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The hottest frequency region in terms of research currently lies in the ‘frequency gap’ region between
microwaves and infrared: terahertz waves. Although new methods for generating terahertz radiation have
been developed, most sources cannot generate high-brightness terahertz beams. Here we demonstrate the
generation of ultrabright terahertz waves (brightness ~0.2 GW/sr*cm?, brightness temperature of ~10" K,
peak power of >50 kW) using parametric wavelength conversion in a nonlinear crystal; this is brighter than
many specialized sources such as far-infrared free-electron lasers (~10'® K, ~2 kW). We revealed novel
parametric wavelength conversion using stimulated Raman scattering in LiNbO; without stimulated
Brillouin scattering using recently-developed microchip laser. Furthermore, nonlinear up-conversion
techniques allow the intense terahertz waves to be visualized and their frequency determined. These results
are very promising for extending applied research into the terahertz region, and we expect that this source
will open up new research fields such as nonlinear optics in the terahertz region.

xploiting nonlinear optical phenomenon in nonlinear materials allows a wide range of electromagnetic

waves, from microwave to ultraviolet frequencies, to be produced and harnessed in a variety of applications.

The terahertz region is relatively unexplored, because of the lack of the high-brightness terahertz sources,
which has resulted in what is known as the frequency gap'~. Over the past decade, there has been remarkable
growth in the field of terahertz frequency science and engineering, which has become a vibrant, international,
cross-disciplinary research activity’. Wavelength conversion in nonlinear optical materials is an effective method
for generating and detecting coherent terahertz wave radiation owing to the high conversion efficiency, band-
width, wide tunability, and room-temperature operation. Table 1 lists the characteristics of three intense
terahertz-wave sources: our injection-seeded terahertz-wave parametric generator (is-TPG), and typical intense
terahertz-wave sources; a far-infrared free-electron laser’, and terahertz pulse generation by tilted pulse-front
excitation®. Our source is one of the brightest in the terahertz region with a wide tuning range. We explain in this
letter how the ultrabright terahertz waves are generated and visualized efficiently via acoustic phonons of a
nonlinear lithium niobate (LiINbO3) crystal.

The large figure of merit (FOM = 4d¢” / nnip’nrptrr;” ~ 10, deg: the effective nonlinear coefficient, n1y;z and
N - the refraction indices in the near infrared and terahertz range, o7y, : the intensity absorption coefficient for
the terahertz-wave)® of LINbO; at room temperature makes this well-known nonlinear crystal ideal for such an
application; terahertz wave parametric generation and detection in LiNbOj; are realized by stimulated polariton
scattering via transverse optical phonons”™"'. However, a number of other nonlinear processes also occur when a
high-intensity laser beam propagates through a nonlinear crystal; some examples include second-, third-, or
higher-harmonic generation, sum or difference frequency generation, optical parametric amplification, oscil-
lation, or generation, stimulated Raman or Brillouin scattering (SRS and SBS), four-wave mixing, optical rec-
tification, multi-photon absorption, and the Kerr and Pockels effects. Of these, we found that SBS inhibits the
parametric wavelength conversion near the lattice resonance induced by SRS, however, this nonlinear process has
long been ignored. In principle, when a pumping photon generates an idler and a terahertz wave photon, the
conversion efficiency reaches 107 according to the Manley-Rowe relations because the wavelength of the
terahertz wave is about 200 times longer than that of the pumping beam. However, in previous research, the
conversion efficiency from an infrared pumping beam to a terahertz wave was less than 1077, It has long been
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Table 1 | Characteristics of intense terahertz-wave sources: our
injection seeded terahertz-wave parametric generator (is-TPG), a
free electron laser that works in the far-infrared region (FIR-FEL),
and THz pulse generation through optical rectification using a tilted
optical pulse front (OR). The brightness temperature (Tg) is calcu-
lated as keTz = Peak power/[(M?)? X linewidth]. OR generates
broadband terchertz waves

Peak power Linewidth Tuning range
[kw] [GHz] Ts [K] [THz]
is-TPG >50 ~4 ~10'8 0.7-3
FIR-FEL ~2 ~10 ~10'® 1-5
OR ~5000 ~1500 ~107

thought that this is the limit of the conversion efficiency using para-
metric wavelength conversion pumped by nano-seconds (duration:
10-25 ns) pulse lasers'. In our experiment, a pumping beam excites
acoustic phonons in LiNbO; and SRS of the pumping beam generates
terahertz waves and an idler beams. We calculated the SRS and SBS
gains in previous condition, the SBS has 1000 times larger gain than
the SRS'*"V. Typically, the SBS gain reaches the steady state within
ten lifetimes of the acoustic phonon'®, within about 1.5 ns in
LiNbO;". For efficient frequency conversion, the duration of the
pumping beam should be less than 1 ns, but the duration limits
the linewidth of the generated terahertz waves. By exploiting a single-
mode oscillated microchip Nd:YAG laser'® with a sub-nanosecond
‘pulse gap’ pulse width®, a narrow linewidth, high-efficiency wave-
length conversion can be performed by the SRS without the SBS. If
the intensity of the pumping source is too high, secondary (idler)
beams can be generated, which do not contribute to the generation
of terahertz waves as they undergo strong absorption. We thus pre-
cisely controlled both the pumping and seeding intensity as well as
the crystal length.

In our experimental setup (Fig. 1), the pumping beam from the
microchip Nd:YAG laser is amplified in two Nd:YAG rods in a
double-pass configuration*. The seeding beam from an external
cavity diode laser (ECDL) is amplified by an Yb-doped fiber amp-
lifier. Owing to the grating and confocal arrangement, the noncol-
linear phase matching condition is satisfied automatically when the
wavelength of the seeding beam is changed”. The terahertz-wave
output extracted through the Si-prism was measured using a cali-
brated pyroelectric detector (THZ5I-MT-BNC; Gentec-EO) with
two lenses (Tsurupica, Broadband Inc.), attenuators (TFA; CDP
Corp.), an optical chopper, and a thick black polyethylene sheet for
precise measurements. The temporal waveform and linewidth of the
terahertz wave were measured by a Schottky barrier diode (SBD) and
a pair of metal mesh plates. For the nonlinear up-conversion detec-
tion, the terahertz wave was focused onto another MgO:LiNbO;
crystal. The incident angle between the terahertz wave and the
pumping beam satisfies the noncollinear phase-matching conditions
in the MgO:LiNbO; crystal. Mixing the terahertz wave with the
pumping pulse created a narrow-linewidth difference-frequency
up-converted signal, which was parametrically amplified by the
MgO:LiNbOj; optical parametric amplifier. The up-converted signals
were visualized using an infrared laser visualizer (10VIZ-35; Standa
Corp.) as green lights; the frequency was determined from the blink-
ing position. All the components, except for the terahertz-wave
detector, were mounted on a 60 X 90 cm? breadboard.

The brightness (peak power) as a function of the frequency
(Fig. 2a) was obtained by scanning the wavelength using the ECDL
as a tunable seeder. When the pumping energy was 20 m]J/pulse
(duration: 420 ps, peak power: 48 MW) and the seeding power
was 800 mW (continuous wave), the frequency could be tuned from
0.7-3 THz, and the maximum output brightness (peak power) was
more than 0.2 GW/srcm? (50 kW) at around 1.8 THz. This source
has a broad tuning range, with a flat region around 1.6-2.6 THz. The
terahertz-wave output decreased in the low and high frequency

Pyroelectric detector

| Up-converted beam

Mirrors

Figure 1 | Experimental setup. The diameter of the pumping beam on the nonlinear crystal is about 1.5 mm (full width at half maximum (FWHM)). The
wavelength conversion is performed in a 50-mm-long nonlinear MgO-doped congruent LINbO3 (MgO:LiNbO3) crystal with an antireflection coating for
awavelength of 1064 nm. A Si-prism placed on the surface of the MgO:LiNbOj crystal acts as an efficient output or input coupler for the terahertz wave to
prevent total internal reflection of the terahertz wave at the crystal surface. Inset: the setup for the absolute power measurement using the calibrated

pyroelectric detector (THZ5I-MT-BNC, Gentec-EO).
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Figure 2 | Characteristics of our source. (a). The brightness as a function
of frequency. (b). The beam profile of the terahertz wave measured by a
terahertz-wave imager (IRV-T0831, NEC). The terahertz wave is focused
by the f = 50 mm lens. The spot size is less than 220 um (FWHM) at
1.5 THz.

regions (below 1.6 and above 2.6 THz) because of alow gain and high
absorption coefficient”® in these regions, respectively. From our
source, the pulsed terahertz-waves are generated by 100 Hz (by
10 ms), however, this pyroelectric detector only gives an average
power. We therefore used an optical chopper to measure the average
power. We estimated the energy/pulse from the calibrated average
power, the maximum energy was about 5.5 pJ/pulse. In this case, the
output signal from this detector was more than 50 V,,,, correspond-
ing to about 10° V,,, using a standard 4-K Si bolometer (Infrared
Laboratories). When the glass plate was inserted, the output signal
from the detector completely disappeared. We measured the dura-
tion of generated terahertz-wave around 100 ps by the SBD, corres-
ponding peak power of more than 50 kW at 1.8 THz. Figure 2b
shows a beam profile of generated terahertz-wave measured by an
imager for terahertz-wave (IRV-T0831, NEC). The terahertz-wave is
focused by the f = 50 mm Tsurupica lens. When the wavelength of
input terahertz wave is 200 pm, the spot size is less than 220 um
(FWHM). We estimated the M value less than 1.1, and the bright-
ness was B = Pp/(/ M?)* ~ 0.2 GW/sr*cm’. The linewidth of the
generated terahertz was measured to be almost 4 GHz by a
scanning Fabry-Perot etalon. The intensity and electric field were
0.3 GW/cm® and ~0.5 MV/cm at around 2.0 THz, respectively,
when the terahertz wave was focused. The high-power emission is

also important for the calibration of terahertz wave detectors. In
general, the power calibration is based on calorimetry as a traceable
standard, but there is no power standard in the terahertz region. The
power levels obtained from two kinds of pre-calibrated detectors, a
calorimetric device (PM4, Erickson Inc.) and this pyroelectric device,
using the same terahertz beam were comparable®. Surprisingly, this
was easily perceived directly by touch; the wave was felt to be similar
to a 100-Hz stimulation. The conversion efficiencies to the idler- and
the terahertz- wave were more than 20% and 0.02%, respectively,
which is improved by a factor of more than 1000 as a result of the
nanosecond pumping source'’. Under our experimental conditions,
the observed conversion efficiency is 10~ because the terahertz wave
generated inside the crystal is absorbed by the nonlinear crystal itself
while propagating to the crystal surface and is affected by Fresnel loss
on the boundary surfaces®.

Figure 3 shows the position of the up-converted signals as a func-
tion of the frequency of input terahertz wave. The red circles repres-
ent measured distance from the pumping beam, and the blue line
represents the calculation results. Insets show the picture of the up-
converted signals on the laser beam visualizer. The intensity and
position of the up-converted signal depend on the power and fre-
quency of the input terahertz wave respectively. As the power (fre-
quency) of the input terahertz wave increases, the power and
noncollinear phase-matching angle between the pumping beam
and up-converted beam also increase, which shifts the position of
the signal. This is in good agreement with the calculation, and this
makes it easy to identify the frequency and intensity of the input
terahertz wave from the position and intensity of the up-converted
signal. When the energy of the input terahertz wave and pumping
beam were 1 pJ/pulse at 1.9 THz and 10 m]/pulse, respectively, the
energy of the up-converted signal was 2 m]/pulse at 1072 nm.

We have demonstrated here high-peak-power, narrow-linewidth,
continuously tunable terahertz wave generation via wavelength con-
version in MgO:LiNbO; having more than 10° times higher peak
power than the peak power of terahertz-wave from our long pulse
pumped (~15 ns) parametric sources by using half energy and 1/30
duration pumping pulse. We found this huge difference in peak
power result from the suppression of the SBS in a nonlinear crystal
by using sub-nanoseconds (420 ps) pumping pulse. Furthermore,
the parametric gain (absorption) of the terahertz wave in LINbO;
could be increased (decreased) by cooling the crystal®. The conver-
sion efficiency improves by a factor of at least ten at liquid nitrogen
temperatures. In this case, for a pumping energy of 50 mJ/pulse, the
expected brightness, brightness temperature, peak power and electric
field of the terahertz wave are greater than 4 GW/sr-cm?, 10" K,
1 MW and 2 MV/cm, respectively from our narrowband and con-
tinuously tunable source. There are some other ways to generate
much higher electric field at THz-GAP using different methods®**-2%.
There results show higher electric field in this region, however, they
generated broadband and a few cycles (pico-seconds duration)
terahertz-wave. With the development of such intense broadband
sources, nonlinear effects in this region have been observed®-**. On
the other hand, a number of applications require intense, narrow-
band terahertz waves such as observing multi-photon absorption to
specific excitation states®?. The generation of narrowband mega-
watts peak power monochromatic terahertz-wave (sub-nanoseconds
duration, several hundreds cycles) pulses with field levels in the
megavolt per centimeter range will enable novel applications in ter-
ahertz nonlinear optics. We also demonstrated the visualization of
generated terahertz waves using nonlinear up-conversion, which is
similar to a wavelength dispersive spectrometer. Additionally, this
method also provides phase information of the terahertz wave
through the interaction with a simultaneously generated terahertz
wave and the idler beam, and furthermore, works as a terahertz-wave
amplifier by extracting the terahertz waves generated in a detection
crystal. We speculate that the ultrabright terahertz-wave and its
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Figure 3 | The visualized up-conversion detection of the terahertz-wave. Measured position of the up-converted signals as a function of the frequency of
input terahertz wave. The red circles represent the distance from the pumping beam when the frequency of the input terahertz waves are 1.0-, 1.3-, 1.6-,
1.9-, and 2.2-THz, and the blue line represents the calculation results from the noncollinear phase-matching angle, insets show the picture of the
pumping and up-converted signal in each frequency. The left and right green spots represent the pumping beams and up-converted signals, respectively.
As the frequency of the input terahertz wave is increased, the phase-matching angle between the pumping beam and the up-converted beam also increases
such that the position of the up-converted signal moves depending on the noncollinear phase matching condition. We are then able to ascertain the
frequency and intensity of the input terahertz wave from the position and intensity of the up-converted signal.

visualization could be powerful tools not only for solving real world
problems but also fundamental physics, such as real-time spectro-
scopic imaging, remote sensing, 3D-fabrication, and manipulation or
alteration of atoms, molecules, chemical materials, proteins, cells,
chemical reactions, and biological processes. We expect that these
methods will open up new fields and tune up killer applications.
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