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We report a pulsed surface-emitted THz-wave parametric oscillator based on two MgO:LiNbO3 crystals pumped

by a multi-longitudinal mode Q-switched Nd:YAG laser. Through varying the phase matching angle, the tunable THz-
wave output from 0.79 THz to 2.84 THz is realized. The maximum THz-wave output was 193.2 nJ/pulse at 1.84 THz
as the pump power density was 212.5 MW /cm?, corresponding to the energy conversion efficiency of 2.42x1076 and

the photon conversion efficiency of about 0.037%. When the pump power density changed from 123 MW/cm? to
148 MW /cm? and 164 MW /cm?, the maximum output of the THz-wave moved to the high frequency band. We give a

reasonable explanation for this phenomenon.

Keywords: THz-wave parametric oscillator, noncollinear phase matching, THz-wave polarization,

frequency tunable output
PACS: 42.65.Yj, 42.65.Dr, 42.65.Ky

1. Introduction

Recently the terahertz wave (THz-wave) gen-
eration technique has attracted much attention for
its unique potential applications in material di-
agnostics, molecular analysis, remote atmospheric
sensing and monitoring, real-time imaging and
communication. 3 However, despite significant re-
cent progress, the methods of generation of THz ra-
diation are still less developed than that in the vis-
ible and the near-infrared regions, so the search for
efficient, high-power, inexpensive, compact and room-
temperature methods of generation of coherent THz
radiation is one of the main topics in modern optoelec-
tronics and photonics.[*? Among many electronic and
optical methods for THz-wave generation, the THz-
wave parametric oscillator (TPO) has many advan-
tages, such as compactness, narrow linewidth, coher-
ence, wide tunable range, high-power output and room
temperature operation.[>7 So far, distinctive TPO
has been well developed in the past decade. On the
phase matching side, the noncollinear phase matching
and the quasi-phase-matched could satisfy the phase
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matching condition.!®% Considering the cavity design,
the external cavity and the intracavity TPO could
work well.[519 Regarding the THz-wave output, there
are two methods. In the first method, in order to avoid
the total reflection of THz-wave at the output side of
MgO:LiNbOg3 crystal, the THz-wave is coupled out
using a line of Si prisms.?) It means that the THz-
wave must undergo great loss and the beam quality
is not good. The other method is to use the surface-
emitted pattern to couple the THz-wave out.l'!] In
the surface-emitted TPO the THz-wave is coupled out
perpendicularly to the exit surface of MgO:LiNbOs3
crystal without any output coupler, so the beam qual-
ity of THz-wave is good. Moreover, the generating
area of THz-wave lies just under the exit surface of
the MgO:LiNbOg crystal, the absorption loss of THz-
wave to the crystal is low. For efficient generation of
THz-wave based on the TPO, the MgO:LiNbO3 crys-
tal is one of the most suitable crystals due to its large
nonlinear coefficient and high damage threshold.[12:13]
Due to noncollinear phase matching in the TPO, the
effective interaction volume of the three mixing waves
(Pump, Stokes, THz-wave) is of vital importance for
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the enhanced output of THz-wave. The pump wave
with a larger beam radius can simultaneously generate
the Stokes wave and the THz-wave with a larger beam
radius, which results in a larger interaction volume of
the three mixing waves.

In this work, the high-power THz-wave radiation
was realized based on a surface-emitted TPO pumped
by a multi-longitudinal mode Q-switched Nd:YAG
laser. The frequency tuning characteristics of THz-
wave agreed well with the theoretical curve calculated
from the noncollinear phase matching condition. The
maximum output of THz-wave moved to the high fre-
quency band as the pump power density increased,
which coincided with the theoretical analysis. As the
pump power density was large enough, the third-order
Stokes wave was observed.

2. Experimental setup

The schematic diagram of the TPO pumped by
a multi-longitudinal mode Q-switched Nd:YAG laser
is shown in Fig. 1. The nonlinear gain medium was
composed of two 5 mol% MgO doped LiNbOj3 crys-
tals. The dimensions of the rectangular crystal were
50(z) mm x 10(y) mm x 5(z) mm. The pentagonal
crystal was cut from a rectangular crystal with di-
mensions of 65(x) mm X 17(y) mm X 5(z) mm and
the cutting angles are shown in Fig. 1. The maximum
length in the z-direction of the pentagonal crystal was
65 mm. All the end surfaces, which transmitted the
pump wave, were polished and antireflection-coated
for the pump wave and the Stokes wave. The pulse
width, repetition rate and beam diameter of the pump
wave were 15 ns, 10 Hz and 1.92 mm, respectively.

bolometer

pump

Fig. 1. Experimental setup of the MgO:LiNbO3-TPO.
The Fabry-perot cavity and the MgO:LiNbO3 crystal were
mounted onto a rotating stage.

The polarizations of the pump wave, the Stokes wave
and the THz-wave were all along the z-axis of the
MgO:LiNbOj3 crystal. The TPO cavity for the Stokes

wave was formed by a pair of plane-parallel mirrors,
M; and Ms. The M; was highly reflective in the in-
frared range, while the My was coated to have a reflec-
tivity of 95% in the infrared range. The cavity length
was 215 mm. The pump wave passed through the cav-
ity at the edges of My and Ms. The cavity mirrors and
the MgO:LiNbOg crystal were mounted on a rotating
stage. The frequency tunable THz-wave radiation was
obtained by rotating the stage continuously.

3. Results and discussion

During the polariton scattering process, the non-
collinear phase matching condition k, = ks + k1 and
the conservation of energy wy, = ws 4+ w are satisfied,
as can be seen in Fig. 1, where k,, ks and kr are
the wave vectors of the pump wave, the Stokes wave
and the THz-wave, respectively. The incident angle
of the Stokes wave to the exit facet of the THz-wave
was 65°, which ensured the THz-wave was almost per-
pendicular to the exit from the LiNbOj crystal due
to the noncollinear phase matching condition. The
tunable THz-wave radiation can be obtained by con-
tinuously changing the angle 6. between the Stokes
wave and the pump wave at the external side of the
LiNbOg crystal. The tuning curve of the THz-wave
radiation is shown in Fig. 2. The THz-wave frequency
can be exactly figured out by using the energy con-
servation equation, since we have measured the wave-
length of the Stokes wave. The THz-wave radiation
from 0.8 THz to 2.8 THz was obtained. The experi-
mental results agreed well with the values calculated
from the noncollinear phase matching condition.
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Fig. 2.
wave. The fcxt is the angle between the Stokes wave and

Frequency tunable characteristics of the THz-

the pump wave at the external side of crystal. The solid
curve indicates the values calculated from the noncollinear
phase matching condition and the dots indicate the exper-
imental results.

The output characteristics of the THz-wave at

the frequency of 1.84 THz as a function of the pump
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power density is shown in Fig. 3. The THz-wave out-
put was detected using silicon bolometer operating at
temperature 4 K. We used transmittance-calibrated
black polyethylene filters as the low-pass filters, which
only allowed THz-wave to pass through. The thresh-
old pump power density was about 54 MW /cm?. The
THz-wave power slowly increased at the threshold
area and then quickly increased with the increase of
the pump power density. When the pump power den-
sity was 212.5 MW /cm?, the maximum output of the
THz-wave was 193.2 nJ/pulse, corresponding to the
energy conversion efficiency of 2.42x 107 and the pho-

ton conversion efficiency of about 0.037%.
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Fig. 3. THz-wave output as a function of the pump power
density at 1.84 THz.

The tunable output of the THz-wave was obtained
by rotating the stage on which the cavity and the
MgO:LiNbOj3 crystals were fixed. Figure 4 shows the
output characteristics of the THz-wave under pump
power densities of 123 MW /cm?, 148 MW /cm? and
164 MW /cm? respectively. We obtained a tunable
THz-wave output from 0.79 THz to 2.84 THz when
the pump power density was 164 MW /cm? and the
maximum output of the THz-wave was 111 nJ. From
the figure, we find that in the low frequency band
the output of the THz-wave increases with the in-
crease of frequency, while it drops drastically in the
high frequency band. Two factors could account for
this phenomenon. First, in the high frequency band,
the increase of the phase matching angle will result
in the decrease of the effective interaction volume
of the three mixing waves. Second, the absorption
coefficient of the MgO:LiNbOg crystal for the THz-
wave is larger in the high frequency band. When the
pump power density changed from 123 MW /cm? to

148 MW /cm? and 164 MW /cm?, the frequencies cor-
responding to the maximum output of THz-wave were
about 1.398 THz, 1.594 THz and 1.694 THz respec-
tively.
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Fig. 4.
power densities of 123 MW /cm?,
164 MW /cm? respectively.

THz-wave output characteristics at pump
148 MW/cm? and

The maximum value of THz-wave output moved
to the high frequency band as the pump power den-
sity increased, which can be explained as follows. Ac-
cording to Ref. [14], the analytical expression of the

exponential gain for the THz-wave is given by

91T = gsCOs @

O;T{[1+16cos<p(gT>2} v 1}, (1)

where ar is the absorption coefficient in the THz

range, ¢ is the phase-matching angle between the
THz-wave and the pump wave and gg is the para-
metric gain in the low-loss limit. In the international

system of units, they can be written as
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where wp; and S; are the eigenfrequency and the os-
cillator strength of the lowest Aj-symmetry phonon
mode, respectively, coefficient dg = 4ds3 relates to
the second-order nonlinear parametric processes, db
relates to the third-order Raman scattering.
According to Egs. (1)—(3), we calculated the ab-
sorption coefficient ar and the THz-wave parametric
gain coefficient gr at 123 MW /cm?, 148 MW /cm?
and 164 MW /cm?, which are shown in Fig. 5. The
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Lin the range

gain coefficient g is about several cm™
from 0 to 3 THz and the absorption coefficient a in-
creases monotonously to several tens of cm ™! with the
increase of the frequency. The at is independent of
the pump power density, so we just need to take into
account the gain coefficient of the THz-wave when
we qualitatively analyze the tunable output charac-
teristics of the THz-wave for different pump power
From the figure, we find that when the

pump power density changes from 123 MW /cm? to

densities.
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Fig. 5. THz-wave absorption and parametric gain coeffi-
cient at 123 MW /cm?, 148 MW /cm? and 164 MW /cm?.
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148 MW /cm? and 164 MW /cm?, the maximum gain
of the THz-wave moves to the high frequency band.
Because the absorption coefficients ar are equal at
the same frequency for the three curves, the maximum
value of the THz-wave output moves to the high fre-
quency band when the other conditions are identical,
which is what we find in Fig. 4.

When the phase matching angle 6;,, was 0.79° and
the pump power density was 150 MW /cm?, we ob-
served the radiations of the first-order, the second-
order and the third-order Stokes waves, as shown in
Fig. 6. From the figure, we find that the frequency
shift between neighbour order Raman scatterings is
approximately the same, which corresponds to the fre-
quency of the generated THz-wave. When the pump
power density was large enough, the first-order Stokes
wave interacted with the stimulated polariton to gen-
erate the second-order Stokes wave and the THz-
wave with frequency corresponding to the difference

between the first-order and the second-order Stokes

waves.
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Fig. 6. The spectra of the pump and the Stokes waves. (a) The pump wave, (b) the first-order Stokes wave,
(c) the second-order Stokes wave, (d) the third-order Stokes wave.
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4. Conclusion

The high-power THz-wave radiation from the
surface-emitted TPO based on MgO:LiNbOg3 crystals
was obtained. We analyzed the tunable characteris-
tics of the surface-emitted TPO. By varying the phase
matching angle, a tunable THz-wave from 0.79 THz to
2.84 THz was obtained. When the pump power den-
sity was 212.5 MW /cm?, the maximum THz-wave out-
put was 193.2 nJ/pulse at 1.84 THz, corresponding to
the energy conversion efficiency of 2.42x107¢ and the
photon conversion efficiency of about 0.037%. When

the pump power density changed from 123 MW /cm?
to 148 MW /cm? and 164 MW /cm?, the frequencies
corresponding to maximum output of the THz-wave
were about 1.398 THz, 1.594 THz and 1.694 THz, re-
spectively. When 6;, was 0.79° and the pump power
density was 150 MW /cm?, we observed the first-order,
the second-order and the third-order Stokes waves.
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