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Numerical Study on the Potential Enhancement of Organic
Terahertz Sources through Tilted Pulse Front Pumping

Gyula Poldnyi,* Zoltdn Tibai, Gyérgy Toth, Gerg6 Krizsdn, and Jdnos Hebling

Organic crystals offer promising potential for THz generation, but face limitations
in wavelength tunability and damage threshold. By applying tilted pulse-front

pumping to organic crystals an additional degree of freedom is introduced into
the pumping conditions enabling a wider range of pumping wavelengths without
compromising phase matching. Additionally, the lifespan of organic materials

can be extended by using longer pumping wavelength and eliminate lower-order
multi-photon absorption, allowing for higher pumping intensity without signif-
icant free-carrier absorption, thus increasing the damage threshold. Simulations
predict significant improvement for four out of six investigated crystals when

tilted pulse-front pumping is applied. By using volume phase holographic grating
one can achieve pulse-front tilt in organic crystals in collinear geometry with high

diffraction efficiency. Design parameters are also presented.

1. Introduction

High-field terahertz (THz) pulses in the 0.2-10 THz regime are
pioneering tools for nonlinear THz optics, enabling the manip-
ulation of material properties such as the ultrafast transforma-
tion of insulators into conductors, the controlled modulation
of phase transitions, and crystallization in chalcogenide crystals
under the influence of intense THz fields,’” and even the accel-
eration of particles using table-top systems.*! Optical rectification
(OR) in nonlinear materials (ferroelectrics, semiconductors, or
organic crystals) provides THz pulses with high fields necessary
for driving the aforementioned applications.
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Lithium niobate (LN) has emerged as a
prominent nonlinear material for high-
field, high-energy experiments, particularly
when combined with the tilted pulse-front
pumping (TPFP) technique* which
remarkably increased the conversion effi-
ciency by five orders of magnitude.
TPFP has also found success in semicon-
ductors, achieving an outstanding 220-fold
enhancement in conversion efficiency in
ZnTe by increasing the pumping wave-
length from 800nm to 1.7 um.l! This
enhancement arises from a significant
reduction in multi-photon absorption
(MPA), as demonstrated in numerous
experiments,”~%) even for organic crystals.'"
Furthermore, TPFP offers the intriguing
possibility of tuning and broadening the
generated frequency spectrum through its influence on phase-
matching required for OR,™" thereby opening new avenues
for tailored THz pulse generation.

MV cm ! peak electric fields with percentage-level conversion
efficiency can be routinely generated in organic crystals like
OH1, or DAST in collinear pumping geometry if the pumping
conditions are optimal. However, their low damage threshold
remains a significant drawback. Increasing the pump wavelength
can mitigate this issue by eliminating the low-order MPA,
but — as Novelli observed — this comes at the cost of a significant
decrease in conversion efficiency when one increases the pump-
ing wavelength from 1.2 to 2.5 pm.I"” This decline stems from
the growing phase mismatch between the optical and THz pulses
at longer wavelengths.

In this context, a new idea emerges: to combine these two indi-
vidually successful concepts, TPFP and organic materials for the
generation of extreme high-field THz pulses, for overcoming
existing limitations and pushing the boundaries of THz science
toward new frontiers of discovery and application.

To the best of our knowledge, this is the first investigation to
numerically explore THz generation from organic crystals
pumped at longer wavelengths using a TPFP scheme. We
achieve this by evaluating the analytical solution of the nonlinear
wave equation and compare the different nonlinear materials
through their conversion efficiency, furthermore, we determine
the optimal pulse-front tilt angle at a relatively long pumping
wavelength that eliminates the low-order MPA. For these tilt
angles we design the parameters of a volume phase holographic
grating (VPHG) to achieve diffraction efficiencies above 90% in
collinear pumping scheme replacing the traditional TPFP geom-
etry. The selected organic materials under investigation are
DAST (4-N,N-dimethylamino-4’-N’-methyl-stilbazolium tosylate),
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DSTMS (4-N,Ndimethylamino-4'-N'-methyl-stilbazolium 2,4,6-
trimethylbenzenesulfonate), HMQ-TMS (2-(4-hydroxy-3-methox-
ystyryl)-1-methilquinolinium 2,4,6trimethylbenzenesulfonate),
OH1  (2-[3-(4hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene]
malononitrile), BNA (N-benzyl-2-methyl4-nitroaniline), and
MNA (2-Amino-5-Nitrotoluene) crystals.

2. Organic crystals

Organic crystals are attractive as THz sources as they are the
most efficient THz generator materials with extremely high
conversion efficiencies exceeding a few percent,>% and even
surpassing 5%.1'% They possess high hyperpolarizability,”!
owning to their unique molecule structure, and provide tens
of MV/cm peak electric fields with pulse energies close to
1m] generating THz radiation in collinear geometry.™* Their
main drawback, as it was mentioned, is their low damage thresh-
old, typically around 20 mJ cm™ for fs pumping while semicon-
ductors can sustain 60-220mJ cm > (ZnTe, GaP, GaAs), and
inorganic insulators, like LN, withstand even 2.5]cm™ 2
Additionally, organic crystals reveal crystal degradation over
prolonged exposure.!'”) While achieving optimal conversion effi-
ciencies requires specific pump wavelengths,["**! these may not
be as readily available as common lasers like Ti:sapphire or Yb
lasers. Despite these limitations, organic crystals remain con-
stantly in the center of interest.

3. Coherence length

In OR, phase matching requires that the phase velocity of THz
and the group velocity of the pump are equal, from which the
equality of the refractive indices is obvious

NTH, = Mg 1)

Dispersion in the materials usually disrupts the phase-
matching condition, limiting it to propagation lengths where
the difference between the phases of the pump pulse envelope
and the THz wave remains less than z. This length, expressed
through the refractive indices, is known as the coherence length
(Leon) and characterizes the quality of phase matching according
to the following equation

zic

7(0 X ‘n’THZ 7ng|

(2)

Lcoh

Figure 1 shows the calculated coherence lengths for the most
used organic crystals. As dispersion determines the optimal
pumping wavelength for the nonlinear materials, this (in many
cases) also limits the convenient pump sources to uncommon
ones (like chrome-forsterite lasers™*!*!) for now, where fs pulse
duration with high energy and high repetition rate (>1kHz) is
not currently available. According to the figure, in case of DAST
and DSTMS the necessary pumping wavelength is in the range of
1200-1300 nm, which is not so convenient. BNA and MNA need
to be pumped below 1 pm where the MPA is strong, while OH1
and HMQ-TMS better performs above 1.6 and 1.5pm,
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Figure 1. Coherence length of selected organic crystals (DAST, DSTMS,
HMQ-TMS, OH1, MNA, and BNA) for pumping between 0.8 and 2.1 pm
(horizontal scale) and for THz frequencies between 0 and 10 THz (vertical
scale).

respectively. Thus, decoupling phase matching from pumping
wavelength can be beneficial.

4. Expected Spectrum of the Generated THz
Fields Based on an Analytical Solution

In order to investigate the generated spectrums from OR in
organic crystals at different pumping conditions, we use an
analytical solution of the nonlinear wave equation in the
plane-wave  approximation considering transform-limited
Gaussian pump pulses, both optical and THz-wave absorption,
and non-perfect phase matching. However, it neglects nonlinear
effects other than OR, and assumes non-depleted pump. The
expression!!”:2°)

2 X d’TszZI(w)
o+ 1) + (5 + @)
ei(‘:—fnrHZerTsz)L _ ei(%"g”a)L

X
e

Eriy ((1), 4 L) =

gives a good approximation of the generated electric field, where
o is the THz angular frequency, 4 is the pumping wavelength,
L is the crystal thickness, dry, is the nonlinear optical coefficient
for THz generation, I(w) is the spectral intensity of the pump,
tra, and ogy, are the refractive index and the absorption
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coefficient in the THz range, ng and «a are the group index and
absorption coefficient in the optical range, ¢ is the vacuum per-
mittivity and ¢ is the speed of light. The results for the six inves-
tigated organic crystals can be found in Figure 4 (left panel). Even
this simplified model aligns well with experimental observations
regarding optimal pump wavelengths. For instance, HMQ-TMS
exhibits the best performance when pumped around 1350 nm, as
reported in ref. [21] For BNA, the shorter pumping wavelengths
yielded higher conversion efficiencies.??! Similarly, DSTMS
achieves optimal results when pumped between 1200 and
1600 nm, rather than at longer wavelengths up to 2500 nm."*?
These findings not only validate the model’s predictions but also
highlight the importance of considering material-specific opti-
mal pumping wavelengths for achieving efficient THz genera-
tion in diverse organic materials.

5. Effect of Pump Pulse Duration

To provide practical guidance for the most beneficial experimen-
tal designs, the setup should be tailored to the target application.
Organic crystals excel in generating mid-range THz frequencies
below 10 THz, thus the generated spectrum should ideally cover
this range. Since the Fourier transform of the pump intensity,
I(w), appears in Equation (3), the primary factor limiting the gen-
erated bandwidth is the pump pulse duration, which is inversely
proportional with the spectral width. This spectral intensity can
be written as I(w) = v/2z71,A(w),?* where A(w) is the normal-

ized Fourier spectrum A(w) = exp(— ng"z), which is plotted for

different pump pulse durations (contour plot in Figure 2).
Additionally, the figure includes experimental data points indi-
cating the achieved THz bandwidths for various pump pulse
durations with specific organic crystals, demonstrating this
trend. Based on this analysis, achieving an 8-10 THz broad
spectrum necessitates a pump pulse duration of 100fs or
shorter.

200
0.8
0.6
0.4

0.2

Pump pulse duration (fs)
=
o
Normalized Fourier Spectrum A(w)

0 10 20 30
Spectral bandwidth (THz)

Figure 2. Contour plot of the normalized Fourier spectrum of the pump
for various pump pulse durations. In addition, the experimental spectral
widths are presented, which demonstrate good agreement with the theo-
retical predictions. References can be found in the supplementary
material.
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6. The proposed TPFP setup

TPFP was proposed* to achieve phase matching in materials like
LN, which possesses high nonlinear coefficient, but lacks inher-
ent matching between THz and optical refractive indices, due to
a significantly smaller group index. When the pump pulse front
is tilted by a dispersive optical element (prism or grating), the
pump pulse and the THz beam propagate in different directions.
Therefore, the projection of the pump group velocity onto the
direction of the THz beam must be equal to the THz phase veloc-
ity. This will change the phase-matching condition in
Equation (1) (expressed in terms of refractive indices)

n

£ (4)

WrHz = COS(}/)

where y represents the pulse-front-tilt (PFT) angle. To get rid of
the effect of the resulting angular dispersion the dispersive opti-
cal element has to be imaged inside the crystal, which requires an
imaging system that increases the complexity of the setup.
Fortunately, for the selected organic crystals, the small needed
PFT angles allow to circumvent this complexity by employing
only a VPHG directly placed before the crystal. VPHGs have been
recently proposed and demonstrated to offer superior THz beam
quality.****! They can achieve high diffraction efficiency at nor-
mal incidence in one specific diffraction order when inside them
the planes with identical refractive indices are tilted (slanted)
appropriately. This slant angle is denoted by ¢ in Figure 3.
For efficient in-coupling, a refractive index matching liquid
(RIML) or optical adhesive is proposed between the VPHG
and the organic crystal. The grating period, (d) of the VPHG
determines the diffraction angle within the nonlinear crystal
(which must match the PFT angle) according to

RIML

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

VPHG

Figure 3. Proposed TPFP setup with VPHG before the organic crystal.
The pump pulse enters perpendicularly into the VPHG, then becomes
tilted by the diffraction on the slanted planes of angle ¢. After that, the
tilted pulse propagates through the refractive index matching liquid
(RIML) with an angle of 84 and through the organic crystal with the
necessary pulse front tilt angle, y. The generated THz pulse exits perpen-
dicularly at the back surface of the crystal. The blue “x-in-circle” marks indi-
cate the TE polarization. The setup ensures a convenient, collinear
geometry for the applications.
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Spectrum of THz

5 Pulse front tilt optimization
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Figure 4. Evaluation of Equation 3 presenting contour plot of the gener-
ated electric field between 0 and 10 THz for pumping wavelengths between
0.8 and 2.2 pm for untilted case (left panel) and for tilted case (right panel)
with a tilt angle (y) resulting the highest area under the spectrum curve at
2.05 pm pumping wavelength (vertical dashed line) for selected organic
crystals.
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Pulse front tilt angle (°)

Frequency (THz)

Figure 5. On the left panel the ratio of integrals of tilted—untilted spec-
trums versus tilting angle are presented, while the evaluated spectrums
can be seen on the right panel corresponding to the normal incidence
of the pump (blue) and the tilted case (red) with an angle resulting the
highest ratio for all the discussed crystals.
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where 4 is the pump wavelength in vacuum and » is the refractive
index. The generated THz pulse exits the crystal perpendicular to
its back surface. For the simplest solution we assumed TE polar-
ization (blue “x” in circles in Figure 3). Here, the crystal must be
oriented such that the crystal axis that exhibits the highest non-
linearity is parallel with the pump beam polarization. The param-
eters: slant angle and the thickness of the VPHG are optimized
for best diffraction efficiency in COMSOL Multiphysics software.

7. Results & Discussion

Figure 4 presents the calculated electric fields using Equation (3)
with the following parameters: 10 GW cm™2 intensity, 100 fs
pump pulse duration, and 0.5 mm crystal thickness. The electric
fields are plotted as a function of both the pump wavelength and
the generated THz frequencies. The left panel shows the untilted
case, while the right panel depicts the case with an optimally
TPFP. In the latter case, ny was replaced by ng/cos(y) in
Equation (3) to account for the tilted pulse front. The character-
istic vertical minima correspond to optical absorption of the
pump, while the horizontal minima correspond to THz absorp-
tion of the crystal (see the absorption curves in the Supporting
Information). As can be seen, significant tilting angles for most
crystals (except OH1 and HMQ-TMS) induce noticeable changes
in the contour plots.

Broadly speaking, the entire pattern undergoes a “tilt”,
wherein the high field regions at higher THz frequency distinctly
shift toward longer wavelengths, while at lower THz frequency
they experience a more gradual shift. This is because refractive
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indices are nearly equal at low THz frequencies, requiring mini-
mal compensation. However, at higher frequencies, where the
refractive index difference is larger, TPFP effectively compen-
sates for the mismatch.

Application of TPFP leads to an increased area under the spec-
tral curves, signifying higher pulse energy and conversion
efficiency compared to the untilted case at the same pump wave-
length. This is evident in Figure 4 by comparing the vertical
cross-sections at the dashed lines for both tilted and untilted
cases. Due to the newly earned degree of freedom of selecting
a pumping wavelength without compromising the velocity match-
ing, it is possible to optimize for the highest area under the spec-
trum curves at a chosen wavelength (dashed line in Figure 4).

To demonstrate the potential benefits of using TPFP with
organic crystals, we selected a pump wavelength (2050 nm) that
satisfies three key criteria: it eliminates low-order MPA (2-3PA
for DAST/DSTMS, 2-6PA for BNA/MNA), avoids strong optical
absorption (refer to optical absorption curves in the supplemen-
tary material) and it is available with common holmium or thu-
lium lasers. Figure 5 presents the results of the optimization of
the pulse front tilt angle. On the left side the ratio of the inte-
grated spectrums of tilted and non-tilted cases versus the pulse
front tilt angle are plotted, while on the right side the evaluated
spectrums can be seen corresponding to the untilted case and ata

/ Ejigeqd@
f Euntiltead®
the discussed crystals. The identical sharp minima in the blue
and red curves, stem from characteristic THz absorption.
In the regions at higher frequencies where the untilted spectra
are smaller than the tilted ones, the discrepancy is due to phase
mismatch, which can be corrected (in most of the cases) by
TPFP.
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Figure 6. Simulated diffraction efficiencies as a function of slant angle and thickness of VPHGs suitable for selected organic crystals. a) DAST; b) DSTMS;

c) BNA; d) MNA.
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Table 1. Design parameters with the calculated VPHG diffraction efficiencies at 2050 nm. In case of slant angle and thickness, parameter ranges are
given, within which the diffraction efficiency is not reduced by more than 5%.

Material Dominant PFT, VPHG line density, Slant angle, Thickness Diffraction Transmission Transmission
MPA order 7 [ d[1mm™ o[ [pm] efficiency [%] (Fresnel losses + diff. eff.) [%)] w/o VPHG [%]

DAST 4 22 385 15-20.2 5.4-7.2 96 89.6 87.3

DSTMS 4 19 326 6.3-7.7 12-16.6 91 85.3 88.1

BNA 7 27 392 16-21.9 5.4-7.1 96 91.5 92.3

MNA 7 33 526 27.7-32.2 4.8-5.9 98 91.9 89.2

The highest gain at 2050 nm pumping wavelength related to
MNA crystal was with a six-fold increment, followed by BNA
(2.5%), DAST (2.3x), and DSTMS (1.7x). OH1 and HMQ-TMS
appear insensitive to pulse front tilt because of their refractive
index properties at these wavelengths as their group indices are
already close to or exceed their THz refractive indices.
Increasing the group index with pulse front tilt (division by
cos(y)) further widens the gap, deteriorating phase matching. It is
conceivable, however, that at even longer wavelengths (2.8-3 pm)
TPFP could be of advance for these materials as well, but this
requires additional studies and it may not be practical, if the con-
version efficiency of the pumping OPA is also considered.’*!

As mentioned earlier, we proposed a simple pulse front tilt
geometry (see Figure 3), and determined the optimal VPHG
parameters for the four crystals that proved to be the most effec-
tive. According to our simulations carried out by COMSOL (see
results in Figure 6), diffraction efficiencies higher than 91% are
expected for all the optimal VPHGs excluding OH1 and HMQ-
TMS (Table 1) with the calculated slant angles and VPHG thick-
nesses in TE mode. To compare the in-coupling efficiency of this
setup with the scenario where the crystals are directly pumped
without a VPHG, we calculated the transmission of the pump
until it enters the crystal for both cases. In the first case, we con-
sidered the Fresnel loss from air to BK7, the diffraction efficiency
of the grating, and the Fresnel loss between BK7 and the organic
material (column before the last column). In the second case,
only the Fresnel loss between air and the organic crystal was con-
sidered (last column). The results show that the difference is
small, within 3%, but the gain in conversion efficiency is signifi-
cantly higher. In some cases (DAST, MNA), the transmission
itself is higher, resulting in a more advantageous THz source.
Parameters for the calculation can be found in the supplemen-
tary material.

8. Conclusion

TPFP offers a significant advantage for THz generation with
organic crystals. Achieving velocity matching that is almost inde-
pendent of the pump wavelength allows for selection from a
broader range without compromising phase matching. This ena-
bles the use of longer pump wavelengths that eliminate lower-
order MPA. Consequently, higher pump intensities can be
employed without inducing strong free-carrier absorption.
This translates to a crucial benefit: increased damage threshold
and extended lifespan for organic crystals, which are typically
limited by these factors. Numerical simulations demonstrated

Adv. Photonics Res. 2025, 6, 2400180 2400180 (6 of 7)

significant gains achievable with TPFP. Pumping DSTMS,
DAST, BNA, and MNA crystals at 2050 nm with optimized tilt
angles (19°, 22°, 27°, and 33°, respectively) resulted in conversion
efficiency enhancements of 1.6x, 2.1x, 2.4x, and 6x compared to
untilted pumping. To maintain a collinear geometry, a VPHG
positioned before the crystals was proposed, with diffraction effi-
ciencies exceeding 91% in all cases. OH1 and HMQ-TMS
showed no improvement with TPFP at 2050 nm, as velocity
matching is nearly achieved in collinear geometry. However,
TPFP may become necessary at longer wavelengths, where their
lower group indices result in velocity phase mismatch in a col-
linear arrangement. Since VPHGs preserve the collinear geom-
etry, they also facilitate the generation of radially polarized THz
pulses, desirable for applications like particle acceleration. This
can be achieved using a cascaded setup with 2-6 VPHG-crystal
pairs rotated relative to each other and employing segmented
pumping.m]

The TPFP technique can be used in combination with other
damage threshold increasing methods like adding a high-
thermal conductivity window to the input surface of the organic
crystal™®?®! or cooling it down to cryogenic temperature.”®! The
investigations can be continued with a more advanced model
considering additional nonlinear effects like cascading, multi-
photon absorption, free-carrier absorption, and self-phase mod-
ulation, introduced in ref. [26].
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