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Efficient generation of Cherenkov-type terahertz radiation from a lithium
niobate crystal with a silicon prism output coupler
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We report on the generation of broadband terahertz �THz� pulses using Cherenkov-type generation
in magnesium oxide-doped lithium niobate �MgO:LN�. The efficiency of the output coupling
process of THz radiation at higher frequencies into free space is considerably increased by the use
of a properly cut silicon prism. The achieved spectrum is broader compared to the normal
Cherenkov-cut geometry. Due to a considerably reduced propagation length in the absorbing
MgO:LN, the effective application of longer crystals is possible. Thus, the measured spectral
intensity is much higher and the spectrum broader. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2177540�
For the generation of terahertz �THz� radiation at fre-
quencies between 0.1 and 10 THz, different methods are
used, such as nonlinear processes in crystals, generation of
accelerated carriers in photoconductive switches, or mixing
processes in photodiodes. These photonic techniques have
proven to be an efficient and reliable method for the genera-
tion of THz radiation over a wide wavelength range with
different properties. Lithium niobate is particularly well
suited for nonlinear generation of THz radiation because of
its high nonlinear coefficient. Such crystals have been used
to generate THz radiation with different methods, for ex-
ample, optical rectification in periodically poled crystals,1 as
well as phase-matched operation in a terahertz parametric
oscillator or in an injection seeded terahertz parametric
generator.2 In order to minimize the inherent photorefractive
effect and to prevent possible crystal damage,3 magnesium
oxide-doped lithium niobate �MgO:LN� was chosen.

Cherenkov radiation is another powerful method to gen-
erate THz pulses.4 It emerges in a crystal where the group
velocity of the propagating ultrashort laser pulse is larger
than the phase velocity of the generated polarization. Here,
the nonlinear response at THz frequencies is caused by opti-
cal rectification. This was already demonstrated by Auston in
1983.5 The Cherenkov radiation is emitted under an angle
that is determined by the ratio of the indices of refraction for
the THz wave and the near-infrared �NIR� laser pulse �for
MgO:LN nNIR=2.2, nTHz�5.2�. The Cherenkov angle � is
then given by

� = arccos� nNIR

nTHz
� � 65 ° .

Thus, Cherenkov radiation strikes the surface at an angle
of 25° �Fig. 1�. However, because of the high index of re-
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fraction of MgO:LN in the THz range, the internal angle of
the THz pulse at the emitting surface is larger than the angle
of total internal reflection:

�tot,MgO:LN-air = arcsin� nTHz,air

nTHz,MgO:LN
� � 11 ° .

Therefore, the generated THz radiation will undergo to-
tal internal reflection and cannot be coupled out unless the
crystal is cut in an appropriate way �Cherenkov-cut to see
normal incidence at the exit facet� or a grating coupler is
milled to observe refraction. These techniques suffer from
high absorption of the THz wave inside the MgO:LN �see
Ref. 6� or strong wavelength dependency of the outcoupling
direction.

FIG. 1. �Color online� The lower sketch shows the normally used MgO:LN
crystal with an exit cut �Cherenkov-cut�. A silicon prism coupler is attached
to the surface of the rectangular cut crystal in the upper sketch. In both
setups a perpendicular emission of terahertz radiation occurs. The same

interaction length is used in every measurement.
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The measured spectra obtained in our time domain spec-
troscopy �TDS� system �Fig. 2� were normalized to the maxi-
mum spectral amplitude. The spectral amplitude emitted
from a Cherenkov-cut crystal is compared with the spectrum
achieved with Si prism coupler �Fig. 3�. It is obvious that the
higher frequencies between 1.5 and 4 THz are emitted more
effectively when a Si prism coupler is used. This fits our
expectations that the high absorption for smaller wavelengths
in MgO:LN prevents these frequencies from leaving the
crystal in the Cherenkov-cut geometry. As a consequence,
the use of a prism coupler allows the effective use of longer
crystals by keeping the distance between the point source of
optical rectification and crystal surface nearly constant. The
Si prism coupler also increased the detected peak maximum
of the single-cycle electric field, reaching up to a five times
higher intensity.

The THz power also remained constant when a shorter
focusing lens was used. This is reasonable because of the
interplay between a shorter Rayleigh length �and therefore a
reduced effective crystal length� and the possibility to gener-
ate higher frequencies at a smaller beam waist due to less
transversal destructive interference. This affects the spectra
that are at least 1 THz broader when a f =10 mm focusing
lens was used in comparison to a f =50 mm lens. The widest
spectrum �bottom graph in Fig. 3� was detected when the
NIR focus was closer to the entrance aperture. In this case
spectral features above 4 THz were detected at a reduced
total power.

Another improvement we are investigating is an en-
hancement cavity for the high repetition rate pump, which is
known in high efficiency frequency doubling and tripling.7

Thus, transmission through the MgO:LN crystal is resonated
in a cavity to increase the available pump power.

Our setup consists of a folded bow-tie ring cavity. In the
beamwaist between two spherical mirrors the same
MgO:LN crystal with an attached Si prism is located. In
optically chopped detection a 4 K Si bolometer was used to
measure the THz average power. Because of the time con-
stant of the bolometer the maximum signal during one cycle
of the chopper �at 110 Hz� is proportional to the average
THz output power. In Fig. 4 the THz signal obtained in a
single-pass geometry �equivalent to the top of Fig. 1� was
detected. The bolometer voltage and the chopper signal are
out of phase due to an internal trigger delay. With the addi-
tional synchronously pumped ring resonator an accurate
length stabilization �L is necessary to fulfill the resonance

condition of synchronous pumping ��L��Ti:Sa /c� and
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Fabry-Perot resonance ��L��Ti:Sa /2� simultaneously. Thus,
the maximum THz signal was observed only sporadically
because of the strong thermal drift of the enhancement cav-
ity. As the time constant of the bolometer was obviously
much longer than the time for which the enhancement cavity
was in resonance, there was no stable THz signal observed
with the bolometer, as can be seen in Fig. 4. However, even
in this unstabilized case, the peak THz power reached at least
twice the single-pass output power. The resonance condition

FIG. 2. �Color online� The electrical field was mea-
sured with a TDS system. Because of the comparison of
different emitting geometries and directions, minor
changes in setup were necessary.

FIG. 3. �Color online� The Fourier transform of the electrical field shows

the spectral amplitude.
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was easily detectable by a strong non-phase-matched genera-
tion of second-harmonic radiation from the NIR pump
pulses. It can be assumed that there is a considerable en-
hancement of the efficiency in the resonant cavity. Assuming
a 7% roundtrip loss and an impedance-matched case, the
internal power should reach up to almost 14 times the pump
power, leading to a still higher THz output and perhaps an
even broader THz spectrum.

By applying a Si-prism coupler at the emitting surface of

FIG. 4. �Color online� The measured bolometer signal was detected as a
function of the chopper signal. The signal obtained in single-pass geometry
is shown as comparison to spike of the increased THz signal in the resonant
case.
a rectangular cut MgO:LN crystal, the generation of Cher-
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enkov pulses is more effective compared with a normally
used Cherenkov-cut crystal. In particular, the high-frequency
part of the THz spectrum radiates at a much higher spectral
intensity when a Si prism coupler is used due to reduced THz
beam path inside the MgO:LN crystal and, as a conse-
quence, less absorption losses for the THz radiation. The
overall THz power was increased by a factor of 5.

A further improvement that is still under investigation is
the femtosecond pumped ring enhancement cavity. It is ap-
plied to increase the conversion efficiency of the THz gen-
eration in magnesium oxide-doped lithium niobate using a
high repetition rate femtosecond Ti:sapphire laser. Thus, an
increased pump power is available for the nonlinear process.
Stabilization of the ring enhancement cavity will lead to
stable THz output and may eventually lead to a synchro-
nously pumped THz optical parametric oscillator.

The authors thank Dr. Johannes L’huillier and Alexander
Quosig from the Technical University of Kaiserslautern for
the preparation of the crystals used in our experiments.
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