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Abstract: Polariton scattering from the lowest A1-symmetry TO vibrational mode in lithium
niobate presents a promising approach for generating THz radiations. Nevertheless, a notable
challenge hindering this technique is the generation of frequencies exceeding 2 THz, primarily
attributed to the gain spectrum of Lithium Niobate centered at 2 THz and the substantial
absorption coefficient at higher frequencies. Although THz output beyond this frequency has
been intermittently observed in THz generators utilizing stimulated polariton scattering, the
generation of higher frequency outputs remains largely unexplored. In this study, we report a
direct measurement of a broadband THz field with a bandwidth of approximately 4 THz centered
at 3.1 THz. This electric field is generated from ultra-short 1 µm wavelength pump pulses focused
in a waveguide made of LiNbO3. The theoretical phonon-polariton dispersion curve, calculated
parametric gain, and the measured signal spectrum generated in the near-infrared confirm the
THz field emission obtained from an electro-optic detection.
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1. Introduction

Terahertz (THz) radiation, spanning the frequency range between 0.1 and 10 THz, holds significant
importance for a diverse array of applications as in non-destructive inspection [1], spectroscopy
[2], communication [3] and imaging [4]. Wideband THz sources are mostly developed by
down-converting the optical light to this frequency domain through nonlinear interaction in
a medium. This includes techniques such as optical rectification [5,6], difference-frequency
generation [7], Cherenkov type emission [8], for example. Among interesting various nonlinear
crystals [9], Lithium Niobate (LN) stands out as one of the most popular crystal for efficient THz
generation. Specifically, the technique of polariton parametric scattering in LN is a promising
method for THz generation. This approach involves second and third order nonlinear processes,
offering the potential for generating THz radiation with either a large or narrow bandwidth.
The emission of a broadband THz pulse occurs through Raman scattering from the lowest
A1-symmetry transverse optical (TO) phonon mode in LN. This phenomenon involves the
coupling between the optical phonon and photon in the LN, forming a polariton [10]. The strong
interaction of the pump pulse within the material results in the generation of an optical signal
and a polariton pulse in the THz frequency. Polariton scattering from the lowest A1-symmetry
TO vibrational mode has been extensively studied under scenarios involving long pulse pumping
of materials via stimulated polariton scattering (SPS) [11,12] or through intense, ultrafast optical
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pulse pumping of LiNbO3 crystals via impulsive stimulated Raman scattering (ISRS) [13,14].
Notably, the generation of THz phonon-polariton waves with a tunable center frequency through
the SPS process has been achieved by seeding LiNbO3 with a Stokes wave in a single-pass
interaction [15] or within a cavity [11] where the Stokes field can parametrically oscillate. In
contrast, THz generation via ISRS has been realized by the engineering of waveguide dispersion
[16] or employing a tilted optical intensity front [13]. A significant challenge for both SPS and
ISRS processes is producing a THz spectrum centred at frequencies exceeding 2 THz. This
limitation is primarily due to Phonon-like behaviour of the polariton at high frequency [17]
and the pump-THz interaction. To the best of our knowledge, this limitation has not yet been
overcome with the ISRS process. While some methods have been implemented to address this
limitation in the SPS process [18–20], these approaches have been inconsistently applied in THz
generation, thus leaving the exploration of higher frequency outputs largely unexplored. In this
manuscript, we emphasize the possibility of generating a broadband spectrum measuring up to
6 THz whose centre frequency extends beyond 2 THz, by pumping LN in the sub-picosecond
regime in a waveguide configuration. A particular aspect of this work is that we measure both
the THz time domain signal and Stokes spectra.

2. Polariton scattering in a LiNbO3 waveguide

In our investigation, when an ultra-short pulse pumps a LN crystal, an idler pulse in the THz
frequency domain is radiated from polariton parametric scattering accompanied by the generation
of an optical signal pulse. Photon energy conservation, expressed as ωp=ωs+ωTHz (where ωp, ωs
andωTHz are the angular frequencies of the pump, signal and THz pulse respectively), dictates that
the generated optical signal is spectrally shifted from the pump by the THz spectrum. Accordingly,
the THz spectrum is often inferred from the optical signal generated during the process or injected
with the pump [11,18–20]. In addition, the momentum conservation; kp=ks+kTHz (where
kp, ks and kTHz are the wavevectors of the pump, signal and THz respectively), leads to the
angle-dispersive properties of the emitted pulses. Figure 1(a) displays the calculated dispersion
curve (black line) of LN [10]. The lowest A1-symmetry TO vibrational mode has its resonance
at approximatively 7.3 THz (252 cm−1), where the THz radiation is strongly absorbed. The phase
matching curve, calculated from the momentum conservation for a pump wavelength set at 1025
nm, depends on the interaction angle φ between the pump and the signal (Fig. 1(a)-blue dashed
lines). This angle is relatively weak, at few degrees, but it corresponds to a high angle θ for
the THz emission, at ∼64°. The THz frequency of the generated polariton is obtained when
these curves and the dispersion curve intersects each other. The calculated frequency-dependent
absorption coefficient α [10] (Fig. 1(b), red line and inset) exhibits lower absorption at frequencies
below 2 THz (inset). However, as the frequency approaches the mode resonance, a significant
increase in the absorption coefficient occurs due to phonon interactions.

In bulk LiNbO3 crystals, a silicon prism is typically required to efficiently extract the THz
waves, as they are emitted at large angles. To overcome this limitation, we opted for a LN
waveguide structure that collects the generated THz pulse along propagation. The THz is
produced from a short coherence length less than 100 µm within the waveguide due to the
group velocity mismatch between the THz radiation and the optical pulse. It is then guided
collinearly with the pump. The waveguide is thus used to guide and extract the THz radiation
from the crystal to the detection part. In this configuration, the THz radiation oscillates within
the crystal faces through total internal reflection until it reaches the output. The significant
refractive index contrast between the LiNbO3 crystal (∼5) and air (∼1) in the THz frequency
range causes the radiation to reflect at each interface along the sides of the waveguide. This
reflection results in the formation of a spatial mode that propagates collinearly with the pump
beam. It is worth noting that, given the waveguide’s geometry with dimensions comparable to
the THz wavelength, higher-order spatial modes can be generated. However, the fundamental
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a)

Fig. 1. a) Dispersion curve of LN (Black line). Phase matching curves for selected angles
between the pump and signal (blue dashed lines) b) Absorption coefficient of LN (red line)
and electrooptic response of a 300 µm thick-GaP crystal (blue line). The inset illustrates a
zoom into the absorption coefficient values for frequencies between 0.1 and 4 THz

mode dominates due to its higher overlap integral with the Gaussian like profile of the pump,
compared to the higher-order modes.

Figure 2 depicts the experimental set-up. The crystal was pumped by ultra-short pulses at a
repetition rate of 85 kHz, with a pulse-energy of 7 µJ. The spectrum was centered at 1025 nm and
the pulse duration was 210 fs. The beam was separated into two arms for a pump and a probe
beam. The pump was focused at the entrance of a 16 mm long LN waveguide with a 150 mm
lens and polarized along the z-axis of the LN crystal.

  

Fig. 2. Experimental set-up. QWP/HWP-quarter/half wave plate; WP-Wollaston prism;
BPD-balanced photodetector

The waveguide was fabricated from a commercial 500 µm thick LiNbO3 wafer, diced with the
precision saw equipped with a polishing diamond blade. The section measuring 0.5× 0.5 mm2

exerts a negligible influence on the dispersion curve. The beam waist is estimated to 46 µm. The
THz radiation was generated and guided in the LN waveguide. The waveguide length could
be as short as few coherence lengths but for experimental constraints, we kept a relative long
waveguide. The THz beam was radiated out and collected with two 2’’ inch diameter off-axis
parabolic mirrors coated with protected Aluminum. The first parabolic mirror was 75 mm away
from the waveguide. The pump pulse was filtered out using a thin high resistivity silicon substrate.
This latter was a few millimeter (∼ 4 mm) away from the waveguide. Then, the THz signal was
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collimated and focused into a 300 µm-thick GaP crystal for standard electro-optic sampling. To
do so, the optical probe pulse was temporally overlapped with the THz beam by adjusting the
motorised delay-stage. The probe passed through a hole located in the second parabolic mirror
and its polarization was altered while crossing the GaP crystal with a waist of ∼ 110 µm due to the
electro-optic response induced by the THz electric field. Note that the calculated spectral response
of GaP crystal, shown in Fig. 1(b) (blue line) [21], guarantees the capability to characterize the
THz radiation up to approximatively 7 THz. The probe beam polarisation was then modified by
a quarter wave plate changing from linear to circular/elliptical in absence/presence of the THz
radiation, respectively. At last, the two orthogonal polarizations are separated by a Wollaston
prism and detected with a balanced detector and a lock-in amplifier. The temporal waveform of
the generated THz electric field is then inferred from this measurement.

3. Results and discussion

Figure 3(a) shows a typical temporal trace of the THz electric field at the waveguide output
(depicted by the black line) when the pump pulse energy is set at 7 µJ. The spectrum, derived from
the fast Fourier transform of the temporal trace, is broad with a bandwidth of approximatively 4
THz centred at 3.1 THz (Fig. 3(b)). Notably, this spectrum falls within the detection bandwidth
of the used 300 µm thick GaP crystal (Fig. 1(b) blue curve), indicating the full characterization of
the generated THz waves. The spectrum exhibits some features due to the oscillations observed
in the temporal profile, probably originating from material dispersion and/or high order modes
of the waveguide. To isolate the main pulse, the oscillation pattern observed at later time was
removed by fitting the primary temporal profile (depicted by the blue line in Fig. 3(a)). The
resulting spectrum, from the fast Fourier transform of the fit, retains the same general shape as
the original pulse. It means that the oscillating part in the temporal profile does not broaden
significantly the spectrum.

a) b)

Fig. 3. a) Temporal waveform of the detected THz pulse (and its fit) b) Corresponding
normalized spectra obtained by FFT.

The signal spectrum at the waveguide output, generated from the interaction of the three
waves, has also been measured with a usual optical spectrometer (Fig. 4(a)) and is presented in
Fig. 4(b). At low intensity (corresponding to an energy of approximately 588 nJ) (see inset), the
output spectrum has no significant modification compare to the one at the laser output. However,
for higher intensity (7 µJ), the spectrum is structured with several maxima that corresponds to
the signal generated through the nonlinear frequency generation process. Indeed, the spectrum
features multiple Stokes peaks resulting from the spontaneous polariton parametric scattering
process in LN, centered at 1030, 1036 and 1044 nm. The spectral shifts of these peaks relative
to the pump correspond to 1.42, 3.10 and 5.32 THz, respectively. The orange dashed curve
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shown in Fig. 4(b) represents the spectrum obtained by slightly translating the spectrometer along
the y-axis. As the signal is angularly emitted at the waveguide output due to the non-colinear
phase-matching process (see Fig. 1(a)), the spectrum exhibits non-uniformity and varies with the
orientation of the spectrometer along the y-axis.

a) b)

Signal
 beam

Pump
 beam

x

y

z

Spectrometer

Fig. 4. a) Scheme for the spectrum measurements of the signal b) Optical spectrum detected
at the waveguide output (black curve). Dashed orange curve shows the spectrum obtained
when the spectrometer is translated along the y-axis. Inset shows the spectrum recorded at
low power.

Additionally, we computed the anticipated THz spectrum using a modified Schwarz-Maier
plane wave model, as outlined in [19,22]. It accounts for an additional absorption term αWO
representing the spatial walk-off between the pump and the THz radiation. It is defined as
αWO = sin(Φ) d

a , where Φ is the angle between the signal and the idler, d is the beam width, a is
the fit parameter. This parameter is then evaluated at approximately 9 cm−1 [23]. The analytical
expression of the exponential gain (g) for the THz wave is provided by [19,22]:

g(ν) =
α(ν) + αWO

2
⎛⎜⎝
√︄

1 + 16 cos(θ)
(︃

R(ν) g0
α(ν) + αWO

)︃2
− 1⎞⎟⎠ (1)

with go the parametric gain coefficient in the low-loss limit given by

g0 =

√︄(︃
πωsωPIP

2c3nTnsnp

)︃
χP (2)

where Ip is the pump intensity; nT, ns and np the refractive indices of the THz, signal and pump
respectively. χP is the effective second-order susceptibility like term [10]. In our experiment, the
signal or the THz radiation is not injected and therefore, the gain is not measured. Nevertheless,
the emitted parametric spectrum follows the shape of the normalized gain curve. In Eq. (1),

a coefficient R, estimated by

(︄√︃
W

W+ 0.5
α(ν)

)︄
, is required to consider the area mismatch between

the optical pump, owing a pump radius W and the THz beams. The computed gain curve
has a bell-shape, as shown in Fig. 5 (orange curve), centred at approximatively 3.2 THz and a
bandwidth of 4.2 THz. The theoretical spectrum obtained from this model is in good agreement
with the measured THz spectrum (Fig. 5. black dashed line). Such spectrum generated by
polariton scattering is usually located closer to 2 THz. In our case, the spectral shift to 3.2 THz
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is mostly due the frequency dependent area mismatch term R. As shown in Fig. 5 (blue curve),
when the frequency dependant mode area mismatch effect is removed (R= 1), the maximum gain
is shifted to ∼1.6 THz. In fact, the impact of the overlap mismatch becomes more apparent at
lower frequencies, causing a reshaping of the gain towards higher frequencies.

Fig. 5. Theoretical spectra calculated from the modified Schwarz-Maier plane wave model.
The experimental spectrum is shown for comparison.

4. Conclusion

In conclusion, we have demonstrated in the ultra-fast regime, the effect of polariton parametric
scattering in LN waveguide from which THz radiation with a broad bandwidth of ∼4 THz centred
at 3.1 THz was generated. The generated optical spectrum of the optical signal and the predicted
spectral THz gain are consistent and confirms our experimental observations. The spectral
feature obtained in our configuration is mostly due to a shaping of the emission curve from
the mode area mismatch between the pump and the THz radiation. result is an excellent step
toward the development of ultra-fast THz amplifier to boost weak THz radiations. In this current
investigation, the THz pulse is generated from the noise background and therefore, the power
remains weak (below 1µW). Practical ways to optimize our experimental design may include
seeding the crystal with a short pulse lying in the THz range, so that a parametric amplification
can occur. Alternatively, injecting a continuum in the near-infrared at the signal frequency
simultaneously with the pump will increase the power of the THz radiation. In addition, the
interaction between the THz radiation and the pump pulse can be enhanced from complementary
methods, such as, tilting the pulse front [13].
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