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Generation of tunable narrow-band surface-emitted terahertz
radiation in periodically poled lithium niobate
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Generation of tunable narrow-band terahertz (THz) radiation perpendicular to the surface of periodically poled
lithium niobate by optical rectification of femtosecond pulses is reported. The generated THz radiation can
be tuned by use of different poling periods and different observation angles, limited only by the available
bandwidth of the pump pulse. Typical bandwidths were 50–100 GHz, depending on the collection angle and
the number of periods involved. © 2001 Optical Society of America
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Generation of short-pulse terahertz (THz) radiation
with ultrashort laser pulses by use of fast photocon-
ductive switches, semiconductor surfaces, or optical
rectification in short nonlinear crystals is a well-
established technique.1 – 3 Single-cycle pulses with a
large bandwidth extending from almost dc to several
tens of THz have been demonstrated. Recently, Lee
and co-workers reported narrow-band THz generation
by optical rectification in periodically poled lithium
niobate (PPLN).4,5 The THz waveform corresponds
to the domain structure of the PPLN crystal with
a bandwidth proportional to the crystal length and
a center frequency that is determined by the poling
period and the group-velocity mismatch between the
near-infrared pump and the generated THz wave.
The crystal length used in their experiment was
limited by the strong absorption of PPLN in this
wavelength range.

In this Letter we report on generation of nar-
row-band tunable THz radiation, which is emitted
perpendicularly to the surface of the PPLN crystal, by
optical rectification in PPLN. In this way the path
length within the PPLN crystal can be reduced consid-
erably and the area of THz emission can be enlarged,
resulting in a smaller divergence and possibly higher
output power. This approach to THz generation
is a combination of Čerenkov-type generation and
quasi-phase-matched difference-frequency mixing and
was first proposed by Avetisyan and Kocharian.6 One
can change the center frequency of the THz wave by
changing the period of the PPLN or the direction of
THz emission, and the center frequency is limited only
by the available bandwidth of the pump pulses.

An ultrashort pulse traveling through a PPLN crys-
tal polarized along the z axis (see Fig. 1) generates a
polarization along the z axis by difference-frequency
generation between the spectral components of the ul-
trashort laser pulse. A nonlinear polarization in each
0146-9592/01/080563-03$15.00/0
poled segment of the PPLN will be induced accord-
ing to
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Here d is the nonlinear coeff icient, E1 and E2 are the
fields of the two wavelength components used for dif-
ference-frequency generation, f � y, z� describes their
field distributions in the y and z directions, vg is the
group velocity of the pump beam, and g�t� describes
the temporal profile of the pulse. The polarization
gives rise to emission of a THz wave.

Radiation perpendicular to the propagation direc-
tion of the pump beam can be observed because the
pump beam is focused to a beam size smaller than
the wavelength of the generated THz wave. The
precise localization of the pump beam perpendicular
to the direction of propagation results in a wave-vector
uncertainty Dk of the pump beam. The correspond-
ing wave-vector diagram for quasi-phase-matched
difference-frequency generation is shown in Fig. 2 for
two different angles of THz emission. To obey the law
of momentum conservation, Dk has to be equal to the
component of the THz wave vector kTHz perpendicular
to the direction of propagation of the pump beam.
The minimum angle F depends on the maximum
wave-vector uncertainty Dk caused by the lateral
localization; i.e., for perpendicular emission a tight

Fig. 1. Schematic diagram of the PPLN crystal for sur-
face-emitting THz generation.
© 2001 Optical Society of America
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Fig. 2. Schematic wave-vector diagram (not to scale).

focus is required. From the wave-vector diagram it
follows that

k1 2 �k2 1 kL 1 kTHz 1 Dk� � 0 . (2)

The frequency V of the THz wave emitted under an
angle F is obtained from Eq. (2) and the law of energy
conservation:

V �
c
L

1
jnIR 2 nTHz sin Fj
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Here L is the poling period, and nIR and nTHz are the
group-velocity indices of refraction for the pump and
the THz waves, respectively. One can easily tune the
THz radiation by changing the angle of observation.
The angles F � 90± and F �290± correspond to THz
radiation in the forward and backward directions, re-
spectively, as was observed by Lee et al.4

In this Letter we concentrate on the basic properties
and results of the THz emission perpendicular to the
surface and its dependence on the length of the PPLN
crystal, the collecting angle, and the angle of observa-
tion. Because of the high index of refraction of PPLN
in the THz range �nTHz � 5.2� the angle of total internal
ref lection is Fc � 11.1±. Therefore only THz radiation
emitted under an angle jFj # Fc can be collected out-
side the crystal. Radiation perpendicular to the sur-
face �F � 0±� depends on only the index of refraction of
the infrared pump pulse and the period of the PPLN
crystal.

The relative bandwidth of the generated THz wave
depends on the number N of poled segments used for
generation:

�DV�V�L � C�N . (4)

The constant C depends on the spatial distribution
of the pump radiation along the x axis and is small-
est (1.22) for a uniform pump distribution, leading to
a constant maximum amplitude of THz polarization
along the front surface. In addition, the f inite collec-
tion angle Da of the detection system contributes to
the relative bandwidth. This contribution can be cal-
culated from Eq. (3) by use of the internal collection
angle DF:
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When the collection angle is reduced, the relative
bandwidth decreases until the limit given by Eq. (4)
is reached.

The experimental setup, shown in Fig. 3, consists of
a 100-fs Ti:sapphire laser operating at 780 nm with a
repetition rate of 82 MHz and an average output power
of as much as 1.5 W and a conventional THz detection
system with a fast silicon-on-sapphire photoconductive
switch. The detection bandwidth of the detector was
limited to 2 THz owing to the antenna structure on the
chip. Behind the chopper, as much as 700 mW of av-
erage power was focused to a beam waist of 10 mm in-
side the 0.5-mm-thick PPLN crystal. The generated
THz radiation was collected either perpendicularly to
the PPLN crystal or in the direction of the pump beam
with two off-axis parabolic mirrors. PPLN crystals
with lengths of 0.5–8 mm were used.

Typical waveforms observed perpendicularly to
an 8-mm-long PPLN crystal with a poling period of
127 mm are shown in Fig. 4(a) for two different collec-
tion angles Da. The envelope of the temporal pulse
shape is caused mainly by the spatial distribution of
the pump radiation in the crystal and by the char-
acteristics of our THz collection system. Figure 4(b)
shows the corresponding amplitude spectra obtained
with a fast Fourier transform. With an index of re-
fraction of nIR � 2.3, a center frequency of 1.027 THz
is expected. The measured frequency of 950 GHz can
be explained in terms of a small deviation from the
90± angle between the poling periods and the surface
of the PPLN crystal. A deviation of 2± reproduces the
measured THz frequency. This assumption is also in
good agreement with the frequencies measured in the
forward and backward directions.

The observed bandwidth of 100 GHz is determined
by the collection angle of approximately 15±. The os-
cillations after the main THz pulse are caused by a
water-vapor absorption line at 988 GHz, which gives
rise to reshaping of the pulse envelope (coherent pulse
propagation).7 Reducing the collection angle with a
slit between the PPLN and the first parabolic mir-
ror results in a reduction of the bandwidth. The fi-
nal bandwidth of 50 GHz is limited by the number of
poled periods that can be observed with our collection
system, corresponding to an effective crystal length of
4 mm. The pulse shape in the frequency domain can
be fitted to a sinc2 function that is the Fourier trans-
form of a triangular pulse shape in the time domain.

By rotating the crystal and keeping the direction
of the pump beam and the detection system constant

Fig. 3. Experimental setup. SOS, silicon on sapphire.
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Fig. 4. (a) Typical waveforms and (b) amplitude spectra
for two different collection angles.

Fig. 5. Frequency of the generated THz radiation for
different crystal angles. The dotted lines indicate the
frequency positions of water absorption lines. The inset
shows the total tuning range obtained with this setup.
(i.e., changing the angles of incidence and observation
simultaneously), we found that the frequency of the
THz wave was tuned from 650 to 1100 GHz. In Fig. 5
the corresponding spectra for different crystal angles
and the total tuning range are shown.

In the direction of the pump beam we observed two
frequencies, at 830 and 320 GHz, corresponding to THz
waves generated in the forward and backward direc-
tion under the assumption of angles of 92± and 288±,
respectively, between the direction of the poling pe-
riods and the propagating waves. The amplitude in
the forward direction decreases within a crystal length
of approximately 3 mm because of the strong absorp-
tion in the THz region. The oscillations from the THz
wave generated in the backward direction at 320 GHz
can be observed over a longer period of time as the
absorption is reduced at lower frequencies. The THz
radiation in the forward and backward directions was
observed even without any focusing lens.

In conclusion, we have demonstrated generation of
narrow-band THz radiation by optical rectification in
periodically poled lithium niobate in a surface-emit-
ting geometry. The THz radiation was tunable by the
emission angle and the poling period of the PPLN crys-
tal. Because of the transverse emission geometry the
length of absorption for the THz wave was reduced
considerably, and PPLN crystals with a length of up
to 8 mm were used. With a poling period of 127 mm
and a collection angle of 5±, THz radiation centered at
950 GHz with a bandwidth of 50 GHz that was tun-
able from 650 to 1100 GHz was observed. The tuning
range was limited by total internal ref lection of the
THz wave.
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