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ABSTRACT

We report on efficient THz generation in DAST by optical rectification of intense mid-IR pulses centered at (i) 3.9 ym and (ii) its sec-
ond harmonic at 1.95 ym. Suppression of multi-photon absorption shifts the onset of saturation of the THz conversion efficiency to pump
energy densities, which are almost an order of magnitude higher as compared to conventional pump schemes at 1.5 ym. Despite strong linear
absorption at 3.9 um, DAST exhibits a high optical-to-THz conversion efficiency, which we attribute to resonantly enhanced nonlinearity
and advantageous phase matching of the THz phase velocity and group velocity of the driving pulse. At 1.95 ym, we find that low linear and
multi-photon absorption in combination with cascaded optical rectification lead to record optical-to-THz conversion efficiencies approach-
ing 6%. The observed high sensitivity of the THz generation to the parameters of the mid-IR driving pulses motivates an in-depth study of
the underlying interplay of nonlinear wavelength- and intensity-dependent effects.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037235

I. INTRODUCTION

Within the last few decades, terahertz spectroscopy,' where
the THz pulse mainly acts as a linear probe, has become a versatile
tool to explore a multitude of physical phenomena by probing low-
energy transitions situated in the THz range, governed by phonon-,
plasmon-, and spin-resonances; intersubband passages; excitons; or
molecular rotations.”” Intense terahertz (THz) pulses with an elec-
tric field strength exceeding the intrinsic field of atoms have large
potential to engineer new dynamic states in a wide range of mate-
rials. In recent years, trend-setting experiments, wherein the THz
pulse acts as a non-linear (NL) pump, have been demanding intense,
broadband THz sources.” ” This exciting new research area provides
an opportunity to control matter by coherent lattice excitation, to
trigger transient phase transitions and engineer new dynamic states
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of materials,” such as THz enhanced superconductivity,'’ polariza-
tion switching in ferroelectric materials,'' or ultrafast switching and
controlling of magnetic domains.”

Currently, increasingly promising tabletop sources for THz
generation are based on optical rectification (OR) of fs-pulses
in electro-optic crystals (EOCs). Recently, considerable progress
has been achieved with organic crystals, such as DAST (4-N,N-
dimethylamino-4'-N'-methylstilbazolium tosylate) and its deriva-
tive . DSTMS  (4-N,N-dimethylamino-4'-N’-methyl-stilbazolium
2,4,6 trimethylbenzenesulfonate). Due to their extraordinarily high
nonlinearities, small dielectric constants, and small dispersion
from low to optical frequencies, the organic crystals are excellent
materijals for broadband THz generation.'”'* They provide high
laser to THz conversion efficiencies at room temperature, broad
spectra, naturally collimated and aberration free THz beams,
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and intrinsically carrier envelope (CEP) stable THz pulses.” A
conversion efficiency of up to 3% with THz energies of 0.9 mJ'
and a broad spectral content reaching 10 THz'” were recently
reported in the case of DSTMS crystals pumped at 1.25 and 1.5 ym,
respectively. Because of the beneficial phase matching conditions
and high transparency in the near-IR, laser sources operating at the
telecommunication wavelength of 1.5um are commonly used as
drivers for efficient THz generation in DAST.'®!Y However, because
the absorption edge of DAST is situated at around 700 nm,”’ the
crystal suffers from multi-photon absorption (MPA),”! which acts
on the saturation of the conversion efficiency, as well as on the
crystal damage threshold, and restricts the applicable energy density
of the driving pulses to a range of 20 mJ/cm?. In the case when a
200 pym thick DAST crystal was pumped with 65 fs pulses, centered
at 1.5um,”" a drop in transmission by more than a factor of two
(from more than 60% to less than 30%) at a pump energy density
of 10mJ/cm? (corresponding to the intensity of 0.15TW/cm?)
was monitored. Furthermore, MPA and subsequent free-carrier
absorption of the THz radiation were identified to be responsible for
the reduction of THz generated via OR.*> Moreover, NL absorption
can be a limiting factor for a low crystal damage threshold in EO
crystals.”**

In this work, we perform pioneering studies of THz genera-
tion in DAST driven by intense mid-IR pulses centered at 3.9 and
1.95 um. We validate that MPA in DAST can be suppressed to a
large extent as compared to 1.5 ym drivers, and no crystal damage
can be observed for significantly higher pump energy densities (up
to almost five times), pushing the generation efficiency to signifi-
cantly higher limits. An unprecedented high optical-to-THz gener-
ation efficiency approaching 6% is observed in the case of a 1.95 yum
pump pulse.

Il. EXPERIMENTAL SETUP

To generate THz radiation by OR in a ~ 170 ym thick DAST
crystal (Swiss Terahertz LLC), we use a high power mid-IR opti-
cal parametric chirped pulse amplifier (OPCPA),”>® operating at
a repetition rate of 20 Hz and generating 30 mJ, 100 fs pulses cen-
tered at 3.9 ym. The pulse duration and the chirp can be adjusted
by tuning the distance between the gratings of the pulse compressor.
Schematics of the THz generation setup and characterization of the
driving pulses [performed with second harmonic generation (SHG)
frequency resolved optical gating (FROG)] are shown in Fig. 1. Since
the DAST crystal used in the experiments has a clear aperture of
6 mm, the beam diameter of the 3.9 ym driving pulse is reduced by
a telescope consisting of a pair of spherical mirrors to 3.2 mm at
the FWHM level. To separate the THz radiation from the mid-IR
driving pulse and to prevent saturation of the pyro-electric detec-
tor (THZ5I-BL-BNC, GenTec), several low pass filters (LPF) are
used (see Fig. S1. of the supplementary material for details on the
filter transmission). After filtering, THz pulses are steered to the
diagnostic setup shown in Fig. 1(c).

Because our OPCPA is not continuously wavelength tunable,
another infrared wavelength can be accessed by generating the sec-
ond harmonics (SHs) at 1.95 ym of the OPCPA output in a 100 ym
thick z-cut GaSe crystal [Fig. 1(b)]. During the SHG process, the
temporal pulse profile cleans up as pulses shorten to 76fs. After
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FIG. 1. Experimental setup and characterization of the driving 3.9 yum (a) and
1.95 um (b) pulses. (c) Diagnostic setup for the THz-pulse characterization: (i) the
THz energy is measured with a calibrated pyro-electric detector and (i) the THz
electric field is recorded by EOS in a 50 um thick GaP crystal. WP is the Wollaston
prism.

SHG, fundamental pulses at 3.9 yum are blocked by a long pass fil-
ter (FEL 1300, Thorlabs). In order to improve the SH beam quality,
which is deteriorated because of the photo-induced inhomogeneity
of the GaSe crystal,”” spatial filtering of the generated SH is per-
formed. The SH beam area on the DAST crystal is 1.4mm?. The
generated THz pulses are characterized by measuring the energy
with a calibrated pyro-electric detector and by recording the THz
electric field by electro-optical sampling (EOS) with a 50 ym thick
GaP crystal. 45 — fs probe pulses for EOS are generated with a home
built single stage non-collinear optical parametric amplifier (NOPA)
operating at a central wavelength of 642 nm, which is synchronized
with the mid-IR OPCPA system (the details are given in Fig. S3. of
the supplementary material).

lll. RESULTS
A. THz generation by 3.9 um driving pulses

We first examine THz generation with 3.9 ym driving pulses,
where the transmission of DAST drops to ~ 10%.”! Figure 2(a)
depicts the mid-IR to THz conversion efficiency and generated THz

6, 046105-2
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FIG. 2. (a) Optical-to-THz Conversion efficiency (red circles) and THz energy
(black dots) in dependency of the energy density and input energy, respectively,
for 3.9 um driving pulses. (b) Transmission of the 3.9 um pump pulse with respect
to the pump fluence. The inset shows a magnified detail from 10.5% to 15.5%.
Because the transmission slightly increases for higher pump energy densities (red
dots), the experiment is repeated with long pulses stretched to more than 3 ps
(green circles) to confirm features of NL photon bleaching.

pulse energy with respect to the pump fluence and pulse energy,
respectively. Surprisingly, despite strong linear absorption, high
conversion efficiencies of 1.5% and THz energies of up to 116 uJ
can be achieved. When evaluating the THz pulse energies as well as
the conversion efficiencies, we account for the transmission of the
filters and 10 cm of air, through which the generated THz pulses
propagate before reaching the pyro-electric detector. Taking the
absorption of the crystal into account, the efficiency is commensu-
rate or even superior as compared to conventional drivers at the
telecommunication wavelength. In addition to phase-matching of
the driving and generated THz fields, a necessary condition for
high conversion efficiencies is a high second order NL susceptibil-
ity x® of the crystal. In the case when the virtual energy levels of
the parametric process are close to a real energy level, the NL sus-
ceptibility is considered to be resonantly enhanced.'* Thus, one of
the possible reasons for the high conversion efficiency is a reso-
nant enhancement of the electro-optical coefficient in the vicinity
of 3.9 um. Though, given that the complex permittivity of DAST at
3.9 um is actually unknown, we can only hypothesize about advanta-
geous phase matching conditions and the enhanced electro-optical
coefficient.

Nonetheless, the onset of saturation only appears at extraor-
dinarily high pump fluences. Furthermore, despite the high linear
absorption, optical damage cannot be observed for pump energy
densities of 110 mJ/cm?, which can be attributed to a suppression
of MPA. In order to verify this statement, we measure the depen-
dence of the transmission of DAST on the pump fluence. As it can
be seen in Fig. 2(b), when the crystal is pumped with compressed
100fs pulses (red dots), the transmission, instead of decreasing,
which is characteristic for MPA, even slightly increases at higher
energy densities. This is a feature of NL photo-bleaching, wherein
the leading edge of the pulse depletes the ground state of DAST.
When the experiments are repeated with pulses stretched to a few ps
(green dots), the transmission appears to be slightly lower and virtu-
ally independent on the pump fluence. Thus, we confirm that MPA
of 3.9 ym pulses does not occur at almost an order of magnitude
higher pump intensities as compared to the case of 1.5uym pump
pulses.”!
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FIG. 3. (a) THz power spectrum measured with EOS in the case of 3.9 um driving
pulses. The inset shows the temporal THz transient. (b) Spectra after propagation
in DAST measured in the spectral range of 1100-2600 nm (corresponding to SHG
of the pump pulse) for different pump fluences when the crystal is aligned for max-
imum THz generation. The green curve shows parts of the SH spectrum when the
crystal is rotated such that THz generation is inhibited.

Finally, Fig. 3(a) shows the THz spectrum generated by 3.9 yum
pump pulses, measured with EOS. The experimental setup is purged
with Ny, resulting in a reduced humidity of < 10%. The measure-
ment reveals a multiple octave-spanning spectrum with a maximum
at 2.1 THz, bandwidth of 4.2 THz FWHM, and spectral content
extending up to 7.8 THz. The absolute electric field strengths can be
obtained by measuring the THz pulse energy, spot size, and tempo-
ral field evolution. The THz beam radius at the 1/e” level is mea-
sured with the knife edge method (see Fig. S6 of the supplementary
material) and accounts for w = 107 ym. Thus, the peak electric THz
field can be estimated to be 40 MV/cm. The measured central fre-
quency is similar to that for 1.5um driving pulses reported in
Ref. 19, wherein high optical-to-THz conversion efficiency of up
to 2.2% are achieved but with only half the spectral bandwidth of
2 THz. The high conversion efficiency in Ref. 19 is ascribed to cas-
caded OR when a pump photon, after the emission of a THz photon,
experiences a corresponding red shift and can again contribute to
the generation of another THz photon, leading to multiple shifts
of the initial pump spectrum toward longer wavelengths. Because
a single optical photon of the pump pulse contributes to the gener-
ation of multiple THz photons, the Manley-Row limit is surpassed,
i.e., the photon conversion efficiency, which is defined as the ratio
between the number of THz and pump photons N (hvrr;)/N(hvy)
can become substantially larger than 1. Although this process can
initially result in higher optical-to-THz conversion efficiencies, it
can also limit THz generation because the phase mismatch due to
material dispersion with the newly generated photons (i.e., broader
spectrum) can be enhanced.”” In the case of 3.9 ym driving pulses,
the photon conversion efficiency is evaluated to be 0.56, which
reveals minor, if any, contribution of cascaded effects for the THz
generation process. An absence of cascaded OR is also supported
by the fact that 3.9 um pulses, after propagation in DAST, do not
experience any notable spectral broadening or other transforma-
tions dependent on the pump energy density (see Fig. S5 of the
supplementary material). Linear absorption potentially could lead to
a substantial local heating inside the crystal, which might affect THz
generation and act on the optical damage threshold of the crystal.”®*’
In order to examine the effect of local heating, the experiments are
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repeated at different repetition rates by reducing the repetition rate
of the pump pulses with a mechanical chopper while keeping the
pump fluence constant. Since no changes in the conversion effi-
ciency, neither for the onset of saturation nor for the absolute values
can be detected when reducing the repetition rate from 20 to 3 Hz,
the linear absorption of DAST can be further ruled out as a possible
limiting factor for THz generation at a 20 Hz repetition rate.

Because of the high second-order nonlinearity, aside from THz
generation in DAST, SHG also takes place. SH spectra in the spec-
tral range of 1100-2600 nm at different pump fluences are shown in
Fig. 3(b) when the crystal is aligned for maximum THz generation.
For higher pump energy densities, the spectrum of the generated
SH continuously broadens to the red side. Modification of the SH
spectrum takes place only when efficient THz generation is present.
The spectrum shown by the green area in Fig. 3(b) is measured
when the crystal axis is rotated (misaligned) to inhibit THz gener-
ation. It resembles the one measured at low-energy density when
THz generation is rather inefficient. All of this gives a strong indi-
cation that an efficient nonlinear interaction between the generated
SH and THz pulses takes place in the DAST crystal. On the other
hand, the spectral content in the vicinity of 2 ym only accounts for
~ 1% of the total pump energy. Hence, neither THz generation by
SH (the details are given in III B) nor pump depletion of the 3.9 ym
driving pulse due to SHG significantly influence the efficiency of
THz generation. Note that, even for pump energy densities of more
than 100 mJ/ cm?, saturation of the conversion efficiency cannot be
distinctly observed.

B. THz generation by 1.95 um driving pulses

In order to gain more information about THz generation in
DAST when pumping at different wavelengths, experiments with
1.95 ym pulses are performed. Figure 4(a) depicts the transmission
spectrum (black line) measured with a UV-Vis-NIR spectropho-
tometer (Cary 5G), revealing comparable transmission of ~ 60% at
1.5 and 1.95 yum. Fresnel losses at the input and output surfaces of
the crystal are not taken into account. However, the measurement
of the transmission at different pump energy densities reveals that,
despite a relatively small difference in wavelength, MPA is com-
pletely suppressed in the case of 1.95 yum pulses when the crystal is
pumped with energy densities of up to 80 mJ/cm?, corresponding to
an intensity of ~ 1 TW /cm?. Mind that in the case of a 1.5 ym driver,
more than 50% decrease in transmission due to MPA was observed
at a ten times lower intensity (~ 0.1 TW/cmz).l‘ Figure 4(b) shows
the dependence of the THz conversion efficiency on the pump flu-
ence when the crystal is pumped with 1.95 ym pulses. At the lowest
pump fluence of 7 mJ/cm?, an optical-to-THz conversion efficiency
of ~ 2.4% is evaluated. This is in good agreement with previously
published values for shorter wavelength drivers. Conversion effi-
ciency exceeding 2% could be achieved when a DAST crystal was
pumped by a Cr:forsterite laser with a central wavelength of 1.25 ym
and pump fluence around 10 mJ/cm?,'® while Hauri et al.'* demon-
strated THz generation for 1.2-1.5 yum driving pulses in DAST with
a wavelength independent efficiency of 2.2%. Similar results are
reported for mosaic DSTMS'® when the crystal is pumped with a
1.25 ym driver, wherein conversion efficiencies of more than 3% at a
pump fluence of ~ 6.6 mJ/cm? are achieved, followed by a reduction
of the efficiency for higher pump energy densities. Novelli et al.*’
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FIG. 4. (a) DAST transmission spectrum (black line) and dependence of the trans-
mission at 1.95 um on the pump fluence (red circles). (b) Optical-to-THz conver-
sion efficiency (red circles) and THz pulse energy (black dots) in dependence of
the energy density for 1.95 um driving pulses. (c) THz power spectrum measured
with EOS. The inset shows the temporal THz transient. (d) Pump spectra after
propagation in DAST for different pump fluences when the EO crystal is optimized
for maximum THz generation. The red filled area in the top panel shows a refer-
ence pump spectrum without the crystal. The spectrum measured when the crystal
axis is rotated to inhibit THz generation is shown by the green area in the middle.

reported wavelength independent THz generation conversion effi-
ciencies for 1.5 and 2 ym when DSTMS is pumped at a fluence of
6.4mJ/cm?. Thus, the THz conversion efficiency in the case of our
1.95 um driving source is not surprising for low pump fluences since
in addition to the commensurate transmission at 1.5 and 1.95 ym,
DAST exhibits NL optical coefficients in the same order of magni-
tude for both wavelengths [d1;(1542 nm) = 290 and d1; (1907 nm)
=210]."" A detailed calculation of the THz conversion efficiency
with respect to phase matching conditions, coherence length, and
the effective generation length is conducted in the supplementary
material, wherein we focus on a comparative study between driv-
ing pulses centered at 1.5 and 1.95um. However, in our case of
1.95 ym driving wavelength, the absence of MPA allows the appli-
cation of substantially larger pump fluences up to 30 mJ/cm?* (com-
pared to 10 mJ/cm? for near-IR drivers) before the onset of satura-
tion. Because the conversion efficiency scales linearly with respect to
the pump fluence, this leads to exceptionally high THz conversion
efficiencies of 5.7% and generated THz energies of 50 yJ.

To further investigate the mechanism of this efficient THz gen-
eration, spectral transformations of pump pulses are monitored after
propagation in DAST when the crystal is aligned for maximum THz
generation. The spectrum at the top panel of Fig. 4(d) represents the
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reference without the DAST crystal in the beam path. When the crys-
tal is inserted into the beam, the spectrum slightly broadens at low
pump fluences, which is a feature of self-phase modulation (SPM).
With the further increase of the pump fluence, spectral broaden-
ing dominated on the red side of the spectrum gets increasingly
pronounced and stabilizes at a pump fluence of about 30 mJ/cm?,
corresponding to the onset of saturation of the THz generation effi-
ciency [Fig. 4(b)]. In contrast, when THz generation is inhibited,
which is realized by rotating the crystal axis with respect to the
polarization of the pump pulse, the spectrum exhibits a minor sym-
metrical spectral broadening that is ascribed to SPM [green filled
area in Fig. 4(d)]. This observation strongly indicates cascaded OR,
of which the presence is further confirmed by the power spectrum,
measured with EOS [Fig. 4(c)]. The Fourier transformation reveals
a maximum intensity at 1.7 THz with a spectral width of 2.6 THz
FWHM and spectral components extending up to 5 THz. By taking
this into account, we evaluate the photon conversion efficiency of
more than 5, which implies cascaded OR. Next to the positive contri-
bution to the conversion efficiency, cascaded OR results in a strong
spectral broadening, which enhances phase mismatch, and can be
identified as a possible limiting factor for efficient THz generation at
higher pump fluences.”’

IV. CONCLUSION

In conclusion, we demonstrated that suppression of MPA
allows a shift in the onset of saturation of the optical-to-THz con-
version efficiency for DAST to higher pump fluences by nearly an
order of magnitude when the crystal is pumped with long wave-
length driving sources as compared to 1.5 gm. In the case of 3.9 um
driving pulses, a conversion efficiency of 1.5%, similar to the case of
conventional driving sources operating in the transparency region
of DAST, was measured. Taking into account that more than 80% of
the input energy is absorbed during propagation through the crys-
tal, the effective conversion efficiency is even higher. As one of the
possible reasons for the high efficiency and generated THz pulse
energies, we propose a resonantly enhanced electro-optical coeffi-
cient. No indication for the influence of thermal effects on the THz
generation or parasitic SHG is observed. In the case of 1.95 ym driv-
ing pulses, record conversion efficiencies approaching 6% are deter-
mined. This beneficial outcome can be attributed to the capability of
applying higher pump intensities as compared to 1.5 ym and to cas-
caded OR. Cascaded OR is identified as both a mechanism through
which a high conversion efficiency is achieved and a limiting factor
for the THz generation efficiency when the newly generated spec-
tral components promote a phase mismatch between the pump and
THz pulses. These new insights of highly efficient THz generation in
the vicinity of 2 ym are very attractive in view of the recently devel-
oped Cr:ZnSe laser systems generating multi-m]J femtosecond pulses
in the spectral range of 2-2.5 ym."

SUPPLEMENTARY MATERIAL

The supplementary material contains additional details about
the experimental setup, filter and pulse characterization, detector
calibration, and a comparative study on the coherence length for
1.95 and 1.5 ym driving pulses.
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