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Abstract. High-ﬁeld terahertz (THz) wave is a powerful tool for investigating ultrafast dynamics such as the
motion of electrons, the vibration of crystal lattices, the precession of spin, etc. In this letter, we demonstrate the
generation of intense single-cycle THz pulses from an organic crystal DSTMS (4-N, N-dimethylamino-4’-N’methyl–stilbazolium 2,4,6–trimethylbenzenesulfonate) via optical rectiﬁcation. The generated THz ﬁeld is
characterized by single-shot electro-optic sampling with a linearly chirped probe beam. Meanwhile, the
spectrum of the infrared pump is broadened to an octave which supports a 1.9-cycle pulse duration. The
proposed scheme displays a sophisticated platform of efﬁcient high-ﬁeld THz generation, single-shot THz
measurement, and a broadband mid-infrared source which is naturally synchronized with the THz pulses.

1 Introduction
Terahertz (THz) wave is a special kind of radiation which
situates between microwave and infrared and has a
wavelength range of 300 mm–3 mm. For a long time, the
THz wave has received considerable attention [1] because it
resonates with the vibration and rotation of many
molecules, and it has the capacity to generate a strong
electromagnetic ﬁeld in a picosecond time scale. The
advent of broadband THz pulse has opened an avenue for
numerous ultrafast dynamic research, including ultrafast
magnetic switching [2] and ultrafast carrier dynamics of
semiconductors [3]. More recently, a single-cycle THz pulse
with high energy has been extensively used for exploring
various responses [4] such as manipulation of antiferromagnetic spin waves [5], ﬁeld-free orientation and
alignment of polar molecules [6], revelation of molecular
polarizability anisotropy of liquid water [7], coherent
electron manipulation [8], extreme nonlinear phenomena
in solids [9], and spin resonance coherent control in
antiferromagnetic materials [10].
In the past decades, much effort has been exerted to
generate single-cycle intense THz pulses because of its
great value in the abovementioned applications. There
are several innovative approaches to generate THz wave
[11–15], however, some of them are not suitable to be used
as the source of THz pump-probe experiments because of
* e-mail: slw@siom.ac.cn, tianye@siom.ac.cn

the relatively low efﬁciency and poor stability. Among the
THz generation technologies, optical rectiﬁcation (OR) in
nonlinear crystals driven by infrared laser pulses has been
extensively used because of its advantages such as high
efﬁciency and stability, as well as compact optical design
[16–18]. The OR process is usually driven by femtosecond
infrared laser pulses with a broad bandwidth. Different
frequencies of the pump spectrum produce a mixed
polarization that emits THz wave. To acquire higher
generation efﬁciency, a phase-matching condition should
be fulﬁlled to allow the difference-frequency generation
(DFG). In recent years, the performance of organic
crystals, which shows high nonlinear susceptibility, has
also been signiﬁcantly improved with the improvement
in the manufacturing technology. Especially with the
appearance of novel organic crystal DSTMS (4–N,
N–dimethylamino–4’–N’–methyl-stilbazolium 2,4,6-trimethyl-benzenesul-fonate) [19] with a high electro-optic
(EO) coefﬁcient and that is well phase-matched at the
pump wavelength, a series of advances have been made in
the ﬁeld of intense single-cycle THz pulse generation by OR
[20–22]. For THz detection, the electro-optical sampling
(EOS) measurement using ZnTe, GaP and other crystals is
a common method [23–25]. In this paper, we use the
DSTMS crystal for THz generation, and the THz electric
ﬁeld is characterized based on EO effect. Using a chirped
femtosecond laser pulse that collinearly propagates with
THz pulse, the birefringence changes in the refractive index
of the EO crystal induced by the THz electric ﬁeld can be
detected [26,27]. Conventional time-domain electro-optic
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sampling method [28–30] requires a sequence of repeat
sampling to improve the signal-to-noise ratio, and the data
is obtained by the continuous collection and integration of
signal versus time delays. Obviously, the demand for realtime acquisition of a signal cannot be satisﬁed by the
relatively slow-speed multi-shot signal acquisition method.
In our experiment, which is different from traditional timedomain optical measurements, the temporal waveform of
the THz pulse is detected using a single-shot pump-probe
method based on EO effect with a linearly pre-chirped
probe pulse. The proposed method not only greatly reduces
the difﬁculty of system construction with the improvement
in measurement accuracy for the real-time proﬁle of THz
wave [31,32], but also provides superior data-acquisition
speed that can perfectly meet the demand of a lowrepetition frequency high-power THz electric ﬁeld measurement in the future. When a pre-chirped probe pulse
synchronously passes through an EO crystal with a THz
pulse, the direction of polarization of different frequency
components in the probe pulse will be changed to a speciﬁc
degree that is proportionate to the original THz electric
ﬁeld to be measured. The spectrum of the pre-chirped
probe pulse completely and synchronously records the
temporal waveform of the original THz ﬁeld, which allows
the perfect transformation from a polarization modulation
of the chirped probe pulse into a spectrum amplitude
modulation with the help of polarization selection,
differential numerical simulation of spectrum and spectrometer, and, lastly, realization of a real-time characterization.
In the processes of OR, spectral broadening of the pump
pulse also occurs. Thus, a strong THz platform which THz
pulse is naturally synchronized with the broadband midinfrared pulse is set up. Based on this compact platform,
signiﬁcant research in diverse ﬁelds could be carried out.
For example, the changes induced by intense THz pulse of
infrared absorption spectrum of water can be studied [33],
the coherent THz control of antiferromagnetic spin waves
can be detected by mid-infrared pulses [34], the generation
of high harmonics in solids can be realized by the
destruction of solid lattice symmetry caused by strong
THz ﬁeld [35], and so on.

2 Experimental set up
In this study, the principle of THz generation is based on
OR processes, which induces a steady state of polarization.
Unlike other nonlinear processes, OR process does not
change the frequency content of an electric ﬁeld because the
polarization effects it produces are time-independent. THz
radiation mainly depends on the DFG process, however
instead of having only two frequencies in the original
electric ﬁeld, as a matter of fact, the pump pulse comprises
different frequencies. The generation of a THz pulse from
an organic crystal through OR processes can be explained
with the DFG process.
The generated THz frequency is the frequency difference of the two components of the pump infrared beam:
vTHz = v1  v2, where v1 and v2 are frequencies of the
pump pulses and vTHz is THz frequency. The formula

Fig. 1. Experimental device for THz generation and detection.
Teﬂon, Teﬂon plate; PM, parabolic mirror; TFS, thin-ﬁlm
spectroscope; prism, Glan-laser polarizer; f1, f2, f3 and
f4, lenses.

theoretically predicts the frequencies generated through
the DFG process. According to the spectrum of the pump
pulse, the effective spectral range is from 1400 to 1500 nm,
and the corresponding frequency ranges from 200 to
214.29 THz. Hence, the theoretical bandwidth is 14.29
THz. However, in practice, the frequency bandwidth of
THz pulses that are generated through OR is also limited
by the phase match condition and material absorption
[19].
As shown in Figure 1, a 640-mm thick DSTMS crystal is
pumped by an infrared laser pulse from an optical
parametric ampliﬁer with 100-mJ pulse energy, 60-fs pulse
duration, and 1450-nm central wavelength [36]. The pump
beam is down-collimated to a 3-mm diameter and is
normally incident to the crystal. Advantages such as high
nonlinear susceptibility (with nonlinear optical coefﬁcient
d111 = 214 ± 20 pm/V) for OR, low absorption coefﬁcient
(a < 0.7cm1) at the pump pulse (approximately 1.45 mm)
and great birefringence effect (with birefringence coefﬁcient Dn = 0.5) [37] differentiate DSTMS from other
crystals.

3 Results and discussions
3.1 Inﬂuences of the incident pulses in the DSTMS
crystal
The spectrum bandwidth of the infrared beam expands
over a range 1200–2100 nm (measured by NIR Quest 512,
Ocean Optics Inc.) and supports 10.6-fs full width at half
maximum Fourier limited pulses, as shown in Figure 2. The
spectrum broadening in DSTMS crystal is due to the phasemismatched cascaded nonlinear interaction which consists
of mismatched second harmonic generation, frequency
back conversion and Kerr-like nonlinear effect [38].
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Fig. 2. (a) Spectrum prior (blue curve) and subsequent to (red
curve) the DSTMS crystal; (b) Fourier transform limited pulse of
spectrum broadened by DSTMS crystal (black curve) and THz
beam proﬁle measured by a THz CCD (Rigi S2, Swiss Terahertz
Inc.) at focus of parabolic mirror with a 2-inch focal length
(inset).

3.2 Measurement of THz electric ﬁeld
For measurement of the generated THz waveform, an
optical probe beam is linearly chirped for 5.4 ps (from 750
to 850 nm) by passing through a 200-mm long SF11 glass
cylinder and then focused collinearly with the THz beam
into a 500-mm thick <110> ZnTe crystal. The differences
of the linearly chirped probe beam spectrum can precisely
capture the temporal waveform of the THz beam without
moving the delay line. The delay line has a time-scaling
function as well as an application for time adjustment
within an acquisition window for the position of generated
THz pulses. On this basis, the time delay line can ensure the
acquisition of THz signal. Based on the Pockels effect, the
polarization of a probe pulse that is linearly chirped with

3

Fig. 3. (a) Spectrum of the probe pulse with (red) and without
(blue) THz pump pulses; (b) THz electric ﬁeld. (c) THz
spectrum.

different frequencies will change by varying degrees when it
is propagating along with a THz pulse in a ZnTe crystal.
The direction and angle of these changes are proportional
to the co-propagated THz pulse amplitude and phase. It is
effortless to analyze these changes in polarization by
observing the modulation of the spectrum amplitude on a
linearly chirped probe beam through the spectrograph. The
phase and amplitude of the instantaneous THz electric ﬁeld
waveform are obtained by analyzing the changes in the
probe spectrum (measured by USB4000, Ocean Optics
Inc.). The difference in the probe spectrum owing to THz
pulse induction is shown in Figure 3a. The temporal
waveform of the THz electric ﬁeld is reconstructed from the
differential spectrum distribution (Fig. 3b) and the THz
spectrum is also calculated (Fig. 3c).
3.3 Calculation of THz electric ﬁeld
The calculated peak value of the generated THz ﬁeld
is approximately 220 kV/cm, which is based on the
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following formula:

Author contribution statement
ETHz ¼

l0 sinðDI=IÞ
2pn30 r41 tL

with EO coefﬁcient r41 = 0.88 pm/V [37], which refers to
the EO coefﬁcient of ZnTe crystal at the probe wavelength
l0 = 800 nm. Here, n0, t and L are the refractive index,
transmissivity and thickness of the ZnTe crystal, respectively. I refers to the intensity of the probe light without
THz, with the effect of THz electric ﬁeld, obvious changes
could be observed in the linearly chirped probe laser
spectrum (Fig. 3a) and are represented by DI.
According to the following formula:
1
P ¼ ce0 E2 ;
2
where c refers to the velocity of light, e0 refers to
permittivity of vacuum, E refers to the peak value of
THz electric ﬁeld, the power density of THz ﬁeld is
calculated with the value of 6.43  1011 W/m2. The focal
spot radius of THz is 0.45 mm and the pulse width is 0.8 ps,
thus the THz energy is 0.33 mJ. In addition, with a THz
power meter (3A-P-THz, Ophir Inc.), the average THz
power was measured at the value of 340 mW with a
frequency of 1 kHz at the actual focus, corresponding to a
pulse energy of 0.34 mJ.

4 Conclusions
In conclusion, we demonstrate the generation of singlecycle THz pulses through the OR process from a novel
organic crystal DSTMS pumped by a broadband infrared
pulse (centered at 1.45 mm). The probe pulse is linearly
chirped by passing through a high dispersion SF11 glass
cylinder and then the generated THz electric ﬁeld
modulation in the spectrum is completely recorded by a
spectrometer. We obtain the full temporal waveform of the
THz ﬁeld without using any mechanical time-delay device,
an approach that is different from traditional detection
methods. Not only can this convenient technique simplify
the system and reduce the difﬁculty in detection, but it also
greatly improves the speed of signal acquisition, providing
an effective routine for real-time analysis of information.
Moreover, we observe obvious spectral broadening of pump
pulses subsequent to their passing through the DSTMS
crystal which is naturally synchronized with the intense
THz pulses. In this way, a series of pump-probe research
can be carried out by using high-ﬁeld THz pulses as the
pump, combining with the broadband mid-infrared pulse
for detection on this platform. We have set up an optimized
and compact platform with a multitude of possible
applications in mind wherein efﬁcient THz generation
and single-shot measurement of intense THz pulse have
been demonstrated. In the future, we anticipate achieving
few-cycle mid-infrared pulses from the broadband spectrum. In a word, an ultrafast THz-mid-infrared pump–
probe experiment platform is demonstrated in this study.
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calculation, and co-wrote the manuscript. Junyu Qian,
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