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1.4-mJ High Energy Terahertz Radiation from
Lithium Niobates

Baolong Zhang, Zhenzhe Ma, Jinglong Ma, Xiaojun Wu,* Chen Ouyang, Deyin Kong,
Tianshu Hong, Xuan Wang, Peidi Yang, Liming Chen, Yutong Li,* and Jie Zhang

Free-space super-strong terahertz (THz) electromagnetic fields offer
multifaceted capabilities for reaching extreme nonlinear THz optics. However,
the lack of powerful solid-state THz sources with single pulse energy >1 mJ is
impeding the proliferation of extreme THz applications. The fundamental
challenge lies in hard to achieve high efficiency due to high intensity pumping
caused crystal damage, linear absorption, and nonlinear distortion induced
short effective interaction length, and so on. Here, through cryogenically
cooling the crystals, tailoring the pump laser spectra, chirping the pump
pulses, and magnifying the laser energies, 1.4-mJ THz pulses are successfully
realized in lithium niobates under the excitation of 214-mJ femtosecond laser
pulses via tilted pulse front technique. The 800 nm-to-THz energy conversion
efficiency reaches 0.7%, and a free-space THz peak electric and magnetic field
reaches 6.3 MV cm−1 and 2.1 Tesla. Numerical simulations reproduce the
experimental optimization processes. To show the capability of this
super-strong THz source, nonlinear absorption in high conductive silicon
induced by strong THz electric field is demonstrated. Such a high-energy THz
source with a relatively low peak frequency is very appropriate not only for
electron acceleration toward table-top X-ray sources but also for extreme THz
science and nonlinear applications.

1. Introduction

The special position of terahertz (THz) waves in the electromag-
netic spectrum determines its unique physical properties and
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promising applications, such as low
single-photon energy, vibrational
fingerprint of macromolecules in
(bio)materials, high-speed line-of-sight
wireless communication capabilities,
and so on.[1–5] During the past several
decades, THz science and technologies
have experienced rapid progress and start
to move from the laboratory research
stage to practical applications.[6–10] How-
ever, one of the key factors hindering the
THz development lies in the severe lack
of strong THz sources. Along with the
fast development of ultrafast laser tech-
nologies, pulsed THz sources, and other
related systems pumped by femtosecond
lasers have become ubiquitous.[11–19]

Nevertheless, many THz science and
applications are primarily focused on
weak-field passive detection of matter,
based on linear light-matter interaction
process. On the other hand, intense THz
field-induced nonlinearly active control
of matter is,[20–39] to some extent, still out
of reach due to the shortage of highly
efficient, and stable THz sources. It

results in many mesoscale/microscopic physics and phenom-
ena almost inaccessible. Although ultrafastmicrojoule-scale THz
sources have already exhibited their powerful capabilities in elec-
tron acceleration and manipulation,[40–45] field-induced phase
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transition,[20–23] and nonlinear THz phenomena in a wide range
of materials and structures,[27–34] the demand for millijoule-level
THz sources has not yet been fully met, especially when facing
the dawn of extreme THz science overwhelmingly growing to the
next frontier in nonlinear optics.[32,46]

Historically, the first THz pulse was produced in a lithium nio-
bate (LN)wafer driven by a pulsed laser via optical rectification.[47]

However, due to difficult phase matching and large linear ab-
sorption coefficients,[48] LN crystals have been neglected by THz
community for more than thirty years, while other nonlinear
crystals such as ZnTe, GaP, and GaSe are more favored.[49] In
2002, the tilted pulse front (TPF) technique was proposed and
LN crystals came back to the THz research field.[50] During the
recent twenty years, LNs have illustrated its outstanding potential
for efficient THz generation, accompanied by a large boosting
of THz single pulse energy from femto-joule to microjoule
and recently to sub-millijoule.[51] In parallel, other methods for
generating strong field THz radiation, such as organic crystal-
based optical rectification,[52] laser-solid interaction,[14] two-color
air plasma scheme,[11,12] laser pumped liquid-plasma,[18] and
so on, are also experienced unprecedented prosperity. For air-
plasma sources, the conventional two-color fields induced air
plasma has made great progress recently and has successfully
obtained 0.19 mJ THz pulses with the conversion efficiency of
2.36% when employing mid-infrared high energy laser pulses
at 3.9 µm as the pump laser.[12] Plasma in liquids can also
generate THz radiation, and a 0.07-mJ pulse energy source with
the conversion efficiency of 0.27% was demonstrated.[18] The
highest single pulse THz energy of tens of mJ was achieved from
solid-plasma pumped by 60 J laser pulses via transition radiation
mechanism.[14] Although these strong sources make it possible
for the stepping forward toward extreme nonlinear THz investi-
gations, nonlinear crystal-based solid-state intense THz sources
such as organic crystals and LNs are more widely utilized due
to their high optical-to-THz conversion efficiency. From organic
crystal-based THz sources, 0.9-mJ single pulse THz energy has
been demonstrated and such sources were used for discovering
many resonant and nonresonant nonlinear THz effects.[32,52]

LNs assisted by the TPF technique are also favored not only
due to its high efficiency and high damage threshold but also
featuring intrinsic high stability and reliability for applications.
However, the THz energy record from LNs has been held at

0.4mJ for a long time,[51] much lower than that from the piece-by-
piece joint organic crystals.[52] To further boost THz energies up
to 1mJ, onemay intuitively think that the simplest way is to scale
up the pump laser energy together with enlarging the LN crystal
size (see Figure 1a). However, under such circumstances, effec-
tive interaction lengths inside crystals for phasematchingwill be-
come tremendously short due to nonlinear distortion effect in the
non-collinear geometry scheme in TPF setup,[53] as schematically
illustrated in Figure 1b,c. When the phase-matching condition is
successfully satisfied as soon as the pump laser pulses entering
the LN incidence facet, high optical-to-THz conversion efficiency
will be achieved, resulting in great deterioration for the pumping
spectrum. In the subsequent propagation of the pumping laser
pulses, the ability to generate THz radiation will be strongly
weakened. Consequently, according to the optical-to-THz con-
version efficiency Equation (1), the conversion efficiency will
be extremely difficult to be maintained due to reduced effective

Figure 1. Schematic diagram of high-energy THz generation from LNs via
TPF technique. a) High power ultrashort femtosecond laser pulses illumi-
nate onto LN crystals can produce appreciably high energy THz pulses
for extreme THz science and nonlinear investigations. Comparison of
the effective interaction lengths under b) moderate and c) higher power
pumping due to nonlinear distortion effect. Higher pumping fluence cor-
responds to shorter effective interaction lengths, resulting in saturation or
reduction of the THz yields.

interaction lengths.
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where 𝜂THz denotes THz efficiency; deff refers to the effective
nonlinear coefficient; 𝜀0 is the vacuum permittivity; nopt is 2.3
corresponding to the optical refractive index of LN at 800 nm,
while nTHz is 4.9 for LN at 1 THz; c is the speed of light in vac-
uum; ΩTHz is the THz angular frequency; I is the pump inten-
sity; L is the effective interaction length; 𝛼 represents the THz ab-
sorption coefficient. What makes things even worse is that com-
mercialized high power femtosecond lasers in most laboratories
or factories are mostly based on Ti:sapphire laser technologies.
These laser systems can deliver 800 nm central wavelength with
tremendously abundant pump energies for THz generation.[54,55]

However, such laser technologies are good at producing ultra-
short laser pulses normally≤50 fs pulse duration, which intrinsi-
cally further limit effective interaction length in the optical rectifi-
cation process.[56] Although in Equation (1), THz efficiency could
be enhanced by increasing pumping intensity due to ultrashort
pulse widths, crystal damage, and multiphoton absorption ef-
fects hinder the usage of ultrashort pulse induced high pump in-
tensity, resulting in reduced THz efficiency. All these aforemen-
tioned physical and technical challenges summed up together
make 1mJ pulse energy a very difficult barrier from LNs pumped
by ultrashort ultra-strong Ti:sapphire laser pulses. Therefore, low
pump energy laser pulses illuminate LNs are used for produc-
ing THz pulses, to some extent, with relatively high conversion
efficiency, but suffering from low absolute THz energy. While
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Figure 2. Experiment setup for THz generation and characterization. a) The pump pulses from a commercial Ti:sapphire laser amplifier was first ex-
panded and then guided to a grating (G). The diffracted pump beam first passed through a half wave plate (HWP), and then two cylindrical lenses (CL1
and CL2), and was incident onto the LN crystals for THz generation. The crystals were cryogenically cooled in a cooling chamber (CC) by liquid nitro-
gen. The outcoupled THz pulses were first collimated and guided by two parabolic mirrors (OAP1 and OPA2), and then focused by another parabolic
mirror (OAP3) with a hole (diameter of 4 mm) together with the stretched probing beam sampled from the pump beam just after the beam expander.
For single-short diagnostic measurement, the probing beam passed through a delay stage (DL1), a focus lens (L1), and a Glan prism (LP1). After the
detection crystal ZnTe, the probing beam was collimated by another lens (L2), and illuminated onto a BBO crystal and a Glan prism (GP2) for entering
the spectrometer. CL3: Cylindrical lens. b) The photo of LN crystals mounted in the cooling chamber. TS: temperature sensor.

LNs are illuminated by high power ultrashort ultra-strong laser
pulses, we are chasing for the extremely high single pulse THz
energy with comparable conversion efficiencies, since real appli-
cations concern about absolute THz energies (photon numbers)
and free-space peak field strengths interacting on the matter.
In this work, we successfully overcome the aforementioned

challenges in the process of producing >1 mJ THz pulses from
LNs via the TPF technique and obtained a 1.4 mJ record num-
ber for this method. Through shaping and enlarging the pump
laser spot, cryogenically cooling LN crystals, delicately regulat-
ing the pump spectra and chirping the laser pulses, we not only
achieved a new record number for conversion efficiency of≈0.7%
at 800 nm pumping wavelength under 214 mJ pump laser en-
ergy but also realized monotonously enhancement of the radi-
ated absolute THz energy during this generation process. The
emitted super-strong THz pulse bullets are comprehensively di-
agnosed by single-shot THz time–domain spectrometer (THz–
TDS) technique, and its peak frequency was located at 0.4 THz
with a 6.3 MV cm−1 peak electric field and 2.1 Tesla magnetic
field strength, respectively. Numerical simulations can well in-
terpret our experimental results, and a strong field THz nonlin-
ear verification experiment was implemented in a doped silicon
wafer with high conductivity. We believe our work is helpful for
further understanding intense THz radiation physics, and the
super-strong THz sources in the low-frequency range are ready
for advanced nonlinear THz investigations and other fascinating
application experiments.

2. The Experimental Setup

In our experiment, as shown in Figure 2a, we employed the
Ti:sapphire femtosecond laser at the Institute of Physics of
Chinese Academy of Sciences, which is able to deliver the maxi-
mum pump energy of 500 mJ with a center wavelength 800 nm,
pulse duration 30 fs, and repetition rate 10 Hz.[55] The pump
laser spectrum and group dispersion delay can be adjusted by
a device Dazzler (Acousto-optic programmable dispersive filter,
Fastlite) equipped in this laser system. To prevent damaging the
LN crystals, the pump laser was expanded to a beam diameter
of 80 mm (1/e2) through a beam expander consisting of two 90°
off-axis parabolic mirrors placing in a vacuum chamber to avoid
air breakdown. The expanded pump beam was guided by two re-
flection mirrors and incident onto a grating (1500 grooves/mm).
For the phase-matching requirement, the incidence angle was
21°, resulting in minus one maximum diffraction at 57°. The
diffracted beam passed through a 4-inch half-wave plate and
its polarization was varied from p-polarized to s-polarized. The
4f imaging scheme consists of a pair of confocal cylindrical
lenses with their focal lengths of 200 and 100 mm resulting in
a demagnification factor of −0.5. The pump laser beam spot on
the LN crystal was elliptic with a long axis (vertical) of ≈80 mm
and a short axis (horizontal) of ≈26.5 mm.
The two congruent LN crystals (z-cut, 68.1 × 68.1 × 64 mm3 in

x–y plane, height ≈ 40 mm) for THz generation were placed at
the focal plane of the second lens.[55] This kind of configuration
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Figure 3. Characterization of the experimentally realized high energy THz pulses. a) The obtained new record number of a 1.4 mJ high energy THz
pulse from LN crystals, and the extracted THz energy (blue dots) as well as its corresponding conversion efficiency (red dots) as a function of the pump
fluence. b) Focused THz beam profile with a diameter of ≈1.4 mm (1/e) measured at the focus of OAP1. c) A typical THz time-domain waveform with
1 ps (FWHM) pulse duration probed a single-shot measurement and d) its corresponding spectrum with a peak frequency at 0.4 THz. e) Comparison
of current record THz sources. These data are referenced from previous record results of THz sources based on solid plasma,[14] liquid plasma,[18] gas
plasma,[12] optical rectification from ZnTe,[68] and organic crystals,[52] different frequency generation in PPLNs,[16] accelerators,[69] and photoconductive
antennas.[70]

can tilt the pulse front angle to 63° satisfying the phase-matching
condition between the generated THz wave and the infrared
pulses in the LNs and reducing the output THz divergence.[53,57]

Since the commercialized LNs with 80 mm height in the z-axis
are not available, we used two LN prisms and stacked them
in the z-axis, as exhibited in Figure 2b. An indium foil layer
was tightly attached between them to keep their temperature
consistent. To reduce the THz linear absorption and enhance the
effective interaction length, the crystal was cryogenically cooled
by liquid nitrogen. The crystal temperature was monitored
during the experiments. To minimize the Fresnel loss at the
THz output facet, an anti-reflection layer with ≈96 µm thickness
including three stacked Kapton tap layers (polyimide, Thorlabs,
KAP22-075) was tightly attached on the THz output surface
of LNs.[54,55]

High-energy THz pulse diagnostic included energy and
efficiency measurement and single-shot temporal waveform
characterization. The former was conducted by a calibrated
pyroelectric detector (Gentec SDX-1152) placing at the focus of
the first parabolic mirror after LN crystals together with many
THz attenuators (see Supporting Information). The focused THz
beam profile wasmeasured by a commercial THz camera (Ophir,
Pyrocam IV). The single-shot THz-TDS measurement included
a ZnTe detector, a BBO crystal, a Glan-prism, a stretcher with a
pair of gratings, and a spectrometer. More details can be found in
methods.

3. Results

3.1. Experimental Results

The experimentally achieved highest THz pulse energy was
1.4 mJ, as plotted in Figure 3a, with a maximum 800 nm-to-THz
conversion efficiency is ≈0.7% under the infrared pump energy
of 214 mJ, when the LN temperature was 91 K. To obtain this
record number in LN-TPF method, the group delay dispersion
and spectral width of the pump beam were set as 2200 fs2 and
11 nm (FWHM), respectively. Besides, fine-tuning of the TPF
setup was extremely significant, and the pump spectral distribu-
tion should also be delicately engineered. After these optimiza-
tions, wemeasured the pumpfluence dependent THz energy and
its corresponding efficiency curves (Figure 3a). As we can see, the
recorded THz energy obeys a monotonous boost tendency along
with the increase of pump fluence without showing any satura-
tion sign. For the efficiency curve, it linearly increases till to 26mJ
cm−2, and then starts to saturate slowly. The anomaly THz effi-
ciencies observed between 23 and 26 mJ cm−2 can be attributed
to the laser parameter fluctuation. However, even we applied the
maximum pump energy of 214 mJ, the efficiency did not show
a reduction indication, which means that we could obtain higher
THz energy by continuing to increase the pumping energy to the
threshold of LN (estimated value of 100 mJ cm−2).
Figure 3b illustrates the measured THz beam profile. The fo-

cused beam has a diameter of 1.4 mm (1/e). The ideal Gaussian
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beam exhibits a nearly flawless profile, phenomenologicallyman-
ifesting the feasibility of stacking two LN crystals as an integrated
large-size emitter. The probed typical THz temporal waveform
and its corresponding spectra by the single-shot method are ex-
hibited in Figures 3c,d, respectively. Its pulse width is estimated
to be ≈1 ps (FWHM). The emitted peak frequency is located at
0.4 THz, and its high-frequency component can extend to 2 THz,
which is very appropriate for THz electron acceleration and other
field-controlled light-matter interaction investigations requiring
low photon energies and ultrafast time-resolution.With these pa-
rameters of single pulse energy, pulse duration, and beam size,
the calculated focused THz peak electric field is 6.3MV cm−1 with
a pulsedmagnetic field strength of 2.1 Tesla. Such free-space THz
field strengths can be further improved by sufficiently tightly fo-
cusing the beam through delicately designing focusing optics
down to its diffraction limit,[58] and the ideally focused electric
field strength can be larger than 10 MV cm−1. More details about
the calculation can be found in the Supporting Information.
For the THz energy of 1.4 mJ with its peak frequency at

0.4 THz, the total photon number (N) contained in a single
pulse is ≈5.4 × 1018 calculated by using N = ET∕(h × 𝜐P), where
ET, h, and 𝜐P denote the energy of THz pulse, Planck’s constant,
and the peak frequency of THz pulse, respectively. Such a high
photon number is compared to that of an 800 nm laser pulse
with a single pulse energy of 1.35 J. We summarized the current
high-energy THz sources with record numbers in Figure 3e.
There are only two kinds of intense THz sources with single
pulse energies larger than 1 mJ. The 1.4 mJ THz energy is the
first high energy solid-state THz source with single pulse energy
higher than 1 mJ, which is 1.6 times of organic crystal record
number,[52] 3.5 times of that from current LN-TPF driven by
1 µm central wavelength,[51] 7.4 times that from both two-color
air plasma sources and LN wafers driven by 2 J Ti:sapphire
lasers.[12,59] Although the absolute THz energy in our case is not
that high compared with solid-plasma THz sources via transition
radiation mechanism,[14] the solid-plasma sources require tens
of joules pump laser energies which are not easy to be accessible.
LN-based intense THz sources are much easier to implement
and less expensive. Furthermore, our demonstrated 800 nm-to-
THz energy conversion efficiency is also a new record number
in LN-based sources. Although 1 µm pumped LN-based THz
sources have created a conversion efficiency of 0.77%, it is more
challenging to realize a comparable efficiency under the excita-
tion of 800 nm laser pulses due to easier multiphoton generation
in LNs with 4.0 eV bandgap.[54] Besides, the polarization purity,
divergence, and directionality of the LN-based source are much
better than transition radiation sources, ensuring lower energy
loss during the propagation process and guaranteeing higher
absolute energy available at samples in subsequent application
experiments.
During the realization of the super-strong THz radiation

process, the LN crystal temperature is also essential for phase
matching, effective interaction length, and THz linear absorp-
tion. Phase matching is influenced by the refractive index of
LNs, and under different temperatures, the refractive index is
different,[48] leading to the requirement of fine tuning of the TPF
setup at different crystal temperatures. Furthermore, microscop-
ically, at a low crystal temperature, THz photons inside crystals
are less absorbed by lattice vibrations, coherently boosting the

macroscopic effective interaction length. Thirdly, THz output
energies are severely affected by LN crystal linear absorption due
to lattice vibrations. There are six phonon absorption located at
3.9, 7.4, 8.2, 5, 18.8, and 20.8 THz.[60] During the generation
process, the first two-photon vibrations dominant the primary
THz linear absorption.
To efficiently extracting the generated THz energy as well as

obtaining good phase matching, we investigated the collected
THz energies and their corresponding waveform transients as
a function of the LN crystal temperature. For this measurement,
we optimized the TPF system at 91 K with the pump energy of
180 mJ. Then we fixed all parameters and waited for the crystal
temperature back to 300 K. The data, including the output en-
ergy and THz waveforms, were recorded when the crystal was
once again cryogenically cooled down to the low temperature. As
we can see in Figure 4a, the THz energy keeps a monotonous
increasing trend during the whole cooling process, and the en-
ergy at 91 K is six times higher than that at room temperature.
However, it is worth noting that the energy enhancement rate
from 300 to 183 K is more precipitous than that from 184 to
91 K, implying a potential weak saturation effect for the
crystal temperature on THz output energy.[61] Although the
temperature-dependent THz yield curvesmay exhibit slightly dif-
ferent line shapes for different optimization conditions, the gen-
eral tendency is almost the same, indicating cryogenically cooling
is a very effective way for achieving extremely high THz energies.
To further clarify what kind of THz photons are easier to escape

from lattice vibration trapping, we systematically measured the
output THz temporal waveforms dependent on the crystal tem-
perature via single-shot methods. As depicted in Figure 4c, the
first observed phenomenon was the remarkably advanced time
delay for the radiated THz signals when the crystal temperature
was reduced. This experimental behavior further corroborates
the aforementioned reduction of the crystal refractive index and
identifies the high efficiency at low temperatures. The refractive
index variation at 0.4 THz was reported to decrease by 0.17 from
300 to 50 K,[48] while such behavior was calculated to be 0.007 at
800 nm.[62] Therefore, the temperature-dependent temporal shift
in Figure 4d can be safely attributed to the refractive index vari-
ation at the THz range induced by changing the crystal temper-
ature. Besides, along with the decreasing of the crystal tempera-
ture, the radiated THz pulse width becomes strikingly narrower.
Consequently, as depicted in Figure 4e, the Fourier transferred
emission spectra illustrate appreciable broadened behavior and
their peak frequencies saliently blueshift, manifesting that cool-
ing technique can decisively assist THz photons with higher en-
ergies to propagate inside LN crystals, resulting in efficiently cou-
pled out with lower heat dissipation.
To make things more intriguing, we can gain more useful in-

formation about light-matter nonlinear interaction physics and
further disentangle the influence factors of the THz yields by
comprehensively analyzing the input and output infrared spec-
tra. During the THz generation process, we found a notable ef-
fect that elaborately tailoring the pump spectrum can apprecia-
bly enhance the THz efficiency, as illustrated in Figure 5a. When
the input pump laser spectra from the Ti:sapphire laser amplifier
were broadband distribution with relatively symmetric shapes,
the generation efficiency was considerably small. Surprisingly,
when we engineered the pump laser spectra by operating the
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Figure 4. The influences of LN crystal temperature on THz yields. a) Schematic diagram of the enhanced effective interaction lengths and reduced THz
absorption in the THz generation process from lower temperature LNs by the cooling method and b) room temperature case. c) The generated THz
energy as a function of the LN crystal temperature. d) Typical THz time-domain waveforms, and e) their corresponding spectra.

built-in acousto-optic programmable dispersive filter (AOPDF,
Dazzler, Fastlite), the extracted THz efficiency was significantly
enhanced. For this investigation, we fixed the pump energy at
180 mJ and tailored the pump spectrum, which promoted the
THz efficiency from0.21% to 0.56%, resulting inmore than twice
productiveness. The reasons for this increase in efficiency can be
summed up in three aspects. First, the tailoring spectrum leads
to the narrowing of the spectrum. Thus the Fourier limited pulse
width becomes longer, which will increase the effective interac-
tion length.[51,63] The second is that the narrowing of the spec-
trum reduces the chromatic aberration caused by wide spectral
and imaging error caused by the large divergence angle by the
angular dispersion.[64] The third is the asymmetry of the spec-
trum, which is discussed in detail in the numerical simulation
section.
When considering the corresponding output laser spectra,

as plotted in Figure 5a, it is obvious that the output spectral
widths were tremendously broadened, and an obvious redshift
phenomenon was also observed for all efficiencies when com-
pared with the input spectra (Figure 5a). Based on the input
and output infrared spectra, we can safely estimate the intrinsic
optical-to-THz conversion efficiency according to the following
Equation (2).

𝜂 = 1 −
𝜆i

𝜆o
(2)

where 𝜆i is the center wavelength of the input spectrum, 𝜆o
denotes the center wavelength of the output wavelength, more

details about this equation can be found in the Supporting In-
formation. With this method, the calculated estimated intrinsic
efficiency for the experimentally extracted efficiency of 0.56%
can be as high as 1%, for which the input and output central
wavelengths are 794 and 802 nm, respectively. The losses may
come from a) residual Fresnel loss for both pump laser and THz
waves at the incidence and output facets, respectively, b) remain-
ing crystal absorption for THz photons due to non-thoroughly
eliminating lattice vibrations by cryogenically cooling, and c)
transmission and collection losses.
Last but not least, we also experimentally studied the impact

of chirping the pump pulses on THz efficiencies, and the chirp-
ing was also realized by tuning the built-in AOPDF. As summa-
rized in Figure 5c, both the probed THz energy and its corre-
sponding efficiency reached their peak values when the group
delay dispersion was 2200 fs2 corresponding to 110 fs. Com-
bining with our previously published data,[55] we can conclude
that no matter for moderate or ultra-strong THz energy gen-
eration, chirping the pump laser pulses is very helpful to im-
prove the THz productiveness, especially for ultrashort laser
pulses.

3.2. Numerical Simulations

To quantitatively describe the complete physical picture of the
second-order nonlinear optical propagation of the femtosecond
laser pulse in the LNs, we derived a second-order nonlinear
frequency-domain wave equation under slowly varying envelope

Laser Photonics Rev. 2021, 2000295 © 2021 Wiley-VCH GmbH2000295 (6 of 11)

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 5. Tailoring pump spectrum and chirping the pump pulses on THz efficiencies. a) Input and output pump laser spectra and their corresponding
THz efficiencies. Tailoring the pump spectra can produce higher THz efficiencies. THz radiation process led to the input spectra broadened themselves
and central frequencies redshifted. b) Simulative laser amplitude spectra of the first two steps and the new frequency components (the difference between
the two spectra) generated in “the second step.” c) Simulative output laser spectrum after the whole simulation process and the corresponding input
laser spectrum (taking from input spectrum with the highest efficiency in (a). d) The experimental data theoretical result of THz energy as a function of
group velocity dispersion.

approximation, a detailed derivation can be found in the Support-
ing Information.

𝜕Eenv(𝜔, z)
𝜕z

=
−j𝜇0𝜔2

2k(𝜔)
Ne3a

2𝜋m2D(𝜔) ∫
+∞

−∞
(3)

×
Eenv(u, z)e

−𝛼(u)zEenv(𝜔 − u, z)e−𝛼(𝜔−u)z

D(u)D(𝜔 − u)
du ⋅ e𝛼(𝜔)z

where Eenv(𝜔, z) denotes the frequency-domain complex enve-
lope of electric fields, j is the unit of imaginary number, 𝜇0 de-

notes vacuum permeability, k(𝜔) is the wavenumber which can
be described by k(𝜔) = 𝛽(𝜔) − j𝛼(𝜔) = 𝜔

√
𝜀𝜇0 (𝜀 means permit-

tivity of LN crystals), where 𝛼(𝜔) presents absorption coefficient,
N denotes atomic number density, e is the electron charge, m
denotes electron mass, and a presents nonlinear coefficient for
nonlinear Lorentz oscillator model. The factor D(𝜔) is described
by D(𝜔) = −𝜔2 + 𝜔2

0 + j𝛾𝜔, where 𝜔0 is the eigen frequency and
𝛾 is damping rate.
This frequency-domain wave equation is a first-order ordinary

differential equation with respect to the propagation length z;
hence, it is available to be solved by numerical calculation and
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simulation. Taking the input laser spectrum before entering the
crystal as the boundary condition Eenv(𝜔, z = 0), we can employ
the fourth-order Runge-Kutta method to numerically solve the
complex envelope of the electric field of light Eenv(𝜔, z) for arbi-
trary propagation distance z, while the actual light electric field
can be described as E(𝜔, z) = Eenv(𝜔, z)e

−jk(𝜔)z.
We used the full-band bilateral spectrum in this wave equation

and treated electromagnetic waves of arbitrary frequencies as an
integral without distinguishing the THz electric field and the op-
tical electric field. All frequency components of light were con-
centrated in the electric field complex envelope Eenv(𝜔, z). With
this method, we managed to characterize the continuous varia-
tion ofEenv(𝜔, z) with respect to the propagation length z precisely
using Equation (3).
To interpret the various phenomena of the pump laser spec-

trum, we considered the laser pulse entering the LNs and prop-
agating a tiny distance dz, defined as “the first step.” The newly
produced frequency components were approximately described
by 𝜕Eenv(𝜔,z)

𝜕z
|z=0 ⋅ dzwhich were generated by the convolution term

on the right side of Equation (3). Assuming that the initial
laser spectrum was distributed between 𝜔min and 𝜔max, in other
words,𝜔min ≤ |𝜔| ≤ 𝜔max, due to mathematical properties of con-
volution, the new frequency components caused by the convo-
lution term were distributed into two regions. The first region
0 ≤ |𝜔| ≤ 𝜔max − 𝜔minrepresents the difference-frequency gener-
ation (DFG) and optical rectification, while the second region
2𝜔min ≤ |𝜔| ≤ 2𝜔max describes sum-frequency generation (SFG)
and second-harmonic generation. The former is exactly in the
THz frequency range. Therefore, all second-order nonlinear op-
tical processes are contained in the convolution term. The new
frequency components in “the first step” have a 90° phase lag
comparing to the initial laser spectrum due to the existence of−j.
When all the electromagnetic waves propagate a tiny distance

dz again, it is defined as “the second step.” The former DFG com-
ponents (THz frequencies) generated from “the first step” which
was located in 0 ≤ |𝜔| ≤ 𝜔max − 𝜔min continue to make convolu-
tion with the laser spectrum located in 𝜔min ≤ |𝜔| ≤ 𝜔max, gen-
erating frequency components in 𝜔min − (𝜔max − 𝜔min) ≤ |𝜔| ≤
𝜔max + (𝜔max − 𝜔min). These components in “the second step”
represent theDFG and SFGprocesses between the THz radiation
and laser pulse, and have a 180° phase lag comparing to the initial
laser spectrum. The laser spectrum then broadened itself to the
low-frequency region in 𝜔min − (𝜔max − 𝜔min) ≤ |𝜔| ≤ 𝜔min, and
the high-frequency region in 𝜔max ≤ |𝜔| ≤ 𝜔max + (𝜔max − 𝜔min),
but depleted the initial spectrum due to the phase difference of
180°. The simulation results of the first two steps are plotted in
Figure 5b. The amplitude of the new frequency components gen-
erated in “the second step” (blue line) is negative in the initial
laser spectrum region but is positive outside. From these nu-
merical results, it is clearly shown that during the two steps of
generation, the input laser spectrum amplitude was reduced ac-
companying the production of new frequency components at its
shoulders on both sides. This reproduces the spectrum broaden-
ing phenomenon observed in our experiment (Figure 5a). As all
the electromagnetic waves continue to propagate in the LN crys-
tal, the laser pulse and THz radiation exchange energy to each or-
der according to the convolution and phase differences, leading
to a broadening and depletion of the laser spectrum (Figure 5c).

Hence, the overall trend is that parts of the laser energy covert to
THz energy.
As for the influence of tailoring pump spectral on conversion

efficiency, in addition to Fourier-limited pulse duration and imag-
ing error, we propose another possible contribution of tailoring
spectral on efficiency improvement, which is spectral asymme-
try. Assuming that the laser spectrum is asymmetric with respect
to the peak frequency and contains more frequency components
on the high-frequency side than that in the low-frequency region,
the DFG and SFG processes between the THz radiation and laser
pulse mainly perform as depletion on the high-frequency side
but mainly perform as broadening on the low-frequency side.
This asymmetric phenomenon makes the laser spectrum obtain
much more low-frequency (long-wavelength) components than
the other side, resulting in the laser spectrummoving to the low-
frequency (long-wavelength) side. This phenomenon is verified
by the blue curve in Figure 5b, in which new frequency com-
ponents on the low-frequency (long-wavelength) side are more.
Continuing to simulate more steps, we obtained the final output
laser spectrum and plotted together with the initial laser spec-
trum in Figure 5c. The input laser spectrum used in the simu-
lation is the spectrum with an efficiency of 0.56% in Figure 5a.
Remarkable depletion, broadening, and redshift can be observed
in Figure 5c after the nonlinear propagation, which is consistent
with the experimental tendency. The frequency redshift behav-
ior of the laser spectrum makes the laser energy flow to the THz
frequency range, and the asymmetry of the initial laser spectrum
pushes enablesmore laser energies to convert into THz energies,
consequently increasing the optical-to-THz energy conversion ef-
ficiency. This mechanism provides a good explanation of our ex-
perimental results that asymmetric input spectrum with more
high-frequency components produces enhanced THz yields, the
broadened, and the red-shifted output infrared spectrum.
The essence of adding linear chirp on an input laser pulse

is employing a linear second-order dispersion phase term 𝛽

4
𝜔2

on the frequency-domain complex envelope of the laser pulse,
where 𝛽 is the chirp parameter. To theoretically describe the vari-
ation of conversion efficiency as a function of the group veloc-
ity dispersion, two assumptions are imposed in this case: a) the
laser possesses a Fourier transform limited Gaussian spectrum
which remains unchanged during the whole propagation pro-
cess; b) the effective second-order susceptibility 𝜒 (2)

eff is regarded
as a frequency-independent constant. Therefore, the frequency-
domain complex envelope of the laser pulse can be expressed as

Aop(𝜔) =
E0𝜏

2
√
𝜋
e−

(𝜏2+j𝛽)𝜔2

4 (4)

where 𝜏 is the Fourier transform limited half pulse width (e−1),
𝛽 is the group velocity dispersion constant, and E0 describes the
intensity of the laser pulse. The generated THz electric field spec-
trum under this circumstance is expressed as follows,[65–67]

ETHz(Ω, z) = −j
Ω2𝜒

(2)
effE

2
0𝜏eff e

−
Ω2𝜏2

eff
8

c22
√
2𝜋

e−jk(Ω)z

𝛼THz(Ω)k(Ω)
⋅ (1 − e−

𝛼THz(Ω)z
2 )

(5)
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where 𝜒 (2)
eff is the effective second-order susceptibility, 𝛼THz(Ω) is

the absorption coefficient in the THz range, k(Ω)is the wavenum-
ber in THz range. 𝜏eff is defined as “the effective pulse width,”
which is the most essential variable in this expression. It rep-
resents the equivalent Fourier transform limited pulse width 𝜏

which generates the same THz electric field spectrum as the lin-
ear chirped laser. The expression of 𝜏eff is defined as

𝜏eff ≡
√

𝜏4 + 𝛽2

𝜏2
(6)

The linear chirp induces an effective broadening for the pulse
width regardless of the sign of 𝛽, consequently broadening the
THz electric field spectrum, while maintaining the amplitude of
the laser spectrum unchanged. However, due to the strong vibra-
tional absorption to high-frequency components in the THz re-
gion, the amplitude of the THz electric field spectrum decreases
when its width increases. Hence, there is an optimal effective
pulse width for the maximum generation of THz energy. Since
the initial laser pulse was not dispersionless and it has already
carried anomalous dispersion (negative chirp) before artificially
adding chirp, there was some offset during the fitting process,
leading to a translation of the symmetric simulation curve. We
applied the numerical simulation results to fit the experimen-
tal data in Figure 5d, and the qualitative match was good. Based
on these results, it was predicted that further chirping the pump
pulses would decrease the THz efficiency to the minimum, but
it would later recover and reduce again following the same ten-
dency in our previous results.[55] Such a phenomenon has also
been reported in high energy THz generation from LN wafers
driven by 2 J laser pulses.[59]

3.3. High Energy THz Application

To further demonstrate the powerful capability of our high-
energy strong-field THz source on nonlinear investigations, we
also performed a nonlinear absorption experiment on both doped
and high resistivity silicon wafers. Given that the polarization of
the generated THz pulses was vertically polarized, we adjusted
the THz pulse energy as well as its electric field strength by
a THz polarizer (Tydex). It was placed in front of the focus of
OAP1 (see Figure 2). The 0° shown in Figure 6 means the max-
imum THz transmission. The pyroelectric detector was placed
right behind the sample to record the transmitted THz energy af-
ter samples. ThemaximumTHz pulse energy in this experiment
was 0.37 mJ resulting in a focused peak electric field strength of
≈3.2 MV cm−1. As depicted in Figure 6, a considerable nonlin-
ear absorption phenomenon was observed in the 0.5 mm-thick
doped silicon wafer (doping density ≈1016 cm−3). However, the
THz field-induced nonlinear behavior was not be probed in the
high-resistivity silicon (≈8 kΩ∙cm). This nonlinear absorption
phenomenon in the doped silicon wafer can be well explained by
the intervalley scattering effect of the electrons in the conduction
band of the doped silicon,[18] as schematically illustrated in Fig-
ure 6b. Based on the microscopic physical picture, the electrons
in the low energy valleys can be excited by strong THz fields to
high energy valleys in the conduction band. Electrons occupying
in the high-energy valleys have larger effective mass, resulting in

Figure 6. Nonlinear absorption in doped silicon sample induced by high
energy THz pulses. a) Intervalley scattering microscopic schematic. b)
Normalized THz transmittance (THz transmittance divided by the min-
imum transmittance) as a function of the THz polarizer angles. Obvious
field sensitive nonlinear behavior can be observed.

reduced mobility and conductivity. Hence, a higher THz trans-
mission behavior was detected. Such THz field-induced nonlin-
ear absorption can be further scaled along with increasing the
THz field strength, which is in good agreement with previous
results.[18]

4. Conclusion

In closing, we have theoretically and experimentally investigated
the realization of generating >1 mJ super high energy THz radi-
ation based on the TPF technique in LN crystals driven by high
power ultrashort femtosecond laser pulses. Through tailoring
the pump laser spectrum, chirping the pump pulses, and cryo-
genically cooling the emission crystals to enhance the effective
interaction length and reduce the THz photon absorption by
lattice vibrations, we successfully achieved new record numbers
of 1.4 mJ high energy THz pulse with an 800 nm-to-THz con-
version efficiency of 0.7% from LN crystals. Such high energy
THz pulses with ≈1 ps single-cycle pulse duration can produce a
free-space electric field strength of 6.3 MV cm−1 accompanying
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by an ultrashort magnetic pulse with a peak field of ≈2.1 Tesla,
which can offer multifaceted capabilities for unveiling extreme
nonlinear THz phenomena and field-controlled light-matter in-
teraction physics. As a preliminary start and a proof-of-principle
experiment, we employed THz field-induced nonlinear absorp-
tion in doped silicon materials, and the experimental results
verified the powerful capabilities of our THz source, which
paves the way for more related nonlinear observations under the
application of such high-energy THz sources.
The Ti:sapphire pump laser in this experiment can produce

> 500 mJ energy, but we were far from using the maximum en-
ergy for THz generation in this case due to the design limitation
of aiming for ≈1 mJ THz energy. However, through this experi-
mental verification and theoretical prediction, we have the confi-
dence to generate much higher THz energies in the near future.
Furthermore, along with the rapid development of ultrafast laser
technology, we believe LN-based solid-state THz sources will be-
come more powerful and accessible, which makes us envision
that more abundant extreme THz science and applications can
be explored and discovered with such strong THz sources.

5. Experimental Section
Single-Shot Diagnostic: To characterize the generated THz temporal

waveform, single-shot measurement based on spectral interferometry was
employed. The setup is drawn in Figure 2. A 1-inch sampling mirror was
placed at the edge of the expanded pump beam to take portion energy as a
probing beam with a spectral width of 50 nm (FWHM), which was further
stretched from 40 fs to 17 ps by a grating stretcher. A delay line was used to
synchronize the probing optical beam and the radiated THz signal. Finally,
the probing beam was focused together with the THz beam onto a 1 mm
thick electro-optic crystal ZnTe by OAP3 with a focal length of 2-inch. A
Glan prism (GP1) was to purify the polarization of the probing beam. The
lens L2 was to collimate the probing beam. After passing through a 4 mm
thick alpha-BBO crystal, the probing beam was divided into two identi-
cal orthogonal pulses with a time delay of 1.67 ps along its fast and slow
axes. Spectral-domain interference occurred at a second Glan prism (GP2)
whose polarization was orthogonal to the GP1, and the spectrumwas then
collected and analyzed by a high-precision grating spectrometer (Spec-
traPro 2750, Princeton Instruments). The THz temporal transients were
extracted by decoding the interference spectrum recorded by the spec-
trometer. More details can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
B.Z. and Z.M. contributed equally to this work. This work was supported by
the National Nature Science Foundation of China (11827807, 61905007,
11520101003) and the Strategic Priority Research Program of the Chinese
Academy of Sciences (Grant No. XDA25010300 and XDB16010200).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
lithium niobate, nonlinear optics, strong field, Terahertz

Received: July 14, 2020
Revised: October 26, 2020

Published online:

[1] J. Ma, R. Shrestha, J. Adelberg, C. Y. Yeh, Z. Hossain, E. Knightly, J.
M. Jornet, D. M. Mittleman, Nature 2018, 563, 89.

[2] Y. Yang, Y. Yamagami, X. Yu, P. Pitchappa, J. Webber, B. Zhang, M.
Fujita, T. Nagatsuma, R. Singh, Nat. Photonics 2020, 14, 446.

[3] Y. Ghasempour, R. Shrestha, A. Charous, E. Knightly, D. M. Mittle-
man, Nat. Commun. 2020, 11, 2017.

[4] W. J. Choi, G. Cheng, Z. Huang, S. Zhang, T. B. Norris, N. A. Kotov,
Nat. Mater. 2019, 18, 820.

[5] P. U. Jepsen, D. G. Cooke, M. Koch, Laser Photonics Rev. 2012, 6,
418.

[6] K. Sengupta, T. Nagatsuma, D. M. Mittleman, Nat. Electron. 2018, 1,
622.

[7] T. Nagatsuma, G. Ducournau, C. C. Renaud,Nat. Photonics 2016, 10,
371.

[8] D. M. Mittleman, Opt. Express 2018, 26, 9417.
[9] Y. Kawano, Laser Photonics Rev. 2012, 6, 246.
[10] R. R. Leyman, A. Gorodetsky, N. Bazieva, G. Molis, A. Krotkus, E.

Clarke, E. U. Rafailov, Laser Photonics Rev. 2016, 10, 772.
[11] Z. Zhang, Y. Chen, S. Cui, F. He, M. Chen, Z. Zhang, J. Yu, L. Chen, Z.

Sheng, J. Zhang, Nat. Photonics 2018, 12, 554.
[12] A. D. Koulouklidis, C. Gollner, V. Shumakova, V. Y. Fedorov, A. Pug-

zlys, A. Baltuska, S. Tzortzakis, Nat. Commun. 2020, 11, 292.
[13] A. Singh, A. Pashkin, S. Winnerl, M. Welsch, C. Beckh, P. Sulzer,

A. Leitenstorfer, M. Helm, H. Schneider, Light: Sci. Appl. 2020, 9,
30.

[14] G. Liao, Y. Li, H. Liu, G. G. Scott, D. Neely, Y. Zhang, B. Zhu, Z. Zhang,
C. Armstrong, E. Zemaityte, P. Bradford, P. G. Huggard, D. R. Rusby,
P. McKenna, C. M. Brenner, N. C. Woolsey, W. Wang, Z. Sheng, J.
Zhang, Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 3994.

[15] J. Lu, S. H. Lee, X. Li, S. C. Lee, J. H. Han, O. P. Kown, K. A. Nelson,
Opt. Express 2018, 26, 30786.

[16] S. W. Jolly, N. H. Matlis, F. Ahr, V. Leroux, T. Eichner, A. L. Calendron,
H. Ishizuki, T. Taira, F. X. Kartner, A. R. Maier, Nat. Commun. 2019,
10, 2591.

[17] J. A. Fülöp, S. Tzortzakis, T. Kampfrath, Adv. Opt. Mater. 2019, 8,
1900681.

[18] I. Dey, K. Jana, V. Y. Fedorov, A. D. Koulouklidis, A.Mondal,M. Shaikh,
D. Sarkar, A. D. Lad, S. Tzortzakis, A. Couairon, G. R. Kumar, Nat.
Commun. 2017, 8, 1184.

[19] H. A. Hafez, X. Chai, A. Ibrahim, S. Mondal, D. Férachou, X. Ropag-
nol, T. Ozaki, J. Opt. 2016, 18, 093004.

[20] V. Balos, G. Bierhance, M. Wolf, M. Sajadi, Phys. Rev. Lett. 2020, 124,
093201.

[21] X. Li, T. Qiu, J. Zhang, E. Baldini, J. Lu, A. M. Rappe, K. A. Nelson,
Science 2019, 364, 1079.

[22] E. J. Sie, C. M. Nyby, C. D. Pemmaraju, S. J. Park, X. Shen, J. Yang,
M. C. Hoffmann, B. K. Ofori-Okai, R. Li, A. H. Reid, S. Weathersby, E.
Mannebach, N. Finney, D. Rhodes, D. Chenet, A. Antony, L. Balicas, J.
Hone, T. P. Devereaux, T. F. Heinz, X. Wang, A. M. Lindenberg,Nature
2019, 565, 61.

[23] M. K. Liu, H. Y. Hwang, H. Tao, A. C. Strikwerda, K. B. Fan, G. R.
Keiser, A. J. Sternbach, K. G. West, S. Kittiwatanakul, J. W. Lu, S. A.
Wolf, F. G. Omenetto, X. Zhang, K. A. Nelson, R. D. Averitt, Nature
2012, 487, 345.

[24] C. L. Johnson, B. E. Knighton, J. A. Johnson, Phys. Rev. Lett. 2019, 122,
073901.

[25] X. Yang, C. Vaswani, C. Sundahl, M. Mootz, L. Luo, J. H. Kang, I. E.
Perakis, C. B. Eom, J. Wang, Nat. Photonics 2019, 13, 707.

Laser Photonics Rev. 2021, 2000295 © 2021 Wiley-VCH GmbH2000295 (10 of 11)

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

[26] L. Luo, X. Yang, X. Liu, Z. Liu, C. Vaswani, D. Cheng, M. Mootz, X.
Zhao, Y. Yao, C. Z. Wang, K. M. Ho, I. E. Perakis, M. Dobrowolska, J.
K. Furdyna, J. Wang, Nat. Commun. 2019, 10, 607.

[27] B. D. O’Shea, G. Andonian, S. K. Barber, C. I. Clarke, P. D. Hoang, M.
J. Hogan, B. Naranjo, O. B. Williams, V. Yakimenko, J. B. Rosenzweig,
Phys. Rev. Lett. 2019, 123, 134801.

[28] X. Chai, X. Ropagnol, S. M. Raeis-Zadeh, M. Reid, S. Safavi-Naeini, T.
Ozaki, Phys. Rev. Lett. 2018, 121, 143901.

[29] A. T. Tarekegne, H. Hirori, K. Tanaka, K. Iwaszczuk, P. U. Jepsen,New
J. Phys. 2017, 19, 123018.

[30] C. Vicario, M. Shalaby, C. P. Hauri, Phys. Rev. Lett. 2017, 118, 083901.
[31] B. C. Pein, W. Chang, H. Y. Hwang, J. Scherer, I. Coropceanu, X. Zhao,

X. Zhang, V. Bulovic, M. Bawendi, K. A. Nelson, Nano Lett. 2017, 17,
5375.

[32] T. Kampfrath, K. Tanaka, K. A. Nelson, Nat. Photonics 2013, 7, 680.
[33] J. Lim, Y. S. Ang, F. J. G. de Abajó, I. Kaminer de Abajó, L. K. Ang, L.

J. Wong, 2020, https://arxiv.org/abs/2003.11251
[34] B. Cheng, N. Kanda, T. N. Ikeda, T. Matsuda, P. Xia, T. Schumann,

S. Stemmer, J. Itatani, N. P. Armitage, R. Matsunaga, Phys. Rev. Lett.
2020, 124, 117402.

[35] J. Reimann, S. Schlauderer, C. P. Schmid, F. Langer, S. Baierl, K. A.
Kokh, O. E. Tereshchenko, A. Kimura, C. Lange, J. Gudde, U. Hofer,
R. Huber, Nature 2018, 562, 396.

[36] G. Schmid, K. Schnorr, S. Augustin, S. Meister, H. Lindenblatt, F.
Trost, Y. Liu, N. Stojanovic, A. Al-Shemmary, T. Golz, R. Treusch, M.
Gensch, M. Kubel, L. Foucar, A. Rudenko, J. Ullrich, C. D. Schroter, T.
Pfeifer, R. Moshammer, Phys. Rev. Lett. 2019, 122, 073001.

[37] H. A. Hafez, S. Kovalev, J. C. Deinert, Z. Mics, B. Green, N. Awari, M.
Chen, S. Germanskiy, U. Lehnert, J. Teichert, Z. Wang, K. J. Tielrooij,
Z. Y. Liu, Z. P. Chen, A. Narita, K. Mullen, M. Bonn, M. Gensch, D.
Turchinovich, Nature 2018, 561, 507.

[38] V. Jelic, K. Iwaszczuk, P. H. Nguyen, C. Rathje, G. J. Hornig, H. M.
Sharum, J. R. Hoffman, M. R. Freeman, F. A. Hegmann, Nat. Phys.
2017, 13, 591.

[39] T. Kang, R. H. J. Kim, G. Choi, J. Lee, H. Park, H. Jeon, C. H. Park, D.
S. Kim, Nat. Commun. 2018, 9, 4914.

[40] E. A. Nanni, W. R. Huang, K. H. Hong, K. Ravi, A. Fallahi, G. Moriena,
R. J. Miller, F. X. Kartner, Nat. Commun. 2015, 6, 8486.

[41] K. Yoshioka, I. Katayama, Y. Minami, M. Kitajima, S. Yoshida, H.
Shigekawa, J. Takeda, Nat. Photonics 2016, 10, 762.

[42] R. W. Huang, A. Fallahi, X. Wu, H. Cankaya, A. Calendron, K. Ravi, D.
Zhang, E. A. Nanni, K. Hong, F. X. Kärtner, Optica 2016, 3, 1209.

[43] L. Zhao, Z. Wang, H. Tang, R. Wang, Y. Cheng, C. Lu, T. Jiang, P. Zhu,
L. Hu, W. Song, H. Wang, J. Qiu, R. Kostin, C. Jing, S. Antipov, P.
Wang, J. Qi, Y. Cheng, D. Xiang, J. Zhang, Phys. Rev. Lett. 2019, 122,
144801.

[44] C. Kealhofer, W. Schneider, D. Ehberger, A. Ryabov, F. Krausz, P.
Baum, Science 2016, 352, 429.

[45] D. Zhang, A. Fallahi, M. Hemmer, X. Wu, M. Fakhari, Y. Hua, H.
Cankaya, A. L. Calendron, L. E. Zapata, N. H. Matlis, F. X. Kartner,
Nat. Photonics 2018, 12, 336.

[46] X. C. Zhang, A. Shkurinov, Y. Zhang, Nat. Photonics 2017, 11, 16.
[47] K. H. Yang, P. L. Richards, Y. R. Shen, Appl. Phys. Lett. 1971, 19,

320.
[48] X. Wu, C. Zhou, W. R. Huang, F. Ahr, F. X. Kartner, Opt. Express 2015,

23, 29729.
[49] M. Sato, T. Higuchi, N. Kanda, K. Konishi, K. Yoshioka, T. Suzuki, K.

Misawa, M. Kuwata-Gonokami, Nat. Photonics 2013, 7, 724.
[50] J. Hebling, G. Almasi, I. Z. Kozma, J. Kuhl, Opt. Express 2002, 10,

1161.
[51] J. A. Fulop, Z. Ollmann, C. Lombosi, C. Skrobol, S. Klingebiel, L.

Palfalvi, F. Krausz, S. Karsch, J. Hebling, Opt. Express 2014, 22,
20155.

[52] C. Vicario, A. V. Ovchinnikov, S. I. Ashitkov, M. B. Agranat, V. E. For-
tov, C. P. Hauri, Opt. Lett. 2014, 39, 6632.

[53] C. Lombosi, G. Polónyi, M. Mechler, Z. Ollmann, J. Hebling, J. A.
Fülöp, New J. Phys. 2015, 17, 083041.

[54] X. Wu, S. Carbajo, K. Ravi, F. Ahr, G. Cirmi, Y. Zhou, O. D. Mucke, F.
X. Kartner, Opt. Lett. 2014, 39, 5403.

[55] X. Wu, J. L. Ma, B. L. Zhang, S. S. Chai, Z. J. Fang, C. Y. Xia, D. Y. Kong,
J. G. Wang, H. Liu, C. Q. Zhu, X. Wang, C. J. Ruan, Y. T. Li,Opt. Express
2018, 26, 7107.

[56] J. A. Fulop, L. Palfalvi, G. Almasi, J. Hebling, Opt. Express 2010, 18,
12311.

[57] B. Zhang, S. Q. Li, S. S. Chai, X. H. Wu, J. L. Ma, L. M. Chen, Y. T. Li,
Photonics Res. 2018, 6, 959.

[58] H. Hirori, A. Doi, F. Blanchard, K. Tanaka, Appl. Phys. Lett. 2011, 98,
091106.

[59] D. Jang, C. Kang, S. K. Lee, J. H. Sung, C. S. Kee, S. W. Kang, K. Y. Kim,
Opt. Lett. 2019, 44, 5634.

[60] M. Schall, H. Helm, S. R. Keiding, Int. J. Infrared Millimeter Waves
1999, 20, 595.

[61] S. Huang, E. Granados, W. R. Huang, K. H. Hong, L. E. Zapata, F. X.
Kartner, Opt. Lett. 2013, 38, 796.

[62] D. H. Jundt, Opt. Lett. 1997, 22, 1553.
[63] J. A. Fülöp, M. C. Hoffmann, J. Hebling,Opt. Express 2011, 19, 15090.
[64] L. Palfalvi, Z. Ollmann, L. Tokodi, J. Hebling, Opt. Express 2016, 24,

8156.
[65] K. Ravi, W. R. Huang, S. Carbajo, E. A. Nanni, D. N. Schimpf, E. P.

Ippen, F. X. Kartner, Opt. Express 2015, 23, 5253.
[66] L. Wang, G. Toth, J. Hebling, F. Kartner, Laser Photonics Rev. 2020, 14,

7.
[67] L. Wang, T. Kroh, N. H. Matlis, F. Kärtner, J. Opt. Soc. Am. B 2020, 37,

1000.
[68] G. Polónyi, B. Monoszlai, G. Gäumann, E. J. Rohwer, G. Andriukaitis,

T. Balciunas, A. Pugzlys, A. Baltuska, T. Feurer, J. Hebling, J. A. Fülöp,
Opt. Express 2016, 24, 23872.

[69] Z. R. Wu, A. S. Fisher, J. Goodfellow, M. Fuchs, D. Daranciang, M.
Hogan, H. Loos, A. Lindenberg, Rev. Sci. Instrum. 2013, 84, 10.

[70] X. Ropagnol, Z. Kovács, B. Gilicze, M. Zhuldybina, F. Blanchard, C.M.
Garcia-Rosas, S. Szatmári, I. B. Földes, T. Ozaki, New J. Phys. 2019,
21, 113042.

Laser Photonics Rev. 2021, 2000295 © 2021 Wiley-VCH GmbH2000295 (11 of 11)

http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://arxiv.org/abs/2003.11251

