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We demonstrate terahertz-wave~THz-wave! surface-emitted difference frequency generation with
nanosecond pulse duration. A slant-stripe-type periodically poled lithium niobate~PPLN! crystal
was used to realize the quasi-phase-matching in two mutually perpendicular directions of optical
and THz-wave propagation. A THz-wave with a wavelength near 200mm was generated by mixing
the radiation of a dual-signal-wave optical parametric oscillator based on a periodically
phase-reversed PPLN crystal. ©2002 American Institute of Physics.@DOI: 10.1063/1.1518779#
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The generation of terahertz~THz! radiation is of interest
for a variety of applications in basic and applied physics. T
difference frequency generation~DFG! is a convenient tech
nique for producing coherent THz radiation,1 although the
efficiency of generation is, as yet, low.2 One of the limiting
factors is the large absorption of THz waves in nonline
materials. For example, widespread LiNbO3 crystal has a
coefficient of absorption of approximately a few tens cm21.3

To prevent absorption of the generated wave, two n
schemes of DFG have been suggested theoretically.
method4 is based on coupling the radiated mid-infrared wa
out of a nonlinear waveguide into an adjacent linear wa
guide before it gets absorbed. However, this is not feas
for THz-wave DFG, because the radiated wavelength
ceeds the wavelength of the exciting optical radiation by t
orders of magnitude. The other method is surface-emi
THz-wave DFG in a periodically poled lithium niobat
~PPLN! waveguide.5 By choosing the appropriate grating p
riod, the THz wave is radiated perpendicular to the propa
tion direction of the optical waves. In contrast to colline
geometry, the path length within a nonlinear material is
duced considerably; therefore, dumping of the THz-wave
minimized.

It is interesting to extend this idea to a bulk PPLN cry
tal. In this case, the THz-wave power can be much highe
a consequence of using powerful optical radiation with
large beam spot,r . However, destructive interference of th
radiated THz waves occurs when the beam spot is not m
smaller than the radiated wavelength in the crystal,lTHz . A
strongly focused beam (r'10mm) has been used to gene
ate surface-emitted THz radiation by optical rectification o
fs-pulse in PPLN crystal.6 However, beam focusing limits
effective interaction length, and does not allow the use

a!Author to whom correspondence should be addressed; electronic
yuzo@riec.tohoku.ac.jp
3320003-6951/2002/81(18)/3323/3/$19.00
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powerful exciting radiation, especially in the case of DFG
nanosecond lasers.

The destructive interference of radiated THz waves c
be partially compensated for by sign modulation of the no
linear coefficient (d33) along the direction of THz-wave
emission. A similar method is usually used for surfac
emitted second harmonic generation in multilayer AlGaA7

and a poled-polymer waveguide.8 In the case of surface
emitted THz-wave DFG, sign modulation of the coefficie
d33 is also necessary along the direction of propagation
the optical waves. A LiNbO3 crystal with slant-stripe-type
periodic domain inversion9 can be used to realize quas
phase-matching~QPM! interaction in the two mutually per
pendicular directions of optical and THz-wave propagatio

In this letter, we propose surface-emitted THz-wa
DFG in slant-stripe-type PPLN crystal. This is illustrated

il:FIG. 1. Schematic illustration of slant-stripe-type PPLN~upper! and the
wave-vector diagram~lower!, d: nonlinear optical coefficient.
3 © 2002 American Institute of Physics
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Fig. 1, wherexc, yc, andz are crystallographic axes of th
crystal; thex and y axes are oriented in the directions
optical and THz-wave propagation, respectively. Opti
waves with frequenciesv1 andv2 are propagated as close
the lateral face of the crystal as possible and are polar
along the opticalz-axis of the crystal. The THz wave~at
frequencyv35v12v2) is emitted perpendicular to the su
face of the crystal. Damping of the THz wave is small, due
the short path length in the nonlinear crystal. The neces
grating periodL, and anglea, between the direction of op
tical beam propagation and the domain wall of the PP
structure can be calculated by using the vector pha
matching condition:

KL sina5k12k2 , ~1!

KL cosa5k3 , ~2!

whereKL52p/L is the grating wave number,kj5v jnj /c,
j51,2,3, andc is velocity of light.

Equation~1! means that the phase of the driving sour
~nonlinear polarization! is not changed along the direction o
optical beam propagation. Therefore, each thin sheet of
duced dipoles parallel to (xz)-plane radiates THz wave
mainly normal to the sheet. Equation~2! incorporates the
constructive interference of THz waves. According to E
~2!, the adjacent domains of the PPLN structure~with a dif-
ferent sign of the nonlinear coefficient! are spacedlTHz/2
apart in the direction of THz-wave emission. The solutio
of combined equations are

a5tan21S k12k2

k3
D , ~3!

L5
2p

k12k2
sinF tan21S k12k2

k3
D G . ~4!

Using these equations, the required anglea, grating period
L, and THz wavelength are easily estimated. For exam
we havea'22.9° andL'35.4mm if a THz wave withl
5200mm is radiated by mixing the optical waves of 1.
mm-wavelength region.

The experimental setup is shown in Fig. 2. AQ-switched
Nd:YAG laser ~wavelength 1.064mm; pulse width 25 ns;
repetition rate 50 Hz! was used as the pump source for o
tical parametric oscillation~OPO! and optical parametric am
plification ~OPA!.10 The periodically phase-reversed PPL
~ppr-PPLN!11 crystal has a phase reversed period in addit
to a conventional QPM grating period. In this structure12

FIG. 2. Experimental setup for THz-wave surface-emitted difference
quency generation. HWP: half-wave plate, PBS: polarizing beam splitte
polyethylene lens.
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two kinds of phase-matching conditions can be satisfied
that two pairs of signal and idler waves can be genera
from a pump-source. The ppr-PPLN crystal for the mas
OPO was 0.5 mm thick and the interaction length was 3
mm. The QPM grating period and phase-reversed pe
were 29mm and 11.6 mm, respectively. The phase-rever
period and QPM grating period of the ppr-PPLN used
power OPA were the same as those of the crystal used
OPO, but the crystal was 1 mm thick, enabling higher pum
ing. The pump beam was reflected to dump by dichroic m
ror and the two idler waves were absorbed into the mir
substrate. Two closely spaced signal waves were used
difference frequency mixing. The waves generated from
ppr-PPLN had good spatial and temporal overlap becaus
the gain characteristic. The interval between the two sig
wavelengths can be tuned from 9 to 14 nm by varying
crystal temperature. This interval resulted in THz wavelen
tuning 168 to 240mm.

The slant-stripe-type PPLN used for DFG was 0.5 m
thick, with a 32 mm interaction length,L535mm, anda
523°. Both the facets of the PPLN were anti-reflecti
coated for the two signal wavelengths. The two signal bea
were focused to about 200mm at the midpoint of the PPLN
crystal in the optical propagation direction. The output of t
THz wave generated from the PPLN was measured usin
Si bolometer. The maximum output of the THz wave w
0.32 pJ/pulse~peak 12.8mW! with an incident sum signa
energy of 0.82 mJ/pulse. This output resulted in lower c
version efficiency compared with other nonlinear metho
The main purpose of this report, however, is actual proof
operation principle. The higher conversion efficiency will b
achieved by linewidth narrowing of two signal waves, high
input energy, and so on. Figure 3 shows the output cha
teristics of the THz wave at each wavelength for a fix
input power of two signal waves. The maximum output w
achieved at around 195mm, which was close to theoretica
predictions of 200mm. Figure 4 shows an example of TH
wavelength measurement with a scanning Fabry–Perot
lon consisting of two metal-mesh plates. The span betw
neighboring transmission peaks corresponds to half
wavelength. The measured wavelength of 202mm was in
good agreement with the wavelength expected from the
terval of the two signal wavelengths~1.5152 and 1.5265
mm!.

-
:

FIG. 3. The tunability of surface-emitted DFG without crystal rotation
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In conclusion, surface-emitted THz-wave DFG wi
slant-stripe-type PPLN is reported. At first, the slant-str
structure of PPLN, which has a QPM structure for both
optical wave and a THz wave, was proposed and desig
Based on this proposal, we demonstrated THz-wave DFG
combining slant-striped-type PPLN and two signal wav
with ppr-PPLN. In the case of surface-emitted DFG, sin
absorption of the THz wave within a crystal can be reduc
and THz wavelength generated can be decided by the gra
period~L! and angle~a!, it may be possible to achieve wide
THz region than the that of TPG using lithium niobate cry
tal ~0.7 THz–2.4 THz!.13

FIG. 4. An example of THz wavelength measurement with a scann
metal-mesh etalon.
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of the crystals.
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