linewidth of each pumping wave is
about 60 GHz, the source linewidth is about 100 GHz, which is slightly broader than that
obtained from sources such as injection-seeded terahertz parametric generator [23] or DAST
crystal-based difference-frequency generators [24]. This occurs because the linewidth of the
THz-wave depends on that of the pumping source.
The spectrum with α=2.49 degrees pumping had two dips at 1.8 and 2.6 THz. It coursed
by perfect phase miss-matching of THz-wave propagation. Figure 7 shows calculated
nonlinear polarization distributions at (a) 1.8 and (b) 2.6 THz generation with α=2.49. THzwavelength in the crystal at 1.8 THz generation is 32.2 µm. Generated THz-wave at point “a”
in Fig. 7 interferes with that at point “b”, which has a phase difference by π compare to that of
point “a”, results in destructive interference. Similarly, and adding higher order interference,
generated THz-wave at point “c” has destructive interference with that at point “d”. THzwave generation was observed at around the dips, because perfect phase miss-matching was
relaxed at these frequencies. We have not yet completed the analytical solution predicting the
frequency due to destructive interference, and it remains an area of future work.

(a)

(b)
d
b

99.6 µm

λTHz / nTHz = 21.4 µm

λTHz / nTHz = 32.2 µm
65.6 µm
77.1 µm

213.6 µm

c

a
300 µm

Fig. 7. Calculated nonlinear polarization distributions at (a) 1.8 and (b) 2.6 THz generation with α=2.49.

Broader tuning range would be obtained by controlling the angle α within about only 2.5
degrees range. Because lithium niobate is strongly absorbing at THz-frequencies, the beamcrossing position was set near the crystal surface to generate the THz-wave. In this
configuration, the pumping beam passing through a Si prism yields an optical carrier
excitation in Si that prevents THz-wave transmission, while the interaction length decreases at
larger pumping angles, α. The interaction lengths, l = 2D / tan α , where D is the beam
diameter, are 21.4 and 10.7 mm for αs of 2.49° and 5.03°, respectively. If we use a shorter
lithium niobate crystal, the optical carrier excitation can be avoided, and larger pumping
angles can be employed to obtain higher-frequency generation.
5. Summary
In conclusion, we proposed and demonstrated Cherenkov phase matching with surfing
configuration for bulk crystal. We successfully obtained efficient THz-wave generation for
about 4 THz wave region, and the enhancement factor was about 50. The method is very
simple way to obtain higher frequency and efficient generation of THz-wave, because the
method does not require a special device such as slab waveguide structure.
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