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We report on terahertz generation by Cherenkov-type optical rectification in lithium niobate using
an actively controlled femtosecond pumped enhancement cavity. In this way a much higher
pump power is available inside the cavity and an increased terahertz output power is obtained.
The advantages of terahertz generation in the Cherenkov geometry are verified by comparing it
with other types of emitters by means of electro-optical detection as well as by bolometer
measurements. © 2008 American Institute of Physics. �DOI: 10.1063/1.2966342�

Generation and application of terahertz radiation at-
tracted considerable interest during the past decade. It turned
out that this spectral range is important for numerous experi-
ments in fundamental research as well as for different indus-
trial applications.1–3 Using femtosecond pulses for both the
generation and the phase sensitive detection allows for the
retrieval not only of the intensity but also of the electric field.

Today, sensitive detectors such as photoconductive
switches made of low-temperature grown gallium arsenide
�lt-GaAs� or electro-optic detection together with broadband
emitters are used to address the spectrum between 50 GHz
and 4 THz. Optical methods such as optical rectification of
femtosecond pulses in a nonlinear crystal-like lithium nio-
bate �LN� are of particular interest for the efficient genera-
tion of broadband terahertz radiation. In order to access this
spectral range, pulses with a duration of about 100 fs are
required. A high conversion efficiency requires a high peak
power of the pump radiation. This can be achieved using a
regenerative amplifier. However, these systems are rather
complex and still expensive. Other possibilities are to use
pulses from a high repetition rate commercial Ti:sapphire or
a frequency-doubled fiber laser and to increase the peak
power externally.

As a nonlinear material for the generation of terahertz
radiation, LN is widely used4,5 due to its high nonlinearity,
its excellent transparency in the near infrared �NIR�, and its
well-developed poling technique. These properties made LN
attractive for the generation of narrow, broadband, and de-
signed terahertz pulses.6 However, photorefractive effects
and a strong frequency dependent absorption in the terahertz
region7 made it challenging to develop strong terahertz
sources based on LN. Photorefractive effects are strongly
reduced by doping LN with magnesium oxide �MgO:LN�. In
addition, techniques to overcome the strong absorption of the
terahertz radiation in LN have been developed, such as the
generation close to the surface of a periodically poled LN
crystal combined with a noncollinear emission8 or the gen-
eration of Cherenkov radiation in bulk LN. For the genera-

tion of broadband terahertz radiation, in particular, the gen-
eration of Cherenkov-type radiation in bulk LN is a
promising technique. This technique uses the fact that the
generated radiation emitted under the so-called Cherenkov
angle �C is phase matched for all frequencies. Because LN
and MgO:LN have a higher refractive index in the terahertz
range �nterahertz=5.2� compared to the group velocity refrac-
tive index in the NIR �nNIR=2.3�, the terahertz phase fronts
in the far field form a cone with an opening angle of
�C=65°, the so-called Cherenkov cone. Due to the small
angle of total internal reflection ��air=11°�, a wedged exit
cut of the crystal is necessary. Alternatively, a silicon prism
can be attached to decrease the refractive index step.9 How-
ever, despite all progress in the development of optical tera-
hertz sources based on LN, the internal conversion efficiency
in terms of power is quite small �10−6�. So the overall losses
for the fundamental pump wavelength including all optical
components and the crystal are typically in the range of 5%
for moderate pump powers.

In this paper we demonstrate the possibility of recycling
the transmitted power for further terahertz generation. This is
experimentally realized in an actively stabilized femtosecond
enhancement cavity containing the nonlinear crystal for tera-
hertz generation.

Figure 1 shows the experimental setup, which consists of
a femtosecond laser, an actively stabilized enhancement cav-
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FIG. 1. �Color online� Experimental setup consisting of the laser source, the
enhancement cavity, the control circuit, and the terahertz detector �here EOS
is replaceable with a bolometer�.
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ity, and a terahertz detector. The femtosecond pulses are de-
livered using a Coherent Vitesse laser that provides 80 fs
long pulses with a maximum average output power of
800 mW and a repetition rate of 80 MHz.

The ring enhancement cavity consists of two curved
mirrors �M4 and M5� with a curvature of 200 mm each
and six plane mirrors. All mirrors were highly reflective
�R�99.95%� for the pump radiation except mirror M1
�R�95%� whose reflectivity was optimized in order to
achieve impedance matching. Since in a multipass setup
�such as the enhancement cavity� the dispersion in the non-
linear crystal takes a significant influence on the pump pulse
length, specially designed Gires–Tournois interferometer
mirrors �M2, M3, M6, and M7� were used to compensate for
at least the linear part of the dispersion10 caused by the
crystal. The length of the enhancement cavity was actively
stabilized via mirror M8, which was mounted on a piezoelec-
trical tube.

The enhancement cavity was optimized to provide small
cavity round trip losses L in order to maximize the enhance-
ment factor. The maximum enhancement factor A for the
pump intensity under the condition of mode matching in the
cw case is given by11

A =
1 − R

�1 − �R�1 − L� �2 + 4�R�1 − L� sin2��

2
� , �1�

where R is the reflectivity of the cavity and � is the phase
difference between two consecutive round trips. A=1 corre-
sponds to either the single pass value for the pump intensity
or the terahertz electric field, respectively. Since optical rec-
tification is a second order nonlinear process, the enhance-
ment factor for the intensity of the pump and the terahertz
electric field should be the same. The highest enhancement
factor is reached for impedance matching �R=1−L� and con-
structive interference ��=0�. This already shows the main
challenge of the experimental realization: The enhancement
cavity not only has to fulfill the condition of pumping syn-
chronously, which means a maximum length difference of
approximately 30 �m for pulse-to-pulse overlap between la-
ser and enhancement cavity, but also has to be stable on an
interferometric scale, which is a fraction of a micron. Be-
sides mechanical vibrations that have to be minimized, tem-
perature drifts change the cavity length with a slow slope.
Without an actively controlled cavity length adjustment
circuit, the drift changes between resonance and destructive
interferences within a couple of milliseconds.9 Therefore,
a Hänsch–Couillaud12 circuit is used to detect the cavity
detuning.

The pump polarization is parallel to the z-axis of the
z-cut crystal to access the highest nonlinear coefficient of
LN. Due to polarization dependent losses in the enhancement
cavity, the backreflection from the incoupling mirror and the
transmitted pulse that leaves the cavity have not only a phase
difference �due to a different round trip time� but also a
slightly different polarization. The detected error signal is
used to control a mirror mounted on a piezoactuator. This
can keep the cavity on resonance for hours.

Using the enhancement cavity there are two signals that
can be monitored to detect the resonance. One is the funda-
mental power in the cavity, and the other one is the generated
terahertz power. The latter can be measured either with a

bolometer or with an electro-optic sampling13 �EOS� setup.
The other one is monitored with a photodiode that detects the
weak transmission of NIR radiation through one of the high
reflective dielectric cavity mirrors.

Figure 2 shows the enhancement factors of the NIR
power in the cavity measured as a function of the intracavity
peak power density, which was estimated from the calculated
intracavity beam waist diameter of 20 �m, the measured
power enhancement, and the pulse duration of 100 fs. The
maximum enhancement factor for the pump intensity is 8.5,
which leads to a factor of 5.5 for the terahertz amplitude.
Typical waveforms obtained for single pass and resonant
cases are plotted in Fig. 3. Despite weak amplitude fluctua-
tions in the maximum of the terahertz signal caused by the
control circuit, the signal-to-noise ratio is still improved by a
factor of 4. From Fig. 2 it is seen that the enhancement
factors decrease for high intracavity power densities. This
can be mainly attributed to increased cavity round trip losses
caused by the crystal. These losses limit the enhancement
factor according to Eq. �1�. This fact is proven by the de-
tected single pass losses �see Fig. 4�. Above the peak power
density of 30 GW /cm2 a significant increase in the single
pass losses is observed, which is attributed to blue-light in-
duced infrared absorption �BLIIRA� and increased losses in-
duced by femtosecond pulses. According to results of Fu-
rukawa et al.,14 the BLIIRA effect should be sufficiently high
for our doping of 1% magnesium oxide in LN. Beyer et al.15

reported on increased loss induced by femtosecond pulses in

FIG. 2. �Color online� The enhancement factors of pump power in the
enhancement cavity and the terahertz electric fields plotted as a function of
intracavity pump peak power density.

FIG. 3. �Color online� Measured terahertz electric fields in single pass and
on resonance. Inset: comparison of the terahertz intensities generated by
different emitters detected by a bolometer.

041119-2 Theuer et al. Appl. Phys. Lett. 93, 041119 �2008�

Downloaded 04 Aug 2008 to 153.96.204.2. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



LN. They attributed it to two-photon absorption in the range
of 400 nm pump wavelength. Compared to their measure-
ments our crystal is longer �6 mm� and MgO-doped, so here
a strong inherent second harmonic generation is also ex-
pected to induce additional losses.

Nevertheless, the terahertz generation in the enhance-
ment cavity provides more than 25 times higher terahertz
power compared to the standard technique in LN.

In order to compare the output power achieved with op-
tical rectification in an enhancement cavity to other estab-
lished techniques, we measured the output power obtained
from a single pass setup for the Cherenkov geometry with an
attached silicon prism. Slightly harder focusing was used to
reach higher peak power densities. The output power of a
surface emitter �p-doped InAs� pumped at the same optical
power of 1.3 W and a 100 �m GaAs strip line antenna gated
with the maximum allowed optical power of 20 mW and
biased with 50 V were also measured within a comparable
setup via a commercial bolometer. The inset in Fig. 3 shows
a comparison of the obtained terahertz intensities. The results
of the bolometer measurements show that the average output
power of the LN emitter is higher compared to the surface
emitter and the strip line antenna. This also corresponds to
the electric fields detected in the EOS setup.

We have shown that an enhancement cavity is well
suited to increase the conversion efficiency in a femtosecond
pumped terahertz system. This technique is limited by non-
linear losses in the crystal. Enhancement factors above 8
have been reached, depending on pump power, crystal
length, and focusing. A detailed comparison of different tech-
niques clearly demonstrates that optical rectification in an
enhancement cavity provides higher terahertz output powers.
This technique allows the efficient application of fiber lasers
with output powers in the 100 mW range for terahertz gen-
eration in LN and other nonlinear media. In this case the
resonator contains as much pump power as typical Ti:sap-
phire lasers can provide. The method described in this letter
can also be used for nanosecond sources with lower peak
power. In this case nonlinear losses caused by the high peak
power of femtosecond pulses are reduced considerably. On
the other hand the enhancement cavity still allows for a high
conversion efficiency resulting in high terahertz output
power.
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