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We systematically investigate the influences of the input infrared spectrum, chirp, and polarization on the emitted
intense terahertz spectrum and spatial dispersion in lithium niobate via optical rectification. The terahertz yield
and emission spectrum depend on both the chirp and spectrum of the input pump laser pulses. We also observe
slight non-uniform spatial dispersion using a knife-edge measurement, which agrees well with the original
predictions. The possible mechanism is the nonlinear distortion effect caused by high-energy laser pumping.
Our study is very important and useful for developing intense terahertz systems with applications in extreme
terahertz sciences and nonlinear phenomena. © 2018 Chinese Laser Press
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1. INTRODUCTION

Extreme terahertz science has become the second research hot-
spot in terahertz science and technology [1]. Along with the
rapid development of strong-field terahertz sources [2,3], tera-
hertz research has moved from the linear stage to the nonlinear
stage with a variety of exciting applications, such as strong-field-
induced phase transitions and new phenomena and physics in
condensed matter, ultrafast terahertz spintronics, terahertz
nonlinear optics, ultrafast thermochemical reaction kinetics,
and terahertz biological effects [4–9]. Therefore, high-energy
strong-field terahertz sources are in high demand. Among
recently developed intense terahertz sources [10], ultrafast-
femtosecond-laser-based intense terahertz sources are the most
promising. Laser plasma-based terahertz sources are very prom-
ising because there is no damage threshold requirement [2].
However, solid-state intense terahertz sources, to some extent,
have their unique merits, especially for real applications [6–9].
Among them, organic-crystal-based and lithium-niobate-
crystal-based solid-state intense terahertz sources are the most
outstanding. Recently, high-energy terahertz generation with
0.9 mJ pulse energy and 3% optical-to-terahertz energy con-
version efficiency has been obtained in organic crystals via
optical rectification [11]. However, scaling up this source to

higher energy has met roadblocks, such as the low damage
threshold of the organic crystal, its small size and high cost,
and its specific wavelength pumping. These imperfections have
hindered the development of organic-crystal-based intense tera-
hertz sources. The other option for a solid-state intense tera-
hertz source is a lithium-niobate-crystal-based source [12].
Thanks to the tilted pulse front technique, this kind of source
can deliver >1 MV∕cm intense terahertz pulses, which have
been widely used in laboratories all over the world [13,14].

The tilted pulse front technique was first proposed and
experimentally demonstrated in 2002 by Prof. Hebling [12].
During the intervening years, many world records, including
best optical-to-terahertz energy conversion efficiency [15],
highest output terahertz energy, and strongest terahertz fields,
have been obtained [16–20]. People have systematically inves-
tigated the laser parameter influence on terahertz generation
efficiency and have concluded that longer wavelengths as
pumping pulses will have higher efficiency [21–26]. Longer
pulse durations of 600 fs for a 1 μm laser wavelength are
the most appropriate for terahertz generation, while 350 fs
is best for 800 nm pumping [27–29]. In order to obtain a
higher terahertz yield, for example, millijoule (mJ)-level tera-
hertz generation requires sub-joule (J)/J-level pumping laser
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pulse energy. These kinds of laser systems are expensive and
built for other applications with extremely short pulse durations
of <50 fs. Therefore, how to overcome the limitations of ultra-
short pump laser pulses resulting in the decrease of the terahertz
efficiency has become a key challenge [30]. One method is
cutting the spectrum inside the laser compressor, resulting in
longer pulse duration [31]. This method has the drawback
of wasting a great deal of pump energy. The other approach
is adding temporal chirp onto the pump laser pulses, resulting
in lower pump peak intensity and longer effective interaction
length [13]. However, when tuning the chirp of the pump laser
pulses, the acousto-optic programmable dispersive filter
(AOPDF, Dazzler, Fastlite) will also introduce the variation
of the pump spectrum, which makes it difficult to distinguish
the influence mechanism. Furthermore, when a high-energy
pump laser is employed in the tilted pulse front technique,
the nonlinear distortion effect has become obvious [22].
This means the generated terahertz beam position and spot size
but also the output terahertz spectrum and its spatial frequency
distribution are dependent on the pump energy, chirp, and
other parameters. Due to the nonlinear geometrical optical
setup, this phenomenon has become very important to under-
standing the generation theory. It should also be given attention
when building intense terahertz application systems. However,
these phenomena have not yet been systematically investigated
both from the experimental and theoretical sides.

In this work, we experimentally study the impacts of the
pump laser energy, polarization, and chirp output on the
emitted terahertz spectrum and spatial frequency distribution.
It includes the following parts: (i) the influence of the pump
laser chirp and input spectrum on the terahertz efficiency
and output spectrum; (ii) the influence of pump laser polari-
zation on terahertz generation; (iii) the out-coupled terahertz

spectrum as a function of the pump laser energy; (iv) the tera-
hertz spatial chirp effect. The last paragraph is the conclusion
and outlook.

2. EXPERIMENTAL SETUP

In our intense terahertz generation system, we employ a
commercial Ti:sapphire laser amplifier system to pump
the lithium niobate crystal. More details of the experimental
setup can be found in Ref. [13]. The lithium niobate crystal
used in our experiment is a z-cut congruent crystal with the
triangle prism shape. Its dimensions in the x-y plane is
68.1 mm × 68.1 mm × 64 mm, giving two 62° angles for tera-
hertz generation. The height of the lithium niobate crystal in
the z axis is 40 mm, and the crystal is doped with 6.0 mol. %
MgO in order to increase the damage threshold. It is anti-
reflection (AR) coated in the 700–1060 nm wavelength range
on two rectangular surfaces (68.1 mm × 40 mm) to overcome
the ∼15% Fresnel losses. In order to study the influence of the
laser chirp, energy, and polarization on the terahertz generation
efficiency and spectrum, we introduce the second-order disper-
sion into the pump laser pulses. The transform-limited output
pulse measured by frequency-resolved optical gating (FROG) is
30 fs. With the temporal chirp method, the pulse duration can
be extended to several picoseconds with negative and positive
chirp. With this method, we not only decrease the pump peak
intensity, avoiding the crystal damage [21,31], but also increase
the effective interaction length for longer phase matching,
expecting higher terahertz generation efficiency. For the com-
parable study of the pump energy on the terahertz generation,
we vary the pump laser energy before it enters the tilted pulse
front setup, guaranteeing the polarization of the pump laser is
kept constant, or rotate the half-wave plate between the grating

Fig. 1. (a) Experimental setup for systematic characterization of the terahertz emission spectrum depends on the pump polarization, the emission
position, as well as the input spectrum. The grating density is of 1500 lines/mm. The focal length of the imaging lens between the grating is 85 mm;
HWP, half wave plate; SC, sheet copper; LN, lithium niobate crystal; OAP, 90° off-axis parabolic mirror; 1/4 WP, quarter-wave plate. (b) Photo of
the lithium niobate crystal used in our experiment as well as its axis illustration.
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and the crystal so that the pump energy is not varied and only
the polarization is changed. We record the extracted terahertz
energy with a pyroelectric detector and its corresponding spec-
trum via electro-optic sampling. For the measurement of tera-
hertz spatial dispersion, we use a knife-edge measurement
directly after the emission crystal, as shown in Fig. 1.

3. RESULTS AND DISSCUSSION

In our previous work [13], we observed that the optical-to-
terahertz energy conversion efficiency not only depends on
the external applied group velocity dispersion (GVD) of the
pump pulses but is also influenced by the infrared input spec-
trum. In this experiment, we further study the impact of the
infrared pump spectrum on the emitted terahertz spectrum.
Therefore, we record the infrared input spectrum of different
chirped pulses with varied GVD shown in Fig. 2(a). It is ob-
vious that the infrared input spectrum is strongly modulated by
adding temporal chirp onto the pump pulses, resulting in the
different terahertz yields shown in Fig. 2(c). The maximum
terahertz signal of ∼2 V (160 μJ) is obtained when the
GVD is 34,000 fs2 (370 fs). Theoretical prediction has been
demonstrated that the optimal pump pulse duration for
800 nm central wavelength pumping is ∼350 fs [28]. For
shorter pumping pulses, the effective interaction length is
too short, and the pump peak intensity is too high. The com-
bined effects are to reduce the effective interaction length and
lead to multiphoton absorption for the pumping laser pulses.
Both negative effects will decrease the optical-to-terahertz en-
ergy conversion efficiency. For the longer pump pulse duration,
the peak intensity is low, which will also reduce the terahertz
efficiency. In our case, since we are employing a high-energy

Ti:sapphire laser system for the terahertz generation, the input
pump pulse duration is ∼30 fs, which is not only too short for
effective interaction length, but also results in too-high pump
intensity, leading to multiphoton absorption [21,31].
Therefore, extending the pump pulse duration by simply chirp-
ing it plays an important role in scaling up the terahertz yields
[32–34]. For the GVD of 34,000 fs2, the input spectrum in
Fig. 2(a) is relatively flat compared with others that have many
peaks, especially for a GVD value larger than 41,000 fs2. For
these chirped pulses with large GVD values, not only is the
pump pulse duration too long, resulting in reduced pump in-
tensity, but also the varied pump spectrum with different wave-
length magnitude decreases the terahertz yields. Even the tilted
pulse front setup is optimized for the best efficiency for differ-
ent GVDs; the deposited angular dispersion is best optimized
for the flat pump spectrum with its central wavelength of
∼800 nm, which is designed for this wavelength. Figure 2(b)
summarizes the measured terahertz emission spectra for differ-
ent GVDs. Along with the increasing of the GVD value, the
emission spectrum is broadened from 0.18 to 0.35 THz with a
slight shift of the central frequency from ∼0.15 to 0.31 THz.
The variation of the output terahertz spectrum with the infra-
red input chirp and spectrum has not been systematically stud-
ied. For the generated terahertz spectrum width, due to the
cascading process in the tilted pulse front technique, infrared
photons will continuously downconvert to terahertz photons as
long as the phase-matching condition is satisfied. Therefore, for
transform-limited pulse pumping, a broader terahertz spectrum
will be generated for shorter pulse duration of the pumping
pulses. In our case, with different pump pulses with varied
chirp and spectrum, the changed effective interaction length

Fig. 2. (a) Normalized infrared (IR) input spectra for different GVD, and (b) their corresponding output terahertz spectra. (c) The detected
terahertz signal as a function of the different GVD values of the pump pulses; (d) terahertz bandwidth and terahertz central frequency as functions of
GVD values of the pump pulses; (e) calculated chirped pulse duration as a function of the different GVD values of the pump pulses.
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may introduce different propagation distances for the generated
terahertz wave inside the lithium niobate crystal. The chirped
pulses with larger GVDs correspond to longer pulse durations,
which have lower pump intensity, resulting in lower generation
efficiency. Thus, the infrared pump spectrum would not be
strongly destroyed when it enters the crystal facet. When it
propagates inside the crystal, it continues generating terahertz
photons. Therefore, for the higher frequency component of the
generated terahertz beam, it will propagate shorter distance and
be absorbed less inside the crystal, resulting in a higher fre-
quency out-coupled for larger GVD pump pulses. However,
we only propose a qualitative explanation for the observed ex-
perimental phenomenon. Deep understanding of the physical
process for the influence of the pump spectrum on the terahertz
efficiency needs further theoretical investigation.

When high energy of pump pulses illuminates onto the
lithium niobate crystal, the generated terahertz waves will be
influenced by two effects. The first straightforward effect is
optical heating, which increases the crystal temperature, result-
ing in the scaling up of the absorption for the generated tera-
hertz waves. This is due to the linear absorption of crystal lattice
motion, which absorbs more terahertz energy when the temper-
ature increases. The other effect is nonlinear distortion due
to the variation of the effective interaction length inside the

crystals [22]. This effect will induce the change of the beam
size, the relative emission position inside the crystal, and also
its emission spectrum. Therefore, for real application systems in
which the usable terahertz beam energy has to be varied, vary-
ing the pump energy is not a good solution to realize this goal.
Both the optical heating and the nonlinear distortion effect are
expected to happen when we change the pump energy. In order
to overcome this problem, we here study the terahertz output
energy as well as its spectrum as functions of the pump polari-
zation. In our case, we keep the pump energy as constant of
86 mJ and vary its polarization. Since the optical axis of the
lithium niobate crystal for highly efficient terahertz generation
should be parallel to the pump polarization, there is a cosine
relationship between terahertz output energy and the rotation
angle of the infrared polarizer, which is consistent with the ex-
perimental result shown in Fig. 3(d). Surprisingly, it is observed
that the detected terahertz signal is not symmetrically depen-
dent on the polarization angle of the infrared pump pulses.
From Fig. 3(d) we can see that the weakest terahertz signal ap-
pears at the rotation angle of ∼80°. Facing the pump laser
propagation direction, the detected terahertz signals for left-
hand rotation are always larger than those obtained for
right-hand rotation. This may be due to the fact that the mag-
nitude of the second-order nonlinear coefficient in the two

Fig. 3. (a) Normalized output terahertz spectra for different rotation angles of the IR polarizer between the grating and the imaging lens. Zero
degree means the pump laser is vertically polarized in the laboratory coordinate. (b) Normalized terahertz output spectra for the typical comple-
mentary angles, respectively. (c) Polarization angle dependence of the terahertz central frequency and spectral width. (d) Recorded terahertz signal as
a function of the rotation angle of the IR polarizer.
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directions perpendicular to the optical axis is not the same,
resulting in a weak component contribution of coherent
generation coupled to the detected signal. Furthermore, we sys-
tematically characterize the output terahertz spectrum by meas-
uring the electro-optic sampled temporal waveforms and then
Fourier transform the signals from the time domain to the
frequency domain. Figure 3(a) illustrates the recorded terahertz
output spectra for different rotation angles of the infrared half-
wave plate in the rotation angle ranges of 0°–80° and 100°–
180°. In order to clarify the influence of the pump polarization
on the terahertz spectrum, Fig. 3(b) shows the one-by-one
comparison between several pairs of the corresponding angles.
The slightly asymmetric influence between these polarization
angles on the generated terahertz central frequency and spectral
width is summarized in Fig. 3(c). As is shown in Fig. 3(c), there
is no big impact of the pump polarization on the emitted tera-
hertz spectrum width. However, the central frequencies shift
from 0.22 to 0.38 THz when the pump pulse polarization
angle rotates 90°. When the polarization angle is 0°, it means
the pump laser pulses are linearly polarized along with the
optical axis of the lithium niobate crystal. For this case, the
optical-to-terahertz energy conversion efficiency is maximized,
and the effective interaction length is perfectly optimized,
which is longer than that in the low-efficiency case. Since the
linear absorption at higher terahertz frequencies is heavier than
that at the lower frequencies, a longer effective interaction
length implies that more of the higher terahertz frequencies will
be absorbed when propagating inside the crystal. Hence, the
emitted terahertz central frequency for the high-efficiency case
is lower than that of the low-efficiency case, which agrees well
with the experimental results.

Figure 4 shows the temporal waveforms before and after cut-
ting in the knife-edge measurement. From this figure, we can
see that the detected terahertz signal decreases along with mov-
ing the knife edge from the crystal angle of the emission plane.
It is obvious that lots of terahertz energy is blocked by the

metal knife, resulting in reduced terahertz signals detected
by electro-optic sampling. From their corresponding Fourier
transform spectra illustrated in Fig. 4(c), it can be seen that
the recorded terahertz peak frequency shifts from a higher fre-
quency of ∼0.2 to a lower frequency of 0.17 THz when the
knife blocks the emission signal generated at the positions close
to the crystal cutting edge. Lithium niobate crystal has very
strong linear absorption for terahertz waves, especially at room
temperature. Our experiments are not conducted at low tem-
perature. Therefore, from this aspect, the generated terahertz
spectrum should have uniform frequency distribution when
the knife edge is closer to the crystal cutting edge. When
the knife edge was moved far away from the crystal phase
matching angle, it is straightforward that higher frequency
components would be more readily absorbed than lower
frequencies due to a bigger absorption coefficient, leading to
extracted lower-frequency components, which agrees very well
with our obtained experimental results.

4. CONCLUSION AND OUTLOOK

Intense terahertz sources based on the tilted pulse front tech-
nique in lithium niobate are widely used in laboratories for tera-
hertz nonlinear investigations. For mJ-level, >10 MV∕cm
super-intense terahertz sources, J-level pump laser sources
are required. With a high-energy pump, nonlinear distortion
is one of the non-negligible effects that may result in shifting
of the generated terahertz beam position, varying its beam size,
introducing spatial dispersion, and influencing the emission
spectrum for the radiated terahertz waves. In this work, we ex-
perimentally investigate the terahertz emission spectrum influ-
enced by the input infrared spectrum, pump polarization, and
the emitted terahertz spatial dispersion in the intense terahertz
generation process. We observe that the terahertz yield and
emission spectrum are modulated not only by the temporal
chirp added onto the pump pulses but also the input infrared
spectrum. However, the emission spectrum does not rely on the
infrared pump polarization, but its yield is slightly influenced
by the rotation direction of the infrared polarizer. This provides
us with an effective way to control the output terahertz energy
for further application experiments. We also carefully character-
ize the terahertz emission spatial dispersion and find a slight
spatial effect directly after the lithium niobate crystal. Our work
not only helps to create deep understanding of the tilted pulse
front theory but is also very useful for building intense terahertz
sources and systems for further application experiments.
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Fig. 4. (a) Terahertz signal as a function of the knife-edge position.
(b) Detected terahertz temporal waveforms in knife-edge measurement
directly recorded after the crystal emission plane, and (c) their corre-
sponding normalized Fourier transform spectra.
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