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Among these, chirped and delayed laser pulse (CADLP) 
methods stand out for producing narrowband THz in the 
0–1 THz range with high efficiency [11, 12], tunability and 
the capability of generating strong peak electric fields [10]. 
Lithium Niobate (LN) is an attracting material for THz gen-
eration [13] due to high second-order nonlinear response 
[14], infrared transparency [15] and robust mechanical 
properties [16]. However, a major limitation of using LN 
with CADLD techniques is the phase mismatch between the 
THz and optical waves [11], which significantly reduces the 
conversion efficiency. Periodically Poled Lithium Niobate 
(PPLN) addresses this challenge by enabling quasi-phase 
matching [17] for narrowband THz generation, significantly 
enhancing THz generation efficiency [11, 12, 18].

To date, THz generation from PPLN using CADLP has 
relied on bulky setups and high-energy pump sources. Pre-
vious studies [11, 12] demonstrated THz generation using 
large scale PPLN crystal pumped by Ti:sapphire lasers 
at very high pulse energies of 1–5  J. While effective for 
high field THz generation, these systems are not suited for 
developing high repetition rate, miniaturized, compact, and 
portable THz applications. To overcome these limitations, 
reducing both pump energy and PPLN dimensions using 
waveguide geometries becomes essential. Waveguides not 

1  Introduction

Terahertz (THz) frequencies are electromagnetic waves 
spanning from 0.1 to 10 THz. These waves have a wide 
range of applications, including imaging [1, 2], spectros-
copy [3, 4], THz-based particle accelerators [5], and com-
munication [6]. Several THz generation techniques have 
been explored such as optical rectification [7], photoconduc-
tive antennas [8], polariton scattering [9], and difference fre-
quency mixing using chirped and delayed laser pulses [10]. 
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Abstract
THz generation from chirped and delayed laser pulses using periodically poled lithium niobate (PPLN) traditionally 
requires high-energy sources and bulky PPLN crystals. However, for compact, integrated, and miniaturized THz-based 
applications, such systems must be downsized. In this work, we numerically and experimentally demonstrate THz gen-
eration in a PPLN waveguide with a cross-section of 500 × 500 µm2, pumped with low pulse energies in the microjoule 
range at a wavelength of 1 µm. Simulations show that tightly focused optical pulses in this configuration achieve signifi-
cantly higher THz generation efficiency compared to collimated pumping. For a propagation length of 1.6  cm, optimal 
parameters are identified as a pulse duration of 5 ps and a pump energy between 0.5 and 1 µJ. Experimental validation 
confirms these findings, yielding a narrowband THz spectrum centered around 488 GHz. This work opens new perspec-
tives for the development of efficient, integrated THz sources for advanced applications in THz photonics, spectroscopy, 
and high-speed communications.
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only allow for a compact footprint but also confine the THz 
field along the propagation direction, reducing diffraction 
and enhancing field strength [19]. This approach paves the 
way for miniaturized THz sources operating at high repeti-
tion rates and integrated on chip.

In this study, we report for the first time THz generation 
from PPLN using CADLP technique, which combines low 
pump energy in the µJ or sub-µJ range with high repetition 
rate-higher than those provided by a Ti:Sapphire laser- and 
waveguide geometry. This configuration is designed to only 
guide the THz waves. Our investigation began with numeri-
cal simulations based on coupled wave equations account-
ing for nonlinear interactions between terahertz and optical 
waves, including pump depletion, cascaded difference fre-
quency generation, self-phase modulation (SPM), cascaded 
second harmonic generation, and Raman processes, as well 
as the overlap integral between the pump and THz fields. 
We analyzed the efficiency of a 16 mm long PPLN wave-
guide with a 223 µm poling period, varying pulse duration, 
beam geometry (focused vs collimated) and pump energy.

Guided by these simulations, we developed a dedi-
cated PPLN and characterized their properties. Then we 
experimentally implemented the optimal parameters and 
demonstrated THz generation centered at 488 GHz with a 
narrow bandwidth of 180 GHz, in excellent agreement with 
numerical predictions. This bandwidth is qualified as nar-
row in comparison with an ultra-short pulse excitation that 
provides a THz pulse with few THz bandwidth [9]. The 
employed pump conditions are comparable to those achiev-
able with compact, portable fiber-based lasers and emerg-
ing on-chip integrated laser sources, paving the way toward 
fully integrated and miniaturized THz systems based on 
PPLN waveguides. Our approach thus provides a power-
ful platform for realizing compact THz sources applicable 
to wireless communication [20], on-chip spectroscopy [21], 
and signal-processing platforms [22].

2  Materials and methods

2.1  PPLN fabrication

The waveguide, designed for THz radiation, consists of a 
square LiNbO3 core surrounded by an air cladding. It is 
based on a type-0 difference frequency mixing configura-
tion with both pump and generated beam polarized along 
the extraordinary axis to exploit the strongest d33 nonlinear 
coefficient of LiNbO3. The fabrication process [23, 24] starts 
with the electric poling of a 500 µm thick undoped congru-
ent z-cut LiNbO3 wafer with the chosen poling period of 
223 µm. Waveguides are then diced with a precision saw 
equipped with a polishing diamond blade. The dicing pro-
cess provides facets with a roughness of about 0.5 nm.

2.2  PPLN characterization

PPLN samples were analyzed using a custom second-har-
monic generation reflectometer (R-SHG) [25] based on a 
reflection geometry with controlled incident polarization 
and spatial positioning. A femtosecond laser centered at 
1030 nm, with a pulse duration of 250 fs and a repetition 
rate of 54 MHz is used as the excitation source. The beam 
firstly passed through a variable neutral density filter to 
adjust the incident power and is then directed through a set 
of a rotating half-wave plate and a fixed quarter-wave plate 
to define the incident polarization state. The beam is subse-
quently focused onto the sample surface, resulting in a spot 
size on the order of a few microns. The oblique incident 
angle is fixed to a grazing angle of 70° (vertical plane of 
incidence) according to the vertical Z axis (Fig. 1), ensur-
ing thus an excellent sensitivity to both in-plane and out-of-
plane nonlinear responses of the interface. More details can 
be found in [25]. The technique thus provides non-destruc-
tive, non-contact, and label-free contrast, ideal for mapping 
crystalline quality, domain orientation, and structural inho-
mogeneities across a surface. When combined with spatial 
scanning, R-SHG becomes a powerful tool for 2D cartogra-
phy of the nonlinear response, enabling the visualization of 
local variations in the effective nonlinear susceptibility with 
micrometer-scale resolution. The sample is mounted on a 
computer-controlled 3-axis translation stage (X, Y, Z lab 
frame), allowing for precise positioning and depth scanning 
(Z-scan) to optimize the focus at the air/sample interface. 
The reflected second harmonic (2ω) signal is filtered from 
the fundamental (ω) signal using both a short-pass filter 
and a band-pass optical filter centered at 520 nm (FWHM ≈ 
40 nm), ensuring spectral purity. The SHG signal is detected 
by a photomultiplier tube. A polarization analyzer placed in 
the collection path allows for polarization resolved detec-
tion, enabling the analysis of different tensor components 

Fig. 1  Schematic representation of the orientation of the PPLN with 
respect to the laboratory reference frame (XYZ) and the crystallo-
graphic frame (xyz). The incident beam is shown with an p-polarized 
incident beam, and is analyzed using a s-polarized configuration
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of χ(2) via specific polarization combinations (e.g., s-in/s-
out, p-in/p-out).In the laboratory reference frame, a linear 
horizontal polarization, denoted {s}, is entirely aligned with 
the X-axis, while a linear vertical polarization, denoted {p}, 
exhibits components along both the Y and Z directions.

The collected second-harmonic intensity I2ω  is propor-
tional to the square of the incident intensity Iω , and to the 
square of the second-order nonlinear susceptibility χ(2), as 
expressed by:

I2ω ∝
∣∣∣χ(2)

∣∣∣
2

· I2
ω

In the case of LiNbO3, the point-group symmetry to con-
sider in the Schoenflies notation is C3v (3 m in International 
notation), which defines the non-zero components of the 
second-order nonlinear susceptibility tensor χ(2). The non-
linear polarization P(2) components at the frequency 2ω can 
be expressed as a function of the electric field components 
of the signal at the frequency ω:

Px = 2d15ExEz − 2d22EyEx

Py = 2d15EyEz + d22
(
E2

y − E2
x

)

Pz = d31
(
E2

x + E2
y

)
+ d33E2

z

� (1)

where d22 = χ
(2)
yyy , d31 = χ

(2)
zxx ≈ d15 = χ

(2)
xxz , and 

d33 = χ
(2)
zzz . The SHG coefficients d22 and d31 ≈ d15 are 

typically in the order of a few pm/V, while d33 is signifi-
cantly larger [26]. Note these SHG coefficients were mea-
sured at 1.058 µm and comes essentially from the electronic 
NLO response, whereas DFG processes involve mostly the 
phonon (nucleus) contributions. However, all these second-
order processes have the same symmetry and spatial addi-
tion, d33 is particularly sensitive to composition variations 
(ratio Li/Nb) [26] and crystalline defects, making it an 
excellent indicator of structural quality.

For a z-cut LiNbO3 crystal, the sample surface corre-
sponds to the (x, y) plane. A simple overlap between the two 
coordinate systems, (x, y, z) and (− Y, X, Z) of the labora-
tory frame, is achieved when the crystallographic axes of 

the crystal are aligned in this way. As illustrated in Fig. 1, 
the periodic axis lies along the crystallographic y-axis, and 
overlaps the X-axis. For spatial mapping (R-SHG cartogra-
phy), the sample is moved along X (y) and Y (x) directions, 
over predefined regions with step sizes of 2 µm in the X 
direction, and 10  µm in the Y direction. At each position 
(pixel), the SHG intensity is recorded, allowing for the gen-
eration of two-dimensional maps reflecting local variations 
in nonlinear optical response.

Under these frame orientations, and from Eq.  1, the 
s-polarized NLO response does not probe the main com-
ponent d33 but the minor components, d22 and d15 ≈ d31, 
which is a good point for the contrast. Then, the ferroelec-
trics domains will provide intensity, through d22 = χ

(2)
yyy  

and d15 = χ
(2)
xxz . In addition, the electric-field-induced sec-

ond harmonic (EFISH) response located at the wall of the 
domains, will provide thus an additional localized EFISH 
intensity with an effective d15 = χ

(2)
xxz  type character. Actu-

ally, considering the cartesian susceptibilities for clarity 
purpose, a s-polarization will give the following contribu-
tions from the domains and walls

Py =
[
2χ(2)

yyzEyEz + χ(2)
yyy

(
E2

y − E2
x

)]
Domains

+
[
2χ(3)

yyzzEyEzEDC
z

]
W alls

� (2)

where the EFISH term χ
(3)
yyzzEyEzEDC

z  corresponds to 
an effective χ(2)

yzz = d15 term. Considering a perfect align-
ment, a p-polarized incident beam (Ex ≠ 0, Ez ≠ 0, Ey = 0) will 
only probe the domains contribution with the χ(2)

yyyE2
x term. 

However, a slight rotation along the vertical z-axis will give 
a weak enough Ey ≠ 0 contribution to the p-s SHG signal, 
so that the domain will give an almost constant intensity 
while the wall domains will exhibit an additional intensity 
as reported in Fig. 2. Under these conditions, a periodic pat-
tern is evidenced with a measured pitch of 231 ± 8 µm. As 
this measured period lies within the acceptable tolerance 
range of the designed poling period, the inversion period of 
223 µm used as input for the fabrication was retained in the 
simulations in the next sections.

Fig. 2  R-SHG mapping of the 
PPLN sample under p-s configura-
tion, with respect to the crystallo-
graphic y-axis. The poled periodic-
ity is nicely evidenced
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∆t = πfT Hz

β
� (3)

The central frequency of the THz frequency generated in 
a PPLN can be chosen by setting the poling period Λ [11] 
according to the phase matching condition:

fthz = c

Λ |n (fthz) − ng| � (4)

where c is the speed of light, Λ is the poling period, n (fthz) 
and ng are the phase and the group refractive indices of 
both the THz waves and the pump. To maximize THz gen-
eration via chirped and delayed laser pulses experimentally, 
the delay ∆t is adjusted so that the beat frequency matches 
the poling period of the PPLN. A poling period of 223 µm 
yields a central frequency of 480 GHz (Fig. 4a blue curve).

In a waveguide geometry with a cross-section compa-
rable to the sub-THz wavelength (500 × 500 μm2), the effec-
tive refractive index for the fundamental TE00 mode slightly 
deviates from the refractive index of the bulk crystal. This 
difference induces a small shift in the generated THz fre-
quency compared to a bulk configuration. To evaluate this 
effect, we performed numerical simulations using COM-
SOL Multiphysics to extract the modal properties of the LN 
waveguide surrounded by air. Figure 4b shows the spatial 
distribution of the TE00 electric field at 480 GHz, using an 
extraordinary refractive index of 4.938 of the bulk crystal, 
obtained from the Lorentz-Drude model [29]. This polar-
ization has been chosen to excite the d33 coefficient. The 
mode is well confined within the waveguide, with negligible 
leakage into the surrounding air. When substituting the bulk 

Signal features are also observed within the half-periods, 
corresponding to domain wall regions. These contrasts sug-
gest that domain inversion occurs both at the edges of the 
periods and at their center, indicating the presence of inter-
nal domain boundaries.

2.3  Chirped and delayed laser pulses technique

The CADLP technique has been extensively used for gener-
ating mid-infrared pulses in nonlinear crystals [27], and for 
producing narrowband THz pulses using photoconductive 
antennas [8, 28]. In the latter application, the method was 
later extended to nonlinear crystals like LN by employing 
tilted optical pulse wavefronts [10], and subsequently to 
PPLN as well [11, 12]. As illustrated in Fig. 3, the CADLP 
approach involves temporally stretching a femtosecond 
pulse with a sufficiently broad spectral bandwidth, increas-
ing its duration from few hundred of femtoseconds to the 
picosecond or even nanosecond range. This generates a 
chirped pulse characterized by a chirp rate β, with an instan-
taneous frequency that increases monotonically over time. 
The chirped pulse is then split into two replicas, which are 
recombined interferometrically with a relative time delay 
∆t. Assuming a linear chirp, the instantaneous frequencies 
of the two pulses are given by ω(t) = ω0+ 2βt and ω(t) = ω0+ 
2βt + 2β∆t, respectively, where ω0 is the central angular fre-
quency. The difference in instantaneous angular frequency, 
Δω, is determined by the delay and the chirp rate and 
remains constant over time. Therefore, the optimum delay 
to achieve the desired THz frequency fT Hz  is given by:

Fig. 4  a Poling period as a function 
of the THz frequency using Eq. (4). 
b Spatial mode profile of LiNbO3 
at 480 GHz

 

Fig. 3  Chirp and delay concept. τ: 
pulse duration; ∆t: optical delay; 
fTHz: THz frequency; β: linear 
chirp; ∆ω: instantaneous angular 
frequency difference; Ω: THz 
angular frequency
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beam, the IO is approximately unity. When the optical beam 
is focused, the minimum IO values are 0.99, 0.89, 0.78, and 
0.63 for focal lengths of 750, 500, 400, and 300 mm, respec-
tively. In the latter case, the optical beam size is updated 
at each propagation step based on a Gaussian beam evo-
lution. Ψ(z) and Aop(ω, z) are correspondly adjusted. The 
Raman contribution is described by hr (t′) with hr (t′) = 
F −1

{
hr

(
ω

′
)}

, where hr

(
ω

′
)

 is the stimulated Raman 

scattering transfer function [32]. Here F−1 represents the 
inverse Fourier transform. ε0 and c represent the vacuum 
permittivity and the speed of light respectively. The carrier 
wave has a propagation constant k. Details on the physical 
processes described in Eqs. 5, 6 can be found in references 
[14, 30].

The coupled equations were numerically solved using a 
fourth-order Runge–Kutta method with spectral (Δω) and 
longitudinal (Δz) resolutions of 5 GHz and 11 μm respec-
tively. To verify the accuracy of these results, addition sim-
ulations with finer resolution (Δω = 1 GHz and Δz = 5 μm) 
were performed, confirming consistent results. The 5 GHz 
and 11 μm setting was used chosen to optimize computa-
tional efficiency.

3  Results

3.1  Simulation results

By solving Eqs. (3) and (4), we first analyzed the THz gen-
eration efficiency for various pulse durations, ranging from 
5 to 30 ps as the function of the waveguide length. Accord-
ing to Eq. 3, varying the pulse duration within this range 
correspondingly adjusts the relative time delay, ranging 
from 2 to 12.5 ps. As shown in Fig. 5a, for a pump energy 
of 0.1 µJ and a pump spectral bandwidth of 6 nm centered 
at 1025 nm, the optimal THz generation is achieved with a 
pulse duration of 5 ps using a Gaussian beam with a diam-
eter of 565 μm fully illuminating the crystal's cross-section. 
This optimal efficiency arises from a balance between pulse 
duration, intensity, and the temporal overlap of the delayed 
chirped pulses. Shorter pulses provide higher peak intensity 
and a shorter delay between pulses, ensuring better tempo-
ral overlap of the delayed pulses and enhanced nonlinear 
interaction, both critical for efficient THz generation. Con-
versely, longer pulses reduce the intensity and increase the 
relative delay, leading to insufficient overlap and reducing 
efficiency. However, longer pulses offer the advantages of 
producing narrower-band THz spectra as shown in Fig. 5b, 
c. For example, at z = 550 μm, the THz spectrum is notably 
narrower for τ = 30 ps (inset, Fig. 5c) compared to τ = 5 ps 
(inset, Fig. 4b). Another advantage of using longer pulses 

refractive index in Eq. (2) with the effective refractive index 
of the TE00 mode, the predicted THz frequency shifts from 
480 to 488 GHz. This shift confirms the impact of the wave-
guide geometry on the phase matching condition, which 
results from the small variation between the effective and 
bulk refractive indices.

Then, this study aims to achieve efficient THz wave gen-
eration under low pump power conditions by optimizing 
key parameters, namely the pulse duration, pump energy 
and pump beam geometry (collimated or focused pumping). 
To this end, we initiate our investigation by numerically 
solving the coupled propagation equations for both the opti-
cal and THz spectral components along the positive direc-
tion as described [14, 31]:

dATHz (Ω, z)
dz

= − α (Ω)
2

ATHz (Ω, z)

−
jΩ2χ

(2)
eff (z)

2k (Ω) c2 Ψ (z)
ˆ

Aop (ω + Ω, z) A∗
op (ω, z) e−j[(k(ω+Ω)−k(ω)−k(Ω)]zdω

� (5)

dAop (ω, z)
dz

= −
jω2χ

(2)
eff (z)

2k (ω) c2 Ψ (z)
ˆ

Aop (ω + Ω, z) A∗
THz (Ω, z)

e−j[(k(ω+Ω)−k(ω)−k(Ω)]zdΩ

−
jω2χ

(2)
eff (z)

2k (ω) c2 Ψ
ˆ

Aop (ω − Ω, z) A∗
THz (Ω, z)

e−j[(k(ω)−k(ω+Ω)−k(Ω)]zdΩ

+ F
{

jε0ω0n(ω0)n2

2
Aop (t, z) |Aop (t, z)|

}

+ F
{

jε0ω0n(ω0)n2

2[
|Aop (t − t′, z)|2 ⊗ hr (t′)

]
Aop (t, z)

}

� (6)

AT Hz(Ω, z) and Aop(ω, z) denote the electric field in the 
spectral domain of the THz and the optical waves, respec-
tively. At the input of the crystal, AT Hz (Ω, z = 0) is null. 
The LN crystal is characterized by a frequency dependent 
absorption coefficient at room temperature α(Ω), calculated 
from the from the Lorentz-Drude model [29], a second 
order nonlinear coefficient χ(2)

eff  = 336 pm/V and a second 
order nonlinear refractive index n2= 1.25 × 10–19 W/m2 [14]. 
The parameter Ψ (z) = |

˜
AopATHzdxdy|2

˜
|Aop|2dxdy

˜
|ATHz|2dxdy

 accounts 

for the integral overlap (IO) between the optical pump and 
THz fields. dx and dy denote integration over the transverse 
spatial coordinates of the beam cross-section (the plane per-
pendicular to the propagation direction z) [31]. This param-
eter remains constant for a collimated pump but varies along 
the z-axis when the pump field is focused. For a collimated 
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not responsible for the saturation. However, when setting 
the absorption coefficient α = 0 (black curve), the efficiency 
scales linearly with the waveguide length, revealing that 
absorption is the dominant factor limiting efficiency in this 
regime.

In Fig.  6a, we compare the THz generation efficiency 
for two pump configurations: a collimated beam with 
a 565  μm diameter and a focused beam using a 750  mm 
focal length lens, where the focus is positioned at the center 

is the ability to maximize the optical pulse energy without 
exceeding the intensity damage threshold of the crystal.

In Fig. 5d, we examine the efficiency saturation observed 
with 5 ps pulses, which begins at a waveguide length of 
1.5 cm (Fig.  5a). To identify the saturation mechanism, 
we ran simulations disabling nonlinear effects such as 
SPM and Raman scattering by removing n2 (dashed blue 
curve). The resulting efficiency closely matches the origi-
nal curve (orange), indicating that these nonlinearities are 

Fig. 6  Efficiency as a function 
of the waveguide’s length for an 
energy of 0.1 µJ and for a focused 
beam using 750 mm lens and col-
limated beam. b Different lenses. c 
750 mm and 300 mm lenses when 
different parameters are switched 
on and off. d 300 mm lens with and 
without absorption coefficient

 

Fig. 5  a Efficiency as a function 
of the waveguide’s length for 
different pulse durations and a 
collimated beam; Energy = 0.1 μJ 
and Gaussian beam diameter of 
565 μm. b Efficiency as a function 
of the frequency and crystal length 
for τ = 5 ps. The inset represents the 
efficiency as a function of the fre-
quency for z = 550 μm. c Efficiency 
as a function of the frequency and 
crystal length for τ = 30 ps. The 
inset represents the efficiency as 
a function of the frequency for 
z = 550 μm. d Efficiency as a func-
tion of the PPLN length for a pulse 
duration of 5 ps when different 
parameters are switched on and off
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higher efficiency due to the increased intensity. For exam-
ple, using a 300 mm lens results in an efficiency of about 
5 × 10⁻3%, roughly four times higher than that achieved with 
a 750 mm lens. However, for shorter waveguides (less than 
8  mm), lenses with longer focal lengths offer better effi-
ciency than shorter focal length lenses.

To investigate the origin of this behavior, we analyze 
Fig. 6c, where efficiency is plotted against waveguide length 
for different cases: A 300 mm lens with all effects included 
(black curve); the same 300 mm lens with SPM and Raman 
processes disabled (n₂ = 0, dashed red curve); the 300 mm 
lens with the IO artificially set to 1 (blue curve); the 750 mm 
lens with all parameters included (orange curve).The close 
match between the n₂ = 0 case and the original curve con-
firms that SPM and Raman processes do not significantly 
influence the efficiency drop. However, when the integral 
overlap is set to 1, the efficiency notably increases compared 
to both the original 300 mm lens curve and the 750 mm lens 
case. This observation indicates that for waveguide lengths 
shorter than 8 mm, the efficiency drop primarily stems from 
a reduction in spatial overlap (integral overlap) between the 
pump and THz fields when using shorter focal length lenses. 
Finally, in Fig. 6d, we compare results for the 300 mm lens 
configuration with and without including THz absorption. 
The pronounced decrease in efficiency and saturation onset 
beyond 15 mm is confirmed to be mainly caused by THz 
absorption in LN.

In Fig.  7a, we evaluate the THz generation efficiency 
as a function of pump energy for lenses with focal lengths 

of the waveguide. The pump energy is also set at 0.1 µJ. 
For the focused configuration, the variation of the optical 
spectral envelope along the propagation axis z is explicitly 
accounted for in Eqs. (5) and (6) by modeling the evolu-
tion of the beam size and intensity due to focusing. The 
input beam radius before the lens is 2  mm, matching the 
actual laser beam diameter used in the experimental setup. 
As a result, the highest intensity occurs at the focus (in 
the Rayleigh range), with progressively lower intensities 
at the waveguide entrance and exit. This spatial intensity 
profile directly influences the nonlinear interaction and 
the resulting THz generation efficiency. At a waveguide 
length of 16 mm, the collimated pump configuration yields 
a THz generation efficiency of approximately 1.5 × 10⁻4%, 
whereas the focused beam configuration achieves a signifi-
cantly higher efficiency of about 1.5 × 10⁻3%, representing 
a tenfold improvement. This enhancement results from the 
favorable trade-off between higher pump intensity and the 
reduced spatial overlap between the pump and THz waves 
within the waveguide when using a focused beam. How-
ever, for lengths exceeding 15 mm, the efficiency starts to 
decline due to THz absorption in the LN crystal. In Fig. 6b, 
we further explore the efficiency dependence on the focus-
ing geometry by employing lenses with focal lengths of 
750, 500, 400 and 300 mm, corresponding to beam waists 
of 122.3, 81.5, 65.2 and 48.9 µm respectively, at the focus 
point. Lenses with longer focal lengths provide better spatial 
overlap but deliver lower pump intensity. For longer wave-
guides, shorter focal lengths (i.e., tighter focusing) yield 

Fig. 7  a Efficiency as a function 
of the energy for different lenses. 
b optical spectrum along the 
waveguide, sampled every 2.2 mm 
for energy value of 0.1 µJ. c 0.5 µJ. 
d 2.5 µJ. The curves are vertically 
shifted for clarity
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poling period and a 1.6 cm length were identified as a 5 ps 
pulse duration and a 1  µJ pump energy, focused using a 
300 mm focal length lens. Figure 8 presents the schematic 
of the corresponding experimental setup.

Ultrashort femtosecond pulses were generated by an 
Ytterbium laser, operating at a central wavelength of 
1025  nm with an 85  kHz repetition rate. A beam splitter 
divided the pulse into pump and probe beams. The pump 
beam was directed to a parallel grating pair chirped pulse 
stretcher, where the grating angle and spacing were opti-
mized to produce a pulse duration of 5  ps with minimal 
losses. The pulse duration was measured before and after 
stretching using a non colinear autocorrelator, as shown in 
Fig. 9a, where the green curve represents the pulse before 
stretching (τ ~ 210  fs). Blue curve shows the pulse after 
stretching. The stretched pulse was fitted with a Gaussian 
profile (dashed orange curve), confirming a pulse duration 
of approximately 5 ps. Following the stretcher, a Michel-
son interferometer split the pulse into two identical copies 
with adjustable relative delay. The delay between the pulses 
was finely controlled using a delay stage in one arm of the 
interferometer. Using Eq. 3, we calculated a delay of 2.2 ps, 
between the two pulses to obtained a frequency difference 
of 488 GHz optimized for the PPLN. The interference of 
these two pulses creates a spectral beating in the frequency 
domain, independently of β, with a spacing of 1.5 nm. For 
comparison, a spectrum was numerically calculated under 
the same parameters and is shown as the dashed orange 
curve in Fig. 9b. It confirms the expected modulation with 
the correct spectral beating.

The two linearly chirped and delayed pulses were first 
directed to a spectrometer, with the delay stage in the 
Michelson interferometer adjusted to achieve a beating 
frequency of approximately 1.5  nm, as shown in Fig.  9b 
(blue curve). The beam was then focused at the center of the 

ranging from 750 to 300 mm, measured at z = 16 mm. We 
remind that the beam size evolves with the propagation and 
therefore the intensity is modified for each longitudinal step. 
The results show that efficiency improves as the focal length 
decreases, due to a better balance between increased pump 
intensity at the focus position and reduced integral overlap 
between the pump and THz waves. Additionally, efficiency 
increases with pump energy up to 0.5 µJ, reaches a plateau 
between 0.5 and 1 µJ, and then declines at energies above 
1 µJ. The highest efficiency, approximately 1.2 × 10⁻2%, is 
achieved with the 300 mm lens in the 0.5–1 µJ energy range. 
To investigate the observed efficiency decrease at higher 
pump energies, we analyzed the normalized optical spectra 
along the waveguide, sampling every 2 mm (with L = 0 mm 
at the top and L = 16 mm at the bottom), for pump energies 
of 0.1 µJ (Fig. 7b), 0.5 µJ (Fig. 7c), and 2.5 µJ (Fig. 7d), 
using the 300  mm lens. At 0.1  µJ (Fig.  7b), the optical 
spectrum remains unchanged along the waveguide, indicat-
ing negligible nonlinear effects such as SPM, stimulated 
Raman scattering, or cascading via difference- and sum-
frequency generation between the optical and THz fields. At 
2.5 µJ (Fig. 7d), however, significant spectral broadening is 
observed, starting around 6 mm, resulting from both cascad-
ing processes and SPM. In comparison, at 0.5 µJ (Fig. 7c), 
spectral modifications appear later—around 14  mm. The 
early onset of spectral changes at high energies, particu-
larly in the 2.5 µJ case, leads to reduced efficiency when 
the pump reaches 16 mm. These spectral modifications alter 
the phase-matching conditions, ultimately lowering the effi-
ciency of THz generation.

3.2  Experimental results and discussion

Based on numerical simulations, the optimal parameters for 
efficient THz generation in a PPLN crystal with a 223 µm 

Fig. 8  Schematics of the experi-
mental setup. BS: Beam split-
ter; PG: Parallel grating; MDS: 
Motorized delay stage; FL: Folding 
mirror; DS: Delay stage; AC: 
autocorrelator; OC: Optical chop-
per; HWP: Half wave plate; PM: 
Parabolic mirror; QWP: Quarter 
wave plate; WP: Wollaston prism; 
BPD: Balanced photodetector
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The blue curve in Fig. 10a shows the THz waveform mea-
sured by EO sampling at a pump energy of 1 µJ. The wave-
form exhibits several cycles with an approximate period of 
2 ps, consistent with a sub-THz frequency. The blue curve 
in Fig. 10b represents the corresponding Fourier transform 
of the temporal electric field. It reveals a spectrum centered 
at 488  GHz with a bandwidth of ~ 180  GHz. This experi-
mental result agrees well with the prediction from Eq. (4), 
which estimated a central frequency of 488 GHz based on 
the effective refractive indices of the PPLN waveguide.

The simulated temporal and spectral profiles are pre-
sented in Fig.  11. The simulated temporal waveform 
(Fig. 11a) shows a multicycle oscillation, leading to a nar-
row spectral bandwidth of a few GHz (Fig. 11b). In contrast, 
the experimental measurements exhibit fewer visible cycles 
in the temporal profile (Fig. 10a), resulting in a broader spec-
tral bandwidth (Fig.  10b). This discrepancy in bandwidth 

PPLN waveguide using a 300 mm focal length lens. Inside 
the PPLN, THz waves were generated and guided by total 
internal reflection along the waveguide until reaching the 
output facet. At the output, the THz waves were collimated 
and directed by a pair of 2-inch off-axis parabolic mirrors 
coated with protected aluminum. To eliminate any residual 
pump light, a thin high-resistivity silicon substrate served 
as a low-pass filter. Finally, the temporal electric field of 
the THz waves was measured using electro-optic (EO) sam-
pling, where the probe beam was overlapped both tempo-
rally and spatially with the THz field inside a 1 mm-thick 
zinc telluride (ZnTe) crystal, whose electro-optic response 
is shown in Fig. 9c [33], spanning up to 1.3 THz and ensur-
ing that the setup can effectively capture and fully character-
ize the temporal and spectral features of the generated THz 
field centered at 488 GHz.

Fig. 10  a Temporal waveform of 
the THz field. b Corresponding 
normalized spectral profile

 

Fig. 9  a Temporal profile of the 
optical pulse, both before and after 
the stretching process. (Dashed 
orange curve shows the Gauss-
ian fit for the stretched pulse). b 
The optical spectrum of the two 
linearly stretched pulses separated 
by 2.2 ps. c Electro-optic response 
of 1 mm thick ZnTe crystal at 
1025 nm
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only the higher amplitude cycles of the generated THz 
waveform to be recorded.

To further examine this assumption, the pump intensity 
was reduced by employing a 750 mm focal length lens. This 
configuration results in a lower intensity compared to the 
300 mm lens, which is expected to yield a broader detected 
spectrum due to the weaker nonlinear interaction. The cor-
responding THz temporal waveform is shown in Fig. 12a 
and reveals fewer oscillation cycles than those obtained with 
the 300 mm lens. The Fourier transform of this waveform, 
presented in Fig.  12b, shows a spectrum centered around 
500 GHz, consistent with the value dictated by the poling 
period of the PPLN waveguide. However, the detected spec-
tral bandwidth is significantly and artificially broader than 
that observed with the 300 mm lens. Specifically, while the 
300 mm lens configuration yields a spectrum spanning 0.3–
0.6 THz, the 750 mm lens produces a much broader spec-
trum extending approximately from 0.1 to 1.3 THz. The fact 
that the central frequency remains near 488 GHz confirms 
that the generation mechanism is governed by the poling 
period of the PPLN waveguide. In contrast, the observed 
spectral broadening highlights the limitations of the detec-
tion system’s sensitivity, which fail to resolve lower ampli-
tude oscillations, especially at reduced pump intensities. 
These findings underscore that the detection setup con-
strains the accurate characterization of the generated THz 
spectrum, particularly under low-intensity conditions, 

likely arises from the limited dynamic range of the experi-
mental detection system. In the measured waveform, only 
the cycles with the highest amplitudes—corresponding to 
the strongest part of the simulated field—are effectively 
detected. Oscillations with lower amplitudes fall below the 
system's noise floor during electro-optic sampling, making 
them indistinguishable from noise.

To illustrate this effect, a time-domain gating opera-
tion was applied to the simulated waveform, in which the 
field amplitude was set to zero outside the 116.9–122.9 ps 
interval and retained within this window (Fig.  11a). The 
red dashed lines in Fig. 11a indicate the amplitude thresh-
old corresponding to the experimental detection limit. Only 
oscillation cycles exceeding this threshold were retained. 
The threshold was defined such that the temporally resolved 
portion of the simulated electric field reproduces the experi-
mentally measured waveform. A magnified view of the 
cycles above this detection threshold is shown in Fig. 11c. 
The resulting gated numerical waveform (orange curve in 
Fig.  10a) reproduces the main temporal feature observed 
experimentally (blue curve).

Furthermore, the Fourier transform of this filtered 
numerical waveform, shown as the dashed orange curve 
in Fig.  10b, reveals a normalized spectrum centered at 
488 GHz with a bandwidth of approximately 180 GHz. This 
matches well with the experimental spectrum (blue curve), 
confirming that the observed spectral broadening stems pri-
marily from the limited detection sensitivity, which allows 

Fig. 12  a Temporal electric field 
of the THz waves pumped using 
a 750 mm lens. b Corresponding 
normalized spectral profile

 

Fig. 11  a Numerical temporal electric field of the THz waves with dashed red lines showing the noise background. b Corresponding THz spectrum. 
c Zoomed-in view for amplitudes above the noise background
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simulations identified the optimal parameters for a 16 mm-
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1 μJ, a pulse duration of 5 ps, and a 300 mm focusing lens. 
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with a bandwidth of 180 GHz centered at 488 GHz, in good 
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cal predictions. Although the detected spectral bandwidth 
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we anticipate that cooling the PPLN to cryogenic tempera-
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exploring PPLN waveguides with reduced cross-sectional 
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by balancing the THz mode confinement with the number 
of supported modes. These findings establish a pathway 
toward efficient, low-power THz generation using wave-
guided based integrated nonlinear optical platforms.
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